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Phase III Trial Results Suggest Upadacitinib is an  
Effective Treatment for Rheumatoid Arthritis
Upadacitinib is a JAK1-selective inhib-
itor that is being explored in combination 
with methotrexate (MTX) for the treat-
ment of rheumatoid arthritis (RA). In this 

issue, Fleischmann et al  
(p. 1788) report that 
upadacitinib is superior 

to placebo and adalimumab for improving 
signs, symptoms, and physical function in 
RA patients who are receiving background 
MTX. The investigators also showed that 
upadacitinib was able to significantly inhibit 
radiographic progression compared to 
placebo. Its overall safety profile was similar 
to adalimumab, although upadacitinib was 
associated with higher rates of herpes zoster 
and creatine phosphokinase elevations.

At week 12, both primary end points 
were met in patients receiving upadacitinib 
compared to those receiving placebo. Most 
patients (71%) in the upadacitinib group 
achieved an American College of Rheuma-
tology 20% (ACR20) improvement response, 
compared to 36% of patients in the placebo 
group. In addition, a Disease Activity Score 
in 28 joints using C-reactive protein level 
(DAS28-CRP) of <2.6 was observed in 29% 
of patients receiving upadacitinib and in 6% 
of patients receiving placebo.

Upadacitinib was superior to adali-
mumab based on the ACR50 response 
rate, achievement of a DAS28-CRP score 
of ≤3.2, change in pain severity score, 
and change in the Health Assessment 

Questionnaire disability index. Moreover, 
at week 26, more patients in the upadaci-
tinib group achieved low disease activity 
or remission than those in placebo or adali-
mumab groups. For the safety assessment, 
the researchers documented adverse events, 
including serious infections, up to week 26 
in the upadacitinib group, and these adverse 
events were comparable in the upadacitinib 
and adalimumab groups. Other serious 
adverse events included 3 malignancies, 5 
major cardiovascular events, and 4 deaths. 
None of these, however, occurred in the 
upadacitinib group. Six venous thrombo-
embolic events (1 in the placebo group, 2 
in the upadacitinib group, and 3 in the adali-
mumab group) were also reported.

Recent research suggests that osteoarthritis (OA) is an independent risk 
factor for cardiovascular disease (CVD). Since OA patients frequently 
take nonsteroidal antiinflammatory drugs (NSAIDs) to control their pain 
and inflammation, it has been hypothesized that NSAIDs may drive the 

connection between OA and CVD. In this issue, 
Atiquzzaman et al (p. 1835) report the results of the 
first study to evaluate the mediating role of NSAIDs in 

the relationship between OA and CVD. Their findings suggest that NSAID 
use contributes substantially to the association between OA and CVD.

OA patients had a higher risk of developing CVD than controls 
without OA. After adjustment for socioeconomic status (SES), body 
mass index (BMI), hypertension, diabetes, hyperlipidemia, chronic 
obstructive pulmonary disease (COPD), and Romano comorbidity 
score, the adjusted hazard ratio (HR) was 1.23. The adjusted HRs 
for congestive heart failure, ischemic heart disease, and stroke were 
1.42, 1.17, and 1.14, respectively. Further analysis demonstrated that 
approximately 41% of the total effect of OA on increased CVD risk was 
mediated through NSAIDs. The proportion mediated through NSAIDs 
for the other outcomes was 23% for congestive heart failure, 56% for 
ischemic heart disease, and 64% for stroke.

Role of NSAIDs in the Association Between 
Osteoarthritis and Cardiovascular Disease

p. 1788

p. 1835

Figure 1. Diagram showing the hypothesized causal relationship 
between OA and CVD. The natural direct effect (NDE) of OA on 
CVD is the primary effect of OA on CVD (OA→CVD), and the 
natural indirect effect (NIE) is mediated through the use of NSAIDS 
(OA→NSAIDs→CVD).
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Common set of confounding variables: 
SES, BMI, hypertension, diabetes, 

hyperlipidemia, COPD, and  
Romano comorbidity score
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In this issue, Gill et al (p. 1849) used novel inter-omic approaches 
to define inflammation-related host–microbe interactions in 
experimental spondyloarthritis (SpA). Their results present an 
unprecedented view of organisms strongly linked by dysregulated 

interleukin-23 (IL-23), IL-17, IL-1, interferon-ɣ, 
and tumor necrosis factor.

The investigators used inter-omic analyses 
to identify several gut microbes that were strongly associated with 
these cytokines that were driving inflammatory response pathways. 
Many microbes were uniquely associated with inflammation in 
Lewis or Fischer rats, and one microbe was relevant on both 
backgrounds. Several microbes that were strongly correlated with 
immune dysregulation were not differentially abundant in HLA–
B27–transgenic compared to wild-type controls.

A multi-omic network analysis revealed nonoverlapping clusters 
of microbes in Lewis and Fischer rats that were strongly linked to 
overlapping dysregulated immune/inflammatory genes. Prevotella, 
Clostridiales, and Blautia were important in Lewis rats, whereas 
Akkermansia muciniphila and members of the Lachnospiraceae 
family dominated in Fischer rats. Both backgrounds predicted 
inflammation-associated pathway perturbations such as butanoate, 
propanoate, lipopolysaccharide, and steroid biosynthesis.

Functional similarities between these microbes may explain why 
animals of different genetic backgrounds exhibit common patterns 
of immune dysregulation, and this may be because the organisms 
perturb similar metabolic pathways. Linking analyses of gut microbiota 
with the host immune response provides insights, beyond taxonomic 
profiling, into the role of dysbiotic microbes in SpA.

Diverse Gut Microbiota Associated With Host  
Immune Dysregulation

p. 1849

Novel Link Between Microbiome and Lupus
Although patients with systemic lupus 
erythematosus (SLE) produce autoanti-
bodies against many self antigens, it is 
not clear how or why this happens. In this 

issue, Ogunrinde et al 
(p. 1858) report the 
results of their inves-

tigation into the role of plasma autoan-
tibody levels, microbial translocation, 
and the microbiome in SLE and describe 
a possible role of intestinal microbial 
translocation into plasma and microbiome 
composition in influencing autoantibody 
development in SLE. 

The investigators used autoantigen 
arrays to determine the plasma levels of 
a variety of autoantibodies in first-degree 
relatives (FDRs) compared to unrelated 
healthy controls (UHCs), and in healthy 
controls compared to SLE patients. SLE 
patients and their first-degree relatives had 
increased plasma autoantibody levels as 
compared to controls. Moreover, parents 
and children of lupus patients had elevated 
plasma bacterial lipopolysaccharide (LPS) 
levels compared to controls. These plasma 
LPS levels positively correlated with 
plasma anti–double-stranded DNA IgG 
levels in first-degree relatives but not in 

SLE patients, which suggests that micro-
bial Toll-like receptor ligands might be 
activating the immune system and causing 
the production of autoantibodies in geneti-
cally predisposed high-risk populations.

When the investigators performed 
circulating microbiome analysis, they 
found that first-degree relatives had 
significantly reduced microbiome diver-
sity compared to controls; this reduction 
was not observed in the SLE patients. A 
closer examination revealed that most 

of the bacteria that were differentially 
abundant between unrelated healthy 
controls and first-degree relatives were 
in the Firmicutes phylum. In contrast, 
when healthy controls and SLE patients 
were compared, there were differences in 
bacteria from several phyla. Bacteria in the 
Paenibacillis genus were the only over-
lapping differentially abundant bacteria in 
both cohorts. These bacteria were reduced 
in first-degree relatives and SLE patients 
but elevated in controls.

p. 1858

Figure 1. The top 5 bacteria determined at the phylum level based on relative abundance in unrelated 
healthy controls and first-degree relatives are shown. For class, order, family, and genus taxonomic 
levels, see full article.
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Clinical Connections

SUMMARY  
Interaction between the chemokine CX3CL1 (fractalkine) and its receptor CX3CR1 induces cell adhesion and 
chemotaxis. In systemic sclerosis (SSc), cytokines produced by inflammatory cells are believed to contribute to 
the development of tissue fibrosis and vascular injury.  Luong et al used the bleomycin-induced and growth factor–
induced mouse models of SSc to demonstrate that anti-CX3CL1 monoclonal antibody (mAb) therapy suppressed 
the progression of inflammation, fibrosis, and vascular injury in skin.  Interestingly, anti-CX3CL1 mAb reduced the 
extracellular matrix expression by normal fibroblasts via inhibition of transforming growth factor β1 (TGFβ1)/
Smad signal transduction.  Thus, anti-CX3CL1 mAb treatment may be effective for skin fibrosis by reducing leukocyte 
infiltration and extracellular matrix synthesis from fibroblasts in SSc.  These conclusions suggest that anti-CX3CL1 
mAb may be a promising candidate for clinical trials of inflammation-driven skin fibrosis such as SSc.

Inhibition of the Progression of Skin Inflammation, 
Fibrosis, and Vascular Injury by Blockade of the 
CX3CL1/CX3CR1 Pathway in Experimental 
Mouse Models of Systemic Sclerosis
Luong et al, Arthritis Rheumatol 2019;71:1923–1934

CORRESPONDENCE 
Minoru Hasegawa, MD, PhD:  minoruha@u-fukui.ac.jp

KEY POINTS  

•  Anti-CX3CL1 (anti-
fractalkine) mAb inhibits skin 
fibrosis in mouse models 
induced by subcutaneous 
bleomycin or growth factor 
administration.

•  Anti-CX3CL1 mAb therapy 
attenuates inflammation and 
vascular injury in bleomycin-
damaged skin.

•  Anti-CX3CL1 mAb suppresses 
extracellular matrix 
production by normal skin 
fibroblasts via inhibition of 
TGFβ1/Smad signaling.
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Clinical Connections

SUMMARY  
Osteoclasts are responsible for focal bone erosions and 
systemic bone loss in rheumatoid arthritis (RA).  Autotaxin 
(ATX), encoded by the ENPP2 gene, is a lysophospholipase 
D that converts lysophosphatidylcholine (LPC) into 
lysophosphatidic acid (LPA). Prior studies have shown 
that LPA controls both osteoclastogenesis and osteoclast 
bone resorption through its receptor LPA1 and that 
ATX is up-regulated in the synovial fluid of RA patients 
and contributes to synovial inflammation. Flammier et 
al demonstrated that ATX is expressed in osteoclasts 
present at inflammatory sites and is up-regulated by tumor 
necrosis factor (TNF). Pharmacologic inhibition of ATX 
significantly mitigated focal and systemic bone loss without 
affecting synovial inflammation in a human TNF–transgenic 
(hTNF+/−) mouse model.  Conditional deletion of ATX in 
osteoclasts was found to be protective against systemic 
bone loss and bone erosion in a mouse model of RA. In 
the circumstance of noninflammatory bone loss observed 
in mice after ovariectomy,  ATX inactivation in osteoclasts  
did not prevent bone loss. The authors concluded that 
ATX is a new factor that controls inflammation-induced 
bone loss without interfering in osteoclast function in 
noninflammatory conditions and may be a promising 
therapeutic target for the prevention of bone erosion in RA.

Osteoclast-Derived Autotaxin, a Distinguishing 
Factor for Inflammatory Bone Loss
Flammier et al, Arthritis Rheumatol 2019;71:1801–1811

CORRESPONDENCE 
Irma Machuca-Gayet, PhD:  irma.machuca-gayet@inserm.fr
Fabienne Coury, MD, PhD:  fabienne.coury-lucas@chu-lyon.fr

KEY POINTS  

•  ATX is highly up-regulated in osteoclasts by TNF.

•  ATX is a key autocrine factor in osteoclast-mediated bone resorption in inflammatory settings.

•  Selective inhibition of osteoclast-derived autotaxin prevents bone destruction in inflammatory models of RA.

•  ATX abrogation does not affect physiologic osteoclast-mediated resorption, suggesting a possible therapeutic approach for preventing 
bone erosion in RA.
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Storm Warning: Lung Disease in Systemic Juvenile 
Idiopathic Arthritis
Peter A. Nigrovic

In few rheumatic diseases has the pace of therapeutic progress 
equaled that in systemic juvenile idiopathic arthritis (JIA). In this child-
hood arthritis that was previously deemed to have the most dismal 
prognosis in terms of disability and even death, the identification of 
interleukin- 1β (IL- 1β) and IL- 6 as key disease mediators has led to 
therapeutic interventions of remarkable efficacy (1–4). Observational 
studies defining the utility of cytokine blockade early in the course of 
disease have enabled treatment regimens that avoid glucocorticoids 
altogether, with previously unheard- of levels of disability- free and 
even drug- free remission (5,6). Yet, while the landscape of systemic 
JIA was being thus transformed, clouds appeared on the horizon. 
In 2013, Kimura and colleagues observed that some patients with 
systemic JIA developed life- threatening pulmonary complications of 
a kind unfamiliar to practitioners who had treated this disease for 
decades (7). A recent case series identified 61 additional cases (8). 
In this issue of Arthritis & Rheumatology, Schulert and coworkers 
report yet more patients matching this case description and provide 
the first detailed mechanistic look at systemic JIA with lung disease, 
designated SJIA- LD (9). The storm is upon us. What does it mean, 
and how should it affect our management of systemic JIA and its 
adult counterpart, adult- onset Still’s disease?

Let us look at what we know. Kimura et  al described 25 
patients with systemic JIA and pulmonary complications identified 
through an international pediatric rheumatology listserv (7). Clinical 
manifestations included pulmonary hypertension (64%), intersti-
tial lung disease (28%), and pulmonary alveolar proteinosis (PAP) 
and/or endogenous lipoid pneumonia (ELP) (20%), reflecting the 
accumulation of lipids and proteins in the alveolar spaces (more 
on this later). Mortality occurred at an appalling rate of 68%, often 
within 1 year from the discovery of lung involvement. Compared 
to 389 patients with systemic JIA from the Childhood Arthritis  
and  Rheumatology Research Alliance Registry, patients with LD 
were distinguished by a history of macrophage activation syndrome 

(MAS) (in 80%) and clinical features, including lymphadenopathy, 
hepatosplenomegaly, and clubbing (in 40%). Patients with SJIA- LD 
had also been exposed to a wider range of therapies, including 
biologics in at least 80% (principally, IL- 1 blockade but also tocili-
zumab, tumor necrosis factor blockade, and abatacept) but also 
had received more cyclosporine, cyclophosphamide, IVIG therapy, 
and steroid pulses. Despite having undergone intensive treatment, 
92% of the patients had active systemic disease at the time that lung 
involvement was discovered. Patients with SJIA- LD were thus the 
“sickest of the sick.” While they might therefore have been expected 
to have a worse prognosis than other patients with systemic JIA, 
the unfamiliarity of the lung manifestations raised concerns that new 
trends in treatment might be contributing to the problem.

This new report by Schulert et al (9) adds importantly to the 
initial description of SJIA- LD. Schulert et al described 18 patients 
from the Cincinnati Children’s Hospital Medical Center, long 
known as a referral center for children with systemic JIA and now 
increasingly for children with SJIA- LD as well. The clinical features 
of their patients reflect the heightened awareness among pediatric 
rheumatologists of systemic JIA lung complications: many of the 
patients had relatively mild symptoms (cough, tachypnea, dysp-
nea, or even no respiratory complaints at all), and almost 80% had 
clubbing. The disease course was less severe than that observed 
in the Kimura et al study; over a period of observation averag-
ing 1 year, 14 of 18 patients showed stable or improved disease, 
whereas 4 exhibited a deteriorating course; none of the patients 
died. Although 16 of 18 patients had parenchymal disease iden-
tified by computed tomography, pulmonary hypertension was 
confirmed in 1 patient only. Compared to a local control cohort 
of systemic JIA patients without known LD (n = 36), patients with 
SJIA- LD were more likely to have developed systemic JIA before 
the age of 2 years (50% versus 14%; odds ratio [OR] 6.5) and 
to have had a history of MAS (~80% versus ~20%; OR 14.5), 
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concordant with the predilection for more severe disease and 
MAS in patients with early- onset systemic JIA (10).

Intriguingly, almost 50% of patients had experienced an 
adverse reaction to a biologic drug, most characteristically an 
allergic- type reaction to tocilizumab, an otherwise quite uncom-
mon event. These findings are echoed in the still- unpublished 
larger series, which includes 9 patients who were also described 
in the study by Schulert and colleagues, although in the larger 
series an extrapolated mortality of >50% at 5 years has been 
observed, as well as features such as lymphopenia and a strik-
ing overrepresentation of patients with trisomy 21 (8). Considering 
only referrals within the Cincinnati catchment area, Schulert et al 
provide the first estimate of the prevalence of LD in systemic JIA 
patients, 5 of 74 (or almost 7%), making SJIA- LD a complication 
that we should have noticed years ago if present at this frequency.

Schulert and colleagues also provide the first biologic insight 
into SJIA- LD. Patients with SJIA- LD had elevated levels of IL- 18 
when compared to other patients with systemic JIA. Detailed 
evaluation of lung imaging showed involvement of pleura, bron-
chi/perivascular areas, and alveolar spaces, along with swelling 
of thoracic lymph nodes. Lung biopsy tissue was available from 
8 patients, revealing alveolar filling with protein and lipid, a robust 
CD4+ T cell–predominant inflammatory infiltrate, fibrosis, and vas-
culopathy, including arterial wall thickening. Bacterial, viral, and 
fungal pathogens were not observed. Overall, the histopathologic 
profile was typically in the “ELP/PAP spectrum.”

ELP and PAP refer to the accumulation of lipid and/or protein-
aceous fluid in the alveoli (“endogenous” indicates that the lipid is 
host- derived rather than from inhalation). ELP is otherwise seen with 
bronchial obstruction and is marked by the presence of cholesterol 
crystals. PAP reflects failure of alveolar macrophages to clear the 
alveoli, often due to disrupted granulocyte–macrophage colony- 
stimulating factor (GM- CSF) signaling. The histology of SJIA- LD thus 
suggests macrophage dysfunction, although in SJIA- LD there is also 
inflammation, vasculopathy, and fibrosis, not typical of ELP/PAP.

If this pathophysiologic clue is correct, how might mac-
rophage dysfunction arise? Schulert and colleagues show that 
SJIA- LD patients did not have anti–GM- CSF antibodies or grossly 
defective GM- CSF signaling, ruling out the usual PAP mechanisms. 
Instead, their data point in a different direction. Most patients with 
SJIA- LD have had MAS, and many have had it several times, as is 
characteristic of systemic JIA patients with high levels of circulating 
IL- 18 (11). Increasingly, interferon- γ (IFNγ) has become implicated 
in the biology of MAS, likely as part of a positive feedback loop 
whereby lymphocytes activate macrophages that, in turn, further 
activate lymphocytes. Challenging to measure directly, IFNγ activ-
ity can be assessed via “proxy” molecules that it induces, includ-
ing CXCL9 and CXCL10. Findings from prior studies now suggest 
that the explosive onset of MAS often reflects the appearance of 
IFNγ, otherwise not considered a major player in systemic JIA (12). 
IL- 18 potentiates IFNγ generation in cells exposed to cytokines 
such as IL- 2, IL- 12, or IL- 15 (13). The fact that most SJIA- LD 

patients have a history of MAS and high IL- 18 levels suggests that 
they are particularly prone to IFNγ excess, and thus potentially to 
IFNγ- mediated activation of alveolar macrophages. Evidence for 
such activation is provided by gene expression studies in SJIA- LD 
lung tissue in the study by Schulert et al (9), where both CXCL9 
and CXCL10 were substantially up- regulated, with corresponding 
proteins detected in 2 of 6 bronchoalveolar lavage fluid samples. 
Intriguingly, overexpression of IFNγ and other Th1 cytokines by T 
lymphocytes can cause PAP- like disease in mice (14). There is 
even a report in the lay press of a patient with MAS and SJIA- LD 
who improved in response to treatment with the IFNγ antago-
nist emapalumab (https ://syste micjia.org/lilys-fight-with-macro 
phage-activ ation-syndr ome-mas-new-drug/). Taken together, 
these data suggest, but do not yet prove, that IFNγ represents a 
key pathophysiologic link in SJIA- LD.

Why are we seeing SJIA- LD now and not in years gone by? 
In some patients, LD might have remained hidden, either because 
children died of MAS or were so disabled that lung impairment 
remained occult. Yet even in the bad old days such cases were 
uncommon, and the distinctive erythematous clubbing seen in 
many SJIA- LD patients should still have been obvious. SJIA- LD 
really does look like a new problem, and therefore it is impor-
tant to consider whether it is of our own making. In particular, is 
the increased use of IL- 1 and/or IL- 6 blockade contributing to 
SJIA- LD? This is a difficult question, especially now that pediat-
ric rheumatologists turn to biologic agents in many, or even most, 
patients with systemic JIA as a first- line treatment or after the failure 
of nonsteroidal antiinflammatory drugs, methotrexate, and gluco-
corticoids. All children in the study by Schulert and colleagues had 
received IL- 1 blockade, and many also had received IL- 6 blockade, 
because that is how we treat systemic JIA nowadays, especially 
in the most severely affected children. It is therefore difficult to get 
around the problem of confounding by indication.

Further, not all observations fit comfortably with a simple 
causal model. Some patients in the Kimura series never received 
biologics (7). Patients in the Schulert series who developed lung 
involvement during treatment with biologics often remained on the 
treatment, with subsequent stabilization or even improvement, 
especially if systemic disease could be controlled. As the authors 
note, SJIA- LD is not as common in parts of Europe where bio-
logics use in patients with systemic JIA is comparable, including 
the recent Utrecht series of 42 systemic JIA patients treated with 
first- line anakinra (recombinant IL- 1 receptor antagonist), of whom 
only 1 developed pulmonary manifestations in the course of dying 
from refractory MAS (6).

Finally, PAP is a complication not only of systemic JIA/
adult- onset Still’s disease but also of hematologic malignancies, 
especially of myeloid origin, without any exposure to IL- 1 or IL- 6 
antagonists (15). Thus, the relationship between biologic therapy 
and SJIA- LD remains to be established.

Despite these caveats, there remains undeniable cause for 
concern. In the only randomized controlled trial of anakinra in 
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systemic JIA, Quartier and colleagues found that patients treated 
with anakinra developed a type I IFN gene expression signature, 
even (especially?) if they did not respond to treatment (16). In another 
series, 6 of 13 patients with systemic JIA receiving IL- 1 blockade 
exhibited an IFN signature (17). IFNγ is a type II, rather than type I, 
IFN, and whole- blood messenger RNA expression data can reflect 
shifting cell populations in addition to changes in transcription by 
individual cells, yet these findings heighten the plausibility of a recip-
rocal relationship between IL- 1 and IFN (18). Whether IL- 1 blockade 
augments IFNγ signaling, and how IL- 6 blockade could act similarly, 
remains to be clarified. Cytokine antagonism could also contribute 
to LD in other ways. For example, it could predispose to an infection 
that triggers SJIA- LD, although to date no organism has emerged. 
In mice, IL- 1α promotes maturation of alveolar macrophages, and 
deficiency of this cytokine (but not of IL- 1β) results in PAP- like fail-
ure to clear the alveoli (19). Alternatively, the “success” of biologic 
treatment could render patients susceptible to SJIA- LD by reducing 
exposure to steroids and/or methotrexate. We simply do not know.

The senior author of the Schulert et  al report, Dr. Alexei 
Grom, discussed another possibility in a recent lecture about 
SJIA- LD. For decades, amyloidosis was a scourge of systemic 
JIA in patients across Europe but curiously remained rare in 
North America, and it faded away on the Continent even before 
the advent of biologics. It is possible that SJIA- LD is just such a 
secular trend. Yet enough data have accumulated that we must 
not assume so, but rather seek with urgency to understand this 
dark cloud over the otherwise dramatically successful advent of 
biologic treatment in children with systemic JIA. At present, my 
own practice in new- onset systemic JIA remains the initiation of 
first- line biologic therapy, typically with IL- 1 blockade. But I now 
have new doubts, especially for children with severe systemic JIA 
that presents early in life, accompanied by MAS or with trisomy 
21. The storm is here, and navigating the treatment choices for 
systemic JIA has become even more challenging than before.

Note added in proof. The SJIA-LD case series is dis-
cussed in more detail in a recent article by Saper et al (see ref. 8).
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Unraveling the Role of Nonsteroidal Antiinflammatory 
Drugs in the Link Between Osteoarthritis and 
Cardiovascular Disease via Causal Mediation Analysis:  
A Guide to Interpretation
Kazuki Yoshida  and Rishi J. Desai

In medicine and public health, there is a great interest in 
identifying the pathway between exposure and outcome. Media-
tion analysis addresses this question by quantifying the effect of 
an exposure on an outcome flowing through an intermediate var-
iable (“mediator”) (1). Atiquzzaman et al, whose article appears 
elsewhere in this issue of Arthritis & Rheumatology (2), studied 
the potential mediating role of nonsteroidal antiinflammatory 
drug (NSAID) use in linking osteoarthritis (OA) with cardiovas-
cular events. OA is known to be associated with an increased 
risk of cardiovascular events (3), but the mechanisms underpin-
ning this risk are poorly understood. The authors hypothesized 
that frequent exposure to NSAIDs in patients with OA might 
substantially explain the increased risk of cardiovascular events 
observed in this population (2) and used formal causal mediation 
analysis methods. The authors estimated that “41% of the total 
effect of OA on increased cardiovascular disease (CVD) risk was 
mediated through NSAIDs.” We review causal mediation analy-
sis concepts such as the total effect, natural direct and indirect 
effects, and proportion mediated and their associated modeling 
assumptions to facilitate reasonable interpretation of the results 
presented.

Defining causal effects in mediation analysis

Historically, evaluation of mediation in epidemiologic investi-
gations consisted of a somewhat informal comparison of expo-
sure effect estimates in models before and after inclusion of a 
postbaseline factor postulated to be a causal intermediate (“differ-
ence method” [1]). In the current context, this would correspond 
to comparing the hazard ratio of OA in a model with and without 
postbaseline NSAID use. This “difference method” is only valid in 

settings with rare outcomes and no exposure–mediator interac-
tion (4,5).

In recent years, the causal mediation framework (1) has 
gained widespread acceptance, although its application in the 
rheumatology literature is relatively limited. This framework defines 
the effects of interests independent of regression models. Instead, 
the framework uses the potential outcomes (6,7) that would be 
observed in hypothetical experiments, where the exposure as well 
as the postulated mediator are “assigned” to appropriate values 
(Figure 1) (8). Figure 1 uses the same exposure, mediator, and 
outcome as the study by Atiquzzaman et al (2), but employs a 
different scale (risk differences rather than hazard ratios) and exag-
gerated numbers for simplified illustration.

The total effect is defined as the contrast of the potential out-
come in a hypothetical experiment (experiment 3 in Figure 1) in 
which everybody is “assigned to have OA” and “assigned to take 
NSAIDs as if having OA” versus the potential outcome in another 
hypothetical experiment (experiment 1 in Figure 1) in which every-
body is “assigned to have no OA” and “assigned to take NSAIDs 
as if having no OA.” In both cases, the mediator (NSAID use) takes 
on values that are compatible with the exposure status (OA sta-
tus). What assigning exposure status to some value X actually 
means can be a little ambiguous when the exposure of interest is 
not a true intervention (e.g., diseases and conditions such as OA 
and obesity) as opposed to true interventions such as pharmaco-
logic or surgical treatments (9).

Experiment 2 in Figure 1 is an intermediate state, in which 
everybody is “assigned to have OA” but “assigned to take 
NSAIDs as if having no OA.” The exposure assignment in experi-
ment 2 is identical to that in experiment 3 but its mediator assign-
ment is identical to that in experiment 1. In the bar charts in the 
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right part of Figure 1, we assumed that the risk of the potential 
outcome in experiment 2 would fall between that in experiment 
1 and experiment 3, although this need not be the case (10). 
Under this assumption, we can partition the total effect into the 
natural direct effect and the natural indirect effect in an intuitive 
way (Figure 1). The natural direct effect in this example is the 
part of the causal effect of OA on CVD not mediated through an 
increase in NSAID use due to OA (difference between bar 1 and 
bar 2). The natural indirect effect is the part of the causal effect 
of OA on CVD mediated by an increase in NSAID use due to 
OA (difference between bar 2 and bar 3). The authors’ interest 
was in the proportion mediated, i.e., the proportion of the total 
effect of OA on CVD that is explained by the influence of OA on 
NSAID use (natural indirect effect). The proportion mediated is 
the measure of the importance of this specific NSAID utilization 
mechanism in linking OA to CVD (11). Using a method based 

on this framework (5,12), the authors reported that 41% of the 
increase in cardiovascular outcome in OA was explained by the 
influence of OA on increased NSAID use (2).

Assumptions required for valid causal mediation 
analysis

Causal mediation analysis makes explicit the assumptions 
required for valid interpretation. There are 4 core assumptions 
related to confounding: assumption 1, confounding of exposure–
outcome association is accounted for (standard assumption in all 
inferential epidemiologic studies); assumption 2, confounding of 
exposure–mediator association is accounted for; assumption 3, 
confounding of mediator–outcome association is accounted for; 
and assumption 4, no mediator–outcome confounder is affected 
by the exposure (4). Often, adjustment for one set of baseline  

Figure 1. Definition of natural effects in causal mediation analysis using potential outcomes of hypothetical experiments with exaggerated 
numbers. Causal effects are defined by contrasting the potential outcomes of hypothetical experiments. These experiments are hypothesized 
with the same set of individuals 1 through 10. Causal mediation analysis focuses on the partitioning of the total effect of the exposure into the 
natural indirect effect (mediated effect) that flows through a prespecified mediator and the natural direct effect that involves any mechanisms 
other than the mediator. Experiment 1 assigns each individual’s exposure status to “no osteoarthritis (OA)” and assigns each individual’s mediator 
to the natural value (use or non- use of nonsteroidal antiinflammatory drugs [NSAIDs]) that would occur under “no OA.” The potential outcome, 
cardiovascular (CV) event risk, is hypothesized to be 10% for illustrative purposes. This risk of the potential outcome can be understood as 
the “baseline risk” under no exposure. Experiment 2 assigns each individual’s exposure status to “OA” but assigns each individual’s mediator 
value to the natural value that would occur under “no OA.” The cardiovascular event risk in experiment 2 is hypothesized to be 30%. This 20% 
increase in the risk of the potential outcome can be attributed to OA exerting an effect through mechanisms other than NSAID use (natural direct 
effect of OA) because the mediator values are identical to those in experiment 1. Experiment 3 assigns each individual’s exposure status to “OA” 
and assigns each individual’s mediator to the natural value that would occur under “OA.” The cardiovascular event risk is hypothesized to be 
50%. This further 20% increase in the risk of the potential outcome can be attributed to the increase in NSAID use due to OA (natural indirect 
effect of OA). The sum of the natural direct effect and natural indirect effect equals the total effect (40% increase), the effect of OA regardless of 
the specific pathways. The fraction of the natural indirect effect in the total effect (20%/40% = 50%) is called the proportion mediated.
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confounders is assumed to be sufficient to satisfy assumptions 
1–4, as in the study by Atiquzzaman et al.

Explicit assumptions allow careful assessment. The lon-
gitudinal nature of the current study may pose a challenge for 
assumption 3 regarding mediator–outcome confounding. The 
interval between the baseline confounders and measurement of 
the mediator as well as the outcome can be long. The presence of 
postbaseline confounders for the mediator–outcome association, 
e.g., use of other types of analgesics such as opioids during the  
follow- up period, may need to be addressed to satisfy assumption 3. 
If this mediator–outcome association is biased due to unmeasured 
and unaddressed postbaseline confounding, the estimate for the 
proportion of cardiovascular risk mediated by increase in NSAID 
use due to OA (the proportion mediated) is likely to be inflated.

Challenges in the utilization of repeatedly  
measured, longitudinal data

Atiquzzaman and colleagues (2) employed a marginal 
structural model–based approach (12) for their mediation anal-
ysis. This approach is particularly well suited for a time- to- event 
outcome such as incident CVD (4). This method was originally 
designed for a setting in which the exposure and mediator are 
measured only once at fixed time points (12), like the majority of 
the mediation analysis literature. The mediator variable in the cur-
rent study, “current use of NSAIDs” is a time- varying variable that 
can differ depending on the specific time point of assessment 
after baseline. The authors simplified their analysis by consid-
ering the mediator value at only one time point for each individ-
ual (both those with and those without OA), i.e., at the time of 
the cardiovascular event outcome. For individuals without OA 
who did not experience a cardiovascular event, use of NSAIDs 
was assessed at the time of the cardiovascular event for the 
OA patient in the matched set. Atiquzzaman et al indicate that 
“the mediator variable was set to 0 for individuals with OA who 
did not develop CVD,” which was the case in 16% of the study 
sample. These mediator assessment rules may be problematic 
because the ascertainment of the mediator value depends on 
the outcome and exposure values. This dependency may sub-
ject the mediator to differential misclassification, although formal 
evaluation of this issue requires a simulation study. Full utilization 
of repeatedly measured exposure, mediator, and confounders is 
an area of ongoing methodologic research (13). Although utilizing 
repeatedly measured confounders and mediator likely improves 
confounding control, it is not without its own challenges (13–15). 
Development of user- friendly software is awaited.

Conclusions

The study by Atiquzzaman et  al (2) is important as an 
attempt to identify a potential explanation of the increased risk 
of incident cardiovascular events observed in patients with 

OA (3,16,17). The authors hypothesized that increased use of 
NSAIDs, a class of medications with ongoing cardiovascular 
safety studies (18–21), might explain this connection. To quantify 
the role of NSAIDs, the authors employed the causal mediation 
framework, which improves upon typical informal approaches. 
The authors estimated that 41% of increased cardiovascular risk 
is due to increased NSAID use among OA patients. The results 
of their study must be interpreted cautiously in light of several 
limitations noted above. However, we applaud the authors for 
operating within the formal causal mediation framework, allow-
ing for explicit assumptions and making potential limitations 
traceable back to these assumptions. Future epidemiologic 
studies of rheumatic diseases should employ similarly advanced 
techniques.
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R E V I E W

Clinical Applicability of Ultrasound in Systemic  
Large Vessel Vasculitides
Alen Brkic,1 Lene Terslev,2 Uffe Møller Døhn,3 Søren Torp-Pedersen,2 Wolfgang A. Schmidt,4 and  
Andreas P. Diamantopoulos5

The systemic large vessel vasculitides consist mainly of giant cell arteritis and Takayasu arteritis. Both diseases 
affect the large blood vessels and can lead to ischemia and end- organ damage. Ultrasound is an imaging technique 
that can depict inflammation of the vessel wall in large and medium vessel vasculitis. In this article, we critically review 
the current evidence for the clinical use of ultrasound for systemic large vessel vasculitides, regarding the clinical 
applicability, technical requirements, challenges, and cost. A roadmap for the development of a fast- track ultrasound 
clinic for giant cell arteritis is also provided.

Introduction

Systemic vasculitides comprise inflammatory diseases that 
affect the blood vessels (arteries and veins) (1). The nomenclature 
system of the International Chapel Hill Consensus Conference on 
the Nomenclature of Systemic Vasculitides distinguishes between 
1) large vessel vasculitides (namely giant cell arteritis [GCA] and 
Takayasu arteritis), 2) medium vessel vasculitides (polyarteri-
tis nodosa and Kawasaki disease), 3) small vessel vasculitides 
(antineutrophil cytoplasmic antibody–associated vasculitides and 
immune complex–mediated small vessel vasculitis), 4) variable 
vessel vasculitides (thromboangiitis obliterans), and 5) the single- 
organ vasculitides (e.g., isolated aortitis) (1).

Ultrasound has primarily been used as a diagnostic tool in 
large vessel vasculitis. There are minimal data on the use of ultra-
sound for small vessel vasculitis because the size of the vessels 
does not allow for the identification of the vessel wall. For that 
reason, ultrasound in small vessel vasculitides will not be covered 
in this review. While Kawasaki disease may occur in the aorta 
and large arteries, it is predominantly associated with small and 
medium- sized arteries (affecting primarily infants and young adults 
[1], where ultrasound can be applied in its diagnosis) and it will 
also be omitted from this reveiw. Instead, we will focus on the 
general terms of medium and large vessels.

In this review, we present the current evidence for the use 
of ultrasound in large vessel vasculitis for both diagnosis and 

 follow- up. Furthermore, we provide advice on the scanning tech-
nique, the challenges of ultrasound, and the establishment of a 
fast- track GCA ultrasound clinic.

Ultrasound in large vessel vasculitides

In large vessel vasculitides, the increased intima- media 
complex thickness reflects the inflammation in the vessel wall 
due to mobilization and migration of myofibroblasts into the 
intima- media complex (2). The increased mural thickness may 
subsequently cause stenosis, occlusion, and consequently 
ischemia and damage to end- organ tissue (3). The inflamma-
tory mural swelling correlates morphologically with the “halo” 
sign on ultrasound images (4), and it is observed in both large 
and medium- sized vessels (5) (Figure  1A). The halo sign may 
be verified using the ultrasound probe to compress the artery 
lumen, where the wall swelling will prevent the collapsing of the 
artery wall (known as a positive “compression” sign, which has 
a revealing sensitivity of 77–79% and specificity of 100%) (6). 
The implementation of the positive compression sign may further 
raise the sensitivity and specificity of ultrasound. A positive com-
pression sign helps to differentiate a pseudo halo, which is due 
to incomplete filling of the artery lumen with the color signal, from 
a real wall thickening (7).

The standardization of the definitions and reliability test-
ing by the Outcome Measures in Rheumatology (OMERACT) 
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 Ultrasound Working Group on large vessel vasculitis was per 
formed in order to expand the use of ultrasound in GCA and 
alleviate skepticism around the method (8). In a recent study 
by Chrysidis et al, in which international expert consensus was 
obtained using specific OMERACT methodology, the authors 
concluded that to a high degree ultrasound images and videos 
of inflamed temporal and axillary arteries can reliably document 
the characteristics (halo and compression signs) and diagnostic 
abnormalities in patients in whom GCA is suspected (8). Further-
more, Schäfer et al demonstrated in their research that if sonogra-
phers are experienced, provided with sufficient examination time, 
and familiar with specific ultrasound equipment and settings, 
then ultrasound has a high reliability for both healthy and vas-
culitic arteries when it is performed as a real- time patient- based  
procedure (9).

GCA. The most frequent form of systemic vasculitis, GCA 
affects the large and medium- sized vessels of individuals age >50 
years (1). GCA predominantly affects the aorta and its branches, 
as well as the cranial arteries (e.g., temporal, facial, occipital, and 
posterior ciliary arteries) (10,11). The majority of GCA patients 
experience inflammation in both cranial arteries and large vessels. 
However, a few GCA patients may have isolated cranial or large 
vessel arteritis/aortitis (11). The prospect of vision loss, the most 
significant manifestation of GCA, emphasizes the importance of 
a quick diagnosis as well as timely initiation of treatment (8,12). 
However, inappropriate treatment of non- GCA due to a misdiag-
nosis can lead to various complications caused by glucocorticoid 
toxicity (9).

Temporal artery biopsy is the gold standard in the diag-
nosis of GCA, and it is part of the 1990 American College of 
Rheumatology classification criteria for GCA (12). Temporal 
artery biopsy yields high specificity, but only moderate sensitivity 
(39–67% compared to clinical diagnosis [5,13,14]) due to the 
segmental inflammatory involvement of the temporal artery or 
the presence of vasculitis that is limited to the large arteries. In 
1995, the unmet need for accurate and rapid diagnosis led to 
the introduction of ultrasound of the temporal arteries in GCA 
patients (4,15). The first studies demonstrated excellent sensi-
tivity (up to 93%) for diagnosing cranial GCA when a combi-
nation of ultrasonographic findings of the temporal arteries was 
applied (halo sign, stenoses, and occlusions), and these findings 
also highlighted the significance of using high- end equipment 
as well as the adequate experience of practitioners (4,16). While 
the results of some studies indicated that ultrasound is no bet-
ter than a thorough clinical evaluation, which yields a sensitivity 
of 40% (17,18), meta- analyses examining studies performed 
before 2010 demonstrated high sensitivity and specificity of 
ultrasound in cranial GCA (19–21). Furthermore, within the 
same imaging modality and patient group, a meta- analysis from 
2018 showed even higher sensitivity (77%) and slightly higher 
specificity (96%) (22). Studies performed after 2010 and using 
high- end equipment demonstrated the superiority of ultrasound 
compared to temporal artery biopsy in the process of diagnosing 
GCA (5,23,24).

In addition to ultrasound, a number of imaging techniques, 
such as magnetic resonance imaging (MRI) 18F-labeled fluorode-
oxyglucose positron emission tomography (PET) together with 
computed tomography (CT), have been used to diagnose GCA 
(6). Two studies compared ultrasound images of temporal arteries 
to MRI images of cranial arteries, and both modalities showed 
comparable sensitivity and specificity (25,26).

In recent years, metabolic imaging with PET- CT has become 
a promising tool in the assessment of large vessel vasculitis 
(27,28). While its application is not recommended on the cranial 
arteries (6), there is, however, agreement on its usage in the diag-
nosis of large extracranial vessel vasculitis (6,29). Soussan et al 
conducted a review and meta- analysis of the implementation of 

Figure  1. Ultrasound images showing longitudinal views (left 
panels) and transverse views (right panels) of  A, increased thickness 
(arrows) of the arterial wall in the temporal artery due to inflammation 
in a patient with giant cell arteritis (GCA; halo sign), B, inflammation 
of the arterial wall (arrows) of the axillary artery in a GCA patient, 
C, isolated abdominal aortitis (arrows), and D, increased thickness 
of the carotid arterial wall (arrows) in a patient with longstanding 
Takayasu arteritis experiencing a flare. 
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PET- CT in the diagnosis of GCA, which showed 89.5% sensitivity 
and 97.7% specificity (30). Furthermore, PET- CT can include all 
vascular vessels since it allows for whole- body imaging. For that 
reason, and mainly because ultrasound has limited value in the 
evaluation of aortitis, PET- CT may function as a reliable additional 
imaging modality (6,31) in support of the diagnosis and assess-
ment of large vessel GCA. However, sensitivity for detecting dis-
ease activity and diagnostic accuracy in large vessel vasculitis are 
significantly diminished in patients receiving long- term immuno-
suppressive therapy (32,33).

In a recent study, an ultrasound assessment of vessel thick-
ness of the temporal, axillary, and facial arteries in GCA patients 
was conducted using a cutoff measurement for intima- media 
thickness, which allowed investigators to distinguish between 
healthy and vasculitic vessels (34). Increased accuracy of the 
cutoff value for intima- media thickness can assist in the diag-
nosis of GCA (34) (Table 1). The results of another recent study 
suggested an even higher level of precision in the diagnosis of 
GCA when an examination, use of both ultrasound compres-
sion signs of the temporal artery, and the measurement of the 
intima- media thickness of axillary arteries were combined (35). 
In some cases, distinguishing between arteriosclerosis, which 
usually occurs in the age group associated with GCA, and 
inflamed vessels can be problematic when using ultrasound. 
Since arteriosclerosis can occur in carotid and femoral arteries 
as well as, to a lesser degree, the temporal, axillary, occipi-
tal, and facial arteries, it is very important to be aware of the 
challenge in distinguishing between arteriosclerosis and vessel 
inflammation (36).

Furthermore, when attempting to diagnose GCA through 
ultrasound, it is essential to be aware that atherosclerosis may 
mimic the GCA halo sign (37). De Miguel et al demonstrated that 
atherosclerotic diseases increase the intima- media thickness, 
which can produce false-positive results on ultrasound. There-
fore, in order to minimize false- positive diagnoses of GCA, those 
authors suggest a >0.34- mm cutoff value of the temporal artery 
intima- media thickness in at least 2 branches (37). The axillary 
arteries are frequently involved in GCA patients with large vessel 
involvement (5,38–40). They are easily accessible by ultrasound, 
which can depict the whole axillary artery at a high resolution (Fig-
ure 1B). The evaluation of the carotid arteries may further increase 
the sensitivity of ultrasound in the diagnosis of GCA (5).

In the Temporal Artery Biopsy Versus Ultrasonography 
(TABUL) study, the sensitivity and specificity of temporal artery 
biopsy and the sensitivity and specificity of temporal and axil-
lary artery ultrasonography were examined using clinical evalua-
tion as the gold diagnostic standard (13). All of the 381 patients 
recruited in the study underwent both an ultrasound examination 
and a biopsy of the temporal arteries. The results showed a trend 
toward the sensitivity of ultrasound (54%) versus biopsy (39%), 
as well as toward cost effectiveness, in an algorithm that includes 
ultrasound as the first diagnostic tool after clinical examination. 

However, biopsy had a higher specificity than ultrasound (100% 
versus 81%, respectively). Similar studies of other cohorts are still 
needed before we can conclude that ultrasound is superior to 
temporal artery biopsy. The interobserver agreement among 12 
sonographers in a post hoc evaluation of ultrasound images was 
comparable to the interobserver agreement among 14 patholo-
gists who undertook a post hoc evaluation of pathologic speci-
mens from participants in the TABUL study (intraclass correlation 
coefficient 0.61 versus 0.62, respectively). To our knowledge, that 
is the first study to demonstrate a lack of universal agreement 
among pathologists on what comprises a positive or negative 
biopsy finding for GCA (13). Ultrasound- guided biopsy of the tem-
poral arteries seems not to increase the sensitivity of biopsy for the 
diagnosis of GCA (41).

Due to the accessibility, minimal invasiveness, low cost, 
and good overall performance of ultrasonography, the European 
League Against Rheumatism (EULAR) recommends ultrasound 
of the temporal arteries (with or without the axillary arteries) as 
the primary imaging test in patients in whom cranial GCA is 
suspected (6). However, ultrasound of the facial and occipital 
arteries may further increase the sensitivity of ultrasound for the 
diagnosis of cranial GCA by identifying 4.3% more patients than 
isolated ultrasound of the temporal arteries. Moreover, inflamma-
tion of the facial artery is associated with severe ischemic man-
ifestations, such as vision loss and jaw claudication (16,42,43). 
Therefore, even though ultrasound results should always be 
interpreted together with clinical and laboratory findings because 
of the possibility of false- positive halos, it remains vital to initiate 
glucocorticoid therapy as soon as possible to prevent ischemic 
complication (6).

If there is a positive finding on an imaging test as well as a high 
clinical suspicion of GCA, a diagnosis can be made without further 
investigation. However, if the diagnosis still cannot be confirmed 
or excluded, every effort toward a conclusive diagnosis should 
be made, including more invasive imaging and temporal artery 
biopsy (6). The EULAR recommendations highlight the importance 
of an appropriate ultrasound examination conducted by a trained 
specialist using proper equipment and operational procedures in 
the appropriate settings. In order to implement the EULAR rec-
ommendations in clinical practice, increasing the development of 
specific training programs for imaging (especially ultrasound) of 

Table 1. Overview of cutoff values (mm) for intima- media thickness 
for individual arteries

Artery
Cutoff value, 

mm Sensitivity, % Specificity, %
Common 
superficial 
temporal artery

0.42 100 100

Frontal branch 0.34 100 100
Parietal branch 0.29 97.2 98.8
Facial artery 0.37 87.5 98.8
Axillary artery 1.00 100 100
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the large vessel vasculitides (6) is suggested. For a better over-
view and for simplicity, a flow chart of the aforementioned clinical 
decision-making process has been constructed (Figure 2) (6,44). 
It is hoped that this flow chart will provide a suitable algorithm for 
clinicians using ultrasound in patients in whom GCA is suspected. 
In addition, Laskou et al have recently developed a possibly imple-
mentable GCA probability–scoring tool that can calculate the like-
lihood of GCA (45). If proven valid, such a scoring system can 
provide additional reassurances in the assessment of GCA. There-
fore, we suggest that clinicians consider applying this scoring tool 
if they are executing the algorithm for GCA clinical decision- making 
shown in Figure 2.

We predict that this type of GCA scoring system may be 
especially helpful in the setting of fast- track clinics. Furthermore, 
there is a potential for applying this tool when prioritizing referrals 
or evaluating the necessity for biopsy or immediate glucocorticoid 
therapy. Primarily, the GCA probability–scoring  tool was devel-
oped for rheumatologists evaluating GCA. However, the possibility 
of application extends all the way to the referring general practi-
tioner (45).

Regarding the use of ultrasound for monitoring disease 
activity in GCA, several studies have demonstrated that the halo 
sign is not visible in the majority of patients 2–4 weeks after the 
introduction of glucocorticoids (4,16,17,24,26,38,46,47). In one 
study vasculitic changes in temporal arteries disappeared quickly 
after the initiation of treatment with glucocorticoids. The sensitivity 
decreased from 88% in patients treated for no longer than 1 day 
to 50% after only 4 or more days of treatment (26). Thus, it is of 
great importance to perform an ultrasound within 1–2 days after 
the introduction of glucocorticoids and preferably before the initi-
ation of treatment.

Moreover, if the vessel wall thickness increases during the 
development of the disease, one can assume that the patient 
was probably undertreated (48). Although we can monitor 
the damage, we still lack a safe and proper evidence- based 
method to predict the progression of the disease. For the time 
being, in our opinion it is better to rely on C- reactive protein 
level and erythrocyte sedimentation rate as follow- up param-
eters until novel treatments, biomarkers, and techniques 
are developed. However, one should exercise caution in  

Figure 2. Flow chart showing decision- making algorithm for applying ultrasound (US) assessment in patients in whom giant cell arteritis (GCA) 
is suspected. * = immediate US examination should ideally be performed within 24–36 hours.
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evaluating GCA patients treated with tocilizumab, as it may 
block elevations of inflammatory markers due to disease 
activity or infection (48,49).

Ultrasound can also demonstrate inflammatory changes in 
almost all supraaortic and infraaortic arteries (38). The abdominal 
aorta can be visualized by the utilization of a low- frequency curved 
array transducer (Figure 1C). The aortic arch and the ascending 
aorta are also accessible with low- frequency sector probes that 
are suitable for echocardiography (50). Nonetheless, the use of 
ultrasound for the evaluation of the aorta requires significant expe-
rience and thus it is not advisable for it to be used outside centers 
with high experience in vascular ultrasound. Ultrasound appears 
to have a lower sensitivity than MRI, CT angiography, and PET 
due to limited accessibility (and also due in part to rather low res-
olution) (6). Two studies have shown comparable results to PET 
(51,52). To our knowledge, data on a direct comparison between 
ultrasound and CT or MRI angiography are currently lacking. The 
diagnostic accuracy of ultrasound in large vessel GCA needs fur-
ther extensive evaluation.

Takayasu arteritis. Takayasu arteritis is a systemic vas-
culitis affecting the aorta and aortic branches (1). It mainly affects 
individuals age <40 years who are predominantly of Asian (most 
commonly in Japan, South East Asia, and India) or Mexican 
descent (2,53). It is a rare disease in Western countries, with an 
incidence of 1–2 per 106 people (54).

There are limited data on the use of ultrasound in Takayasu 
arteritis, with the majority originating from either case reports 
or retrospective studies. As in GCA, ultrasound can detect 
pathognomonic homogeneous vasculitic wall thickening with or 
without stenoses, occlusions, aneurysms, or collateral vessel 
formation (55–57) (Figure  1D). During ultrasound examination 
of patients in whom Takayasu arteritis is suspected, clinicians 
should focus on the left subclavian and the common carotid 
arteries since they are the most frequently affected, as well as 
the abdominal aorta and the vertebral arteries (36). Ultrasound 
also seems to have a greater sensitivity than conventional angi-
ography and MRI angiography in estimating the stenotic sever-
ity of the carotid artery (58). Furthermore, the results of one 
study showed that ultrasound could be used for monitoring 
disease activity and response to treatment (59). Since ultra-
sound is able to demonstrate mural thickness (58), one can 
perhaps eventually also apply it in follow- up examinations to 
observe increased disease activity or remission, which is based 
on enlarged or reduced wall thickness, respectively (36). How-
ever, to our knowledge, studies investigating disease activity in 
Takayasu arteritis are still lacking (60).

Technical requirements

State- of- the- art equipment with high resolution is essential 
to achieve the best-quality ultrasound images. The use of high- 

frequency transducers (at least 15 MHz) for the cranial arteries 
and medium- frequency transducers (15–7 MHz) for supraaortic 
and infraaortic arteries is recommended. For the deeper vessels 
(abdominal aorta), a convex transducer may be used. For cardiac 
ultrasound, a phased- array (or sector) transducer is sufficient to 
identify the heart, aortic arch, and ascending aorta (50). The diag-
nosis of GCA is mainly related to gray- scale changes, but Doppler 
may aid in the identification of the vessel and in displaying steno-
sis, occlusion, and retrograde flow in the vertebral artery. Doppler 
is applied to determine the presence of blood flow. Vascular ultra-
sonography requires the use of color Doppler, which, in contrast 
to power Doppler, displays the direction and velocity of the flow. 
Knowledge of Doppler physics is recommended to correctly opti-
mize the Doppler settings and correctly interpret the findings (61). 
Higher Doppler frequencies should be used for superficial arteries, 
while lower frequencies should be used for deeper arteries. Pulse 
repetition frequency (PRF) values should, as a rule, be 2–3 KHz for 
temporal and facial arteries and 3–4 KHz for axillary, carotid, and 
subclavian arteries. The examiner should keep the angle of insona-
tion <60° to achieve appropriate color filling of the vessel lumen (61).

Challenges

The most important B- mode imaging challenge is the rever-
beration artifact seen in the upper part of the vessel, which is 

Table 2. Outline of benefits and limitations of ultrasonography in 
vasculitis* 

Benefits
With the right expertise and settings, ultrasound can detect 

abnormal changes in various arteries (such as facial, occipital, 
temporal, and axillary), the aortic arch, the ascending aorta, in 
almost all supraaortic and infraaortic arteries, and within the 
abdominal aorta (5,9,18,38–40,42,43). 

Ultrasound can be used to detect the morphologic “halo” and 
“compression” signs in cranial arteries, which increases the 
likelihood of accurately diagnosing GCA (4,6). 

The implementation of ultrasound, including in fast- track clinics, 
provides a significant reduction of vision loss in GCA patients. It 
also prevents unnecessary biopsies and glucocorticoid therapy 
(44), while being less expensive than biopsy and the other 
imaging modalities (36).

When performing an ultrasound examination, the clinician can 
extend the investigation to adjacent anatomic areas based on 
the presenting symptoms, inform the patient regarding the 
ultrasound findings, and conduct history and clinical examina-
tions (36).

Limitations
Misinterpretation of findings can occur due to lack of expertise, 

improper settings, or low quality of equipment (9,61).
The halo sign may not be detectable 2–4 weeks after the intro-

duction of glucocorticoid treatment (4,16,17,24,26,38,46,47).
The diagnostic accuracy of ultrasound in large vessel GCA and 

Takayasu arteritis has not been extensively evaluated (6).
While ultrasound can monitor the damage caused by GCA, it is 

still unable to predict the progression of GCA during routine 
follow- up (48).

There are limited data on the use of ultrasound for small vessel 
vasculitis.

* GCA = giant cell arteritis. 
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derived from the bouncing back and forth of the ultrasound beam 
within the vessel lumen. This artifact makes the correct identifi-
cation of the upper part of the wall difficult in some situations. 
Doppler ultrasound, like B- mode ultrasound, is prone to numer-
ous difficulties that can cause misinterpretations (61,62). The most 
common misinterpretation is caused by the filling of the lumen 
with color and leads to over-  or underdiagnosing vasculitis. If the 
PRF is too high or the color gain too low, then the sensitivity of 
color Doppler is reduced, which can result in the underfilling of 
the arterial lumen with color. This underfilling may lead to a false 
diagnosis of wall swelling (pseudo halo sign) in vasculitis. A similar 
difficulty is observed when the insonation angle of the vessel is 
close to 90°, which leads to a poor Doppler signal, since flow 
running parallel to the probe is undetectable. If the PRF is too low 
or the color gain too high (blooming), then there may be overfill-
ing, which covers the inflammation with color and consequently 
vasculitic changes, such as a halo sign, may be overlooked. A 
poor Doppler signal also occurs when there is poor contact of 
the transducer to the skin (e.g., when scanning through the hair), 
but this may be overcome by adding copious amounts of gel. 
Optimal Doppler settings, awareness of the situation described 
above, and correct examination technique may correct the prob-
lem (61). One should remember that inflammatory changes of the 
vessel wall are always hypoechoic, while anechoic areas suggest 
the presence of fluid (blood in the case of vascular ultrasound). An 
overview of the benefits versus limitations of ultrasound in vascu-
litis is shown in Table 2.

Costs

The TABUL study demonstrated the higher sensitivity of ultra-
sound in the diagnosis of GCA and showed an incremental net 
monetary benefit of £485 (British pounds sterling) per patient (13). 
Another study (44) demonstrated that the use of ultrasound in the 
context of the fast- track clinic significantly reduced the days of 
inpatient care (from a median of 3.6 days to 0.6 days) and conse-
quently the health care costs.

How to develop and establish a fast- track clinic

Two studies have demonstrated that the fast- track GCA clinic, 
after its introduction, is efficacious in diminishing the number of 
patients with permanent vision loss (44,63). Although additional 
studies are needed to establish the added benefit of these clin-
ics with regard to the reduction of permanent vision loss, there is 
enough evidence to suggest that this method should be further 
considered. In order to set up an operative fast- track ultrasound 
clinic it is mandatory to ensure adequate training of the ultraso-
nographer.

The TABUL study used a training module based principally 
on web- based educational activities, along with the examination of 
10 healthy individuals locally and 1 “hot case” (13). However, this 

approach yielded mediocre results. To improve the quality of train-
ing outcomes, we recommend a method based on a combination 
of learning activities, such as participation in workshops on ultra-
sound in large vessel vasculitides, in situ follow- up with supervised 
hands- on training, and evaluation by the trainees of healthy individu-
als and “hot cases” together with detailed feedback provided by an 
external imaging expert. Using this approach, we were able to show 
an excellent interobserver agreement between sonographers (64).

Conclusions

Ultrasound is a reliable technique in the diagnosis of GCA 
for cranial and potentially large vessel involvement with higher 
sensitivity than clinical examination. The introduction of fast- track 
ultrasound clinics led by trained staff may reduce the number of 
patients experiencing vision loss. In Takayasu arteritis, ultrasound 
may also be useful for diagnostic purposes. However, prospective 
published data on diagnosing the disease are limited in Takayasu 
arteritis. The use of ultrasound is not supported by evidence in 
other forms of vasculitis, except Kawasaki disease.
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Upadacitinib Versus Placebo or Adalimumab in Patients 
With Rheumatoid Arthritis and an Inadequate Response 
to Methotrexate: Results of a Phase III, Double- Blind, 
Randomized Controlled Trial
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Objective. To evaluate the efficacy, including capacity for inhibition of radiographic progression, and safety of 
upadacitinib, a JAK1- selective inhibitor, as compared to placebo or adalimumab in patients with rheumatoid arthritis 
(RA) who have experienced an inadequate response to methotrexate (MTX).

Methods. In total, 1,629 RA patients with an inadequate response to MTX were randomized (2:2:1) to receive 
upadacitinib (15 mg once daily), placebo, or adalimumab (40 mg every other week) while continuing to take a stable 
background dose of MTX. The primary end points were achievement of an American College of Rheumatology 20% 
(ACR20) improvement response and a Disease Activity Score in 28 joints using C- reactive protein level (DAS28- CRP) 
of <2.6 in the upadacitinib group compared to the placebo group at week 12; inhibition of radiographic progression 
was evaluated at week 26. The study was also designed and powered to test for the noninferiority and superiority of 
upadacitinib compared to adalimumab, as measured both clinically and functionally.

Results. At week 12, both primary end points were met in patients receiving upadacitinib compared to those re-
ceiving placebo (P ≤ 0.001). An ACR20 improvement response was achieved by 71% of patients in the upadacitinib 
group compared to 36% in the placebo group, and a DAS28- CRP score of <2.6 was observed in 29% of patients re-
ceiving upadacitinib compared to 6% of patients receiving placebo. Upadacitinib was superior to adalimumab based 
on the ACR50 response rate, achievement of a DAS28- CRP score of ≤3.2, change in pain severity score, and change 
in the Health Assessment Questionnaire disability index. At week 26, more patients receiving upadacitinib than those 
receiving placebo or adalimumab achieved low disease activity or remission (P ≤ 0.001). Radiographic progression 
was significantly inhibited in patients receiving upadacitinib and was observed in fewer upadacitinib- treated patients 
than placebo- treated patients (P ≤ 0.001). Up to week 26, adverse events (AEs), including serious infections, were 
comparable between the upadacitinib and adalimumab groups. The proportions of patients with serious AEs and AEs 
leading to discontinuation were highest in the adalimumab group; the proportions of patients with herpes zoster and 
those with creatine phosphokinase (CPK) elevations were highest in the upadacitinib group. Three malignancies, 5 
major adverse cardiovascular events, and 4 deaths were reported among the groups, but none occurred in patients 
receiving upadacitinib. Six venous thromboembolic events were reported (1 in the placebo group, 2 in the upadac-
itinib group, and 3 in the adalimumab group).

Conclusion. Upadacitinib was superior to placebo and adalimumab for improving signs, symptoms, and physical 
function in RA patients who were receiving background MTX. In addition, radiographic progression was significantly 
inhibited by upadacitinib as compared to placebo. The overall safety profile of upadacitinib was generally similar to 
that of adalimumab, except for higher rates of herpes zoster and CPK elevations in patients receiving upadacitinib.

A video abstract of this article can be found at https://players.brightcove.
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INTRODUCTION

Treatment involving inhibition of tumor necrosis factor (TNF) 
in combination with methotrexate (MTX) has enabled disease 
control in many patients with rheumatoid arthritis (RA) who have 
been unable to achieve this outcome with conventional synthetic 
disease- modifying antirheumatic drugs (csDMARDs) (1,2). How-
ever, only approximately one- third of patients achieve low disease 
activity (LDA) or remission with this type of combination therapy, 
without safety or tolerability issues that require drug alteration (3–
8). Therefore, additional treatment options are needed.

Members of the JAK family of kinases (JAKs 1, 2, and 3 and 
TYK2) mediate intracellular cytokine signaling in both the nor-
mal and inflammatory states, including in diseases such as RA 
(9). Upadacitinib, a JAK inhibitor engineered for greater selectiv-
ity for JAK1, has demonstrated a favorable benefit:risk profile in 
patients with an inadequate response to csDMARDs and biologic 
DMARDs (bDMARDs) (10–13).

The SELECT- COMPARE trial is a global phase III, double- 
blinded study comparing once- daily upadacitinib (15 mg) to pla-
cebo or to the TNF inhibitor adalimumab, each in combination 
with stable background MTX, in RA patients who continue to 
have active disease despite taking MTX. The current study was 
designed to compare clinical and functional outcomes and inhibi-
tion of radiographic disease progression between patients receiv-
ing upadacitinib (15 mg) and those receiving placebo, and also 
designed and powered to test the noninferiority and superiority 
of upadacitinib compared to adalimumab as measured by clinical 
and functional outcomes.

PATIENTS AND METHODS

Patients. Participating patients were age ≥18 years and had 
a diagnosis of RA for ≥3 months that fulfilled the 2010 American 
College of Rheumatology (ACR)/European League Against Rheu-
matism (EULAR) classification criteria (14). All patients had active 

disease, defined as ≥6 swollen joints (of 66 examined), ≥6 ten-
der joints (of 68 examined), a high- sensitivity C- reactive protein 
(hsCRP) level of ≥5 mg/liter (upper limit of normal 2.87 mg/liter), 
and at least one of the following features at screening: ≥3 erosions 
on radiographs of the hands and feet or ≥1 erosion and posi-
tivity for either rheumatoid factor (RF) or anti–cyclic citrullinated 
peptide (anti- CCP) antibodies, to enrich the study population for 
patients with radiographic progression (14,15). Patients must 
have received MTX for ≥3 months at a stable dosage of 15–25 
mg/week for ≥4 weeks prior to the first dose of study drug (or 
≥10 mg/week if intolerant to 15 mg), which was maintained for 
the duration of the trial. Other csDMARDs were discontinued with 
protocol- defined washout. Up to 20% of patients exposed to, at 
most, 1 bDMARD (except for adalimumab) could be included if 
they had <3 months’ exposure or had discontinued the bDMARD 
due to intolerance. Patients with an inadequate response to a 
prior bDMARD or prior exposure to a JAK inhibitor were excluded.

Study design and treatment. The study was conducted 
at 286 sites in 41 countries. Patients were randomized 2:2:1 in a 
double- blind manner to receive upadacitinib at a dose of 15 mg 
once daily, placebo, or adalimumab at a dose of 40 mg every other 
week, in conjunction with a stable background dose of MTX (see 
Supplementary Figure 1, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41032/ 
abstract). Randomization was stratified by prior exposure to a 
bDMARD and geographic region. A randomization schedule was 
generated by the AbbVie Data and Statistical Sciences depart-
ment, and patients were randomized using Interactive Response 
Technology. Investigators and patients remained blinded with 
regard to treatment until all patients had completed week 48.

Patients continued to receive oral or parenteral MTX at a sta-
ble dosage (15–25 mg/week, or ≥10 mg/week in patients who 
could not tolerate MTX at ≥12.5 mg/week) for at least 4 weeks 
before the study start, with dose reductions permitted for safety 
reasons only. Patients also continued to receive stable doses of 
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nonsteroidal antiinflammatory drugs, acetaminophen or oral ste-
roids (dose of ≤10 mg prednisone or equivalent per day).

At weeks 14, 18, and 22, patients without an improvement of 
≥20% in the tender joint count (TJC) and swollen joint count (SJC) 
from baseline received rescue therapy, switching from placebo 
to upadacitinib, upadacitinib to adalimumab, or adalimumab to 
upadacitinib. A prespecified, unblinded analysis was conducted 
by the sponsor after all patients had either completed the week 
26 visit or prematurely discontinued; these results are reported 
herein, including primary and key and additional secondary end 
points.

The study was conducted in accordance with the Interna-
tional Conference on Harmonisation guidelines, applicable regu-
lations, and the Declaration of Helsinki. Study- related documents 
were approved by institutional ethics committees and review 
boards. All patients provided written informed consent.

Efficacy measures. Two separate primary end points were 
selected for the study: the proportion of patients who met the ACR 
20% (ACR20) improvement response criteria (for the US Food and 
Drug Administration), and the proportion of patients who achieved 
a Disease Activity Score in 28 joints using CRP level (DAS28- CRP) 
of <2.6 at week 12 (for the European Medicines Agency) (16,17). 
Ranked key secondary end points at week 12 for the compari-
son between upadacitinib and placebo included the mean change 
from baseline in the DAS28- CRP, the proportion of patients achiev-
ing a DAS28- CRP of ≤3.2 (18), the mean change in Health Assess-
ment Questionnaire disability index (HAQ DI) score (19), the mean 
change in the Short- Form 36 (SF- 36) physical component score 
(PCS) (20), the mean change in the duration of morning stiffness, 
the mean change in the Functional Assessment of Chronic Illness 
Therapy Fatigue scale (FACIT- F) score (21), and achievement of 
LDA based on a Clinical Disease Activity Index (CDAI) score of ≤10. 
Ranked key secondary end points at week 12 for the comparison 
of upadacitinib to adalimumab included noninferiority as meas-
ured according to the ACR50 response rate and achievement 
of a DAS28- CRP score of ≤3.2, and superiority according to the 
ACR50 response rate and the mean change from baseline in the 
pain severity score (on 0–100- mm visual analog scale [VAS]) and 
HAQ DI score. Other ranked key secondary end points at week 26 
were the mean change from baseline in the modified total Sharp/
van der Heijde score (mTSS) of radiographic progression (22) 
and the proportion of patients with no radiographic progression 
(defined as a change in the mTSS of ≤0), compared to placebo. 
To assess radiographic progression, radiographs of the hands and 
feet bilaterally were collected at screening and week 26 (and at 
week 14 for patients who received rescue therapy) and reviewed 
in a time- blinded manner by 2 independent readers. In any cases 
of disagreement, a third independent reader (adjudicator) reviewed 
the radiographs; the score from the 2 closest readings was used.

Additional end points at all visits included the proportion of 
patients achieving ACR20, ACR50, and ACR70 improvement 

responses, the change from baseline in individual components 
of the ACR improvement response, the proportions of patients 
achieving a DAS28- CRP score of <2.6 or ≤3.2, achievement of 
LDA defined as a CDAI score of ≤10 or Simplified Disease Activity 
Index (SDAI) score of ≤11, clinical remission defined as a CDAI 
score of ≤2.8 or SDAI score of ≤3.3, and remission according to 
the ACR/EULAR Boolean- based definition (defined as an SJC in 
28 joints of ≤1, TJC in 28 joints of ≤1, CRP level of ≤1 mg/dl, and 
patient’s global assessment of disease activity [on 0–10- cm VAS] 
of ≤1), change from baseline in the DAS28- CRP and DAS28 using 
erythrocyte sedimentation rate (DAS28- ESR) scores, and morn-
ing stiffness (severity and duration). At week 26, the change from 
baseline in joint space narrowing (JSN) score and joint erosion 
score was also assessed.

Safety assessments. Physical examinations, vital signs, 
electrocardiogram findings, and findings from laboratory tests 
(hematology, chemistry, and urinalysis) were monitored during the 
study. Investigator- reported adverse events (AEs) were collected 
and summarized up to week 26, censored as follows: for patients 
who remained on the original treatment up to week 26, all events 
up to week 26 were included; for patients who met the rescue cri-
teria at weeks 14, 18, or 22, events that occurred starting the day 
of initiation of rescue treatment were excluded. AEs were coded 
according to the Medical Dictionary for Regulatory Activities, ver-
sion 19.1. The Rheumatology Common Toxicity Criteria, version 
2.0 (23), were used to grade AEs and laboratory changes other 
than creatine phosphokinase (CPK) and creatinine levels, which 
were graded using the Common Toxicity Criteria of the National 
Cancer Institute (24). An independent, external Cardiovascular 
Adjudication Committee (CAC) adjudicated in a blinded manner 
reported cardiovascular events (including major adverse cardio-
vascular events [MACEs]), venous thromboembolic events (VTEs) 
based on predefined event definitions, and deaths, as stated in 
the CAC charter.

Statistical analysis. Efficacy analyses were conducted in 
the full analysis set, including all randomized patients who had 
received at least one dose of study drug. Multiplicity control was 
applied to the primary and ranked key secondary end points (see 
Supplementary Tables 1 and 2, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41032/ abstract) such that the overall Type I error rate was 
controlled at a 2- sided significance level of 0.05, using a step- 
down approach in which significance could be claimed for a lower 
ranked end point only if the previous end point in the sequence 
was significant. The noninferiority of upadacitinib compared to 
adalimumab based on the ACR50 response rate and a DAS28- 
CRP score of ≤3.2 was assessed by comparing the 95% con-
fidence interval (95% CI) of the treatment difference against the 
noninferiority margin, which was 10% for both end points. The 
margin was derived based on meta- analysis of the adalimumab 
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versus placebo treatment effect from historical adalimumab trials. 
Superiority comparisons were conducted between upadacitinib 
and placebo and between upadacitinib and adalimumab, for all 
efficacy end points at all time points (except between upadacitinib 
and adalimumab for radiographic end points).

For binary end points, treatments were compared using the 
Cochran- Mantel- Haenszel (CMH) test, adjusting for the stratification 
factor of prior bDMARD use (yes versus no). Nonresponder imputa-
tion was used for missing data and for observations made after the 
initiation of rescue treatment. For continuous end points, analyses 
were conducted using the analysis of covariance (ANCOVA) model, 
which included treatment, the corresponding baseline value, and 
the stratification factor of prior bDMARD use (yes versus no). Last 
observation carried forward was used for observations after res-
cue treatment had been initiated. For the radiographic end points, 
similar ANCOVA and CMH analyses were conducted, with linear 
extrapolation used as the primary approach for handling of miss-
ing data and for patients who initiated rescue therapy at week 14; 
 analyses were also performed using as- observed data.

A sample size of 1,500 patients was planned to provide at 
least 90% power for testing the following (at a 2- sided P value 
of 0.05, accounting for 10% dropout): a treatment difference of 

22% and 19.3% in the ACR20 response rate and achievement 
of a DAS28- CRP score of <2.6, respectively, assuming placebo 
response rates of 37% and 6.2%, respectively; a treatment dif-
ference of 0.39 in the change from baseline in the mTSS at week 
26 compared to placebo; noninferiority of upadacitinib compared 
to adalimumab as measured by achievement of a DAS28- CRP 
of ≤3.2 and the ACR50 response rate at week 12, with a margin 
of 10%, assuming ACR50 response rates of 35% and 40% for 
adalimumab and upadacitinib, respectively; superiority of upad-
acitinib compared to placebo for most of the ranked secondary 
end points, including change from baseline in the DAS28- CRP, 
change from baseline in the HAQ DI, ACR50 and ACR70 response 
rates, and SF- 36 PCS score. These calculations were based on 
the weighted average of previous phase II and phase III studies of 
JAK inhibitors (10,11,25–29).

RESULTS

Between December 2015 and June 2017, 2,874 patients 
were screened; 1,629 were randomized and received at least 
one dose of study drug (651 to the placebo group, 651 to the 
upadacitinib 15 mg group, and 327 to the adalimumab 40 mg 

Figure 1. Disposition of the patients. * = The 5 most frequent reasons for exclusion were not meeting the inclusion criteria for swollen and 
tender joint counts or C- reactive protein level, the requirement for having ≥3 bone erosions, the requirement for having ≥1 bone erosion with 
positivity for rheumatoid factor or anti–cyclic citrullinated peptide antibodies, meeting the exclusion criteria for laboratory values during the 
screening period, or presence of the exclusionary parameter of active tuberculosis or active, chronic or recurrent invasive infections. PBO = 
placebo; MTX = methotrexate; UPA = upadacitinib; ADA = adalimumab; D/C = discontinued; AE = adverse event; f/u = follow- up; LoE = lack 
of efficacy.
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group). The most common reasons for screen failure were having 
an hsCRP level of <5 mg/liter or having too few tender or swollen 
joints. Overall, 91% of patients completed week 26. Initiation of 
rescue therapy occurred between weeks 14 and 26 in 47%, 24%, 
and 19% of patients in the placebo, adalimumab, and upadac-
itinib groups, respectively (Figure 1).

Forty percent of patients were from Eastern Europe, 27% 
from South/Central America, 19% from North America, 6% from 
Western Europe, 3% from Asia, and 6% from other regions. At 
baseline, the demographic and disease characteristics of the 
patients were balanced across the treatment arms. All patients 
had active disease and the mean duration of RA since diagno-
sis was ~8 years (Table 1). Most of the patients (87.5%) were 
positive for either RF and/or anti- CCP antibodies. The mean ± 
SD dosage of MTX was 17.0 ± 4.0 mg/week, and 151 patients 

(9.3%) had prior exposure to bDMARDs.
At week 12, an ACR20 improvement response was 

achieved by 71% of patients receiving upadacitinib com-
pared to 36% receiving placebo (placebo- adjusted difference 
34.1%, 95% CI 29.0–39.2; P ≤ 0.001), and compared to 63%  

receiving adalimumab (adalimumab- adjusted difference 7.5%, 
95% CI 1.2–13.8; nominal P ≤ 0.05) (Figure 2A). Upadacitinib 
was significantly better than placebo or adalimumab based on 
the ACR50 and ACR70 response rates, and met the multiplicity- 
controlled superiority comparison to adalimumab for the ACR50 
response rate, which was 45% in the upadacitinib group com-
pared to 15% in the placebo group (placebo- adjusted difference 
30.3%, 95% CI 25.6–35.0) and 29% in the adalimumab group 
(adalimumab- adjusted difference 16.1%, 95% CI 9.9–22.3) (P ≤ 
0.001 for both) (Figures 2B and D, and Supplementary Figures 
2 and 3, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41032/ abstract).

A DAS28- CRP score of <2.6 at week 12 was achieved 
by 29% of patients receiving upadacitinib, which was superior 
to that in the placebo group, in which 6% had a DAS28- CRP 
score of <2.6 (placebo- adjusted difference 22.6%, 95% CI 
18.6–26.5; P ≤ 0.001), and to that in the adalimumab group, 
in which 18% had a DAS28- CRP score of <2.6 (adalimumab- 
adjusted difference 10.7%, 95% CI 5.3–16.1; nominal P ≤ 
0.001) (Figure 2C). Furthermore, significantly higher proportions  

Table 1. Demographic and clinical characteristics of the patients at baseline*

PBO + 
background MTX 

(n = 651)

UPA 15 mg + 
background MTX 

(n = 651)

ADA 40 mg + 
background MTX 

(n = 327)
Female, no. (%) 512 (79) 521 (80) 259 (79)
RA duration since diagnosis, years 8 ± 8 8 ± 8 8 ± 8
Age, years 54 ± 12 54 ± 12 54 ± 12
RF+ and/or anti- CCP+, no. (%) 571 (88) 566 (87) 288 (88)
MTX dose, mg/week 16.8 ± 3.8 17.0 ± 4.2 17.1 ± 3.8
Prior bDMARD exposure, no. (%) 63 (10) 54 (8) 34 (10)
Oral glucocorticoid use, no. (%) 392 (60) 388 (60) 202 (62)

Dose, mg† 6.3 ± 2.4 6.2 ± 2.3 6.5 ± 2.4
TJC68 26 ± 14 26 ± 15 26 ± 15
SJC66 16 ± 9 17 ± 10 16 ± 9
PtGA (100- mm VAS) 64 ± 21 64 ± 22 66 ± 21
PhGA (100- mm VAS) 66 ± 18 66 ± 17 65 ± 18
Pain (100- mm VAS) 65 ± 21 66 ± 21 66 ± 21
hsCRP, mg/liter 18 ± 22 18 ± 22 20 ± 22
DAS28- CRP (scale 0–10) 5.8 ± 0.9 5.8 ± 1.0 5.9 ± 1.0
DAS28- ESR (scale 0–10) 6.5 ± 1.0 6.4 ± 1.0 6.5 ± 1.0
CDAI (scale 0–76) 40 ± 13 40 ± 13 40 ± 13
HAQ DI (scale 0–3) 1.6 ± 0.6 1.6 ± 0.6 1.6 ± 0.6
mTSS (scale 0–448) 36 ± 52 34 ± 50 35 ± 47

Erosion score (scale 0–168) 17 ± 27 17 ± 26 15 ± 23
JSN score (scale 0–280) 19 ± 26 18 ± 25 19 ± 26

Duration of morning stiffness, 
minutes

142 ± 170 142 ± 188 146 ± 185

FACIT- F score (scale 0–52) 27 ± 11 27 ± 11 26 ± 11
SF- 36 PCS score (scale 0–100) 33 ± 7 33 ± 7 32 ± 7

* Except where indicated otherwise, values are the mean ± SD. PBO = placebo; MTX = methotrexate; UPA = upadacitinib; ADA = 
adalimumab; RA = rheumatoid arthritis; RF+ = rheumatoid factor positive; anti- CCP+ = anti–cyclic citrullinated peptide positive; 
bDMARD = biologic disease- modifying antirheumatic drug; TJC68 = tender joint count of 68 joints; SJC66 = swollen joint count 
of 66 joints; PtGA = patient global assessment of disease activity; VAS = visual analog scale; PhGA = physician global assessment 
of disease activity; hsCRP = high- sensitivity C- reactive protein; DAS28- CRP = Disease Activity Score in 28 joints using CRP level; 
DAS28- ESR = DAS28 using erythrocyte sedimentation rate; CDAI = Clinical Disease Activity Index; HAQ DI = Health Assessment 
Questionnaire disability index; mTSS = modified total Sharp/van der Heijde score; JSN = joint space narrowing; FACIT- F = Func-
tional Assessment of Chronic Illness Therapy Fatigue; SF- 36 PCS = Short- Form 36 physical component summary. 
† Based on prednisone or equivalent daily dose. 
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of patients receiving upadacitinib compared to patients  
receiving placebo achieved a DAS28- CRP score of ≤3.2 and 
CDAI score of ≤10 (P ≤ 0.001) (Figure 2D). Upadacitinib met 
the multiplicity- controlled noninferiority comparison to adali-
mumab for achievement of a DAS28- CRP score of ≤3.2 (45% 
versus 29%, difference 16.3% [95% CI 10.0–22.5]; subse-
quent superiority P ≤ 0.001). Patients receiving upadacitinib 

compared to those receiving either placebo or adalimumab 
had significantly greater improvements from baseline in the 
DAS28- CRP score (−2.48 in the upadacitinib group versus 
−1.14 in the placebo and adalimumab groups, difference −1.34 
[95% CI −1.49, 1.20]; P ≤ 0.001) (see Supplementary Figure 
4, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41032/ abstract).

Figure 2. A–C, Proportions of patients achieving an American College of Rheumatology 20% (ACR20) improvement response (A), ACR50 
response (B), and Disease Activity Score in 28 joints using C- reactive protein level (DAS28- CRP) of <2.6 (C) over 26 weeks (with nonresponder 
imputation [NRI]) in the placebo (PBO), upadacitinib (UPA), and adalimumab (ADA) groups with background methotrexate (MTX). D, Patients 
achieving an ACR70 response, DAS28- CRP score of ≤3.2, and Clinical Disease Activity Index (CDAI) score of ≤10 at week 12 (with NRI). E 
and F, Change from baseline to week 12 in the pain severity score (E) and Health Assessment Questionnaire disability index (HAQ DI) (F) (using 
analysis of covariance). Observations after rescue therapy initiation at weeks 14, 18, or 22 were handled using NRI for binary end points and 
using last observation carried forward for continuous end points. Bars show the mean with 95% confidence interval. For upadacitinib versus 
placebo, ** = P ≤ 0.01 and *** = P ≤ 0.001. For upadacitinib versus adalimumab, # = P ≤ 0.05, ## = P ≤ 0.01, and ### = P ≤ 0.001. Multiplicity- 
controlled comparisons: † = upadacitinib versus adalimumab; ¶ = upadacitinib versus placebo.
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Upadacitinib also met multiplicity- controlled superiority com-
parisons to adalimumab in terms of improvements from baseline 
to week 12 in the pain severity score (mean change −32.1 in the 
upadacitinib group versus −25.6 in the adalimumab group, differ-
ence −6.5 [95% CI −9.7, −3.3]; P ≤ 0.001) and the HAQ DI score 
(mean change −0.60 in the upadacitinib group versus −0.49 in the 
adalimumab group, difference −0.11 [95% CI −0.18, −0.03]; P ≤ 
0.01) (Figures 2E and F). Improvements were maintained through 
26 weeks.

Significantly higher proportions of patients receiving upa-
dacitinib compared to patients receiving placebo achieved a 
DAS28- CRP score of ≤3.2, DAS28- CRP score of <2.6, LDA, and 
remission by various criteria (Figures  2C and D, Figures  3A–D,  
and Supplementary Figure 4 [http://onlin elibr ary.wiley.com/doi/ 
10.1002/art.41032/ abstract]). The response rates for DAS28- 
CRP scores of <2.6 and ≤3.2 as well as the response rates for 
remission and LDA through week 26 were consistently supe-
rior in those receiving upadacitinib compared to those receiving 
adalimumab. At week 26, 55% of patients receiving upadacitinib 
compared to 39% of patients receiving adalimumab achieved a 
DAS28- CRP score of ≤3.2; the respective proportions of patients 

in the upadacitinib group versus patients in the adalimumab group 
achieving a DAS28- CRP score of <2.6, CDAI score of ≤10, and 
CDAI score of ≤2.8 were 41% versus 27%, 53% versus 38%, and 
23% versus 14% (nominal P ≤ 0.001 for each). Boolean- based 
remission was achieved by 18%, 10%, and 4% of patients in the 
upadacitinib, adalimumab, and placebo groups, respectively, at 
week 26 (nominal P ≤ 0.001 for upadacitinib versus adalimumab 
or placebo). In general, the onset of efficacy of upadacitinib was 
rapid, being significantly better than placebo by week 2, and sig-
nificantly better than adalimumab by weeks 4–8.

Compared to the placebo and adalimumab groups, patients 
receiving upadacitinib had significantly greater improvements in 
quality of life (as measured by the SF- 36 PCS score), fatigue (as 
measured by the FACIT- F score), and duration of morning stiffness 
by week 12 (P ≤ 0.001 for each) (Figures 4A–C). Improvements in 
these measures continued to be observed through week 26.

At week 26, using linear extrapolation, radiographic progres-
sion was significantly reduced in patients treated with upadacitinib 
compared to those treated with placebo, as measured by the 
mean change from baseline in the mTSS (P ≤ 0.001) (Figure 4D 
and Supplementary Figure 5, available on the Arthritis & Rheu-

Figure 3. Proportions of patients achieving a DAS28- CRP score of ≤3.2 (A), low disease activity according to a CDAI score of ≤10 (B), 
CDAI- defined clinical remission (REM) (C), or Boolean- based clinical remission (D) over 26 weeks in each treatment group (with nonresponder 
imputation). Bars show the mean with 95% confidence interval. For upadacitinib versus placebo, ** = P ≤ 0.01 and *** = P ≤ 0.001. For 
upadacitinib versus adalimumab, # = P ≤ 0.05, ## = P ≤ 0.01, and ### = P ≤ 0.001. See Figure 2 for other definitions.
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matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41032/ abstract). The mean change from baseline in the mTSS 
was not significantly different between the upadacitinib and adali-
mumab groups (nominal P = 0.448). Significantly more patients in 
the upadacitinib group (83%) and the adalimumab group (87%) 
had no radiographic progression over 26 weeks as compared 
to patients in the placebo group (76%) (each P ≤ 0.01). Further-
more, there were significant differences between the upadacitinib 
and placebo groups in terms of the mean change from baseline 
in both the JSN score and joint erosion score at week 26 (Fig-
ure 4D). Results were consistent when “as observed” analyses 
were used (see Supplementary Figure 5 [http://onlin elibr ary.wiley.
com/doi/10.1002/art.41032/ abstract]).

Through 26 weeks, the proportion of patients with AEs was 
higher in the adalimumab and upadacitinib groups compared to 
the placebo group, among patients who continued to receive 
their original randomized treatment (censored at initiation of 
rescue treatment) (Table 2). The proportion of patients with AEs 

leading to discontinuation was highest with adalimumab. Seri-
ous infections were reported in similar proportions of patients 
receiving upadacitinib (1.8%) and patients receiving adalimumab 
(1.5%), both of which were higher than the rate of serious infec-
tions in patients receiving placebo (0.8%). Opportunistic infec-
tions were reported in 9 patients (4 [0.6%] in the placebo group, 
4 [0.6%] in the upadacitinib group, and 1 [0.3%] in the adali-
mumab group) (Table  2 and Supplementary Table 3, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41032/ abstract). There were 8 cases 
of herpes zoster (more patients with herpes zoster in the upad-
acitinib group than in the placebo or adalimumab groups) and 1 
case of Varicella zoster; none were serious, and most affected 
a single dermatome (see Supplementary Table 4, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.

com/doi/10.1002/art.41032/ abstract).
Three malignancies were reported, all within the first 

14 weeks (none in the upadacitinib group, 1 [0.3%] in the  

Figure  4. A–C, Mean change from baseline (BL) to week 12 in the Short- Form 36 (SF- 36) physical component summary (PCS) score 
(A), Functional Assessment of Chronic Illness Therapy Fatigue scale (FACIT- F) score (B), and duration of morning stiffness (in minutes) (C) 
(using analysis of covariance). D, Least- squares (LS) mean change from baseline in the modified total Sharp/van der Heijde score (mTSS) of 
radiographic progression, erosion, and joint space narrowing (JSN) at week 26 (with linear extrapolation). Broken horizontal lines indicate the 
minimum clinically important difference. Observations after rescue therapy initiation at weeks 14, 18, or 22 were handled using last observation 
carried forward for continuous end points not related to radiographic outcome measures. For radiographic progression, comparisons between 
upadacitinib and adalimumab were not prespecified. Bars show the mean with 95% confidence interval. For upadacitinib versus placebo, *** 
= P ≤ 0.001. For upadacitinib versus adalimumab, # = P ≤ 0.05 and ## = P ≤ 0.01. ¶ = multiplicity- controlled comparison, upadacitinib versus 
placebo. See Figure 2 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41032/abstract


FLEISCHMANN ET AL 1796       |

adalimumab group [basal cell carcinoma], and 2 [0.3%] in the 
placebo group [1 basal cell carcinoma, and 1 cervix carci-
noma]). There were 2 gastrointestinal (GI) perforation events 
in the upadacitinib group (1 with peritonitis with appendicitis 
and fallopian tube abscess, and 1 with anal abscess; neither 
was a spontaneous perforation of the GI tract). Five adjudi-
cated MACEs were reported (none in the upadacitinib group, 
2 [0.6%] in the adalimumab group, and 3 [0.5%] in the placebo 
group) (see Supplementary Table 5, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41032/ abstract). Six adjudicated VTEs were 

reported (1 with deep vein thrombosis and 1 with pulmonary 
embolism [PE] [0.3%] in the upadacitinib group, 3 with PE 
[0.9%] in the adalimumab group, and 1 with PE [0.2%] in the 
placebo group); all patients experiencing VTEs had preexisting 
risk factors for the event (see Supplementary Table 6, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41032/ abstract). Four deaths were 
reported (none in the upadacitinib group, 2 in the placebo 
group [1 cardiovascular \- related death and 1 death due to 
Pneumocystis jirovecii pneumonia], and 2 in the adalimumab 
group [1 due to craniocerebral injury in a car accident and 

Table 2. Safety summary through week 26 (censored at initiation of rescue treatment) 

PBO + background MTX 
(n = 652)

UPA + background MTX 
(n = 650)*

ADA + background MTX 
(n = 327)

Treatment exposure, patient- years 250.3 289.6 137.6
AEs, no. (%)†

Any AE 347 (53.2) 417 (64.2) 197 (60.2)
Serious AE 19 (2.9) 24 (3.7) 14 (4.3)
AE leading to discontinuation of 

study drug
15 (2.3) 23 (3.5) 20 (6.1)

Death 2 (0.3) 0 2 (0.6)
Infection 154 (23.6) 226 (34.8) 95 (29.1)

Serious infection 5 (0.8) 12 (1.8) 5 (1.5)
Opportunistic infection‡ 4 (0.6) 4 (0.6) 1 (0.3)
Herpes zoster 3 (0.5) 5 (0.8) 1 (0.3)

Hepatic disorder 32 (4.9) 43 (6.6) 12 (3.7)
GI perforation 0 2 (0.3) 0
Malignancy (including NMSC) 2 (0.3) 0 1 (0.3)
MACE (adjudicated) 3 (0.5) 0 2 (0.6)
VTE (adjudicated) 1 (0.2) 2 (0.3) 3 (0.9)

PE 1 (0.2) 1 (0.2) 3 (0.9)
DVT 0 1 (0.2) 0

Laboratory data§
Hemoglobin, gm/dl −0.08 ± 0.87 0.12 ± 0.99 0.30 ± 0.94
Neutrophils, 109/liter −0.05 ± 1.81 −1.17 ± 2.16 −1.24 ± 2.21
Lymphocytes, 109/liter 0.02 ± 0.48 0.06 ± 0.64 0.34 ± 0.55
Platelets, 109/liter −6.7 ± 53.91 −21.9 ± 67.42 −30.5 ± 59.17
LDL cholesterol, mg/dl −1.93 ± 24.75 19.84 ± 30.01 2.44 ± 26.68

% change 1.2 ± 22.7 21.7 ± 45.0 4.7 ± 22.3
HDL cholesterol, mg/dl 0.62 ± 10.05 7.88 ± 12.76 0.54 ± 11.99

% change 2.4 ± 19.0 15.3 ± 22.5 2.4 ± 19.0
ALT, units/liter 0.4 ± 12.01 6.7 ± 17.63 1.4 ± 12.82
AST, units/liter 0.4 ± 7.53 6.4 ± 10.26 2.1 ± 10.40
Creatinine, mg/dl 0.01 ± 0.1 0.06 ± 0.1 0.02 ± 0.1
Creatine phosphokinase, units/

liter
0.87 ± 63.22 83.92 ± 192.07 24.17 ± 49.12

* One patient who was randomized to receive upadacitinib (UPA) received only placebo (PBO) injection, along with background 
methotrexate (MTX), before discontinuing the treatment; this patient was included in the placebo group for safety assessments. 
† Specifically, the deaths under adverse events (AEs) included 1 cardiovascular (CV)–related death and 1 death due to Pneumocys-
tis jirovecii pneumonia in the placebo group, and 1 death due to craniocerebral injury and 1 CV- related death in the adalimumab 
(ADA) group. Hepatic disorders comprised mostly elevated levels on liver function tests. Gastrointestinal (GI) perforations (as 
identified in the Medical Dictionary for Regulatory Activities) were not spontaneous perforations, but involved 1 case of peritoni-
tis and 1 case of anal abscess. Malignancies (including non- melanoma skin cancer [NMSC]) comprised 1 cervical carcinoma and 
1 basal cell carcinoma in the placebo group, and 1 basal cell carcinoma in the adalimumab group. Major adverse cardiovascular 
events (MACEs) (adjudicated) comprised 2 non- fatal myocardial infarctions and 1 CV- related death in the placebo group, and 1 
non- fatal stroke and 1 CV- related death in the adaliumumab group. Venous thromboembolic events (VTEs) included pulmonary 
embolism (PE) and deep vein thrombosis (DVT). 
‡ Only 1 case of latent tuberculosis was reported (in the UPA group). 
§ Only patients who continued to receive the initially randomized study drug are included in the laboratory data. Tests included 
evaluation of low- density lipoprotein (LDL) and high- density lipoprotein (HDL) cholesterol and levels of alanine aminotransfer-
ase (ALT) and aspartate aminotransferase (AST). Results are expressed as the least- squares mean ± SD change from baseline to 
week 26. 
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1 cardiovascular- related death due to left ventricular failure]). 
Events reported after the initiation of rescue treatment are 
listed in the Supplementary Results (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41032/ abstract). No deaths, adjudicated 
MACEs, or adjudicated VTEs were reported after initiation of 
rescue therapy up to week 26.

The mean hemoglobin levels remained within normal limits in 
all of the treatment groups, with a small increase over 26 weeks 
observed in the adalimumab group (see Supplementary Figure 
6, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41032/ abstract). Similar 
proportions of patients in the placebo and upadacitinib groups 
had a grade 3 or grade 4 decrease in hemoglobin levels, whereas 
the proportion of patients with a grade 3 or grade 4 decrease 
in hemoglobin levels was lower in the adalimumab group (see 
Supplementary Table 7, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41032/ 
abstract). Comparable decreases in the mean neutrophil lev-
els were observed between the upadacitinib and adalimumab 
groups, whereas no change in neutrophil levels occurred in the 
placebo group. Grade 3 or grade 4 decreases in neutrophils were 
observed in ≤1% of patients across the groups; overall, there was 
no association between these decreases and infections.

The mean levels of lymphocytes increased in patients receiv-
ing adalimumab compared to patients receiving upadacitinib or 
placebo. The frequency of grade 3 lymphopenia (including single 
measurements) was slightly elevated in the upadacitinib group 
compared to the placebo group, but was lower in the adalimumab 
group. Grade 4 events were rare, and not associated with serious 
infections or opportunistic infections, including herpes zoster. No 
grade 3 or grade 4 decreases in platelet levels occurred.

The mean levels of low- density lipoprotein (LDL) and high- 
density lipoprotein (HDL) cholesterol were elevated in the upad-
acitinib group compared to the placebo and adalimumab groups 
(see Supplementary Figure 7, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41032/ abstract). There was no meaningful change in the ratio 
of LDL to HDL cholesterol or total cholesterol to HDL cholesterol 
through week 26 (see Supplementary Tables 8, 9, and 10, avail-
able on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41032/ abstract). Grade 3 or 
grade 4 elevations in the alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) levels were rare, with more grade 3 
elevations in the upadacitinib group than in the adalimumab or pla-
cebo groups; no Hy’s law cases were reported. Grade 3 and grade 
4 increases in CPK levels were rare, with more increases in patients 
receiving upadacitinib than in the other 2 groups (see Supplemen-
tary Table 7 [http://onlinelibrary.wiley.com/doi/10.1002/art.41032/
abstract]) (mean change from baseline to week 26 shown in 
Table 2). No patient had rhabdomyolysis or discontinued a study 
drug due to an increased CPK value, and all patients with grade 3 

or grade 4 increases were asymptomatic, except 1 patient in the 
upadacitinib group who had a single grade 3 CPK increase and 
transient muscle weakness after vigorous activity, in whom CPK 
values normalized without interruption of upadacitinib.

DISCUSSION

This trial evaluated whether the JAK inhibitor upadacitinib, in 
combination with MTX, is either inferior, comparable, or superior 
to a TNF inhibitor, also in combination with MTX (the current gold 
standard for the treatment of difficult RA), or to placebo with MTX, 
with respect to clinical, functional, and imaging outcomes. Both 
primary end points and all key secondary end points were met.

Upadacitinib demonstrated superiority to adalimumab in 
terms of achievement of an ACR50 response and a DAS28- 
CRP score of ≤3.2 at week 12. Greater proportions of patients 
receiving upadacitinib than those receiving adalimumab reached 
LDA, according to the CDAI score at week 12, and achieved 
a DAS28- CRP score of <2.6, both being goals of the treat- to- 
target strategy (30). Through week 12, ~40% of patients receiv-
ing upadacitinib achieved CDAI- defined LDA and 29% achieved 
a DAS28- CRP score of <2.6. The proportions of patients who 
achieved LDA and remission by a variety of composite measures 
were significantly higher in the upadacitinib group than in the 
adalimumab group, with differences observed as early as week 8 
and persisting through week 26; this is the first trial demonstrat-
ing superiority of a treatment to standard- of- care adalimumab 
in combination with MTX, based on consistent achievement of 
remission outcomes (31–34).

Responses observed with adalimumab were consistent 
with those observed in previous trials in patients who experi-
enced an inadequate response to MTX (8,32,35). Upadacitinib 
demonstrated superiority to adalimumab for improvements 
in pain and physical function, which are important to patients 
because of their impact on quality of life, work ability, and daily 
activities (36,37). A significantly greater reduction in pain with 
another JAK inhibitor, baricitinib, in comparison to adalimumab 
has been reported, which was not solely explained by improve-
ments in inflammation markers such as the CRP level, ESR, 
or SJC. This additional improvement may indicate an effect of 
JAK inhibition on central as well as peripheral mediators of pain, 
whereas TNF inhibitors mediate improvements in pain through 
reduction of peripheral inflammation (38,39). Although compari-
sons with adalimumab were not multiplicity- controlled at all time 
points in this trial, significantly greater improvement in patients 
receiving upadacitinib compared to those receiving adalimumab 
were observed early, and were maintained through 6 months, 
for multiple measures of clinical response. An effective treat-
ment for RA must also significantly reduce the progression of 
joint damage. On a background of MTX, upadacitinib inhibited 
radiographic progression to a greater extent than placebo, and 
comparably to that of adalimumab.
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The safety profile of upadacitinib was generally compa-
rable to that of adalimumab (40), except for the frequency of 
herpes zoster, lymphopenia, and CPK elevations (which may 
be anticipated from the mechanism of action), as well as ALT/
AST elevations, which were higher with upadacitinib. These 
data provide further evidence that the risk of herpes zoster is 
elevated with the JAK inhibitor class compared to other mech-
anisms used to treat RA. Two GI perforations were reported in 
the upadacitinib arm; however, these were not spontaneous 
perforations, but rather 1 was a case of peritonitis and 1 was 
an anal abscess. In this trial, VTEs were reported in all treat-
ment arms, consistent with the reported background risk for 
VTE in RA irrespective of the treatment (41–45). The propor-
tion of patients with VTEs was balanced in the first 6 months 
of this trial across all treatment arms, including placebo and 
adalimumab. Long- term safety assessments from the upadac-
itinib phase III RA program will help to better characterize rare 
safety events including VTEs. As with other drugs in this class, 
elevations in LDL cholesterol, HDL cholesterol, and CPK were 
observed in the upadacitinib arm (46,47).

One limitation of the trial was that the duration of the placebo- 
controlled period was 26 weeks with rescue treatment provided 
starting at week 14. Since, for ethical reasons, rescue treatment 
was provided starting at week 14, not all patients remained on 
their randomized treatment assignment for the entire 6 months. 
In addition, upadacitinib monotherapy was not assessed in com-
parison to adalimumab with background MTX. The population 
studied had severe RA and was enriched to assess radiographic 
progression, with inclusion of patients who had 1–3 erosions at 
baseline, which may not reflect the usual burden of disease in 
many geographic areas. In contrast to the other phase III studies 
in the program, which assessed a dose of 30 mg once daily in 
addition to 15 mg once daily, SELECT- COMPARE included only 
the lower dose. Dose selection was based on exposure–response 
analyses from the phase II studies, which suggested that the 
15 mg dose largely maintains the JAK1 selectivity and is likely 
to demonstrate the optimal benefit:risk profile in RA, which was 
later confirmed in the other phase III trials (12,13,48,49). Expo-
sure–response analyses of the data across upadacitinib phase III 
trials further confirmed that the 15 mg dose maximized the effi-
cacy of upadacitinib and achieved the optimal benefit:risk profile 
in patients with RA regardless of the background therapy or the 
disease subpopulation (50).

In summary, in this population of patients with active RA 
who had experienced an inadequate response to MTX and 
were continuing to receive MTX, 15 mg once- daily upadac-
itinib resulted in significantly greater improvements in clini-
cal signs and symptoms, physical function, and inhibition of 
radiographic progression as compared to placebo. In addi-
tion, upadacitinib was superior to adalimumab in terms of 
clinical outcomes (including achieving remission), functional 
outcomes, and patient- reported outcomes, while inhibition of  

radiographic progression was similar between the 2 treatments. 
Herpes zoster and elevations in CPK levels were reported in a 
higher proportion of patients in the upadacitinib group. Over-
all, upadacitinib at a dose of 15 mg demonstrated a favorable 
benefit:risk profile for the treatment of RA. Integrated analyses 
of all 5 pivotal phase III trials will further our understanding of 
the potential use and safety of upadacitinib in RA patients.
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Osteoclast- Derived Autotaxin, a Distinguishing Factor for 
Inflammatory Bone Loss
Sacha Flammier,1 Olivier Peyruchaud,1  Fanny Bourguillault,1 François Duboeuf,1 Jean-Luc Davignon,2  
Derek D. Norman,3 Sylvie Isaac,4 Hubert Marotte,5  Gabor Tigyi,3 Irma Machuca-Gayet,1  and 
Fabienne Coury6

Objective. The severity of rheumatoid arthritis (RA) correlates directly with bone erosions arising from osteo-
clast (OC) hyperactivity. Despite the fact that inflammation may be controlled in patients with RA, those in a state 
of sustained clinical remission or low disease activity may continue to accrue erosions, which supports the need 
for treatments that would be suitable for long- lasting inhibition of OC activity without altering the physiologic 
function of OCs in bone remodeling. Autotaxin (ATX) contributes to inflammation, but its role in bone erosion is 
unknown. 

Methods. ATX was targeted by inhibitory treatment with pharmacologic drugs and also by conditional inactivation 
of the ATX gene Ennp2 in murine OCs (ΔATXCtsk). Arthritic and erosive diseases were studied in human tumor necrosis 
factor–transgenic (hTNF+/−) mice and mice with K/BxN serum transfer–induced arthritis. Systemic bone loss was also 
analyzed in mice with lipopolysaccharide (LPS)–induced inflammation and estrogen deprivation. Joint inflammation and 
bone erosion were assessed by histology and micro–computed tomography. The role of ATX in RA was also examined 
in OC differentiation and activity assays.

Results. OCs present at sites of inflammation overexpressed ATX. Pharmacologic inhibition of ATX in hTNF+/− 
mice, as compared to vehicle- treated controls, significantly mitigated focal bone erosion (36% decrease; P < 0.05) 
and systemic bone loss (43% decrease; P < 0.05), without affecting synovial inflammation. OC- derived ATX was re-
vealed to be instrumental in OC bone resorptive activity and was up- regulated by the inflammation elicited in the pres-
ence of TNF or LPS. Specific loss of ATX in OCs from mice subjected to ovariectomy significantly protected against 
the systemic bone loss and erosion that had been induced with LPS and K/BxN serum treatments (30% reversal of 
systemic bone loss [P < 0.01]; 55% reversal of erosion [P < 0.001]), without conferring bone- protective properties.

Conclusion. Our results identify ATX as a novel OC factor that specifically controls inflammation- induced bone 
erosions and systemic bone loss. Therefore, ATX inhibition offers a novel therapeutic approach for potentially 
 preventing bone erosion in patients with RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic relapsing disease 
characterized by synovial inflammation, focal bone degra-

dation, and systemic osteoporosis. Irreversible periarticular 
bone erosion is a hallmark of RA, which can occur soon after 
disease onset and correlates with the severity of the disease 
and functional deterioration. At the present time, treatments 

Supported by the Agence Nationale de la Recherche (project ANR-15-
CE14-0010-01), Fondation ARC pour la Recherche sur le Cancer (grant PJA-
20151203151), INSERM, Ligue Contre le Cancer, and Pfizer.

1Sacha Flammier, PhD, Olivier Peyruchaud, PhD, Fanny Bourguillault, 
MS, François Duboeuf, PhD, Irma Machuca-Gayet, PhD: INSERM UMR 
1033 LYOS and University of Lyon I, Lyon, France; 2Jean-Luc Davignon, 
MD, PhD: University of Paul Sabatier Toulouse III, INSERM-CNRS U1043, 
CPTP, CHU Purpan, and Pierre Paul Riquet Hospital, Toulouse, France; 
3Derek D. Norman, PhD, Gabor Tigyi, PhD: University of Tennessee Health 
Sciences Center, Memphis; 4Sylvie Isaac, MD: Lyon Sud Hospital, Pierre-
Bénite, France; 5Hubert Marotte, MD, PhD: SAINBIOSE, INSERM, U1059, 
LBTO, University of Lyon, and University Hospital of St. Étienne, St. 
Étienne, France; 6Fabienne Coury, MD, PhD: INSERM UMR 1033 LYOS and 
University of Lyon I, Lyon, France, and Lyon Sud Hospital, Pierre-Bénite, 
France.

Drs. Flammier, Peyruchaud, Machuca-Gayet, and Coury contributed 
equally to this work.

Dr. Marotte has received consulting fees from AbbVie, Biogen, Biogaran, 
Bristol-Myers Squibb, Janssen, Eli Lilly, MSD, Novartis, Pfizer, and Sanofi (less 
than $10,000 each) and has received research support from AbbVie, MSD, 
Nordic Pharma, Pfizer, Sanofi, and UCB. Dr. Coury has received consulting 
fees from AbbVie, Bristol-Myers Squibb, Janssen, Eli Lilly, MSD, and Pfizer (less 
than $10,000 each) and has received research support from AbbVie, Biogen, 
and Pfizer. No other disclosures relevant to this article were reported.

Address correspondence to Irma Machuca-Gayet, PhD, or Fabienne 
Coury, MD, PhD, INSERM UMR1033, Faculté de Médecine Lyon Est, Rue 
Guillaume Paradin, 69372 Lyon Cedex 08, France. E-mail: irma.machuca-
gayet@inserm.fr or fabienne.coury-lucas@chu-lyon.fr.

Submitted for publication October 23, 2018; accepted in revised form 
May 29, 2019.

https://orcid.org/0000-0002-5393-4945
https://orcid.org/0000-0003-1177-9497
https://orcid.org/0000-0002-3010-9774
https://orcid.org/0000-0002-9175-8620
mailto:irma.machuca-gayet@inserm.fr
mailto:irma.machuca-gayet@inserm.fr
mailto:fabienne.coury-lucas@chu-lyon.fr


FLAMMIER ET AL 1802       |

for RA are focused on the inhibition of inflammation to halt 
synovitis and subsequent progression of bone erosion. How-
ever, some patients in sustained clinical remission still develop 
radio graphic erosions (1,2).

Osteoclasts (OCs) are responsible for focal erosions, juxtaar-
ticular bone loss, and systemic osteoporosis in RA (3–5). Signif-
icant evidence has accumulated to demonstrate that OCs are 
present at sites of focal bone erosion at the pannus–bone inter-
face (3,6–8). These multinucleated cells originate from fusion of 
myeloid cells under the control of RANKL and proinflammatory 
cytokines in RA (5). The aim of current treatments for RA is largely 
limited to controlling immune inflammation, in order to halt synovi-
tis and to delay or even stop the subsequent progression of bone 
erosion. Denosumab, a neutralizing antibody that selectively binds 
RANKL and consequently inhibits OC formation, slows the pro-
gression of bone erosion in RA patients without affecting synovial 
inflammation, suggesting that it is possible to limit bone erosion 
by targeting OCs (9,10). However, current antiresorptive drugs are 
suboptimal in RA, as they could lead to atypical fractures result-
ing from the shutdown of physiologic bone remodeling. Therefore, 
there is a need for alternative therapies.

Autotaxin (ATX), also known as ecto- nucleotide pyrophos-
phatase/phosphodiesterase 2 (ENPP2), is a secreted enzyme pro-
duced by various tissues, including the brain, liver, and adipose 
tissue (11). ATX is also a lysophospholipase D, responsible for 
cleavage of lysophosphatidylcholine (LPC) to lysophosphatidic acid 
(LPA) that, in turn, acts as a growth factor with pleiotropic actions 
such as cell proliferation, differentiation, and migration via at least 
6 G protein–coupled receptors (LPA1–6) (12,13). High levels of LPA 
and ATX have been detected in the synovial fluid of RA patients 
(14–16), and LPA1- knockout mice were reported to be protected 
from collagen- induced arthritis (14), suggesting that the LPA/ATX 
axis potentially controls the pathogenesis of inflammatory arthritis.

ATX is up- regulated by tumor necrosis factor (TNF) in synovial 
fibroblasts, resulting in increased levels of ATX at the site of joint 
inflammation in mouse models of RA (16). Thus, the contribution 
of ATX to synovial inflammation has been well established. In con-
trast, its role in the occurrence of bone erosions is not yet resolved. 
With respect to its mechanism of action, ATX could act either sec-
ondary to TNF- dependent inflammation or directly on osteoclast- 
mediated bone resorption. Evidence has shown that LPA is a 
serum- borne factor that is mandatory for RANKL- induced OC 
formation in vitro (17). Furthermore, LPA mediates OC survival (18) 
and controls OC resorption activity through cytoskeleton organi-
zation (19,20). However, the origin of LPA in bone is still unknown.

In the present study, we show that OCs produce func-
tionally active ATX in murine arthritis. Using both genetic and 
pharmacologic approaches, we demonstrate that blocking 
ATX prevents systemic bone loss and bone erosion under 
inflammatory conditions accompanying murine RA, without 
interfering with physiologic noninflammatory bone remod-
eling. We provide evidence that OC- derived ATX is a key reg-

ulator whose inhibition uncouples inflammation from bone 
 resorption. Therefore, ATX is a promising therapeutic target for 
the prevention of inflammation- associated bone loss and bone 
erosion in patients with RA.

MATERIALS AND METHODS

Mice. Enpp2fl/fl mice were kindly provided by Dr. W. H. 
 Moolenaar (NKI, Amsterdam, The Netherlands) (21). The Enpp2fl 
allele was deleted specifically in OCs by crossing this strain with 
mice that express the Cre recombinase under the control of the 
cathepsin K promoter (kindly provided by Dr. S. Kato, Tokyo Univer-
sity, Tokyo, Japan) (22). Tg197 humanized TNF–transgenic (hTNF+/−) 
mice with spontaneous arthritis were obtained from Dr. G. Kollias (A. 
F. B. S. Center, Athens, Greece) (23). The Enpp2fl/fl and Ctsk- Cre+/− 
mouse strains were maintained on a BALB/c genetic background, 
while the hTNF+− mouse strain was on the C57BL/6 background.

Four- month- old female control (CTRL) mice (Enpp2fl/flCtsk-
Cre−/−) and ΔATXCtsk mice (Enpp2fl/flCtsk-Cre+/−) underwent ovariec-
tomy or sham surgery. After 1 month, the mice were euthanized, 
in accordance with the Animals in Research: Reporting In Vivo 
Experiments guidelines, and uterine weight was measured at nec-
ropsy. All experimental protocols were approved by the local eth-
ics committee, CECCAPP of the École Normale Supérieure, or by 
the Institutional Animal Care and Use Committee of the Université 
Claude Bernard Lyon- 1 (Lyon, France).

Animal models of inflammation and arthritis. Six- 
week- old male CTRL and ΔATXCtsk mice were injected intra-
peritoneally (IP) with either 5 mg/kg lipopolysaccharide (LPS; 
Sigma- Aldrich) or a phosphate buffered saline (PBS) vehicle on 
day 0 and day 4. The animals were euthanized on day 8.

Animal models of both inducible arthritis and spontaneous 
arthritis were used in this study. K/BxN serum–transfer arthritis 
was induced in 7- week- old male mice, in a manner as previously 
described (24), by IP injection of 7 μl/gram of pooled K/BxN arthri-
togenic serum on days 0, 2, 7, and 12; the mice were euthanized 
on day 17 after the initial injection. In addition, 23- day- old hTNF+/− 
female mice (23) were injected IP daily with either the ATX inhibitor 
BMP22 (1 mg/kg/day) or PBS vehicle for 14 days; the mice were 
euthanized on day 14 after the first injection.

Disease severity and weight loss in both arthritis models were 
monitored in a blinded manner every 2–3 days by a single inves-
tigator (SF). The clinical arthritis score was assessed on a scale 
of 0–4, using the following scoring system: 0 = normal; 1 = mild 
redness or swelling of the digits, midfoot, or ankle; 2 = moderate 
inflammation of the digits, midfoot, or ankle; 3 = moderate- to- 
severe inflammation involving the digits; and 4 = severe inflam-
mation of the entire paw, resulting in ankylosis. Each hind limb 
was graded, giving a maximum possible clinical arthritis score of 
8 per animal. A micrometer caliper was used to measure ankle 
thickness (25).
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Quantitative micro–computed tomography (micro-CT). 
Micro- CT analyses of the talus or calcaneus and of the distal 
femur of arthritic mice were carried out using a micro- CT scan-
ner (Skyscan 1176). The radiographic excitation voltage was set 
to 50 kV with a current of 500 mA. A 0.5- mm aluminum filter 
was used to reduce beam- hardening artifacts. Samples were 
scanned in 70% ethanol with a voxel size of 9.08 μm. Section 
images were reconstructed with NRecon software (version 
1.6.1.8; Skyscan). Three- dimensional modeling and analysis of 
bone volume/tissue volume (BV/TV; bone volume density) and 
bone surface/tissue volume (BS/TV; bone surface density) were 
obtained with CTAn software (version 1.9) and CTVol software 
(version 2.0). TV was determined as the volume of tissue in the 
absence of erosions, and bone surface density was used to 
measure surface roughness/erosion as described by Quan et al 
(26).

Histologic analysis. Mouse joint tissue and bone samples 
were fixed, decalcified, and embedded in paraffin. Cytochemical 
detection of tartrate- resistant acid phosphatase (TRAP)–positive 
OCs was performed using a TRAP activity kit assay (Sigma- 
Aldrich), and immunohistochemical detection of ATX was done 
using a polyclonal anti- ATX antibody (Cayman Chemical). The 
ratio of TRAP- positive OC trabecular bone surface to total tra-
becular bone surface (Oc.S/BS) was calculated using ImageJ 
software (NIH). Inflammation and bone erosions were assessed 
on hematoxylin–phloxine–saffron–stained sagittal sections of 
the midfoot, carried out in a blinded manner by 2 independent 
reviewers (OP and FC) using a semiquantitative scoring system, 
as previously described (7). Scores for inflammation and bone 
resorption were each assessed on a scale of 0–5, representing 
ascending scores of severity.

Osteoclastogenesis and bone resorption assays. 
Murine osteoclastogenesis and bone resorption assays were 
carried out as described previously (20,27). Briefly, bone mar-
row–derived mononuclear cells (BMMCs) from the hind limbs 
of mice were collected and seeded in 96- well tissue culture 
plates at a density of 2 × 104 cells per well in α- minimum 
essential medium (Invitrogen). We used charcoal- stripped 
fetal bovine serum to avoid contaminations of the cell cul-
ture medium with LPA and LPC. The culture medium was 
left untreated or supplemented with LPC (1 μM; Avanti Polar 
Lipids), recombinant ATX (rATX; 0.3 nM), Ki16425 (10 μM; 
Interchim), or PF- 8380 (10 nM; Cayman Chemical). After 6 
days, mature OCs were enumerated under a microscope on 
the basis of the number of nuclei (≥3 nuclei) and the extent of 
TRAP activity (Sigma- Aldrich). Results were expressed as the 
number of OCs per well.

For stimulation experiments, OCs were stimulated for 6 
hours with recombinant mouse TNF (R&D Systems) or LPS 
(Sigma- Aldrich) after 1 hour of serum starvation in the presence 

or absence of TCPA- 1 (2 μM; Sigma- Aldrich). All osteoclas-
togenesis experiments were performed in triplicate.

For resorption experiments, resorbed surface was quan-
tified on a bone- mimicking Osteo Assay Surface (3988; Corn-
ing). OCs from day 4 were detached from their plastic wells by 
flushing, after incubation at 37°C for 5 minutes in PBS with 0.25 
mM EDTA. The OCs were counted and seeded at the same 
number (2 × 104 cells/well in 96- well plates) in replicate plates, 
and then cultured for 48 hours. To measure the total surface of 
the resorbed matrix, OCs were washed off with distilled water, 
and then the matrix was stained with a 5% (weight/volume) sil-
ver nitrate solution. Finally, the resorption index was obtained 
by calculating the total resorbed area per well. Images of all 
substrates were numerized with an Epsilon Perfection V750 Pro 
scanner (Micro Epsilon), and manually quantified with ImageJ.

Western blotting. The protein concentration of the cell 
extracts was determined with a Bio- Rad Protein Assay kit. Cel-
lular extracts from cultured OCs were separated by 8% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis, and trans-
ferred to an Immobilon transfer membrane (Millipore). Membranes 
were incubated with 5% low- fat milk and 0.1% Triton X- 100, pH 
7.4, in PBS for 1 hour at room temperature, followed by overnight 
incubation with an anti- ATX antibody (Cayman Chemical) or with 
an anti–β- actin antibody (Sigma- Aldrich). ATX and β- actin were 
visualized with enhanced chemiluminescence (Amersham) using 
horseradish peroxidase–conjugated donkey anti- rabbit IgG or 
anti- mouse IgG (Jackson ImmunoResearch).

Real- time quantitative polymerase chain reaction 
(RT- qPCR) analysis. Total RNA from OC cultures and from pow-
dered whole bone was extracted using TRIzol (Invitrogen) and 
a Nucleospin RNAII kit (Macherey- Nagel). Complementary DNA 
(cDNA) from OCs and bones were synthesized by reverse tran-
scription using an iScript cDNA Synthesis kit (Bio- Rad). Expres-
sion of target genes was quantified by qRT- PCR on a Bio- Rad 
CFX Connect Real Time system using iTaq Universal SYBR Green 
Super Mix (Bio- Rad) and sets of specific primers. Values for gene 
quantification were normalized to the corresponding RNA L32 
values, and results are expressed as the relative gene expres-
sion using the 2−ΔΔCt method (27). Primer sequences were as fol-
lows: for L32, forward 5′- CAAGGAGCTGGAGGTGCTGC- 3′ and 
reverse 5′- CTGCTCTTTCTACAATGGC- 3′; for Enpp2, forward  
5′- GCCCTGATGTCCGTGTATCT- 3′ and reverse 5′- CGTTTGAA 
GGCAGGGTACAT- 3′; for Ctsk, forward 5′- GAGGGCCAACTCA 
AGAAGAA- 3′ and reverse 5′-  GCCGTGGCGTTATACATACA- 3′; 
for Acp5, forward 5′- CAGCAGCCCAAAATGCCT- 3′ and reverse 
5′- TTTTGAGCCAGGACAGCTGA- 3′.

Statistical analysis. Differences between groups were 
determined by one- way or two- way analyses of variance followed 
by Bonferroni’s post hoc test, using GraphPad Prism version 5.0c 
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software. Single comparisons were carried out using 2- sided, 
unpaired Mann- Whitney tests. P values less than or equal to 0.05 
were considered significant.

RESULTS

Reduced TNF- induced focal erosion and  systemic 
bone loss, but no interference with synovitis,  following 
pharmacologic inhibition of ATX activity. TNF plays an 
important role in the initiation and progression of inflammation 
and destructive bone loss in RA. To evaluate the therapeutic 
utility of inhibiting ATX in inflammatory arthritis, we blocked ATX 
activity using a small molecule inhibitor, BMP22, in a model 
of inflammatory arthritis driven by TNF overexpression, the 
hTNF+/− mouse (23). The therapeutic potential of blocking ATX 
activity with BMP22 has been previously demonstrated in non-
inflammatory mouse models (28,29). We observed that, com-
pared to vehicle- treated controls, treatment of hTNF+/− mice 
with 1 mg/kg/day BMP22 for 14 days did not  substantially 

affect inflammation, as monitored by the amount of weight 
loss, extent of paw swelling, clinical arthritis scores, and his-
topathologic features in the hind paws (Figures  1A and B). 
Nevertheless, the histopathologic bone erosion score was sig-
nificantly reduced in BMP22- treated mice (Figure 1B).

In support of these observations, micro- CT analysis and BS/
TV quantification in the calcaneum of hTNF+/− mice revealed that 
BMP22 was significantly protective against cortical bone erosion 
(36% decrease in BS/TV compared to vehicle- treated controls; P 
< 0.05) (Figure 1C). Furthermore, BMP22 treatment significantly 
decreased TNF- induced systemic bone loss, as indicated by a 
significant increase of 43% in the trabecular BV/TV in BMP22- 
treated mice compared to vehicle- treated mice (P < 0.05) (Fig-
ure 1D). Consistently, the number of TRAP- positive multinucleated 
OCs was significantly reduced in the long bones of hTNF+/− mice 
treated with BMP22 compared to vehicle- treated mice (Figure 1E).

To determine the origin of ATX in the osteoarticular environ-
ment, we analyzed serial histologic sections from hTNF+/− mice 
and found that expression of ATX was high at the site of synovial 

Figure 1. Blockade of autotaxin (ATX) activity has no protective effect on tumor necrosis factor (TNF)–induced synovitis but reduces TNF- 
induced bone erosion and systemic bone loss. A, Top left, Representative images of hind paw swelling in human TNF–transgenic (hTNF+/−) mice 
14 days after initiation of vehicle (Veh) or BMP22 treatment. Top right and bottom, Weight, hind paw thickness, and clinical arthritis scores in 
hTNF+/− mice during the treatment period. B, Top, Representative hematoxylin–phloxine–saffron staining of hind paws from a vehicle- treated 
and a BMP22- treated hTNF+/− mouse. Arrows indicate synovitis. Bottom, Histologic scores of inflammation (left) and bone erosion (right) in the 
midfoot of the hind paws of hTNF+/− mice. Values in A and B are the mean ± SEM of 9 mice per group. C, Top, Representative 3- dimensional 
micro–computed tomography (micro- CT) reconstruction images of the calcaneus. Arrows indicate areas of erosion. Bottom, Bone surface/
tissue volume (BS/TV) of the calcaneus. D, Left, Representative 3- dimensional micro- CT reconstructions of the femoral trabecular (Trab.) bone. 
Right, Bone volume/tissue volume (BV/TV) of the distal femoral metaphysis. E, Left, Representative tartrate- resistant acid phosphatase (TRAP) 
staining of the tibiae. Right, Quantification of TRAP- positive surface osteoclasts (OCs) per bone surface (Oc.S/BS). Values in C–E are the mean 
± SEM of 6 hTNF+/− mice per group. F, Representative images of immunochemical (IHC) detection of ATX (left) and TRAP staining (right) of OCs 
from the hind paws of hTNF+/− mice. Arrowheads indicate ATX- positive or TRAP- positive multinucleated cells. Bars = 100 μm. * = P < 0.05; ** 
= P < 0.01, by Mann- Whitney test. NS = not significant.
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inflammation (Figure 1F, left). Strikingly, at the bone erosion sites in 
the vicinity of synovial inflammation, TRAP- positive multinucleated 
OCs displayed strong ATX expression (Figure 1F, right).

Functionally active role of OC- derived ATX in 
 resorbing OCs. ATX was found to be a late marker of OC dif-
ferentiation, as shown by the increased expression of the Enpp2 
gene and ATX protein during osteoclastogenesis, reaching the 
highest level on day 5 in mature OCs in vitro (Figure 2A).

ATX generates LPA, leading to activation of LPA receptors (30). 
We have previously demonstrated that LPA is a serum- borne factor 
required in vitro for RANKL- mediated osteoclastogenesis and oste-
oclastic bone resorption via activation of the LPA1 receptor (17,20). 
Therefore, we investigated whether ATX expressed by OCs could 
affect OC differentiation and bone resorption. LPA and LPA precur-
sors, such as LPC, are abundant in the serum; therefore, all OC 

manipulations were performed in the presence of charcoal- treated 
serum in order to eliminate the lipid fraction. Under these condi-
tions, osteoclastogenesis and mineral matrix resorption were abro-
gated (Figures 2B and C). In this system, using wild- type BMMCs, 
no increase in the number of OCs was observed when LPC, the 
substrate of ATX, was added to the culture medium, indicating that 
OC- derived ATX failed to affect osteoclastogenesis directly (Fig-
ure 2B). This can potentially be explained by the low levels of ATX 
expression at early stages of OC differentiation (Figure 2A).

Nevertheless, the combination of LPC and exogenous rATX 
restored almost 80% of the osteoclastogenesis observed with non- 
delipidated serum. The effect of LPC plus rATX was  completely 
abolished in the presence of either the ATX inhibitor PF- 8380 or 
the LPA1/3 antagonist Ki16425 (Figure 2B). These results indicate 
that ATX present in the OC environment generates functionally 
active LPA, which in turn regulates osteoclastogenesis.

Figure 2. Autotaxin (ATX) is expressed by mature osteoclasts (OCs) and is functionally active in resorbing OCs. A, Top, Immunoblot analysis 
of cell lysates on days 3 and 5 from mature murine OCs using an ATX antibody (with β-actin as a loading control). Bottom, Quantitative reverse 
transcription–polymerase chain reaction analysis for the expression of Enpp2 at different time points of differentiation of murine bone marrow–
derived mononuclear cells (BMMCs) into OCs upon stimulation with macrophage colony- stimulating factor (M- CSF) and RANKL. Values are the 
mean ± SEM of 3 independent experiments. * = P < 0.05 versus day 0. B, Tartrate- resistant acid phosphatase (TRAP) staining (original magnification 
x 10) (left) and quantification (right) of OCs generated from murine BMMCs, which were cultured with M- CSF and RANKL in untreated serum or 
charcoal- stripped serum (Charc- serum) supplemented with the indicated compounds (lysophosphatidylcholine [LPC] alone or with recombinant 
ATX [rATX]) and indicated inhibitors (ATX inhibitor PF- 8380 or lysophosphatidic acid [LPA] 1/3 antagonist Ki16425). C, Microscopic images of the 
resorbed mineralized well surface by murine OCs (left), and quantification based on an 8-well average per condition (right). Values in B and C are the 
mean ± SEM representative results from 3 independent experiments. ** = P < 0.01; *** = P < 0.001, by analysis of variance. NS = not significant.
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With regard to bone resorptive activity, mature OCs were 
generated first in the presence of normal serum, and then re- 
plated on synthetic mineralized surfaces in the presence of 
charcoal- stripped serum. Under these conditions, LPC alone 
was remarkably potent in restoring 80% of the lost resorptive 
activity of wild- type OCs generated in charcoal- treated serum 
(Figure 2C). An additional enhancement of 20% in restoring bone 
resorptive activity was observed in OCs in the presence of LPC 
supplemented with rATX, suggesting that endogenous ATX pro-
duced by OCs was the most effective. PF- 8380 and Ki16425 
treatments abolished the effects of exogenous LPC or LPC plus 
rATX, and rATX by itself had no effect (Figure 2C). These data 
indicate that OC- derived ATX is not required during the initial 

steps of osteoclastogenesis, but subsequently generates func-
tionally active LPA that promotes bone resorption by mature 
OCs by acting via the LPA1 receptor.

Lack of effect of selective inhibition of OC- derived 
ATX on physiologic bone mass and ovariectomy- 
induced bone loss. To further elucidate the role of ATX in 
OCs, we generated mice lacking ATX in mature OCs by crossing  
Enpp2fl/fl mice with Ctsk-Cre+/− mice. These conditional- knockout 
Enpp2fl/fl Ctsk-Cre+/− mice (referred to as ΔATXCtsk mice) were 
born at the expected birth rate (data not shown), in contrast 
that seen in germline- deficient Enpp2 mice, which display a high 
rate of mortality during embryogenesis due to severe vascular 

Figure  3. Inhibition of OC- derived ATX expression does not affect bone mass under basal conditions or conditions of noninflammatory 
osteoporosis. A, Cell lysates analyzed by immunoblotting with an ATX antibody (with β- actin as a loading control) (top) and quantification 
of the ATX to β- actin ratio (bottom) at different time points of differentiation of murine BMMCs into OCs from control mice and mice with 
conditional knockout of the ATX gene. B, Microsopic images (left) and quantification (right) of the resorbed mineralized surface by OCs 
generated from BMMCs of CTRL and ΔATXCtsk mice, which were cultured with M- CSF and RANKL in untreated serum or charcoal- stripped 
serum supplemented with LPC with or without rATX or left not treated (NT). C, Top, Representative 3- dimensional micro–computed tomography 
(micro- CT) reconstruction images (left) and quantification of trabecular (Trab.) bone mass (bone volume/total volume [BV/TV]) (right) of CTRL and 
ΔATXCtsk mice. Bottom, Representative TRAP staining (left) and quantification of TRAP- positive surface OCs per bone surface (Oc.S/BS) (right) 
in the tibiae of CTRL and ΔATXCtsk mice. Values in A–C are the mean ± SEM of 5 mice per group. D, Representative 3- dimensional micro- CT 
reconstruction images of the trabecular bone of CTRL and ΔATXCtsk mice after ovariectomy (OVX) or sham operation (left) and quantification 
of trabecular bone loss as a percentage of the BV/TV of sham- operated animals (right). Values are the mean ± SEM of 9 mice per group.  
*** = P < 0.001 by analysis of variance. Bars = 100 μm. See Figure 2 for other definitions.
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and neuronal defects (21,31). ATX expression was assessed in 
vitro during the differentiation of BMMCs into OCs. We found an 
almost complete absence of the protein in the mature OCs (Fig-
ure 3A). Consistent with the previous results on bone resorption 
in wild- type mouse OCs in the presence of the ATX inhibitor 
(Figure  2C), ATX- deficient mouse OCs were unable to resorb 
mineralized matrix in the presence of LPC alone, whereas the 
addition of rATX rescued this phenotype (Figure 3B).

Surprisingly, quantitative micro- CT measurements of the 
bone density and quantification of the OC numbers in CTRL 
mice and ΔATXCtsk mice did not reveal any differences (Figure 3C). 
Remarkably, sham- operated and ovariectomized CTRL and 

ΔATXCtsk mice did not show any differences in bone volume den-
sity as measured by micro- CT (Figure 3D). Thus, selective dele-
tion of OC- derived ATX appears to have no impact on bone mass 
under either nonpathologic physiologic conditions or pathologic 
conditions of ovariectomy- induced osteoporosis.

Prevention of LPS- induced bone loss with selective 
inhibition of OC- derived ATX. Because pharmacologic inhi-
bition of ATX activity protected hTNF+/− mice from bone erosion 
and systemic bone loss (Figure 1), we hypothesized that poten-
tial regulation of bone mass by ATX might manifest only under 
inflammatory conditions. We first generated and harvested mature 

Figure 4. Inhibition of OC- derived ATX expression fully protects mice against lipopolysaccharide (LPS)–induced bone loss. A, Microscopic 
images (top) and quantification (bottom) of the resorbed mineralized surface by OCs generated from BMMCs of control mice and mice with 
conditional knockout of the ATX gene, which were cultured with M- CSF and RANKL and seeded for 48 hours in osteo- assay wells in charcoal- 
stripped serum supplemented with LPC alone or together with tumor necrosis factor (TNF) (10 ng/ml) or LPS (1 μg/ml). B, Representative 
3- dimensional micro–computed tomography reconstruction images (top) and quantification of femoral trabecular (Trab.) bone mass (bone 
volume/total volume [BV/TV]) (bottom) of CTRL and ΔATXCtsk mice treated with either LPS or vehicle (Veh). C, Representative TRAP staining 
(top) and quantification of TRAP- positive surface OCs per bone surface (Oc.S/BS) (bottom) in the tibiae of CTRL and ΔATXCtsk mice treated 
with either LPS or vehicle. D, Quantitative reverse transcription–polymerase chain reaction (RT- PCR) analysis of the expression of Acp5, Ctsk, 
and Enpp2 in the long bones of CTRL and ΔATXCtsk mice treated with either LPS or vehicle. E, Quantitative RT- PCR analysis of the expression 
of Enpp2 in mature BMMC- derived OCs from CTRL mice, stimulated for up to 6 hours with TNF (10 ng/ml) or LPS (1 μg/ml) with or without 
TCPA- 1 (2 μM). Values are the mean ± SEM of 6 mice per group. Bars = 100 μm. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by analysis of 
variance. See Figure 2 for other definitions.
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OCs from CTRL and ΔATXCtsk mice, which were then secondary 
plated on mineralized matrix in the presence of LPC and charcoal- 
stripped serum supplemented with or without TNF or LPS. Com-
pared to CTRL mouse OCs, whose bone resorptive activity was 
significantly enhanced by TNF and LPS, ATX- deficient mouse OCs 
were refractory to stimulation by either TNF or LPS (Figure 4A).

To extend this finding in the context of inflammation- 
dependent OC resorption in vivo, we treated CTRL and ΔATXCtsk 
mice with an endotoxin LPS challenge (5 mg/kg). As expected, in 
CTRL mice, LPS induced a drastic bone loss, with 40% reduction 
in the BV/TV compared to vehicle- treated mice (32). In contrast, 
LPS- treated ΔATXCtsk mice displayed no significant trabecular 
bone mass reduction, with BV/TV values similar to those observed 
in vehicle- treated animals (Figure  4B). LPS- treated CTRL mice 
exhibited a significant increase in the Oc.S/BS compared to mice 
treated with vehicle, whereas ΔATXCtsk mice challenged with LPS 
showed no change in OC content when compared to vehicle- 
treated ΔATXCtsk mice (Figure 4C).

Furthermore, LPS treatment induced a significant increase in 
the expression of the late osteoclastic markers Acp5 and CtsK 

and a significant increase in the levels of Enpp2 in the bone from 
CTRL mice, but not in the bone from ΔATXCtsk mice (Figure 4D). 
Remarkably, we observed a significant increase in Enpp2 tran-
script levels induced by LPS in CTRL mice only (Figure 4D), indi-
cating that among the bone cells expressing Enpp2, the OC is 
most responsive to LPS challenge.

To evaluate whether the inflammatory environment affected 
Enpp2 expression in OCs, mature OCs from CTRL mice were 
treated with either TNF or LPS in the presence of LPC and 
charcoal- stripped serum. Both treatments up- regulated Enpp2 in 
mature OCs, indicating that the Enpp2 promoter was the target of 
TNF and LPS signaling pathways in these fully differentiated cells 
(Figure 4E). This hypothesis was confirmed in experiments using 
TCPA- 1, a selective inhibitor of IκB kinase β, which completely 
abolished both the TNF- induced and LPS- induced expression of 
Enpp2 (Figure 4E).

Impact of selective deletion of OC- derived ATX on 
bone mass and erosion in arthritic inflammation. We 
next investigated whether OC- derived ATX could contribute to 

Figure 5. Mice deficient in OC- derived ATX are partially protected against K/BxN serum transfer–induced bone erosion and systemic bone 
loss. A, Representative 3- dimensional micro–computed tomography (micro- CT) reconstruction images (left) and quantification (right) of femoral 
trabecular (Trab.) bone mass (bone volume/total volume [BV/TV]) of control mice and mice with conditional knockout of the ATX gene treated 
with K/BxN serum or vehicle (Veh). Bar = 100 μm. B, Representative images of hind paw swelling 17 days after the initial serum transfer (left) 
and hind paw thickness during the K/BxN serum transfer period (right) in CTRL and ΔATXCtsk mice treated with K/BxN serum or vehicle. C, 
Representative hematoxylin–phloxine–saffron (HPS) staining (top) and TRAP staining (bottom) of the hind paws from CTRL and ΔATXCtsk mice 
treated with K/BxN serum. Asterisks and arrows indicate synovitis and TRAP- positive multinucleated cells, respectively, at the synovitis–
bone interface. Bar = 100 μm. D, Representative 3- dimensional micro- CT reconstruction images of the hind paws 17 days after the initial 
serum transfer, in groups of CTRL and ΔATXCtsk mice treated with K/BxN serum or vehicle. Original magnification = 250 μm. E, Representative 
3- dimensional micro- CT reconstruction images (left) and bone surface/tissue volume (BS/TV) (right) of the talus from CTRL and ΔATXCtsk mice 
treated with K/BxN serum or vehicle. Bar = 100 μm. Values are the mean ± SEM of 6 mice per group. ** = P < 0.01; *** = P < 0.001, by analysis 
of variance. See Figure 2 for other definitions.
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 arthritis- induced bone loss. CTRL and ΔATXCtsk mice were injected 
with serum from K/BxN mice to induce an arthritic disease (24). 
Consistent with the results obtained in the LPS model, under these 
extreme inflammatory conditions, micro- CT analysis showed that 
K/BxN serum transfer elicited a severe decrease in trabecular bone 
mass (88% decrease in the BV/TV) in CTRL mice. In contrast, 
serum transfer was significantly less detrimental in ΔATXCtsk mice, 
causing a 58% decrease in the BV/TV, thereby indicating that in 
ΔATXCtsk mice with K/BxN serum–transfer arthritis, a significant 
protection against systemic bone loss was conferred (30% differ-
ence in change in BV/TV versus CTRL mice; P < 0.01) (Figure 5A).

Of note, the extent of paw swelling, clinical arthritis scores, 
and histologic severity of synovitis were comparable between 
ΔATXCtsk mice and CTRL mice treated with K/BxN serum, under-
scoring that OC- derived ATX does not impact the inflammatory 
process (Figures 5B and C). Remarkably, ΔATXCtsk mice displayed 
less TRAP- positive multinucleated OCs at the synovitis–bone 
interface than did CTRL mice, and ΔATXCtsk mice displayed sig-
nificative protection against the cortical erosion induced by K/BxN 
serum (Figures 5C and D).

Talus BS/TV values in CTRL mice treated with K/BxN serum 
showed a significant increase of 1.8- fold as compared to that in 
vehicle- treated controls. Elevation of the BS/TV ratio was attrib-
uted to an increase in bone surface, which was dependent on 
roughness and bone cortical erosions. Remarkably, the increase 
in talus BS/TV values in ΔATXCtsk mice induced by K/BxN serum 
transfer was significantly reduced, by 55%, compared to that in 
CTRL mice (P < 0.001) (Figure 5E).

Taken together, these results indicate that OC- derived ATX 
did not contribute to the inflammatory process but did control 
arthritic bone destruction. These findings highlight the possibility 
that ATX could serve as a novel therapeutic target for the control 
of RA- associated bone loss.

DISCUSSION

The hypothesis addressed herein, suggesting a major con-
tribution of LPA and ATX in RA, has emerged recently (14,16). 
Mice with global deletion of the Lpar1 gene do not develop arthri-
tis following immunization with type II collagen, because immune 
cell infiltration is mitigated (14). By using these LPA1- deficient 
mice and pharmacologic LPA1- blocking drugs, we have previ-
ously shown that this receptor is a key effector of OC- mediated 
bone resorption (20). In addition, TNF- driven ATX expression in 
synovial fibroblasts generates LPA that, in turn, activates synovial 
fibroblasts (14,16). Thus, combined LPA and TNF signaling might 
contribute to joint inflammation and, potentially, to joint destruc-
tion. Indeed, genetic and pharmacologic targeting of LPA1 results 
in attenuated bone degradation in animal models of arthritis (14).

Data from preclinical animal arthritis models challenged with 
ATX inhibitor compounds have been lacking so far. Our study 
represents an important advance over the previously described 

model of conditional genetic ablation of ATX in mesenchymal 
cells (16). The hypothesis put forward in that report predicted a 
potential attenuation of inflammation after ATX inhibitor treatment. 
However, in the present study, we found that treatment with the 
inhibitor BMP22 did not significantly affect articular inflammation 
in hTNF+/− mice. This finding could have been attributable to a 
suboptimal dosing regimen. However, BMP22- treated hTNF+/− 
mice displayed a significant reduction in local bone erosion and 
systemic bone loss. Thus, pharmacologic inhibition of ATX with 
BMP22 protected hTNF+− mice from inflammation- induced bone 
loss by mitigating osteoclastic bone resorption, rather than by 
affecting the inflammatory response. Therefore, inhibition of ATX 
using BMP22 caused distinctively different effects on inflam-
mation when compared to its effects on bone resorption in this 
model of RA.

Bone erosions constitute a key and irreversible outcome in 
RA and are reflective of the tight interaction between the immune 
system and bone remodeling. Controlling synovial inflammation 
can arrest the progression of bone erosions in RA. However, RA 
patients in sustained clinical remission or with low disease activ-
ity often continue to accrue bone erosions. In addition, certain 
RA patients exhibit persistent chronic synovitis that is marked by 
joint swelling without palpable joint tenderness (33). Therefore, it 
might be worthwhile to consider the development of alternative 
therapeutic agents that would selectively and directly target bone 
erosion. Indeed, current antiresorptive drugs, such as bisphos-
phonates and denosumab, can lead to atypical bone fractures, 
because long- term treatment with these drugs can shut down 
physiologic bone remodeling.

No induction of toxicity was observed with BMP22 in the pres-
ent study, nor has there been any reports of toxicity in experimental 
mouse models of cancer using blockers of ATX activity (28,34,35). 
Furthermore, phase II clinical evaluation of GLPG1690, a first- in- 
class ATX inhibitor, for the treatment of idiopathic pulmonary fibro-
sis has been successfully completed without noted side effects 
(36). Therefore, pharmacologic blocking of ATX activity is likely to 
also be safe in RA patients.

ATX was found to be a late osteoclastic marker, explain-
ing the absence of its impact on the differentiation of ΔATXCtsk 
mouse OCs. In contrast, mature OCs from ΔATXCtsk mice were 
remark ably defective in mineral matrix degradation, and this was 
potently rescued when exogenous ATX was added to the cell 
cultures. Additional sources of ATX and/or LPA might also be 
available in the bone microenvironment, originating from chon-
drocytes (37), osteoblasts (38), adipocytes (39), and endothe-
lial cells (40), that may partly explain the absence of the bone 
phenotype in ΔATXCtsk mice. Surprisingly, specific inhibition of 
OC- derived ATX did not protect ΔATXCtsk mice from osteopo-
rosis induced by ovariectomy, in striking contrast to the full pro-
tection conferred by inhibition of ATX in animals with LPS-  or 
K/BxN serum transfer–induced bone loss. This suggests that 
OC- derived ATX might be central to a remarkable specificity for 
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inflammation over estrogen- dependent regulation of OC activ-
ity and bone degradation. Indeed, TNF and LPS enhanced the 
resorption activity by 6–7 fold in CTRL mouse OCs but were inef-
fective in ΔATXCtsk mouse OCs. This contention was supported 
by the presence of NF- κB DNA binding sites on the Enpp2 pro-
moter sequence (41) and was confirmed experimentally by the 
use of TCPA- 1, a selective inhibitor of IκB kinase β, which totally 
blunted LPS-  and TNF- enhanced ATX expression, indicating a 
convergent regulation mechanism for Enpp2 expression by both 
LPS and TNF in mature OCs.

Collectively, our results demonstrate that osteoclast- derived 
ATX is a key player in inflammatory osteoclast- mediated bone 
resorption. Thus, ATX should be considered as a promising novel 
therapeutic target for halting bone erosion in patients with RA.
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Predicting Severe Infection and Effects of 
Hypogammaglobulinemia During Therapy With Rituximab 
in Rheumatic and Musculoskeletal Diseases
Md Yuzaiful Md Yusof,1  Edward M. Vital,1  Damien M. McElvenny,2 Elizabeth M. A. Hensor,1  
Sudipto Das,1 Shouvik Dass,1 Andy C. Rawstron,3 Maya H. Buch,1  Paul Emery,1  and Sinisa Savic1

Objective. To evaluate predictors of serious infection events (SIEs) during rituximab (RTX) therapy and effects of 
hypogammaglobulinemia on SIE rates, and humoral response and its persistence after discontinuation of RTX in the 
treatment of rheumatic and musculoskeletal diseases (RMDs).

Methods. A retrospective longitudinal study of 700 RMD patients treated with RTX in a single center was con-
ducted. Immunoglobulin levels were measured at baseline and at 4–6 months after each treatment cycle. Baseline 
predictors of SIEs were assessed using multivariable logistic regression; for RTX cycles 2–4, a mixed- effects logistic 
regression model was used.

Results. A total of 507 patients (72%) had rheumatoid arthritis, 94 (13%) had systemic lupus erythematosus, 49 (7%) 
had antineutrophil cytoplasmic antibody–associated vasculitis, and 50 (7%) had other RMDs. The number of SIEs re-
corded was 281 in 176 patients (9.8 per 100 person- years). Predictors of SIEs included non–RTX- specific comorbidities 
(previous history of SIE, cancer, chronic lung disease, diabetes mellitus, and heart failure), higher corticosteroid dose, and 
RTX- specific factors, including low IgG (<6 gm/liter) both at baseline and during treatment, RTX- associated neutropenia, 
higher IgM, and longer time to RTX re- treatment, but not B cell count or depletion status. Of 110 patients with low IgG, 
SIE rates were higher in those with low IgG at baseline (16.4 per 100 person- years) and in those who acquired low IgG 
during or after RTX treatment (21.3 per 100 person- years) versus those with normal IgG (9.7 per 100 person- years). Five 
of 8 patients (63%) had impaired humoral response to pneumococcus and hemophilus following vaccination challenge, 
and only 4 of 11 patients (36%) had IgG normalized after switching biologic disease- modifying antirheumatic drugs.

Conclusion. Immunoglobulin levels should be monitored at baseline and before each RTX cycle to identify pa-
tients at risk of SIEs. Individualized risk–benefit assessment should be undertaken in those with lower IgG as this is a 
consistent SIE predictor and may increase infection profiles when RTX is switched to different therapies.

INTRODUCTION

Rituximab (RTX) has been licensed for use as a treatment 
for moderate-to-severe rheumatoid arthritis (RA) for more 

than a decade as well as approved for remission induction 
of antineutrophil cytoplasmic antibody–associated vascu-
litis (AAV) (1,2). Despite the failure of randomized controlled 
trials (RCTs) in meeting their primary end points in systemic 
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lupus erythematosus (SLE) (3,4), primary Sjögren’s syndrome 
(SS) (5,6) and inflammatory myopathies (7), RTX is commonly 
used off- label in these indications and other various rheumatic 
and musculoskeletal diseases (RMDs), often in cases that are 
refractory to other systemic therapies (8–11). However, the 
immunomodulatory properties of biologic disease- modifying 
antirheumatic drugs (bDMARDs) in general, including RTX, 
have raised safety concerns, prompting careful evaluation in 
RCTs and intensive surveillance after marketing (12). Data from 
RCTs and long- term extension (LTE) studies of RTX in vari-
ous RMDs have shown no major safety signals (3,4,13–15). 
Nevertheless, RCTs and the LTE studies subselected patients 
who tolerated the therapy, while those with comorbidities were 
often excluded from trials (16). Therefore, real- world data from 
cohort studies are needed.

B cell depletion targeted at the CD20 molecule is tempo-
rary due to the sparing of stem cells (17). Following an initial 
response, the majority of RMD patients treated with RTX ulti-
mately experience a relapse, requiring repeat cycles to recap-
ture response. Repeat cycles of RTX are effective (8,18–22). 
However, attrition of immunoglobulin levels may occur (23,24). 
Data from a registry and a small number of observational stud-
ies showed that low gamma globulin (IgG) before RTX treatment 
increased the odds of serious infection events (SIEs) in the ini-
tial 12 months of follow- up after RTX treatment was started 
(25–27). Nevertheless, predictors of SIEs during repeat cycles 
have not been reported. Moreover, evidence for immunoglob-
ulin monitoring is also scarce. Thus, the effects of treatment- 
induced hypogammaglobulinemia on the rates of SIEs and the 
persistence of low immunoglobulin levels following RTX discon-
tinuation need to be evaluated. This need for further research is 
fundamental as the latter issue could affect infection outcomes 
when patients are switched to different bDMARDs.

Another potential concern is alteration of the B cell reper-
toire during depletion with RTX. The reconstitution of the B cell 
compartment following each cycle of depletion may not fully 
recapitulate the previous repertoire (although long- lived plasma 
cells are mostly spared from depletion) (28). It is possible that 
long- term perturbation of the immune system in this manner may 
lead to impaired host defense. Moreover, long- term, the failure to 
mount an adequate response to pathogens may put chronically 
B cell–depleted patients at risk of infection. Long- term data on 
the association between the maintenance of low B cell numbers 
and SIEs have not been reported.

Therefore, the objectives of this study were to evaluate 
predictors of SIEs within the first 12 months after RTX initiation 
and in repeat cycles of RTX in the treatment of RMDs and 
to assess the effects of secondary hypogammaglobulinemia 
on SIE rates and humoral response to vaccination challenge, 
as well as its persistence following treatment discontinuation, 
with a view to establishing a treatment algorithm for safe RTX 
administration.

PATIENTS AND METHODS

Patients and study design. A retrospective longitudinal 
cohort study was conducted in the first 700 consecutive patients 
with RMDs treated with at least 1 course of RTX in Leeds, UK, 
between January 2002 and May 2017. Inclusion criteria were 1) 
age ≥18 years; 2) fulfillment of the classification criteria for autoim-
mune RMD, including RA (29), SLE (30), AAV (31), primary SS (32), 
inflammatory myopathies (33), systemic sclerosis (34), and others 
(35,36); and 3) at least 3 months of follow- up after RTX treatment.

Ethics approval information. This study did not 
require formal ethics approval because all treatment decisions 
were made prior to evaluation of data, in accordance with the 
NHS Research Ethics Committee guidelines. B cell subset 
analysis was performed in an accredited clinical diagnostic 
laboratory (Haematological Malignancy Diagnostic Service, 
Leeds Teaching Hospitals NHS Trust). This is a routine clinical 
test in patients receiving treatment with RTX in our region. The 
off- label uses of RTX in nonlicensed indications were approved 
by the Leeds Teaching Hospitals NHS Trust Drug and Thera-
peutic Committee.

Treatment. All patients received a first cycle of therapy 
consisting of 100 mg of methylprednisolone and 1,000 mg of RTX 
(MabThera) given intravenously on days 1 and 14. Further cycles 
consisting of the same regimen were repeated on clinical relapse. 
For RA, 96 of 506 patients (19%) received repeat treatment with 
a half- dose regimen (500 mg of RTX × 2) following a European 
League Against Rheumatism response (37) in the previous cycle, 
consistent with our departmental practice. This decision was left 
to the clinical judgment of the respective investigators.

Intravenous cyclophosphamide was commonly used as a 
first- line remission induction agent for severe and refractory AAV 
and SLE. This treatment was administered using a similar regi-
men as in the Cyclophosphamide Oral Versus Pulse (CYCLOPS) 
trial (38). Following a further relapse or nonresponse to cyclo-
phosphamide, treatment was switched to RTX. To analyze the 
effect of prior treatment with cyclophosphamide followed by 
RTX on immunoglobulin levels, 20 patients with AAV and SLE 
(with immunoglobulin data available) were studied. Cyclophos-
phamide was also used for remission induction of RA- related 
interstitial lung disease (ILD) and rheumatoid vasculitis.

Continuation of a stable or a reduced dose of concomitant 
conventional synthetic DMARDs (csDMARDs) and oral predniso-
lone was left to the discretion of the investigators, with the aim of 
stopping the latter if clinical response for the respective disease 
was achieved at 6 months.

Clinical data and outcomes. The following clinical data 
were recorded: age, sex, disease duration, diagnosis, comor-
bidities (including a previous history of any type of cancer, chronic 
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lung disease such as ILD, bronchiectasis and asthma [with recur-
rent exacerbations], moderate-to-severe heart failure, and diabe-
tes mellitus), a previous history of SIE within 12 months prior to 
RTX treatment, number of previous csDMARDs and bDMARDs, 
previous treatment with cyclophosphamide, concomitant prednis-
olone, prednisolone dose, concomitant csDMARDs (excluding 
antimalarials only), RTX dose, time to RTX re- treatment, and RTX- 
associated neutropenia (RAN). RAN was defined as an absolute 
neutrophil count of <2.0 × 109/liter occurring at least 4 weeks after 
RTX treatment; neutropenia prior to RTX treatment, drug- induced 
neutropenia, and neutropenia with a plausible alternative explana-
tion (e.g., Felty’s syndrome) were excluded.

SIEs were defined as infections resulting in hospitalization 
for >24 hours or requiring intravenous antibiotics. Data for SIEs 
were gathered thoroughly and extensively from hospital admis-
sion records using the electronic Patient Access Service system, 
electronic health records, pathology results server, clinic data, 
correspon dence, and medical case notes.

Laboratory assessments. Full blood count was pro-
cessed at a single accredited diagnostic laboratory. Total serum 
immunoglobulin levels were measured by nephelometry before 
and after cyclophosphamide treatment, RTX baseline treatment, 
and 4–6 months after each cycle (normal range for IgM, 0.5–2.0 
gm/liter; IgA, 0.8–4.0 gm/liter; and IgG, 6.0–16.0 gm/liter). Sec-
ondary hypoglobulinemia was defined as a level of IgM, IgA, or 
IgG that was below its respective lower limit of normal (LLN) for at 
least 4 months after RTX treatment.

Tests were performed to determine specific antibody responses 
to tetanus, hemophilus, and pneumococcus in patients with low 
IgG and/or an SIE in the previous RTX cycle, using enzyme- linked 
immunosorbent assays. Ranges for inadequate, suboptimal, and 
adequate antibody levels were, respectively, <0.01, 0.01–0.15, 
and >0.15 IU/ml for tetanus; <0.15, 0.15–1.0, and >1.0 μg/ml for 
hemophilus; and <10, 10–30, and >30 μg/ml for pneumococcus. 
Patients with a suboptimal or inadequate response to any of these 
antibodies were treated with the appropriate vaccine, and these 
tests were repeated at 4–6 weeks postvaccination.

Peripheral blood B cell subsets (naive, memory, and plas-
mablast) were measured using highly sensitive flow cytometry, as 
previously described (39), at baseline, week 2, and week 6 with-
out knowledge of patients’ clinical status other than time since 
RTX initiation. Complete B cell depletion was defined as a count 
<0.0001×109 cells/liter.

Statistical analysis. Patients contributed person- years of 
follow- up between the date of the first RTX cycle and either the 
date of death, transfer to a different hospital, switch to different 
bDMARD, or last follow- up visit. To calculate the rates of SIEs, the 
total number of SIEs was divided by the total follow- up in person- 
years as defined above. No other censoring rules were applied to 
those with repeated infections or in statistical modeling. Associa-

tions between categorical variables were tested by Fisher’s exact 
test, while either Student’s t- test or Mann- Whitney U test was used 
for continuous variables, depending on data type and distribution.

Some data for immunoglobulin level and B cell count were 
missing due to samples not being processed on the day of clin-
ical assessment. Multiple imputation by chained equations was 
used to estimate these missing data and other data values at both 
baseline and follow- up. Ten multiple imputation sets were used to 
provide stability of results (40).

To assess the baseline predictors of SIEs in the 12 months 
following RTX treatment, all (imputed) putative variables were first 
evaluated using univariable analyses. Multivariable analyses using 
logistic regression with multiple imputation were undertaken using 
forward selection and backward elimination, with P values less 
than 0.25 associated with the deviance used for inclusion in and 
exclusion from the model.

Data for cycles 2–4 (C2–C4) were analyzed since more than 
two- thirds of the patients received at least 4 RTX cycles, and 4 
cycles were considered long enough for baseline risk factors to 
be predictive. For analyses in C2–C4, linear mixed- effects logistic 
regression, a statistical model comprising both fixed and random 
intercepts (41), was used based on complete- case analysis. The 
same criteria used for the logistic modeling were used for inclusion 
and exclusion of variables from this final model. For analyses of pre-
dictors of SIEs, 2-sided P values less than 0.10 were considered 
significant, while 2-sided P values less than 0.05 were used for other 
analyses. Statistical analyses were performed using Stata software, 
version 13, and GraphPad Prism, version 8.0 for Windows.

RESULTS

Patient characteristics. Of 700 patients with RMDs who 
were treated with RTX, 550 patients were female, median age at 
RTX initiation was 58 years (interquartile range [IQR] 46, 68 years), 
and median disease duration was 7.9 years (IQR 3.4, 15.0 years). 
Most patients had RA (n = 507 [72.4%]). Fifty- seven of 700 patients 
(8.1%) had a previous history of cancer (breast, 16; bladder, 6; 
lymphoma, 5; squamous cell carcinoma of the skin/tongue/nose, 
5; basal cell carcinoma of the skin, 4; colon, 4; chronic lympho-
cytic leukemia, 3; lung, 3; ovarian, 3; renal, 2; cervical, 1; gastric, 1; 
melanoma, 1; parotid, 1; prostate, 1; and thyroid, 1). Of these 57 
patients, 24 were treated with chemotherapy and 6 had low IgG (<6 
gm/liter) at RTX initiation; median time from cancer diagnosis to the 
first cycle of RTX was 4.3 years (IQR 1.4, 9.5 years). Total follow- up 
time was 2,880 person- years. The median number of RTX cycles 

was 3 (IQR 2, 5). Baseline characteristics are shown in Table 1.

Rates, sources, and timing of SIEs from the first 
cycle of RTX. Overall, there were 281 SIEs recorded in 176 
patients (9.8 per 100 person- years). The rates of SIEs were 
slightly lower in autoimmune connective tissue disease (9.2 per 
100 person- years) compared to RA (10.0 per 100 person- years). 
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The rates of SIEs generally declined over time (except for a blip 
increase at 7–8 years), reflecting modest numbers as well as less 
patients with SIEs at the later follow- up (Supplementary Figure 
1, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.40937/ abstract). Most 
SIEs were due to lower respiratory tract infection (n = 170 [61%]). 
Sources of SIEs are illustrated in Supplementary Figure 2. In the 
12 months following RTX initiation, 89 SIEs were recorded in 75 
patients. Of these 75 patients, the proportions who had their first 
SIE within 6 weeks, 12 weeks, 26 weeks, 38 weeks, and 52 
weeks from cycle 1 RTX were 12 (16%), 26 (35%), 54 (72%), 62 
(83%), and 75 (100%), respectively. Data on cumulative survival 
of SIEs over the first 80 weeks from the first cycle of RTX are 
illustrated in Supplementary Figure 3, at http://onlin elibr ary.wiley.
com/doi/10.1002/art.40937/ abstract.

Opportunistic infections. Eight opportunistic infections 
were recorded as follows: varicella zoster (n = 2), mycobacterium 
(n = 2; 1 patient presented with a reactivation of Mycobacterium 
tuberculosis as septic arthritis of the right ankle, while another 

had Mycobacterium avium complex in the lungs), cytomegalovi-
rus (n = 2), disseminated candidiasis (n = 1), and Pneumocystis 
jiroveci pneumonia (n = 1). The last was observed in a patient 
who was subsequently diagnosed as having HIV.

Chronic hepatitis infections. Fifteen (2.1%) and 7 
(1%) of 700 patients had previous hepatitis B and C infections, 
respectively, i.e., the patients were hepatitis B core antibody 
and hepatitis C virus antibody positive. None of these patients 
had detectable hepatitis B or C viral load prior to RTX treat-
ment. During RTX therapy, 14 of the 15 patients with previous 
hepatitis B infections were treated with prophylactic lamivudine 
(1 patient was noncompliant with both lamivudine and entecavir 
treatment), while no prophylaxis was administered to those with 
previous hepatitis C infections. No case of reactivation of either 
hepatitis B or C infection was observed after RTX treatment.

Baseline predictors of SIEs within 12 months of RTX 
initiation. In RTX cycle 1, data for immunoglobulin levels and 
B cell counts were available for 666 (95%) and 597 (85%) of 700 

Table 1. Baseline characteristics of the RMD patients treated with RTX*

Characteristic
All patients 
(n = 700)

Patients with RA 
(n = 507)

Patients with 
other RMDs 

(n = 193)
Diagnosis

RA 507 (72.4) – –
Systemic lupus erythematosus 94 (13.4) – –
AAV 49 (7.0) – –
Inflammatory myopathies 14 (2.0) – –
Primary Sjögren’s syndrome 9 (1.3) – –
Systemic sclerosis 6 (0.9) – –
Antiphospholipid syndrome 5 (0.7) – –
Mixed connective tissue disease 4 (0.6) – –
Cryoglobulinemic vasculitis 2 (0.3) – –
IgG4- related sclerosing disease 2 (0.3) – –
Other connective tissue diseases 8 (1.1) – –

Age, mean ± SD years 55.7 ± 15.9 60.0 ± 13.2 44.6 ± 16.8
Female sex 550 (78.6) 401 (79.1) 149 (77.2)
Disease duration, median (IQR) years 7.9 (3.4, 15.0) 9.6 (5.1, 17.4) 3.9 (1.3, 8.6)
Biologic naive 364 (52.0) 175 (34.5) 189 (97.9)
Prior cyclophosphamide 142 (20.3) 22 (4.4) 120 (62.2)
Concomitant antimalarials 66 (9.4) 22 (4.3) 42 (21.8)
Concomitant csDMARDs 514 (73.4) 386 (76.1) 128 (66.3)

Methotrexate 386 (55.1) 343 (67.7) 43 (22.3)
Mycophenolate mofetil 55 (7.9) 4 (0.8) 51 (26.4)
Azathioprine 36 (5.1) 10 (2.0) 26 (13.5)
Leflunomide 26 (3.7) 26 (5.1) 0
Cyclophosphamide 8 (1.1) 0 8 (4.1)
Sulfasalazine 4 (0.6) 3 (0.6) 1 (0.5)

Concomitant prednisolone 303 (43.3) 173 (34.1) 130 (67.4)
Daily prednisolone dose, mean ± SD mg 4.8 ± 7.2 2.8 ± 4.7 9.9 ± 9.7
Ever smoked 299 (42.7) 228 (45.0) 71 (36.8)
Immunoglobulin, mean ± SD gm/liter 

IgM (normal 0.5–2.0) 1.43 ± 1.04 1.54 ± 1.11 1.13 ± 0.76
IgA (normal 0.8–4.0) 3.02 ± 1.44 3.20 ± 1.37 2.55 ± 1.50
IgG (normal 6.0–16.0) 12.36 ± 4.73 12.13 ± 3.98 13.0 ± 6.29

* Except where indicated otherwise, values are the number (%). RMD = rheumatic and musculoskeletal disease; RTX = ritux-
imab; RA = rheumatoid arthritis; AAV = antineutrophil cytoplasmic antibody–associated vasculitis; IQR = interquartile range; 
csDMARDs = conventional synthetic disease- modifying antirheumatic drugs. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
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patients, respectively. In multivariable analysis, a previous history 
of cancer, SIE, chronic lung disease, RAN, and low IgG were asso-
ciated with increased odds of SIEs in the 12 months following RTX 
initiation. A diagnosis of RA was associated with a lower risk of 

SIEs (Table 2).

Predictors of low IgG prior to RTX initiation. Since 
low IgG before RTX treatment was independently predictive of 
SIE, its risk factors were evaluated. In multivariable analysis, older 
age, a previous history of cancer, SIE, and therapy with cyclo-
phosphamide were associated with increased odds of low IgG 
at baseline, while a diagnosis of RA was associated with normal 

IgG (Supplementary Table 1, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40937/ abstract).

Effect of remission induction with cyclophospha-
mide followed by RTX on immunoglobulin levels. Remis-
sion induction with cyclophosphamide led to a profound decline 
in almost all immunoglobulin classes for AAV and SLE (except 
IgM and IgA for SLE) at 6 months posttreatment. IgM, IgA, 
and IgG levels in both diseases (except IgM in SLE) remained 
 substantially lower than precyclophosphamide levels at 18 
months posttreatment.

Table 2. Baseline predictors of serious infection in the 12 months following RTX initiation (cycle 1)*

Characteristic

Univariable analysis Multivariable analysis

No serious 
infection 
(n = 625)

Serious  
infection 
(n = 75) OR (95% CI)

P 
(with multiple 
imputation) OR (95% CI)

P 
(with multi-
ple imputa-

tion)
Age, median (IQR) years† 57.1 (45.4, 66.4) 64.5 (53.7, 72.8) 1.27 (1.07–1.50) 0.005 – –
Female sex, no. (%) 497 (79.5) 53 (70.6) 0.62 (0.36–1.06) 0.080 – –
Disease duration, median  

(IQR) years‡
7.9 (3.5, 14.9) 8.4 (2.9, 16.4) 1.0 (0.98–1.03) 0.517 1.03 (0.99–1.06) 0.100

Ever smoked, no. (%) 259 (41.4) 40 (53.4) 1.70 (1.00–2.61) 0.051 –
Previous history of any cancer, 

no. (%)
46 (7.4) 11 (14.7) 2.16 (1.07–4.39) 0.032 3.22 (1.32–7.83) 0.010

Chronic lung disease, no. (%) 129 (20.6) 31 (41.3) 2.71 (1.65–4.46) <0.001 1.79 (0.96–3.34) 0.069
Heart failure, no. (%) 11 (1.8) 2 (2.7) 1.53 (0.33–7.03) 0.585 - 
Diabetes mellitus, no. (%) 33 (5.3) 9 (12.0) 2.45 (1.12–5.33) 0.025 1.88 (0.71–4.94) 0.201
Diagnosis of RA vs. CTDs, no. (%) 457 (73.1) 50 (66.7) 0.74 (0.44–1.24) 0.249 0.49 (0.22–1.07) 0.073
Previous severe infection, no. 

(%)
58 (9.3) 40 (53.3) 11.17 (6.59–18.94) <0.001 9.29 (4.93–17.51) <0.001

Previous cyclophosphamide, 
no. (%)

123 (19.7) 19 (25.3) 1.38 (0.79–2.42) 0.252 –

Previous biologics, no. (%)§ 0.82 (0.64–1.04) 0.102 0.84 (0.68–1.04) 0.113
0 316 (50.5) 48 (64.0) – – – –
1 137 (21.9) 11 (14.7) – – – –
2 105 (16.8) 10 (13.3) – – – –
3 52 (8.3) 4 (5.3) – – – –
4 15 (2.4) 2 (2.7) – – – –

Concomitant corticosteroid, no. 
(%) 

256 (41.0) 47 (62.7) 2.41 (1.48–3.97) <0.001 – –

Corticosteroid dose, median 
(IQR) mg/day

0 (0, 7.5) 5 (0, 10) 1.04 (1.01–1.07) 0.007 1.03 (0.99–1.07) 0.151

Concomitant csDMARDs, no. 
(%)

470 (75.2) 44 (58.7) 0.47 (0.29–0.77) 0.003 0.63 (0.35–1.14) 0.128

RTX- associated  
neutropenia, no. (%)

6 (0.96) 5 (6.67) 7.37 (2.19–24.77) 0.001 13.26 (3.12–56.44) <0.001

Low IgM (<0.5 gm/liter),  
no. (%)

42 (6.7) 15 (20.0) 3.47 (1.82–6.63) <0.001 2.07 (0.86–4.99) 0.103

Low IgA (<0.8 gm/liter),  
no. (%)

11 (1.8) 4 (5.3) 3.14 (0.98–10.14) 0.055 –

Low IgG (<6.0 gm/liter),  
no. (%)

20 (3.2) 14 (18.7) 7.28 (3.48–15.25) <0.001 2.80 (1.02–7.67) 0.045

Naive B cells, median (IQR)¶ 72.2 (29.7, 122.0) 43.3 (9.5, 102.0) 1.000 (0.997–1.002) 0.728 – –
Memory B cells, median (IQR)¶ 18.5 (8.3, 35.5) 10.7 (5.0, 39.1) 0.999 (0.992–1.006) 0.743 – –
Plasmablasts, median (IQR)¶ 1.9 (0.8, 3.8) 1.9 (0.9) 1.016 (0.991–1.043) 0.215 1.02 (0.991–1.051) 0.173

* RTX = rituximab; 95% CI = 95% confidence interval; IQR = interquartile range; RA = rheumatoid arthritis; CTDs = connective tissue diseases; 
csDMARDs = conventional synthetic disease- modifying antirheumatic drugs. 
† Odds ratio (OR) is per 10 years of age. 
‡ ORs are per year. 
§ ORs are per number of previous biologics. 
¶ B cell count is ×109 cells/liter; for each subset multiply by 1,000 prior to analysis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
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Following a subsequent relapse or nonresponse to cyclo-
phosphamide, patients were switched to RTX for remission 
induction and maintenance (with a re-treatment–on-relapse 
strategy used for the latter). Using this strategy, IgA and IgG 
levels remained stable at up to 3 cycles of treatment in AAV, 
while in SLE, progressive reduction in all immunoglobulin 
classes over the 3 RTX cycles was observed, albeit their levels 
were still above the LLN (Figure 1).

Predictors of SIEs during repeat RTX cycles. For  
C2–C4, all plausible variables were analyzed using mixed- effects 
logistic regression analysis. Since no data on the relevant change 
in immunoglobulin level parameters for a longitudinal study have 
been published, we tested several variables, including percentage 
change in immunoglobulin level in each cycle in relation to immu-
noglobulin level at RTX baseline (see Supplementary Figure 4, 
available at http://onlin elibr ary.wiley.com/doi/10.1002/art.40937/ 
abstract), and absolute and relative difference in immunoglobulin 
levels before and after RTX treatment for each cycle. However, 
none of these were predictive in multivariable analysis. Therefore, 
we selected the first variable with the strongest association with 
SIEs to be included in the model building.

There were 595 patients with an infection outcome for C2, 
but only 411 (69.1%) with complete covariable information were 
studied. In multivariable analysis, baseline comorbidities (includ-
ing a previous history of cancer, SIE, chronic lung disease, heart 
failure, and diabetes mellitus), higher corticosteroid dose, and 
variables before RTX treatment at each cycle (including RAN, 
longer time to RTX re- treatment, and higher IgM level) were asso-
ciated with increased odds of SIEs. Higher IgG level was associ-
ated with lower odds of SIEs. Lower B cell subset numbers and 

depletion status were not independently associated with SIEs 

(Table 3).

Infection rates in patients with hypoglobulinemia. 
To assess infection outcomes in patients with RMDs who had 
hypoglobulinemia, we divided them into 3 groups as follows: 1) 
low immunoglobulin levels at RTX C1 baseline; 2) low immuno-
globulin levels during/after RTX treatment, and 3) never developed 
low immunoglobulin levels. Only IgM and IgG were evaluated, 
since the frequency of IgA less than the LLN was the lowest: 32 of 
670 patients (4.8%).

For IgM, the rates of SIEs were similar in patients with low IgM 
at RTX C1 baseline (10.6 per 100 person- years), patients before 
acquiring low IgM during RTX treatment (9.8 per 100 person- 
years), and those with normal IgM (9.2 per 100 person- years). 
The highest rate of SIEs was observed in those who acquired 
low IgM during/after RTX treatment (14 per 100 person- years).

In contrast, the rates of SIEs were markedly higher in those 
who had low IgG at RTX C1 baseline (16.4 per 100 person- years) 
or acquired it during/after RTX treatment (21.3 per 100 person- 
years) versus those with normal IgG (9.7 per 100 person- years) 
or patients before acquiring low IgG during RTX treatment (12.1 

per 100 person- years) (Table 4).

Effect on specific antibody responses in patients 
with low IgG. Specific antibody responses to tetanus, hemo-
philus, and pneumococcus assays were tested in 29 patients (as 
decided by physicians) with low IgG and/or SIEs in the previous 
RTX cycle. Of these 29 patients, the proportions with subopti-
mal/inadequate response to tetanus, hemophilus, and pneumo-
coccus were 2 (7%), 21 (72%), and 17 (59%), respectively.

Figure 1. Trends in immunoglobulin levels following remission induction with cyclophosphamide (CYC) and rituximab (RTX) in antineutrophil 
cytoplasmic antibody–associated vasculitis (AAV) (left) and systemic lupus erythematosus (SLE) (right). Remission induction with CYC led to 
a profound decline in almost all immunoglobulin classes in both diseases at 6 months following treatment. Following a switch to RTX using a 
re-treatment–on-relapse strategy, IgA and IgG levels remained stable through up to 3 cycles in patients with AAV. Values are the mean ± SEM. 
C1 = cycle 1; LLN = lower limit of normal; ULN = upper limit of normal.

http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40937/abstract
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Eight of these 29 patients had repeat tests 6 weeks after 
vaccination challenge. Of these, 5 continued to have impaired 
responses (suboptimal/inadequate) to both hemophilus and 
pneumococcus (Figures  2A and B). Three of the 5 patients 
with inadequate responses were treated with immunoglobulin 
replacement (IGR) therapy.

Effect on immunoglobulins following a switch to a 
different bDMARD. Among the 700 patients, 110 (15.7%) had 
low IgG either at baseline or at ≥4 months’ duration of RTX ther-
apy. Of these 110 patients, 37 (33.6%) discontinued RTX (deaths, 
18 [infection, 10 of 110 (9.1%), of which 5 had baseline low IgG; 
metastatic cancer, 3; multiorgan failure, 2; cerebral hemorrhage, 1; 

ischemic heart disease, 1; and heart failure, 1] switched to a different 
bDMARD, 14; left the hospital, 3; and no longer required RTX, 2).

Complete immunoglobulin data were available for 11 patients 
who switched to a different bDMARD. Of these, only 4 (36%) had 
their IgG normalized after at least 2 years after the switch. Of those 
who continued to have low IgG after switching, 2 of 7 had to stop 
subsequent bDMARDs, and 1 required IGR therapy (Figure 2C 
and Supplementary Table 2, available on the Arthritis & Rheu-

matology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40937/abstract).

Efficacy of IGR therapy. Overall, only 7 of 700 patients 
(1%) in this cohort were treated with IGR due to recurrent  

Table 3. Predictors of serious infection during RTX cycles 2–4*

Characteristic

Univariable analysis Multivariable analysis

No serious  
infection 

(n = 1,208)

Serious  
infection 
(n = 111) OR (95% CI) P OR (95% CI) P

Age, mean ± SD years† 55.5 ± 14.8 59.8 ± 15.7 1.03 (1.00–1.05) 0.007 – –
Female sex, % 80.1 73.0 0.64 (0.35–1.17) 0.149 0.70 (0.39–1.24) 0.219
Previous history of any 

cancer, %
9.0 14.4 1.93 (0.86–4.35) 0.112 3.24 (1.50–7.01) 0.003

Chronic lung disease, % 19.6 39.6 3.51 (1.94–6.35) <0.001 2.24 (1.25–4.02) 0.007
Heart failure, % 1.2 5.4 2.60 (0.87–7.80) 0.087 5.75 (1.45–22.80) 0.013
Diabetes mellitus, % 5.9 13.5 9.42 (1.87–47.53) 0.007 2.61 (1.14–5.97) 0.023
Previous severe infection, 

%
8.9 37.8 10.10 (4.94–20.65) <0.001 6.32 (3.11–12.82) <0.001

Corticosteroid dose, 
median (IQR) mg/day

0 (0, 5) 3.75 (0, 7.50) 1.11 (1.05–1.16) <0.001 1.08 (1.02–1.13) 0.005

Concomitant csDMARDs, 
%

64.0 59.5 0.80 (0.47–1.35) 0.395 – –

Full-dose RTX, % 93.3 91.9 0.65 (0.26–1.62) 0.351 – –
Time to RTX re- treatment, 

median (IQR) weeks
49.3 (36.4, 64.7) 53.0 (38.4, 86.7) 1.01 (1.00–1.01) 0.003 1.01 (1.00–1.02) 0.003

RTX- associated neutro-
penia, % 

0.58 3.60 8.07 (1.53–42.72) 0.014 16.56 (3.82–71.72) <0.001

IgM, mean ± SD  
gm/liter

0.95 ± 0.78 0.97 ± 1.57 1.05 (0.82–1.33) 0.719 1.24 (0.96–1.60) 0.094

IgA, mean ± SD  
gm/liter

2.84 ± 1.44 2.74 ± 1.61 0.93 (0.77–1.11) 0.399 – –

IgG, mean ± SD  
gm/liter

11.06 ± 3.79 9.81 ± 4.30 0.89 (0.83–0.96) 0.002 0.88 (0.81–0.96) 0.005

Percentage change in IgM 
level, median (IQR)

36.2 (22.5, 50.0) 36.3 (19.2, 58.2) 1.00 (0.99–1.01) 0.800 – –

Percentage change in IgA 
level, median (IQR)

8.7 (−3.3, 20.4) 9.0 (−5.9, 28.4) 1.01 (1.00–1.02) 0.190 – –

Percentage change in IgG 
level, median (IQR)

10.2 (−0.80, 20.6) 13.8 (0.0, 28.1) 1.01 (0.99–1.02) 0.381 – –

Pre- RTX naive B cells, 
median (IQR)‡

16.2 (1.7, 51.5) 5.8 (0.2, 35.2) 1.001 
(0.998–1.003)

0.565 1.002 (0.993–1.005) 0.139

Pre- RTX memory B cells, 
median (IQR)‡

1.4 (0.6, 3.3) 1.3 (0.4, 4.0) 0.993 
(0.958–1.030)

0.719 0.970 (0.928–1.014) 0.176

Pre- RTX plasmablasts, 
median (IQR)‡

1.0 (0.3, 2.1) 0.8 (0.0, 2.7) 1.005 
(0.950–1.062)

0.867 – –

Complete B cell depletion, 
%

73.4 72.1 0.80 (0.46–1.40) 0.435 0.65 (0.39–1.24) 0.191

* RTX = rituximab; 95% CI = 95% confidence interval; IQR = interquartile range; csDMARDs = conventional synthetic disease- modifying antirheu-
matic drugs. 
† Odds ratio (OR) is per 10 years of age. 
‡ B cell count is ×109 cells/liter; for each subset multiply by 1,000 prior to analysis. 
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Table 4. Serious infection rates in patients with IgM and IgG levels less than the LLN for at least 4 months during RTX 
therapy*

Group 1,  
Ig < LLN at RTX  

initiation 
(n = 57)

Group 2,  
developed Ig < LLN during RTX 

(n = 161) Group 3,  
did not develop Ig 
< LLN during RTX 

(n = 482)
Before 

Ig < LLN
During/after 

Ig < LLN
IgM

Total exposure, no. person- years 235.5 538.1 528.2 1,700.9
SIEs, no. 25 53 74 156
Rate of SIE per 100 person- years 

(95% CI)
10.6 (6.9–15.7) 9.8 (7.4–12.9) 14.0 (11.0–16.6) 9.2 (7.8–10.7)

IgG
Total exposure, no. person- years 122.1 123.5 136.0 2,457.1
SIEs, no. 20 15 29 238
Rate of SIE per 100 person- years 

(95% CI)
16.4 (10.0–25.3) 12.1 (6.8–20.0) 21.3 (14.3–30.6) 9.7 (8.5–11.0)

* LLN = lower limit of normal; RTX = rituximab; SIEs = serious infection events; 95% CI = 95% confidence interval. 

Figure 2. Effects of hypogammaglobulinemia on specific antibody responses, its persistence, and response to immunoglobulin replacement 
(IGR) therapy. A and B, Specific antibody responses to hemophilus (A) and pneumococcus (B) following a vaccination challenge. Gray broken 
lines show the lower limit of the inadequate response to the specific antibody level; black broken lines show the upper limit of normal response 
to the specific antibody level. C, IgG levels as measured at pre–rituximab (RTX) baseline, 6 months after last RTX cycle (post- RTX), and after 
switching to biologic disease- modifying antirheumatic drugs (post- switch). Solid gray lines with numbers represent those patients in whom IgG 
normalized, while black lines indicate a low IgG level despite a switch in therapy. D, IgG levels as measured before and after treatment with IGR. 
Black broken lines show the upper limit of normal; gray broken lines show the lower limit of normal.
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infections despite treatment with prophylactic antibiotics and/or 
hypogammaglobulinemia, as recommended by expert consensus 
(42). These were 3 RA patients, 2 SLE patients, 1 AAV patient, and 
1 antiphospholipid syndrome patient. Median time from first cycle 
of RTX to IGR was 3.7 years (range 0–7.2 years). After IGR and 
of these 7 patients, 6 had IgG normalized, 3 had normal IgA, and 
2 had normal IgM (Figure 2D). The number and severity of infec-
tions was reduced in all patients. Median duration of therapy was  
3.7 years (range 0.5–10 years). Cessation of IGR was achieved in 
only 1 of these 7 patients.

DISCUSSION

This study presents the most complete infection safety data 
on the use of RTX in treating various RMDs from a real- world 
perspective. By carefully reviewing the records of every patient in 
order to capture all infection episodes in the largest single- center 
cohort study to date, our findings provide insights on predictors of 
SIEs as well as a foundation for safety monitoring of RTX.

In this study, a high rate of SIEs (9.8 per 100 person- years) 
was observed, compared to data from RCTs and LTE studies of 
RTX in RA (3.94 per 100 person- years) (13) and registries of RTX in 
RMDs (range 5.0–6.6 person- years) (25,43,44). The high SIE rate 
in this cohort could be attributed to channeling bias, as the patients 
comprised those with multiple comorbidities, including chronic 
lung disease (a relative contraindication for other bDMARDs), a 
previous history of cancer, and SIE. Patients with these risk factors 
were enriched in this RTX- treated population, thus leading to an 
increase in adverse events reported. Moreover, efficacy RCTs (and 
meta- analyses derived from them) are of limited value in capturing 
adverse events in those with multiple comorbidities (16), while for 
registry studies, complete data depend on the quality of reporting 
from the participating investigators (45).

The finding from a French registry study (25) that low IgG 
at baseline was associated with an increased risk of SIE within 
12 months of RTX initiation was validated in this study. However, 
other important risk factors noted in this study, including RAN, a 
previous history of cancer, and SIE, were not reproduced from 
their data set. Importantly, the advantages of this study com-
pared to the French registry study included a longer duration of  
follow- up, better-defined methods of dealing with missing data, and  
the availability of data on immunoglobulin levels for the majority of 
the patients (95% versus 49% in the registry study). In the present 
study, SIEs only occurred in patients with a neutrophil count of 
<0.5 × 109/liter. Nevertheless, the incidence of RAN in these RMD 
patients was low, 25 of 700 patients (3.6%), which was similar to 
that found in a registry study of RTX in RMDs (46). As a risk factor 
for SIE, a previous history of cancer appeared to be independent 
of IgG, since the rates of low IgG at RTX baseline in those with and 
those without prior history of cancer were about the same: 6 of 57 
patients (10.5%) and 28 of 643 patients (4.3%), respectively. No 
other association between type of cancer, cancer treatment, or 

timing from cancer diagnosis to first cycle of RTX and SIE could be 
deduced due to the frequency of patients with a previous history 
of cancer in this cohort.

This study is also the first to identify predictors of SIEs with 
repeat RTX cycles, including baseline comorbidities and higher 
corticosteroid dose, as well as RTX- specific factors such as IgG 
and IgM levels before RTX treatment, RAN, and longer time to 
RTX re- treatment. The last may be an artifact due to reluctance 
to re- treat those with low IgG. Higher IgM level could represent 
an initial phase of infection (47) or high disease activity (48), which 
could increase infection risk. Moreover, consistent with the con-
sensus statement on the use of RTX in RA (2), our findings not 
only provide rationale for monitoring of immunoglobulin for levels 
below or above the LLN, but also add that the degree of recov-
ery or increment of IgG level (as measured before re- treatment at 
each cycle) reduces the risk of posttreatment infection.

Other studies have identified risk factors for hypogammaglob-
ulinemia, including lower IgG level before RTX treatment (27), while 
presenting conflicting evidence for prior treatment with cyclophos-
phamide (24,49). This study identified older age, a previous history 
of cancer, SIE, and therapy with cyclophosphamide as predictors 
of low IgG at baseline. These factors as well as other predictors 
of SIEs as described above need to be considered when coun-
seling patients on safety before commencing therapy with RTX. 
Furthermore, for those who have low baseline immunoglobulin 
levels and  are categorized into higher risk groups (with multiple 
comorbidities), our data suggest that reduction of corticosteroids 
may be beneficial. Although the use of a half- dose RTX regimen 
was not predictive of SIEs, it is worth noting that this study was 
not designed and powered to answer this question.

It is also important to note that this acquired hypogammaglob-
ulinemia could not be solely attributed to RTX. This study showed 
that remission induction for severe AAV and SLE with cyclophos-
phamide led to a marked decline in almost all immunoglobulin 
classes up to 18 months. This finding concurs with that in a study 
by Venhoff et al, who also showed that a single cycle of RTX fol-
lowing cyclophosphamide further worsened the decline in IgM and 
IgG to below LLN levels (50). In contrast, using a re-treatment– 
on–clinical relapse strategy, IgA and IgG levels remained stable 
over time in AAV in this study. Meanwhile, reduction in all immuno-
globulin classes after RTX treatment in SLE (albeit their levels were 
still above the LLN) could be attributed to RTX efficacy. Overall, a 
re-treatment–on–clinical relapse strategy as implemented in this 
cohort led to the lowest rate (1%) of patients who subsequently 
required IGR therapy compared to a fixed re- treatment strategy, 
i.e., every 6–12 months (range 4–11%) (24,49). Importantly, our 
findings raise an important question: Should RTX be used as a 
first- line agent for remission induction for severe AAV and SLE 
from a safety perspective?

The continued efficacy of B cell depletion in RA, SLE, and 
other RMDs depends on repeated RTX cycles to maintain deple-
tion or low levels of B cells. This is the first study to show that in 
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a fully adjusted model, both low B cell numbers and the depth 
of depletion after RTX treatment were not associated with an 
increased risk of SIEs.

This study has some limitations. First, the lack of a control 
group as well as enough samples/power to detect infection safety 
differences regarding the RTX dosing regimen and retreatment 
strategy limits its safety interpretation. Second, another poten-
tial limitation was the heterogeneity of the patients, although this 
could also improve the generalizability of our findings. Third, for 
repeat cycles, we lost 31% of the data in the final model due to 
incomplete covariate information. However, we had evaluated the 
consistency of predictors in the final model (using complete- case 
analysis) against analyses of predictors of SIEs in C2–C4 (using 
multiple imputation). Baseline comorbidities, corticosteroid dose, 
RAN, and IgG were consistent predictors of SIEs, while time to 
RTX retreatment and IgM were only predictive in cycle 4 (data not 
shown). Finally, concomitant therapy with csDMARDs and daily 
oral corticosteroids were used in 73% and 43% of the patients, 
respectively; thus, infection could not be attributed to RTX alone.

In conclusion, immunoglobulin levels should be monitored at 
baseline and before each RTX cycle, particularly in patients with 
comorbidities and low baseline immunoglobulin levels, in order to 
discern those at risk of SIEs. Individualized risk–benefit assessment 
regarding RTX re- treatment decisions is needed in those with lower 
IgG since this is a consistent predictor of SIE and may increase 
infection profiles when RTX is switched to different bDMARDs.
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Clinical Images: A rare side effect of checkpoint inhibitor therapy—nivolumab- induced  
axial polyarthritis of the facet and costovertebral joints

The patient, a 59- year- old man with no history of rheumatic musculoskeletal disease, was diagnosed as having metastatic melanoma 
and was being treated with nivolumab, an anti–programmed death 1 monoclonal antibody and checkpoint inhibitor. While undergoing 
treatment, he developed widespread pain, stiffness, and reduced movement of the neck. Pain occurred mostly at night, and morning 
stiffness was reported, lasting up to 3 hours. Clinical examination confirmed reduced range of motion of the neck, and laboratory tests 
revealed increased levels of inflammation markers. Magnetic resonance imaging of the cervical and thoracic spine (STIR sequence and 
3 consecutive sagittal slides) showed widespread contrast uptake in the sternocostal joint (arrow in A), facet (zygapophyseal) joints 
(arrows in B), and costovertebral joints (costotransverse and costocentral articulations) (arrows in B). There was no evidence of bone 
marrow edema in the vertebral bodies (C). Although the symptoms mimicked some manifestations of axial spondyloarthritis (SpA), 
the patient did not have uveitis, dactylitis, psoriasis, or inflammatory bowel disease (all typically seen in axial SpA) and genetic testing 
showed HLA–B27 was absent; thus, the Assessment of SpondyloArthritis international Society classification criteria for axial SpA 
were not fulfilled (1). Nivolumab- induced facet joint polyarthritis was diagnosed. Since several joints were affected, oral prednisolone 
(10 mg daily) and etoricoxib (60 mg daily) were prescribed. Symptoms promptly improved, pain regressed, and range of motion of the 
spine increased. The occurrence of arthritis with checkpoint inhibitor therapy has been reported in the literature, with an incidence 
of up to 16% (2). However, a primary axial manifestation has not been described to date (3). This case adds to our knowledge of the 
wide range of side effects of immune checkpoint inhibitors and is the first report of checkpoint inhibitor–induced axial SpA.
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The Efficacy, Tolerability, and Joint Safety of Fasinumab in 
Osteoarthritis Pain: A Phase IIb/III Double- Blind,  
Placebo- Controlled, Randomized Clinical Trial
Paula Dakin,1  Stephen J. DiMartino,1 Haitao Gao,1 Jennifer Maloney,1 Alan J. Kivitz,2 Thomas J. Schnitzer,3 
Neil Stahl,1 George D. Yancopoulos,1 and Gregory P. Geba1

Objective. To prospectively assess the efficacy, general safety, and joint safety of fasinumab, an anti–nerve growth 
factor monoclonal antibody, in osteoarthritis (OA) hip and/or knee pain.

Methods. Patients with moderate- to- severe OA pain (knee or hip) and history of inadequate response or intoler-
ance to analgesics were randomized to receive fasinumab (at 1 mg, 3 mg, 6 mg, or 9 mg) or placebo every 4 weeks 
over 16 weeks and were followed up to week 36. Efficacy end points were the change from baseline to week 16 in the 
pain and physical function subscale scores of the Western Ontario and McMaster Universities OA Index (WOMAC), 
and patient global assessment (PGA) of OA. Joints were monitored at scheduled assessments (by plain film radiog-
raphy and magnetic resonance imaging) during treatment and follow- up, and if prompted, at the time of active joint 
symptoms.

Results. Of the 421 patients randomized, 342 completed the 36- week study. All doses of fasinumab yielded sta-
tistically significant and clinically important reductions in pain compared to placebo (least squares mean difference 
in WOMAC pain subscale scores at week 16 ranging −0.78 to −1.40), without any clear dose dependence. Physical 
function and PGA scores improved in parallel. Treatment- emergent adverse event rates were 17% with fasinumab 
and 10% with placebo, and 4% and 1% of patients, respectively, discontinued treatment. Arthropathies (25 in total, 
7% of fasinumab- treated patients and 1% of placebo- treated patients) occurred in a dose- dependent manner, with 
2 occurring in patients receiving the lowest dose of fasinumab and 10 in patients receiving the highest dose. Most of 
the arthropathies (16 of 25) were discovered with scheduled radiographs and not based on symptoms. Destructive 
arthropathy (in 1 of 337 treated patients) occurred in 1 patient who was receiving 6 mg fasimumab.

Conclusion. Fasinumab provided improvements in OA pain and function, even in those benefitting little from pre-
vious analgesics. The observed benefit- to- risk relationship favors further clinical development to explore the lowest 
doses of fasinumab in patients with knee or hip OA.

INTRODUCTION

Nerve growth factor (NGF), a neurotrophin released by injured 
or inflamed tissue, mediates peripheral pain by binding to its 
receptors, tropomyosin receptor kinase A and p75, on nociceptive 
neurons (1). Although strongly expressed on nociceptive neurons, 
the tissue distribution of these receptors is broader and includes 
bone and cartilage as well as other non- neuronal tissues (1).  

Biologic agents that specifically block NGF to treat pain may obvi-
ate many of the side effects of currently used analgesic medica-
tions, such as opioids and nonsteroidal antiinflammatory drugs 
(NSAIDs), which rely on different mechanisms of action (2,3). This 
new therapeutic could benefit patients experiencing pain from 
osteoarthritis (OA), a progressive, chronic disease characterized 
by joint breakdown and functional loss (3). However, NGF- directed 
therapies exhibit their own unique side effect profile in OA, which 
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includes alterations in peripheral sensation and development of 
arthropathies (3–5).

Fasinumab is a recombinant, fully human, IgG4 anti- NGF 
monoclonal antibody that binds selectively to NGF without affect-
ing signaling via other neurotrophins, such as neurotrophin 3 and 
brain- derived neurotrophic factor (6). In a proof- of- concept study 
involving 217 patients with OA knee pain, fasinumab (adminis-
tered intravenously on days 1 and 57 of the 24- week study at 
0.03, 0.1, and 0.3 mg/kg—corresponding to approximate doses 
of 2 mg, 7 mg, and 20 mg, respectively, per administration) was 
generally well tolerated and, compared to placebo, significantly 
reduced walking knee pain and improved the Western Ontario 
and McMaster Universities OA Index (WOMAC) subscale scores 
for pain and function at the 8-  or 16- week assessments (6). In 
that study, the 2 highest doses provided generally greater ben-
efits than the lowest dose. Based on these results, the doses of 
fasinumab selected for further study ranged from 1 mg to 9 mg 
subcutaneously every 4 weeks.

The current study assessed the efficacy and safety of fasi-
numab in patients with moderate- to- severe knee and/or hip OA 
pain who had an inadequate response or intolerance to standard- 
of- care analgesic therapies, including NSAIDs, acetaminophen, or 
opioids. To better understand the benefits and risks of this new 
therapeutic agent, this study was designed to evaluate pain relief 
and functional benefit while closely monitoring side effects, includ-
ing symptomatic and clinically silent joint changes. Extensive radi-
ographic monitoring of the joints was performed at baseline and 
over the course of the trial, supplemented by additional imaging 
prompted by any clinically meaningful change in joint symptoms. 
Findings were adjudicated by a blinded committee of expert bone 
radiologists. This was the first study with an anti- NGF antibody to 
prospectively conduct regular radiologic evaluation of major joints 
over the course of a clinical study in all patients, while assessing 
clinical joint symptoms.

PATIENTS AND METHODS

Patients. Eligible patients were ages 40–80 years, had 
OA of the knee and/or hip based on the American College of 
Rheumatology OA classification criteria (7,8), with radiologic 
confirmation of the diagnosis based on a Kellgren/Lawrence 
(K/L) severity grade of ≥2 on a scale of 0–4 (9), and demon-
strated moderate- to- severe OA pain, defined as a WOMAC 
pain subscale score of ≥4 both at screening (index joint being 
selected according to the worst pain and K/L score) while 
receiving the usual analgesic medications, and at randomiza-
tion, 7 days after withdrawal of the analgesic therapy. Eligible 
patients had a history of inadequate pain relief with, or intol-
erance to, acetaminophen, ≥1 oral NSAID, and ≥1 opioid (or 
unwillingness to use opioids) and required regular analgesic 
use for OA pain (average of 4 days/week during the 4 weeks 
prior to screening). Patients were excluded if they had a history  

of other joint diseases, index joint trauma within 30 days of 
screening, active fibromyalgia, another moderate- to- severe 
pain condition, or a body mass index (BMI) of >39 kg/m2.

Study design. This phase IIb/III double- blind, placebo- 
controlled study was conducted at 61 sites in the United States. 
Patients were randomized (1:1:1:1:1) to receive fasinumab at  
1 mg, 3 mg, 6 mg, or 9 mg or placebo, administered subcuta-
neously every 4 weeks for a total of 4 doses, with the last dose 
at 12 weeks. The primary efficacy analysis was conducted at 
16 weeks (see Supplementary Figure 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41012/ abstract), and follow- up was carried out 
until week 36.

Random number generation with SAS software was used 
to assign treatment, via a centralized Interactive Voice- Web 
Response System. Patients were stratified by index joint (knee 
or hip) and K/L score (grades 2 or 3 versus grade 4) using block 
sizes of 5. The investigational product (IP) was provided to sites in 
1- ml vials (6 mg/ml fasinumab or placebo, in a blinded manner). 
The site study pharmacist (or designee) prepared the volume 
for each patient and administered it without knowledge as to 
whether the IP was fasinumab or placebo. All other site person-
nel involved in assessment of patients were blinded with regard 
to treatment assignment. Efficacy and safety assessments were 
performed through week 36.

Patients were required to stop analgesic medications at a 
prerandomization visit, 7 days before randomization. Pain scores 
were obtained before and after withdrawal of previous analge-
sics. Although these scores had to meet a pain threshold (pain 
score of ≥4 points on a 0–10 scale), there was no requirement 
for pain flare.

From the time of the prerandomization visit and continuing 
through week 20, patients could take rescue analgesics (1–2 tab-
lets of acetaminophen at 325 mg every 4–6 hours) as needed for 
intolerable pain (maximum of 2,600 mg per day), which had to 
be discontinued ≥48 hours prior to the start of each study visit 
through week 16. Patients could receive opioids after the week 16 
visit, if needed, but were not allowed to take any NSAIDs (oral or 
topical, except aspirin ≤100 mg/day for cardiac prophylaxis) until 
≥16 weeks after the last dose of study drug (week 28).

An independent data monitoring committee periodically 
reviewed all unblinded data and made recommendations to the 
sponsor as to the conduct of the study, in accordance with the eth-
ics principles outlined in the Declaration of Helsinki and consistent 
with International Conference on Harmonisation Guidelines for Good 
Clinical Practice and applicable regulatory requirements. The study 
committees included the independent data monitoring committee 
and a joint adjudication committee, as described in Supplemen-
tary Methods (available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract). 
Informed consent was obtained from all patients prior to enrollment.
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http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
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Efficacy end points. The primary efficacy end point was 
change from baseline to week 16 in the WOMAC pain subscale 
score (scale of 0–10), which represented the average score in 
response to 5 questions assessing joint pain while walking, using 
stairs, at rest in bed, sitting or lying, and standing (minimal clinically 
important difference [MCID] 0.75 [10]).

Secondary efficacy end points were change from baseline to 
week 16 in the WOMAC physical function subscale score (scale of 
0–10, average score in response to 17 questions; MCID 0.67 [10]) 
and patient global assessment (PGA) of OA (scale of 1–5, with 5 
being worst [11]).

Exploratory efficacy end points included the following: daily 
and weekly walking index joint pain scores on a Numeric Rating 
Scale (NRS) (scale of 0–10, with 0 = no pain; MCID ~1 point [12]); 
the percentage of patients who responded to treatment according 
to ≥30% and ≥50% reductions at week 16 in the WOMAC pain and 
physical function subscale scores; and rate of treatment response 
on the Outcome Measures in Rheumatology (OMERACT)– 
Osteoarthritis Research Society International (OARSI) responder 
index (13). An additional post hoc exploratory analysis was per-
formed to assess the response to fasinumab according to the 
occurrence of pain flare after discontinuation of a prior analge-
sic, defined by thresholds of change in the score from screen-
ing to randomization of −1, −1.5, and −2 points on the 10- point 
WOMAC pain subscale.

Safety end points. Safety was evaluated based on the 
frequency of treatment- emergent adverse events (TEAEs), AEs 
of special interest (adjudicated arthropathy and sympathetic  

nervous system dysfunction), and laboratory tests. Joint 
safety was monitored in all patients via plain radiographs of 
the shoulders, hips, and knees at screening, at the end of the 
treatment period (week 16), and at study end (week 36). Imag-
ing was also conducted at any time for worsening joint pain 
that was assessed as inconsistent with the patient’s normal 
OA pain. Magnetic resonance imaging (MRI) was performed 
at baseline, 16 weeks, and 36 weeks on the index and con-
tralateral joints, and on any joint with a K/L score at baseline of 
≥3. Additional MRIs were performed if follow- up radiographs 
exhibited important interval changes.

Based on reports of joint AEs that were previously 
described in clinical trials with anti- NGF antibodies (3–5), the 
incidence of adjudicated arthropathy, an umbrella term for 
rapidly progressive OA type 1 (RPOA- 1), RPOA- 2, subchon-
dral insufficiency fracture, and primary osteonecrosis, was 
determined during this study. RPOA- 1 was defined as joint 
space narrowing exceeding prespecified thresholds. For a 
baseline joint space width (JSW) of ≥2 mm, the reduction had 
to be ≥2 mm or 50% (whichever was greater). For joints with 
a baseline JSW of <2 mm, a reduction in JSW of 0 qualified 
as RPOA- 1. For the hips, thresholds were similar, except that 
the criteria centered on the baseline JSW and change in JSW 
of 1.5 mm. MRI was used to confirm cartilage loss in RPOA- 1. 
RPOA- 2 was defined as changes in bone structure on plain 
film radiography or MRI.

Primary osteonecrosis was defined as a focal circum-
scribed or extended region of mottled radiolucency without 
evidence of subchondral collapse or bone fragmentation, as 

Figure 1. Disposition of the patients.
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confirmed by MRI. Subchondral insufficiency fracture was 
defined as subchondral radiolucency, a possible sclerotic lin-
ear component, and articular surface flattening without signif-
icant collapse or fragmentation, as confirmed by MRI. Based 
on imaging studies, all suspected arthropathies were adjudi-
cated by an independent blinded committee of musculoskel-
etal radiologists with formal training on reading methodology, 
using training set image data.

In addition, patients were monitored for sympathetic nerv-
ous system dysfunction using prespecified criteria, including an 
autonomic dysfunction questionnaire and thresholds for positional 
changes in blood pressure or heart rate.

Statistical analysis. The statistical analysis plan was 
designed prior to the study start and finalized prior to database 
lock and unblinding. A sample size of 375 randomized patients 
was required in balanced allocation to the 5 treatment arms in 
order to detect a difference of 1.1 in the primary end points (active 
treatment versus placebo), with an assumed SD of 2.3 and Type 
1 error rate of 0.05, providing statistical power of at least 83%. 
A combination of the Hochberg procedure (14) and gatekeeping 
method was used to address multiplicity, by applying the Hoch-
berg method to test first the 6- mg and 9- mg doses versus pla-
cebo, at a significance level of 0.05, followed by sequential testing 
of the 3- mg and 1- mg doses versus placebo, each at a signifi-
cance level of 0.05.

Efficacy variables were analyzed using a mixed- effects 
model repeated- measures (MMRM) approach. The model 
included randomization strata, baseline score, treatment, 
and treatment-   by- visit interaction. Data from all patients were 
used in the primary efficacy analysis according to intent- to- 
treat principles, using the MMRM approach and with no 
imputation for missing data. Least squares (LS) mean val-
ues for the change from baseline to week 16, as well as LS 
mean differences between fasinumab doses and placebo, 

with their corresponding SEs, P values, and 95% confidence 
intervals, were obtained by MMRM.

RESULTS

Disposition of the patients. The study was conducted 
from May 2015 through July 2016, during which 1,214 patients 
with knee and/or hip OA were screened, and 421 were ran-
domized to receive either fasinumab (n = 338) or placebo  
(n = 83) (Figure  1), with follow- up through week 36. During 
the study, 419 patients received ≥1 dose of study medication  
(1 patient randomized to receive placebo and 1 randomized 
to receive 9 mg fasinumab discontinued before drug adminis-
tration). A total of 342 patients completed the entire 36- week 
study (n = 294 in the fasinumab group [87%] and n = 67 in the 
placebo group [81%]).

Demographic and baseline clinical characteristics 
of the patients. Demographics and baseline clinical charac-
teristics were generally balanced across the treatment groups 
(Table 1). Most patients (66%) had K/L radiologic OA severity 
scores of 3 or 4. The index joint was mostly the knee (~88% 
of patients). Patients who were enrolled had a history of inad-
equate pain relief with acetaminophen (99%), NSAIDs (98%), 
and opioids (45%), with 2.6%, 8.3%, and 19% of patients, 
respectively, reporting intolerance to these drugs. Further-
more, 64% of patients were unwilling to take opioids. Of those 
who took opioids in the past, nearly 100% reported having 
tried both strong (e.g., hydrocodone) and weak (e.g., trama-
dol) opioids.

Efficacy. Significantly greater reductions in WOMAC pain 
subscale scores were observed from baseline to week 16 with all 
4 dose levels of fasinumab compared to placebo. The LS mean 
difference in WOMAC pain scores in the active treatment groups 

Table 1. Patient demographics and baseline clinical characteristics (full analysis set)*

Characteristic
Placebo 
(n = 83)

Fasinumab

Total 
(n = 421)

1 mg 
(n = 85)

3 mg 
(n = 84)

6 mg 
(n = 85)

9 mg 
(n = 84)

Combined 
(n = 338)

Age, mean ± SD years 60.1 ± 7.2 60.7 ± 8.9 60.7 ± 8.9 60.1 ± 7.9 61.5 ± 7.8 60.6 ± 8.1 60.6 ± 8.1
Female, no. (%) 54 (65.1) 59 (69.4) 54 (64.3) 51 (60.0) 54 (64.3) 218 (64.5) 272 (64.6)
White, no. (%) 65 (78.3) 64 (75.3) 61 (72.6) 61 (71.8) 67 (79.8) 253 (74.9) 318 (75.5)
BMI, mean ± SD kg/m2 31.8 ± 4.5 30.6 ± 5.0 30.9 ± 4.7 30.5 ± 4.9 31.8 ± 5.0 30.95 ± 4.9 31.12 ± 4.9
Index joint, no. (%)

Hip 9 (10.8) 10 (11.8) 10 (11.9) 11 (12.9) 10 (11.9) 41 (12.1) 50 (11.9)
Knee 74 (90.2) 75 (88.2) 74 (88.1) 74 (87.1) 74 (88.1) 297 (88.1) 371 (88.1)

K/L score, no. (%)
1 0 0 0 0 1 (1.2) 1 (0.3) 1 (0.2)
2 23 (27.7) 31 (36.5) 30 (35.7) 30 (35.3) 28 (33.3) 119 (35.2) 142 (33.7)
3 26 (31.3) 20 (23.5) 21 (25.0) 20 (23.5) 21 (25.0) 82 (24.3) 108 (25.7)
4 34 (41.0) 34 (40.0) 33 (39.3) 35 (41.2) 34 (40.5) 136 (40.2) 170 (40.4)

* BMI = body mass index; K/L = Kellgren/Lawrence (radiologic severity score). 
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compared to placebo ranged from −0.78 to −1.40, without any 
clear dependence on dose level (Table  2 and Figure  2). Pain 
subscale score reductions, evident by week 2, were maintained 
throughout 16 weeks of treatment (Figure  2A). A per- protocol 
analysis provided similar results (data not shown). During the fol-
low- up (after week 16), pain scores in all fasinumab dose groups 
returned toward baseline levels, although not fully. A subgroup 
analysis of the WOMAC pain subscale scores stratified by age, 
sex, race, K/L score, index joint, weight, and BMI demonstrated 
results that were generally consistent with the overall results (see 
Supplementary Figures 2A–E, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41012/ abstract). In addition, all 4 doses of fasinumab yielded 
statistically significant and clinically meaningful improvements 
from baseline to week 16 in the WOMAC physical function sub-
scale scores as compared to placebo (Figure 2B and Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41012/ abstract), 
paralleling changes in the WOMAC pain subscale scores.

Across all doses, fasinumab reduced PGA scores (week 16 
versus baseline) as compared to placebo, with reductions that 
were statistically significant with the 1- mg and 9- mg doses (>30% 
improvement in PGA scores; P = 0.0132 and P = 0.008, respec-
tively). PGA scores returned to baseline levels during  follow- up.

Treatment with fasinumab also resulted in clinical benefit 
across most of the exploratory end points, although our study 

was not specifically powered for these comparisons. Statistically  
significant reductions in the NRS walking pain score were noted 
by week 2 and were maintained over the 16- week treatment 
period across all fasinumab doses (see Supplementary Figure 
3, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41012/ abstract).

In responder analyses, substantial treatment effects, 
defined as ≥30% improvement from baseline in WOMAC 
pain and physical function subscale scores, were observed 
with fasinumab compared to placebo. A greater proportion 
of patients receiving fasinumab achieved ≥30% improvement 
in both the WOMAC pain score (63.5–73.8% of fasinumab- 
treated patients versus 47% of patients receiving placebo) and 
physical function score (61.2–71.4% of fasinumab- treated 
patients versus 44.6% of patients receiving placebo). Similar 
results were demonstrated when the responder analyses were 
based on ≥50% improvement thresholds, yielding statistically 
significant differences in all 4 fasinumab dose groups com-
pared to placebo at week 16.

In the responder analysis based on the OMERACT–OARSI 
responder index, greater proportions of patients receiving fasi-
numab exhibited clinically meaningful treatment responses com-
pared to those receiving placebo (72.9%, 72.6%, 63.5%, and 
78.6% of patients treated with fasinumab at 1 mg, 3 mg, 6 mg, and 
9 mg, respectively, versus 51.8% of patients receiving placebo; all 
P < 0.01 except for the comparison of the 6- mg dose to placebo).

Table 2. Change from baseline to week 16 in WOMAC pain subscale scores (full analysis set)*

Placebo 
(n = 83)

Fasinumab

1 mg 
(n = 85)

3 mg 
(n = 84)

6 mg 
(n = 85)

9 mg 
(n = 84)

Baseline
No. of patients 83 85 84 85 84
WOMAC pain score

Mean ± SD 6.4 ± 1.7 6.3 ± 1.6 6.4 ± 1.6 6.1 ± 1.4 6.5 ± 1.5
Median (range) 6.4 (1.4, 10.0) 6.2 (3.0, 9.4) 6.2 (3.0, 10.0) 6.2 (2.0, 9.6) 6.6 (3.6, 10.0)

Week 16
No. of patients 71 75 78 77 79
WOMAC pain score

Mean ± SD 3.9 ± 2.6 2.8 ± 2.2 2.9 ± 2.31 3.2 ± 2.4 2.7 ± 2.5
Median (range) 4.2 (0.0, 9.0) 2.4 (0.0, 8.2) 2.4 (0.0, 7.6) 2.8 (0.0, 8.0) 2.2 (0.0, 10.0)

Change from baseline
No. of patients 71 75 78 77 79
WOMAC score change 

Mean ± SD −2.4 ± 2.4 −3.5 ± 2.1 −3.4 ± 2.4 −3.1 ± 2.3 −3.8 ± 2.5
Median (range) −2.2 (−8.6, 2.2) −3.2 (−8.4, 0.2) −3.5 (−7.8, 2.6) −3.4 (−7.6, 1.6) −3.8 (−8.8, 1.2)
LS mean ± SE −2.3 ± 0.29 −3.4 ± 0.3 −3.3 ± 0.3 −3.0 ± 0.3 −3.7 ± 0.3

95% CI −2.8, −1.7 −3.9, −2.8 −3.9, −2.8 −3.6, −2.5 −4.2, −3.1
Difference vs. placebo

LS mean ± SE – −1.1 ± 0.4 −1.1 ± 0.4 −0.8 ± 0.4 −1.4 ± 0.4
95% CI – −1.8, −0.4 −1.8, −0.4 −1.5, −0.1 −2.1, −0.7

P – 0.0025 0.0029 0.0304 0.0001
* Analyses were based on a mixed- effects model repeated- measures approach. The prespecified time for assessment of the primary 
efficacy end point of Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain subscale scores was 16 weeks. 
Change from baseline (versus placebo) was significant for all doses of fasinumab at weeks 2, 4, 8, and 12 (nominal P ≤ 0.05). Post hoc 
analysis, difference versus placebo for fasinumab doses of 1 mg, 3 mg, 6 mg, and 9 mg: at week 20, −0.61, −0.92, −0.67, and −1.02, re-
spectively (P < 0.05 for 3 mg and 9 mg versus placebo); at week 36, −0.24, 0.21, 0.33, and 1.00, respectively (P < 0.05 only for 9- mg dose 
versus placebo). LS = least squares; 95% CI = 95% confidence interval. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
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WOMAC pain scores were also assessed in patients with 
and those without pain flare upon withdrawal of a prior analgesic. 
The proportion of patients who experienced a pain flare after anal-
gesic withdrawal (pain score ≥1 on a scale of 0–10) was ~25% 
across doses. Patients with pain flare had worse mean pain scores 
at baseline compared to those without flare. Improvements in the 
mean pain scores at week 16 with fasinumab ranged from −1.12 
to −1.81 in patients with pain flare compared to change in mean 
pain scores ranging from −0.87 to −1.14 in those without pain flare 
(Figures 2C and D). Patients with a pain flare, compared to those 
without pain flare, who were randomized to receive placebo had 
higher baseline pain scores (mean 6.96 versus 6.22), and showed 
more improvement in pain scores at week 16 (LS mean difference 
in score −3.68 versus −2.19). Similar trends were noted in analy-
ses using higher pain thresholds. Greater treatment effects were 
observed in patients with higher baseline pain scores or who exhib-
ited greater worsening of pain on withdrawal of the prior analgesic 
therapy.

Safety. The duration of treatment was similar between the 
placebo and pooled fasinumab groups (mean ± SD 101 ± 26 
days with placebo versus 105 ± 20 days with fasinumab). Fur-
thermore, the duration of observation was similar between the 

groups (mean ± SD 219 ± 75 days with placebo and 236 ± 54 
days with fasinumab).

During the 16- week treatment period, the incidence of 
TEAEs was 62% with fasinumab and 55% with placebo (Table 3). 
Nervous system and musculoskeletal symptoms were more 
frequent following treatment with fasinumab (17% and 19%, 
respectively) than with placebo (9% and 17%, respectively). The 
pooled fasinumab group, as compared to the placebo group, 
had a higher incidence of paresthesia (3% versus 0%) and 
arthralgia (8% versus 2%). Of the 12 paresthesia events in 10 
patients, 10 were mild, 2 were moderate, and none were severe; 
~50% of these events resolved by the study end. There was 1 
event of carpal tunnel syndrome. Preexisting neuropathies were 
an exclusion criterion. There was no indication of sympathetic 

nervous system dysfunction.
During treatment, in the pooled fasinumab dose groups com-

pared to the placebo group, there were variably higher rates of 
infections (21% versus 16%; generally of the respiratory tract) and 
a decreased rate of vascular disorders (6% versus 10%; mostly 
hypertension). In follow- up, these imbalances were less evident. 
Across all treatment groups, most AEs were mild- to- moderate in 
severity. The incidence of serious TEAEs during treatment was 
low (2% with placebo versus 1% with fasinumab). There was no 

Figure 2. Change from baseline in Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) pain (A) and physical function 
(B) subscale scores by visit, and change from baseline in WOMAC pain subscale score in patients exhibiting pain flare (C) compared to those 
not exhibiting pain flare (D) upon withdrawal of a prior analgesic (full analysis set). Pain and physical function subscales were each normalized 
to a scale of 0–10, as described in Patients and Methods.
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apparent fasinumab dose relationship in terms of the proportion of 
patients with serious TEAEs. A low proportion of patients discontin-
ued therapy due to TEAEs (4% [n = 14] in the fasinumab group and 
1% [n = 1] in the placebo group). No group exhibited a predom-
inant cause of discontinuation, as the reasons for discontinuation 

spanned musculoskeletal, nervous system, skin, and subcutane-
ous tissue disorders, with incidence rates of 0–2% for each.

During the 20- week follow- up, the incidence of TEAEs was 
higher in the combined fasinumab group than in the placebo group 
(48% versus 38%) (Table 3), although the incidence of serious 

Table 3. TEAEs reported in >3% of patients during the treatment and follow- up periods, by system organ class (safety analysis set)*

Placebo 
(n = 82)

Fasinumab

1 mg 
(n = 85)

3 mg 
(n = 84)

6 mg 
(n = 85)

9 mg 
(n = 83)

Combined 
(n = 337)

Treatment period
≥1 TEAE 45 (54.9) 54 (63.5) 52 (61.9) 55 (64.7) 48 (57.8) 209 (62.0)
Infections and infestations 13 (15.9) 18 (21.2) 17 (20.2) 16 (18.8) 21 (25.3) 72 (21.4)

Upper respiratory tract 
infection

1 (1.2) 5 (5.9) 3 (3.6) 3 (3.5) 7 (8.4) 18 (5.3)

Urinary tract infection 3 (3.7) 5 (5.9) 1 (1.2) 4 (4.7) 3 (3.6) 13 (3.9)
Sinusitis 3 (3.7) 1 (1.2) 2 (2.4) 2 (2.4) 4 (4.8) 9 (2.7)

Musculoskeletal and connec-
tive tissue disorders

14 (17.1) 16 (18.8) 15 (17.9) 18 (21.2) 14 (16.9) 63 (18.7)

Arthralgia 2 (2.4) 9 (10.6) 5 (6.0) 8 (9.4) 5 (6.0) 27 (8.0)
Back pain 2 (2.4) 4 (4.7) 1 (1.2) 2 (2.4) 3 (3.6) 10 (3.0)
Joint swelling 0 1 (1.2) 6 (7.1) 3 (3.5) 0 10 (3.0)
Pain in extremity 3 (3.7) 3 (3.5) 1 (1.2) 2 (2.4) 4 (4.8) 10 (3.0)
Musculoskeletal pain 4 (4.9) 0 1 (1.2) 2 (2.4) 1 (1.2) 4 (1.2)
Myalgia 0 1 (1.2) 0 2 (2.4) 0 3 (0.9)
Osteoarthritis 0 0 0 0 3 (3.6) 3 (0.9)

Nervous system disorders 7 (8.5) 15 (17.6) 14 (16.7) 15 (17.6) 13 (15.7) 57 (16.9)
Headache 5 (6.1) 7 (8.2) 2 (2.4) 4 (4.7) 4 (4.8) 17 (5.0)
Paresthesia 0 2 (2.4) 4 (4.8) 0 4 (4.8) 10 (3.0)
Dizziness 2 (2.4) 3 (3.5) 2 (2.4) 3 (3.5) 1 (1.2) 9 (2.7)
Hypoesthesia 1 (1.2) 2 (2.4) 3 (3.6) 2 (2.4) 1 (1.2) 8 (2.4)

Gastrointestinal disorders 7 (8.5) 9 (10.6) 12 (14.3) 9 (10.6) 5 (6.0) 35 (10.4)
Nausea 3 (3.7) 6 (7.1) 1 (1.2) 2 (2.4) 1 (1.2) 10 (3.0)
Diarrhea 3 (3.7) 1 (1.2) 1 (1.2) 4 (4.7) 2 (2.4) 8 (2.4)
Dry mouth 1 (1.2) 3 (3.5) 4 (4.8) 1 (1.2) 0 8 (2.4)
Vomiting 0 1 (1.2) 3 (3.6) 1 (1.2) 2 (2.4) 7 (2.1)

Vascular disorders 8 (9.8) 6 (7.1) 4 (4.8) 5 (5.9) 4 (4.8) 19 (5.6)
Orthostatic hypotension 3 (3.7) 3 (3.5) 3 (3.6) 3 (3.5) 2 (2.4) 11 (3.3)
Hypertension 4 (4.9) 1 (1.2) 1 (1.2) 2 (2.4) 1 (1.2) 5 (1.5)

Skin and subcutaneous tissue 
disorders

1 (1.2) 6 (7.1) 4 (4.8) 2 (2.4) 5 (6.0) 17 (5.0)

Rash 0 1 (1.2) 2 (2.4) 1 (1.2) 4 (4.8) 8 (2.4)
Follow- up period
≥1 posttreatment AE 31 (37.8) 36 (42.4) 38 (45.2) 42 (49.4) 44 (53.0) 160 (47.5)
Musculoskeletal and connec-

tive tissue disorders
10 (12.2) 15 (17.6) 20 (23.8) 25 (29.4) 23 (27.7) 83 (24.6)

Arthralgia 5 (6.1) 3 (3.5) 11 (13.1) 12 (14.1) 9 (10.8) 35 (10.4)
Rapidly progressive OA 0 2 (2.4) 2 (2.4) 5 (5.9) 7 (8.4) 16 (4.7)
OA 0 3 (3.5) 4 (4.8) 3 (3.5) 4 (4.8) 14 (4.2)
Musculoskeletal pain 2 (2.4) 2 (2.4) 5 (6.0) 4 (4.7) 1 (1.2) 12 (3.6)
Joint swelling 1 (1.2) 1 (1.2) 2 (2.4) 4 (4.7) 1 (1.2) 8 (2.4)
Pain in extremity 1 (1.2) 1 (1.2) 1 (1.2) 3 (3.5) 2 (2.4) 7 (2.1)

Infections and infestations 7 (8.5) 11 (12.9) 15 (17.9) 8 (9.4) 12 (14.5) 46 (13.6)
Upper respiratory tract 

infection
0 2 (2.4) 7 (8.3) 3 (3.5) 0 12 (3.6)

Urinary tract infection 2 (2.4) 3 (3.5) 2 (2.4) 0 1 (1.2) 6 (1.8)
Bronchitis 1 (1.2) 0 1 (1.2) 0 3 (3.6) 4 (1.2)

Vascular disorders 4 (4.9) 2 (2.4) 5 (6.0) 3 (3.5) 5 (6.0) 15 (4.5)
Orthostatic hypotension 4 (4.9) 2 (2.4) 4 (4.8) 0 4 (4.8) 10 (3.0)

* Adverse events (AEs) were defined according to the Medical Dictionary of Regulatory Activities (version 18.0) with system organ class preferred 
terms. A patient who reported ≥2 treatment- emergent AEs (TEAEs) with the same preferred term was counted only once for that term. A patient 
who reported ≥2 TEAEs with different preferred terms within the same system organ class was counted only once in that system organ class. 
Values are the number (%) of patients. OA = osteoarthritis. 
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TEAEs was similar between the groups (6% of fasinumab- treated  
patients versus 5% of placebo- treated patients), varying across 
the fasinumab dose groups.

Due to the historical interest in arthropathy associated with 
anti- NGF treatment, careful analyses were performed to detect 
both symptomatic arthropathy and arthropathies detected via 
routine radiologic surveillance without requiring presence of 
symptoms. Adjudicated arthropathies were detected in 23 
patients (5%) overall, involving 25 joints (13 index joints and 12 
non- index joints) in 7% of patients in the combined fasinumab 

group and 1% of patients in the placebo group (Table 4).
An increase in arthropathies according to fasinumab 

dose and time was observed during the study. There was a 
clear dependence on the fasinumab dose, with 1 arthropathy 
observed in the placebo group compared to 2 arthropathies 
in patients receiving the 1- mg dose, 4 in patients receiving 
the 3- mg dose, 6 in patients receiving the 6- mg dose, and 12 
in patients receiving the 9- mg dose. Arthropathies consisted 
of RPOA in 5% of patients in the fasinumab group (with joint 
space narrowing [RPOA- 1] in 14 patients; with bony changes 
[RPOA- 2] in 2 patients) compared to none in the placebo 
group. Subchondral insufficiency fracture occurred in 1.8% of 
patients in the combined fasinumab group and 1.2% in the 
placebo group. Most arthropathies (16 of the 25) were discov-
ered by a scheduled radiologic assessment. The incidence of 
arthropathy prompted by symptoms (9 of 25), outside of routine 
assessment, was low (1 in the placebo group, 1 in the 1- mg 
dose group, 3 in the 3- mg dose group, 2 in the 6- mg dose 

group, and 2 in the 9- mg dose group, involving subchondral 
insufficiency fracture in 5 patients, RPOA- 1 in 3 patients, and 
RPOA- 2 in 1 patient). No primary osteonecrosis was observed.

Because MRI is superior to radiography for observing 
changes in joint structure, its use for monitoring resulted in 
detection of subtle changes in bone structure, with variable 
degrees of severity, that were not evident on radiography. To 
highlight those cases that were most severe, reflecting the level 
of destructive joint changes for this class of drug as outlined by 
the 2012 Arthritis Advisory Committee (15), a blinded post hoc 
analysis was performed on all adjudicated arthropathies to iden-
tify destructive arthropathy, which was defined as abnormal bone 
fragmentation, destruction, or fracture during the study, including 
near- total or total collapse of an articular surface, and subluxa-
tion/malalignment, all inconsistent with radiographic findings in 
advanced OA, and readily observed on radiography. Destructive 
arthropathy was identified in only 1 patient, who was receiving  
6 mg fasinumab (<0.3% of the 337 fasinumab- treated patients).

Overall, 16 patients (4%) underwent 18 joint replacements, 
predominantly involving the knees (15 with knee replacement, 2 
with hip replacement, and 1 with shoulder joint replacement). Joint 
replacements occurred at an incidence of 3–4 per group (Table 4), 
with no evidence of either drug or dose dependence.

Routine monitoring of laboratory test findings revealed no 
significant changes, except in the levels of alkaline phosphatase 
(ALP), which increased in a time-  and dose- dependent manner 
during the trial, although group mean values remained within 
the normal range (see Supplementary Figure 4, available on the 

Table 4. Adjudicated arthropathies and total joint replacements (safety analysis set)*

Placebo 
(n = 82)

Fasinumab

1 mg 
(n = 85)

3 mg 
(n = 84)

6 mg 
(n = 85)

9 mg 
(n = 83)

Combined 
(n = 337)

Arthropathies†
No. of arthropathies 1 2 4 6 12 24
Patients with ≥1 arthropathy 1 (1.2) 2 (2.4) 4 (4.8) 6 (7.1) 10 (12.0) 22 (6.5)

RPOA‡ 0 2 (2.4) 2 (2.4) 5 (5.9) 7 (8.4) 16 (4.7)
Subchondral insufficiency fracture 1 (1.2) 0 2 (2.4) 1 (1.2) 3 (3.6) 6 (1.8)

Joint replacements
No. of joint replacements 4 3 4 4 3 14
Patients with ≥1 joint replacement§ 3 (3.7) 3 (3.5) 3 (3.6) 4 (4.7) 3 (3.6) 13 (3.9)
No. of joint replacements per 1,000 

patient- years¶
81.2 56.5 73.8 72.7 53.8 64.2

Joint replaced
Knee 3 3 4 3 2 12
Hip 0 0 0 1 1 2
Shoulder 1 0 0 0 0 0

* Except where indicated otherwise, values are the number (%) of patients. 
† Arthropathies include those during the treatment and follow- up periods combined, detected on scheduled and unsched-
uled radiographic assessments. 
‡ Of the rapidly progressive osteoarthritis (RPOA) events, 2 patients had RPOA- 2 (1 in the 6 mg fasinumab group and 1 in the 
9 mg fasinumab group) and 14 patients (16 events) had RPOA- 1 (across fasinumab doses). Two patients (both in the 9 mg 
fasinumab group) had bilateral RPOA- 1. 
§ Two patients had bilateral joint replacements. 
¶ The corresponding 95% confidence intervals (95% CIs) were as follows: for placebo, 95% CI 63.5, 98.9; for 1 mg fasinumab, 
95% CI 41.8, 71.2; for 3 mg fasinumab, 95% CI 57.0, 90.6; for 6 mg fasinumab, 95% CI 56.0, 89.4; for 9 mg fasinumab, 95% CI 
39.4, 68.2; for fasinumab doses combined, 95% CI 48.5, 79.9. 
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Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41012/ abstract). In 3 patients (1 receiving pla-
cebo and 2 receiving 6 mg fasinumab), the study- defined cutoff 
for a significant ALP elevation (1.5× the upper limit of normal) was 
exceeded. All 3 of these patients had ALP levels that were above 
normal limits at baseline, which, over the follow- up, increased by 
48.9%, 74.2%, and 19.4%, respectively. The mean increase in 
ALP levels, likely being of bone origin given the lack of liver enzyme 
changes, were marginally greater (7–9 units) in those who devel-
oped arthropathy compared to those without arthropathy, which 
occurred in only the highest 2 fasinumab dose groups. During the 
follow- up, ALP values largely resolved across the groups by week 
36, although they had not returned fully to baseline levels. There 
were no deaths during the study.

DISCUSSION

In this phase IIb/III study involving patients with moderate- to- 
severe OA, fasinumab was superior to placebo for improving pain 
and physical function. Patients receiving fasinumab, as compared to 
those receiving placebo, demonstrated statistically significant and 
clinically important reductions in WOMAC pain and physical func-
tion subscale scores. The placebo- adjusted group mean improve-
ments in the WOMAC pain scores ranged from −0.78 to −1.40 
points, exceeding the MCID (10). Responder analyses (thresholds 
of ≥30% and ≥50% reductions in WOMAC pain and physical func-
tion subscale scores) confirmed that a substantially greater pro-
portion of patients receiving fasinumab achieved improvements 
compared to placebo. Furthermore, notable relief in the severity of 
walking pain was achieved within 7 days of initiation of fasinumab 
therapy across all 4 doses, as evidenced by the NRS walking pain 
scores. Overall, efficacy was observed at all doses of fasinumab. 
No obvious dose–response relationship was observed to suggest 
having met or exceeded the threshold for maximal response.

Improvements in pain and function with fasinumab should 
be placed in the context of published data with regard to anal-
gesic treatments. A recent meta- analysis across 17 trials in OA 
showed that acetaminophen, the analgesic of first choice for OA 
pain, provided very modest pain relief, with an improvement of 
~0.4 points from a baseline pain score of 6 points on the 10- 
point WOMAC pain subscale (16). In another analysis (17), the 
effect size of acetaminophen versus placebo (pain score reduc-
tion −0.09) was substantially lower than that of any of the studied 
NSAIDs (reductions ranging from −0.39 to −0.49 with naproxen, 
ibuprofen, and diclofenac). Effect sizes with celecoxib, the only 
selective cyclooxygenase 2 inhibitor available in the United States, 
with pain score reductions ranging from −0.11 to −0.34 across 
dosages, were lower than that seen with nonspecific NSAIDs. 
A comprehensive meta- analysis comparing opioids to NSAIDs 
in OA showed little difference in pain relief between these cate-
gories of analgesics (18). A more recent review arrived at similar 
conclusions (19). In our study, patients receiving fasinumab aver-

aged an improvement of >3.4 points on the 10- point WOMAC 
pain subscale score (−3.5, −3.4, −3.1, and −3.8 points with the 
1- mg, 3- mg, 6- mg, and 9- mg doses, respectively), representing 
a 50–58% improvement from baseline and yielding effect sizes of 
−0.46, −0.45, −0.32, and −0.59 points across fasinumab doses 
of 1 mg, 3 mg, 6 mg, and 9 mg, respectively. For some of these 
doses, the effect size was substantially greater than has been 
reported with acetaminophen, opioids, and some NSAIDs.

Evaluation of effect size must take into consideration trial 
design. Most OA analgesic trials enrolled patients who had experi-
enced pain flare upon withdrawal of a prior analgesic therapy, with 
flare being identified by an increase of ≥10 points on the WOMAC 
0–100 pain scale (or 1 point on a 0–10 scale) (20,21). In contrast, 
our study enrolled patients who had OA knee and/or hip pain both 
at screening and at baseline, but pain flare was not an enrollment 
criterion, and therefore patients were enrolled whose pain may 
not have been adequately treated with a prior analgesic. Most 
patients did not exhibit pain flare after analgesic withdrawal. In the 
subgroup of patients who did experience a pain flare, treatment 
responses were greater than in those who did not, consistent 
with the greater treatment effect observed in OA trials employing 
a study design that required flare (19). One group reported that 
pain and functional scores in study designs that did not require 
pain flare may underestimate treatment effects by 37–50% (20), 
although another study, using a different methodology, did not 
observe such a difference (21). Clinical trials assessing the efficacy 
of fasinumab compared to NSAIDs have been initiated.

With respect to other anti- NGF antibodies, a knee OA proof- 
of- concept study compared tanezumab, a humanized IgG2 
anti- NGF monoclonal antibody administered intravenously at a 
dose of 10–200 μg/kg on days 1 and 56, to placebo, employ-
ing a study design that required pain flare (defined as WOMAC 
pain score worsening of ≥10 points) (22). Improvements in pain 
scores from baseline were demonstrated in a relatively flat dose 
response at the lowest 3 doses, with the best efficacy observed 
at the highest 2 doses. In subsequent phase III studies of tane-
zumab (at doses ranging from 2.5 to 10 mg given intravenously 
every 8 weeks) in patients with knee OA (23) and hip OA (24), 
with a study design requiring flare, these efficacy results were 
largely recapitulated.

Fasinumab was generally well tolerated in the present study. 
Although the rate of TEAEs was higher with fasinumab than with 
placebo, there were few discontinuations attributable to TEAEs. 
ALP elevations in treated patients may reflect the effect of fasi-
numab on anabolic bone metabolism or, perhaps, could have 
been the result of increases in physical activity (not quantified in 
this study) after relief of pain, stimulating bone formation (25–27). 
Although study populations may vary across clinical trials, the 
proportions of patients with nervous system and musculoskeletal 
disorders, which was higher with fasinumab than with placebo, 
appeared to be consistent with the rates previously reported 
with tanezumab (5), and may be related to the inhibition of NGF, 

http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41012/abstract
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although few patients discontinued treatment and there were no 
cases of sympathetic nerve dysfunction.

Despite the promise of efficacy seen with anti- NGF agents, 
enthusiasm for this class of drugs has been tempered by obser-
vations of treatment- associated arthropathies. To our knowledge, 
this is the first study of an NGF inhibitor to incorporate routine, 
prospective, intense radiologic joint assessment using both radi-
ographs and MRI, to comprehensively document the occurrence 
of nonsymptomatic, as well as symptomatic, arthropathies. Fasi-
numab was associated with a greater rate of adjudicated arthrop-
athies, which were clearly dose dependent, compared to placebo, 
with most being nonsymptomatic and dominated by joint space 
narrowing (RPOA- 1). There were no reports of osteonecrosis, and 
the rates of joint replacements were comparable across treatment 
arms.

The rate of destructive arthropathy reported in our study was 
small (1 of 338 patients randomized to receive fasinumab at 6 mg) 
and difficult to compare to rates reported in studies with the other 
NGF inhibitors, in which joint events of this type were observed 
largely upon retrospective assessment of radiographs performed 
to assess symptoms and after patient referral for joint replacement 
(28–31). Insights into the etiology of the arthropathies observed in 
this trial await additional analysis of specific bone and other bio-
markers, and qualitative and quantitative assessments of physical 
activity. Data on the efficacy and safety of fasinumab over longer 
treatment periods will emerge from larger, ongoing clinical trials 
(see http://www.clini caltr ials.gov).

In conclusion, in this phase IIb/III study involving >400 
patients with knee and/or hip OA, fasinumab demonstrated a 
substantial degree of analgesia in patients with moderate- to- 
severe pain from OA, without clear evidence of dependence on 
dose level for efficacy, even in patients who had not experienced 
benefits with prior analgesics, a group previously excluded in 
most other pain studies in OA. This represents an important, 
previously unaddressed patient population. Fasinumab was 
well tolerated by most patients, with a clear dose- dependent 
increase in joint- related abnormalities. The observation that the 
efficacy of lower doses was similar to that of higher doses but 
was associated with lower rates of arthropathy demands that 
future studies explore the benefit versus risk at these lower 
doses of fasinumab.
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Role of Nonsteroidal Antiinflammatory Drugs in the 
Association Between Osteoarthritis and Cardiovascular 
Diseases: A Longitudinal Study
Mohammad Atiquzzaman, Mohammad E. Karim,  Jacek Kopec, Hubert Wong, and Aslam H. Anis

Objective. To elucidate the role of nonsteroidal antiinflammatory drugs (NSAIDs) in the increased risk of car
diovascular disease (CVD) among osteoarthritis (OA) patients.

Methods. This longitudinal study was based on linked health administrative data from British Columbia, Canada. 
From a population based cohort of 720,055 British Columbians, we selected 7,743 OA patients and 23,229 age  
and sex matched non OA controls. We used multivariable Cox proportional hazards models to estimate the risk of 
developing incident CVD (primary outcome) as well as ischemic heart disease, congestive heart failure, and stroke 
(secondary outcomes). To estimate the mediating effect of NSAIDs, defined as current use of an NSAID according to 
linked PharmaNet data, in the OA–CVD relationship, we implemented a marginal structural model.

Results. OA patients had a higher risk of developing CVD than controls without OA. After adjusting for socioeco
nomic status, body mass index, hypertension, diabetes, hyperlipidemia, chronic obstructive pulmonary disease, and 
Romano comorbidity score, the adjusted hazard ratio (HR) was 1.23 (95% confidence interval [95% CI] 1.17–1.28). 
The adjusted HRs for congestive heart failure, ischemic heart disease, and stroke were 1.42 (95% CI 1.33–1.51), 
1.17 (95% CI 1.10–1.26), and 1.14 (95% CI 1.07–1.22), respectively. Approximately 41% of the total effect of OA on 
increased CVD risk was mediated through NSAIDs. For the secondary outcomes, the proportion mediated through 
NSAIDs was 23%, 56%, and 64% for congestive heart failure, ischemic heart disease, and stroke, respectively.

Conclusion. The findings of this first study to evaluate the mediating role of NSAIDs in the relationship between 
OA and CVD suggest that NSAID use contributes substantially to the OA–CVD association.

INTRODUCTION

In Canada, the burden of cardiovascular disease (CVD) is sig-
nificant in terms of both mortality and health- related quality of life. 
Approximately 2.4 million Canadians live with CVD, and >48,000 
people die from CVD each year (1). Osteoarthritis (OA) is a major 
musculoskeletal disorder that affects 1 in 8 Canadian adults (2). 
Recent research suggests that OA is an independent risk factor 
for CVD (3–7). In a systematic review and meta- analysis of obser-
vational studies, Wang et al reported that OA patients experience 
a 24% greater risk of CVD compared to individuals without OA, 
with a pooled relative risk of 1.24 (95% confidence interval [95% 
CI] 1.12–1.37) (3). The underlying mechanism of this higher risk of 
CVD among OA patients has not been studied yet (4,8).

Currently, there is no cure for OA. Nonsteroidal antiinflam-
matory drugs (NSAIDs) are frequently used to control the primary 
symptoms of OA, pain and inflammation (2). In 2007, ~1.2 mil-
lion NSAID prescriptions were written in Canada to treat patients 
with OA (2). The British Columbia Osteoarthritis Survey reported 
in 2007 that 78% of OA patients in British Columbia received 
NSAIDs (9). This finding closely matches the observations of a 
Spanish cross- sectional study, which found that 79% of OA 
patients received NSAIDs (10).

Findings from both observational studies and randomized 
controlled trials (RCTs) suggest that NSAIDs are associated 
with cardiovascular side effects (11–13). The substantial use of 
NSAIDs in OA treatment and knowledge of CVD risk associated 
with NSAID use warrant an investigation of the role of NSAIDs in 
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the OA–CVD association. With respect to NSAID use, only 5 of 
15 observational studies that looked at the CVD risk among OA 
patients considered NSAID use as a confounder (3). Many experts 
in the field have hypothesized that NSAIDs, frequently used in OA 
treatment, may ultimately cause these patients to develop CVD 
(4,8), that is, NSAID use is believed to lay in the causal pathway 
of the OA–CVD relationship. Rather than considering NSAID 
use as merely a confounder in the investigation of the OA–CVD 
relationship, a “mediation analysis” appears to be a more appro-
priate method of inquiry. Mediation analysis using marginal struc-
tural models is increasingly being used in epidemiologic studies 
(14–18). Lange et al proposed an algorithmic method of obtaining 
unbiased estimates of the natural direct and indirect effects, using 
counterfactual principles (19). The present study is the first to eval-
uate the mediating role of NSAID use in the OA–CVD relationship.

PATIENTS AND METHODS

Study population. In this longitudinal study, we analyzed 
an updated population- based cohort of 720,055 British Colum-
bians (4). These subjects were registered in the British Colum-
bia Medical Services Plan (MSP) from April 1, 1991 to December 
31, 2013. The cohort was assembled from the British Colum-
bia health administrative data maintained by The BC Ministry of 
Health. Population Data BC removed all identifiable information 
such as subject name and address to preserve anonymity (20). A 
unique serial number (study ID) replaced the personal health num-
ber of each subject. Individual- level information such as date of 
birth, sex, socioeconomic status (SES), billing information for any 
health- related consultation, as well as hospital data such as date 
of hospital admission, diagnosis, and date of hospital separation 
were linked using the study ID. Vital statistics deaths data were 
also linked at the individual level. Information on all community- 
dispensed prescriptions, regardless of funding source, was avail-
able for each subject from January 1, 1996 to December 31, 
2013. For each prescription dispensed, data were available on the 
drug identification number, dispensing date, quantity dispensed, 
and the number of days supplied. This study was approved by 
the Behavioural Research Ethics Board of The University of British 
Columbia.

OA exposure definition. OA patients were identified 
according to previously validated criteria using International Clas-
sification of Diseases (ICD) diagnostic codes (21). A case definition 
of at least 2 visits to a health professional, separated by at least 1 
day, but within a 2- year period, or 1 discharge from the hospital 
coded for OA (ICD- 9 code of 715 or ICD- 10 code of M15–M19) 
was adopted to identify OA patients. A visit to a health profes-
sional was defined as any service except a few procedures such 
as midwifery and obstetrics, anesthesia, dialysis, and/or transfu-
sion plus certain diagnostic procedures such as diagnostic radi-
ology and ultrasound. All visits to any health care provider were 

assessed and the date of the second visit to a health professional 
or the date of hospital admission, whichever occurred first, was 
considered the OA diagnosis date (index date). All individuals who 
met the OA case definition during the period of January 1, 1996 
to December 31, 2008, were at least 20 years of age on the OA 
index date, and did not have a history of CVD based on physician 
consultation and/or hospital admission before OA diagnosis were 
included in the OA exposure group. We excluded all individuals 
with rheumatoid arthritis (RA) from the cohort before identifying 
OA patients. As such, OA patients in our analyses did not have a 
diagnosis of RA during the entire study period.

Comparison group. A group of non- OA controls who had 
no OA- related physician consultation or hospital admission and 
were not diagnosed as having RA during the entire study period 
was identified. For each OA patient, all individuals without OA 
who were at risk of CVD on the corresponding OA diagnosis date 
were identified, and then 3 individuals without OA were randomly 
selected by matching based on exact age and sex. Once selected 
for an OA case, those 3 matched individuals were removed from 
the pool of non- OA controls and then matching was performed for 
the next patient with OA (without replacement).

Outcome variable. Composite cardiovascular event was 
the primary outcome in this study. Specific cardiovascular events 
such as ischemic heart disease, congestive heart failure, and 
stroke were the secondary outcomes. Using a definition similar to 
that proposed by Tonelli et al (22), we identified primary and sec-
ondary cardiovascular events from the discharge abstract data-
base (hospital separations), Medical Services Plan (MSP) payment 
information file, and vital statistics deaths data file using ICD- 9 
codes (410- 414, 428, 430- 434, 436, and 438) or ICD- 10 codes 
(I20- I25, I50, and I60- I64). A case definition of 1 hospitalization or 
2 visits to a health professional separated by at least 1 day but 
within 2 years, or underlying cause of death, whichever occurred 
first, was used to identify congestive heart failure in administra-
tive data. For ischemic heart disease, the case definition was 
restricted to 1 hospitalization or underlying cause of death, which-
ever occurred first. To identify stroke, the case definition was 1 
hospitalization or 1 visit to a health professional or underlying 
cause of death, whichever occurred first.

Covariates. Older age, sex, family history of CVD, obesity, 
smoking, physical inactivity, unhealthy diet, stress, hypertension 
(high blood pressure), high cholesterol, and diabetes are common 
risk factors for CVD (1,23–26). In this study, we used exact age on 
OA index date and sex to match non- OA controls and OA cases. 
SES was the neighborhood income per person equivalent that 
was recorded as a range of 5 income groups where 1 was the 
lowest and 5 was the highest income quintile. Adopting a defi-
nition similar to that proposed by Tonelli et al (22), we assessed 
the baseline history of comorbidities such as hypertension,  
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diabetes, hyperlipidemia, and chronic obstructive pulmonary dis-
ease (COPD) using ICD- 9 or ICD- 10 codes. We used the following 
ICD codes to identify the various comorbidities: for hypertension, 
ICD- 9 code 401 or ICD- 10 code I10; for diabetes, ICD- 9 code 
250 or ICD- 10 code E11; for hyperlipidemia, ICD- 9 code 272 or 
ICD- 10 code E78; and for COPD, ICD- 9 code 490, 492, 494, or 
496 or ICD- 10 code J40, J43, J44, or J47. We also calculated the 
Romano comorbidity score at baseline for each subject (27,28). 
The Romano score contains 19 critically important comorbidities 
and has been used as a risk adjustment in epidemiologic studies.

Body mass index (BMI) imputation. The British Colum-
bia health administrative data do not include information on BMI. 
Previous studies have imputed BMI based on population- level 
averages (4). In this study, we imputed BMI at the individual level 
by multiple imputation technique (29) using data from the Cana-
dian Community Health Survey (30,31) (see Supplementary text 
part A, available on the Arthritis & Rheumatology web site at  
http://onlin elibr ary.wiley.com/doi/10.1002/art.41027 abstract).

Mediator variable. Using a definition similar to one previ-
ously used in the literature, we created a binary variable of cur-
rent use of NSAIDs based on the NSAID mediator index date 
(32–34). In this analysis of matched data (1 individual with OA and 
3 corresponding controls), we defined the NSAID mediator index 
date as the CVD date for an OA- exposed individual, and applied 
the index date to that individual’s control group members who 
had not experienced a cardiovascular event. An individual was 
considered to be a current user of NSAIDs if the duration of the 
last NSAID prescription dispensed overlapped with the mediator 
index date (32–34). In a subgroup analysis, we divided NSAIDs 
into selective cyclooxygenase 2 (COX- 2) inhibitors (coxibs [cel-
ecoxib, lumiracoxib, rofecoxib, and valdecoxib]) and conventional 
NSAIDs, including diclofenac, ibuprofen, and naproxen (35,36). 
Using a similar definition, we created the variables “current use of 
coxibs” and “current use of conventional NSAIDs” for the primary 
and secondary outcomes.

Statistical analysis. Study participants were followed 
up prospectively in the database for incident CVD. For individu-
als with OA, the follow- up period started on the date of their OA 
diagnosis (index date). For non- OA controls, the follow- up period 
began on the index date of the corresponding OA case for which 
the controls were selected. Individuals were censored when they 
died, emigrated, or reached the study end date (December 31, 
2013), whichever occurred first.

Person- years of risk for the follow- up period were calculated. 
Covariates were selected by comparing the difference in Akaike’s 
information criterion (AIC) (37). If the AIC decreased by ≥4 points 
in a bivariate model based on the primary outcome, the covariate 
was included in the model (38). We assessed the proportionality 
assumption by observing the log (−log [survival function]) versus 

log of survival time. We estimated the hazard ratio (HR) and 95% 
CI using the Cox proportional hazards model.

We used a marginal structural model approach based on a 
counterfactual framework (39) to deconstruct the effect of OA on 
increased risk of CVD into (a) natural direct effect, i.e., the direct 
effect of OA on CVD not mediated through NSAID use, and (b) nat-
ural indirect effect, i.e. the effect of OA on CVD mediated through 
NSAID use (Figure 1). Analyses were adjusted for the confound-
ing variables SES, BMI, hypertension, diabetes, hyperlipidemia, 
COPD, and Romano comorbidity score. The algorithm proposed 
by Lange et al allowed us to fit marginal structural models and 
obtain HR estimates of natural direct and indirect effects from a 
weighted Cox proportional hazards model (19) (See Supplemen-
tary text part B, available on the Arthritis & Rheumatology web site  
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41027 abstract, for  
technical details.) The HR for the total effect was the product of 
the HRs for the natural direct effect and the natural indirect effect. 
The confidence interval of the total effect and proportion mediated 
was determined by the bootstrap percentile method (14,19).

RESULTS

We identified 7,743 patients who met the case definition 
for OA during the period from January 1996 to December 2008, 
and 23,229 non- OA controls who were at risk of CVD on the 
corresponding OA index date were matched to the OA patients 
based on age and sex. Table 1 presents the characteristics of 
the overall study sample (n = 30,972) by OA exposure status. 
The mean age of the study participants was 64.53 years, and 
~56.04% were female. A higher proportion of individuals with OA 
were obese (29.35%) compared to non- OA controls (19.76%). 

Figure 1. Diagram showing the hypothesized causal relationship 
between osteoarthritis (OA) and cardiovascular disease (CVD). The 
natural direct effect (NDE) of OA on CVD is the primary effect of OA 
on CVD (OA→CVD), and the natural indirect effect (NIE) is mediated 
through the use of nonsteroidal antiinflammatory drugs (NSAIDs) 
(OA→NSAIDs→CVD). SES = socioeconomic status; BMI = body 
mass index; COPD = chronic obstructive pulmonary disease.

http://onlinelibrary.wiley.com/doi/10.1002/art.41027abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41027abstract
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The sample was approximately equally distributed across the 
different socioeconomic groups. With regard to the 4 comorbid 
conditions, hypertension and COPD were more common among 
OA patients compared to non- OA controls. Approximately 33% 
of OA patients had hypertension compared to 28% of non- OA 
controls, and 10% of OA patients had COPD compared to 7% 
of non- OA controls. OA patients had more comorbidities than 
non- OA controls. The mean Romano comorbidity score was 

0.27 and 0.20 for OA patients and non- OA controls, respectively.
There were 9,452 incident cases of the primary outcome, 

i.e., CVD. The mean ± SD follow- up time was ~9.74 ± 5.07 
years, and the cumulative follow- up period was 301,886 person- 
years. The crude incidence rate of CVD per 1,000 person- years 
was 38.07 and 29.05 for OA patients and non- OA controls, 
respectively. In the unadjusted Cox proportional hazards model, 
the risk of developing CVD among OA patients was 31% higher 
compared to controls without OA (HR 1.31 [95% CI 1.25–1.37]) 

(Table 2). After adjusting for SES, BMI, hypertension, diabetes, 
hyperlipidemia, COPD, and Romano comorbidity score, the risk 
of CVD was attenuated but was significantly higher among OA 
patients. The adjusted HR was 1.23 (95% CI 1.17–1.28). With 
regard to secondary outcomes, the risk was highest for conges-
tive heart failure, followed by ischemic heart disease and stroke. 
The adjusted HR was 1.42 (95% CI 1.33–1.51) for congestive 
heart failure, 1.17 (95% CI 1.10–1.26) for ischemic heart dis-

ease, and 1.14 (95% CI 1.07–1.22) for stroke.
In the process of estimating the mediating effect, we first 

modeled the relationship of NSAID use (the mediator) with OA 
exposure and CVD outcome. For the primary CVD outcome, 
current NSAID use was significantly more prevalent among OA 
patients (5.35%) than non- OA controls (1.07%). The odds of using 
NSAIDs were 5.09 times higher among OA patients compared to 
individuals without OA (adjusted odds ratio 5.09 [95% CI 4.33–
5.99]). The mediator was also found to be strongly associated 

Table 1. Characteristics of the study sample (n = 30,972) by OA exposure status*

Total 
(n = 30,972)

Individuals with OA 
(n = 7,743)

Individuals without OA 
(n = 23,229)

CVD
No 21,520 (69.48) 4,860 (62.77) 16,660 (71.72)
Yes 9,452 (30.52) 2,883 (37.23) 6,569 (28.28)

Age, mean ± SD years 64.53 ± 12.81 64.53 ± 12.81 64.53 ± 12.81
Sex, % female 56.04 56.04 56.04
BMI category

Normal weight 10,515 (33.95) 2,161 (27.91) 8,354 (35.96)
Underweight 1587 (5.12) 256 (3.31) 1,331 (5.73)
Overweight 12,007 (38.76) 3,053 (39.43) 8,954 (38.55)
Obese 6,863 (22.15) 2,273 (29.35) 4,590 (19.76)

SES†
1 5,950 (19.21) 1,475 (19.05) 4,475 (19.26)
2 5,740 (18.53) 1,409 (18.19) 4,331 (18.64)
3 6,954 (22.45) 1,689 (21.81) 5,265 (22.67)
4 6,043 (19.52) 1,553 (20.07) 4,490 (19.34)
5 6,285 (20.29) 1,617 (20.88) 4,668 (20.09)

Hypertension
No 22,024 (71.11) 5,186 (66.98) 16,838 (72.48)
Yes 8,948 (28.89) 2,557 (33.02) 6,391 (27.52)

Hyperlipidemia
No 28,675 (92.58) 7,219 (93.23) 21,456 (92.37)
Yes 2,297 (7.42) 524 (6.77) 1,773 (7.63)

Diabetes
No 28,352 (91.54) 7,112 (91.86) 21,240 (91.44)
Yes 2,620 (8.46) 631 (8.14) 1,989 (8.56)

COPD
No 28,472 (91.93) 6,944 (89.68) 21,528 (92.68)
Yes 2,500 (8.07) 799 (10.32) 1,701 (7.32)

Romano comorbidity 
score, mean ± SD

0.22 ± 0.76 0.27 ± 0.83 0.20 ± 0.74

Current NSAID use
No 30,309 (97.86) 7,329 (94.65) 22,980 (98.93)
Yes 663 (2.14) 414 (5.35) 249 (1.07)

* Except where indicated otherwise, values are the number (%). OA = osteoarthritis; CVD = cardiovascular disease; 
BMI = body mass index; COPD = chronic obstructive pulmonary disease; NSAID = nonsteroidal antiinflammatory 
drug. 
† Socioeconomic status (SES) was divided into 5 categories, with 1 representing the lowest and 5 representing the 
highest SES. 
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with CVD outcome. After adjusting for OA, SES, BMI, hyperten-
sion, diabetes, hyperlipidemia, COPD, and Romano comorbidity 
score, the HR was 4.14 (95% CI 3.80–4.50).

Finally, we implemented marginal structural models to 
estimate the mediating effect. Table  3 presents the natural 
direct effect of OA on CVD and the natural indirect effect of 
OA on CVD mediated through NSAID use. The 23% increased 
risk of CVD among OA patients was deconstructed into a 
direct HR of 1.13 (95% CI 1.09–1.18) and an indirect, NSAID- 
mediated HR of 1.09 (95% CI 1.07–1.09). Approximately 41% 
(95% CI 33–51%) of the total effect of OA on the increased risk 
of CVD was mediated through NSAID use. For the second-
ary outcomes, the proportion of total effect mediated through 
current NSAID use was 23% (95% CI 17–28%) for congestive 
heart failure, 56% (95% CI 37–87%) for ischemic heart dis-

ease, and 64% (95% CI 39–115%) for stroke.
A subgroup analysis revealed that a greater proportion of 

the risk of all primary and secondary outcomes was mediated 
through conventional NSAIDs compared to coxibs (Table  4). 
Approximately 29% (95% CI 21–38%) of the total risk of CVD 
was mediated through conventional NSAIDs compared to 
21% (95% CI 15–29%) mediated through coxibs. For ischemic 

heart disease, conventional NSAIDs explained ~45% (95% CI 
26–79%) of the total risk compared to 32% (95% CI 16–63%) 
explained by coxibs. The proportion of congestive heart failure 
risk mediated through conventional NSAIDs was slightly higher 
than that of coxibs (14% [95% CI 10–19%] versus 12% [95% 
CI 8–18%]). Following a similar trend, conventional NSAIDs 
explained a higher portion of the total effect of OA on stroke 
(52% [95% CI 29–107%] versus 34% [95% CI 13–78%] for 

coxibs).

DISCUSSION

In recent years, a number of studies have shown that OA 
is an independent risk factor for CVD (3–7). However, no pre-
vious study has investigated the cause of the increased risk 
of CVD among OA patients. The need for an evaluation of the 
causal pathways in the OA–CVD relationship has been noted 
in the literature (4).

The prevailing hypothesis with regard to the relationship 
between OA and CVD has been that OA patients frequently take 
NSAIDs to control their pain and inflammation and that the use of 
NSAIDs may lead to CVD (4,8). Accordingly, we undertook this 
longitudinal observational cohort- based analysis to investigate 
the underlying mechanisms of the OA–CVD relationship. First, 
we reexamined the effect of OA on CVD using population- based 
health administrative data from British Columbia, Canada. We 
found that the risk of developing CVD was 23% higher among 
OA patients compared to individuals without OA. With regard 
to secondary outcomes, the risk of congestive heart failure was 
42% higher, the risk of ischemic heart disease was 17% higher, 
and the risk of stroke was 14% higher in OA patients compared 
to non- OA controls.

The higher risk of CVD in OA patients observed in our 
study was consistent with previous research findings (3–7). For 
example, in a systematic review and meta- analysis of observa-
tional studies, OA patients were found to be at 24% greater risk 
of CVD compared to controls without OA (3). The risk of stroke 
in the present study was consistent with the risk among female 
OA patients younger than 65 years reported by Rahman et  al 
(4). Overall, in this study OA patients showed a relatively higher 

Table 2. Unadjusted and adjusted HRs for primary and secondary 
outcomes comparing OA patients with non-OA controls*

Outcome
Unadjusted 
HR (95% CI)

Adjusted 
HR (95% CI)†

Primary outcome
CVD 1.31 (1.25–1.37) 1.23 (1.17–1.28)

Secondary outcomes
Ischemic heart 

disease
1.26 (1.18–1.34) 1.17 (1.10–1.26)

Congestive heart 
failure

1.51 (1.42–1.61) 1.42 (1.33–1.51)

Stroke 1.22 (1.14–1.29) 1.14 (1.07–1.22)
* HRs = hazard ratios; OA = osteoarthritis; 95% CI = 95% confidence 
interval; CVD = cardiovascular disease. 
† Adjusted for socioeconomic status, body mass index, hypertension, 
diabetes, hyperlipidemia, chronic obstructive pulmonary disease, 
and Romano comorbidity score. See Supplementary text part D, 
available on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41027 abstract, for detailed results of 
the Cox proportional hazards models. 

Table 3. Total, direct, and NSAID- mediated effect of OA on CVD*

Outcome
Total effect 
HR (95% CI)

NDE 
HR (95% CI)

NIE 
HR (95% CI)

Mediation  
effect, %

Primary outcome
CVD 1.23 (1.18–1.28) 1.13 (1.09–1.18) 1.09 (1.07–1.09) 40.59

Secondary outcomes
Ischemic heart 

disease
1.17 (1.09–1.26) 1.08 (1.01–1.15) 1.09 (1.07–1.11) 56.19

Congestive heart 
failure

1.42 (1.32–1.51) 1.31 (1.22–1.39) 1.08 (1.07–1.10) 23.31

Stroke 1.14 (1.07–1.22) 1.06 (0.99–1.13) 1.08 (1.07–1.10) 63.69
* The reference group was individuals without osteoarthritis (OA). NSAID = nonsteroidal antiinflammatory drug; CVD = cardio-
vascular disease; HR = hazard ratio; 95% CI = 95% confidence interval; NDE = natural direct effect; NIE = natural indirect effect. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41027abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41027abstract
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risk of stroke compared to the risk reported in previous studies. 
This difference could be explained by the modification of the case 
definition. Rahman et al identified stroke cases by hospitalization 
only, using ICD- 9 or ICD- 10 codes for stroke (4). In this study, we 
identified stroke cases using a case definition of 1 hospitalization 
or 1 visit to a health professional or underlying cause of death with 
ICD- 9 or ICD- 10 code for stroke, whichever occurred first (22). 
In a cohort study involving 336,906 individuals, the risk of devel-
oping incident stroke was 20%, 28%, and 41% higher among 
patients receiving indomethacin, those receiving rofecoxib, and 
those receiving valdecoxib, respectively (40). Thus, it is not unlikely 
that increased use of NSAIDs contributes to the increased risk of 
stroke in OA patients.

Consistent with our hypothesis, OA patients used more 
NSAIDs than non- OA controls. Since the use of NSAIDs is an 
independent risk factor for CVD, we investigated how much of the 
increased risk of CVD among OA patients was mediated through 
NSAID use (12,13). We implemented a novel methodology pro-
posed by Lange et al for evaluating mediation in a survival analysis 
context (19). This longitudinal study revealed that the increased 
risk of developing CVD among OA patients was substantially 
mediated (41%) through NSAID use. Similar to the primary out-
come of CVD, NSAIDs played a substantial mediating role in the 
development of ischemic heart disease, congestive heart failure, 
and stroke (secondary outcomes). To the best of our knowledge, 
this was the first study to investigate the underlying mechanism 
of the OA–CVD association. Most of the previous observational 
studies did not account for NSAID use in evaluating the OA–CVD 
association (3,11). However, NSAIDs have been proven to cause 
CVD. In 2 separate network meta- analyses, NSAIDs were found 
to increase CVD risk by 30–42% (12,13). As such, the mediating 
effect of NSAIDs in the OA–CVD relationship observed in the pres-
ent study appears to be plausible.

Although the outcome under consideration in this study was 
CVD, 2 previous studies evaluated the mediating role of NSAIDs 
on all- cause mortality among patients with specific types of OA, 
and their results were inconsistent. In a population- based longitu-
dinal study, Liu et al found that symptomatic knee OA increased 
the risk of all- cause mortality by 51%, 76.2% of which was medi-
ated through NSAID use (17). In a separate study, Barbour et al 
did not find any evidence that either all- cause or CVD- specific 
mortality was mediated through NSAID use among older women 
with radiographic hip OA (18). Those studies included patients 
with specific types of OA, i.e., symptomatic knee OA and radio-
graphic hip OA in older women. Moreover, the outcome measure 
in both of those studies was mortality. In contrast, in the present 
study, we selected OA patients from a population- based cohort 
using a previously validated algorithm (21), and the outcome 
measure was CVD. A previous meta- analysis of RCTs indicated 
that NSAID use is an independent risk factor for developing CVD 
(13). Thus, it made sense to hypothesize that the higher con-
sumption of NSAIDs by OA patients to control pain and inflamma-
tion would lead to a higher risk of CVD in OA patients compared to 
non- OA controls. Our results differ from the literature with respect 
to the mediator–outcome association and can be explained as 
follows. The meta- analysis by Kearney et al (13) included RCTs  
comparing selective COX- 2 inhibitors with either placebo or  
traditional NSAIDs or both. The relative risk of 1.42 reported by 
Kearney et al (13) estimated the increased risk of vascular events 
associated with selective COX- 2 inhibitors compared to placebo 
or other nonselective NSAIDs among healthy volunteers. In con-
trast, it is important to note that our study sample involved OA 
patients, who use more NSAIDs than the general population. The 
difference in the estimated CVD risk associated with NSAID use 
may be due to a number of distinctions, including difference in 
study sample (healthy volunteers versus matched OA and non- OA 

Table 4. Subgroup analysis of coxibs and conventional NSAID- mediated effect of OA on CVD*

Total effect 
HR (95% CI)

NDE 
HR (95% CI)

NIE 
HR (95% CI)

Mediation 
effect, %

Coxibs only
Primary outcome

CVD 1.18 (1.13–1.24) 1.14 (1.09–1.19) 1.04 (1.03–1.04) 21.12
Secondary outcomes

Ischemic heart disease 1.12 (1.05–1.20) 1.09 (1.02–1.16) 1.0 3 (1.02–1.05) 31.72
Congestive heart failure 1.36 (1.28–1.45) 1.31 (1.24–1.39) 1.04 (1.02–1.05) 12.09
Stroke 1.10 (1.03–1.17) 1.07 (1.00–1.14) 1.03 (1.01–1.04) 34.25

Conventional NSAIDs only
Primary outcome

CVD 1.19 (1.14–1.25) 1.14 (1.09–1.19) 1.05 (1.04–1.06) 28.62
Secondary outcomes

Ischemic heart disease 1.14 (1.07–1.22) 1.08 (1.01–1.15) 1.06 (1.04–1.08) 44.77
Congestive heart failure 1.37 (1.29–1.47) 1.31 (1.24–1.39) 1.05 (1.03–1.06) 14.48
Stroke 1.13 (1.06–1.19) 1.07 (0.99–1.13) 1.06 (1.04–1.07) 52.08

* The reference group was individuals without osteoarthritis (OA). NSAIDs = nonsteroidal antiinflammatory drugs;  
CVD = cardiovascular disease; HR = hazard ratio; 95% CI = 95% confidence interval; NDE = natural direct effect; NIE = natural 
indirect effect. 
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controls) and study outcome measures (myocardial infarction, 
stroke, or vascular death versus composite cardiovascular events 
created from health administrative data using ICD codes).

The strengths of this study include the large size of the 
cohort assembled from population- level health administrative 
data. We used previously validated algorithms to develop OA 
exposure, CVD outcome measures, and other confounding var-
iables (21,22). The ability to exclude patients with RA to obtain 
an unbiased estimate of the effect size was also a strength. 
Finally, we estimated the mediating effect using a state- of- the- 
art mediation analytic technique in a survival context based on 
a counterfactual framework (14,19). This framework provided us 
the ability to draw interpretations from a potential causal rela-
tionship. Generally, marginal structural models are associated 
with certain strong assumptions, including unconfoundedness, 
positivity, consis tency, and no model misspecification (41). In our 
analysis for primary CVD outcome, the weights were generally 
well- behaved (41). The mean weight was 0.999, the first quartile 
was 0.965, and the third quartile was 1.000. Even after truncat-
ing large weights, the conclusion did not change. OA is a well- 
defined binary exposure variable, and we do not have any reason 
to suspect the presence of multiple versions of the exposure, and 
therefore not much indication that the consistency assumption 
was violated.

Our study has a few limitations applicable to any obser-
vational research that uses health administrative data. We cre-
ated the mediator variable, NSAID use, from prescription claim 
data (PharmaNet) that do not contain information on over- the- 
counter medication. In British Columbia, Canada, ibuprofen and 
naproxen are available over the counter. Since study participants 
may have purchased NSAIDs without a prescription, the medi-
ator variable (NSAID use) may have been underestimated. In 
defining the NSAID mediator variable, we used the cardiovas-
cular event date for both OA patients and non- OA controls. For 
non- OA controls who did not develop CVD, we assigned the 
cardiovascular event date of the matched OA patient and deter-
mined whether the control was using NSAIDs on that date. Since 
the use of NSAIDs on the censoring date by individuals without 
CVD does not provide information about the proportion of CVD 
risk mediated through NSAIDs (primary study objective) and the 
censoring date varied among OA cases and non- OA controls, the 
mediator variable was set to 0 for individuals with OA who did not 
develop CVD (~16% of the study sample). This may have resulted 
in overestimation of the mediating effect observed. For example, 
assuming everyone in the OA- exposed group developed CVD, 
the current mediator variable definition might have missed captur-
ing an estimated maximum of 6% of the indirect effect (41% medi-
ating effect in 16% of the study sample). For the corresponding 
non- OA controls who did not develop CVD, the mediating effect of 
NSAIDs would be even less because non- OA controls were found 
to use substantially fewer NSAIDs than OA patients. Although the 
mediation analysis performed in this context is the first of its kind, 

results from any observational analysis need to be interpreted with 
caution. Future studies should consider more advanced causal 
inference methodologies that can potentially address the repeat-
edly measured mediator variables in a longitudinal setting (42–44).

The assumptions needed to identify natural direct and indirect 
effects rely on the absence of unmeasured confounding (45,46). 
Therefore, it is important that the set of confounding variables 
included in this study should sufficiently control for OA exposure–
CVD outcome, NSAID mediator–CVD outcome, and OA expo-
sure–NSAID mediator confounding and that there is no variable 
in the mediator–outcome association that is affected by the OA 
exposure (47). One of the limitations of observational studies based 
on health administrative data is that data are usually collected 
for regulatory purposes and often do not contain information on 
all variables needed for the analysis (48). For example, BMI is a 
known confounder in the relationship of interest for which informa-
tion is not available in British Columbia health administrative data. 
Measurements of other important CVD risk factors, such as family 
history of CVD, smoking, and physical activity index, are also not 
recorded in British Columbia health administrative data. We have 
included all of the variables that we found relevant from our exten-
sive literature search that were available in British Columbia health 
administrative data. Although we adopted an innovative strategy of 
imputing BMI, confounding may still exist (1,24–27). This unmea-
sured confounding may inflate the proportion of CVD risk mediated 
through NSAIDs estimated from marginal structural models.

In a sensitivity analysis (see Supplementary text part C, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41027 abstract), we excluded 
the BMI variable from the model and observed little change in the 
risk of CVD associated with the OA exposure. For example, the 
adjusted HR for the primary outcome, CVD, changed from 1.23 
(95% CI 1.17–1.28) to 1.25 (95% CI 1.20–1.31) when the BMI 
variable was excluded. We observed similar changes in magni-
tudes (1–3%) for all of the study outcome measures when BMI 
was excluded. It is unlikely that other unobserved potential con-
founding variables, such as smoking and family history of CVD, 
would play a substantial role in a multivariable regression model 
to reverse the significant risk of CVD and proportion of effect 
mediated through NSAID use observed in this study.

In conclusion, our study is the first to evaluate the mediating 
role of NSAID use in the association between OA and CVD based 
on population- based health administrative data. Our findings 
suggest that a noteworthy portion of the increased risk of CVD 
among OA patients is mediated through NSAID use. Future pro-
spective follow- up studies are needed to confirm these findings.
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B R I E F  R E P O R T

The Maternal and Paternal Effects on Clinically and 
Surgically Defined Osteoarthritis
Eirik Weldingh,1 Marianne Bakke Johnsen,2 Kåre Birger Hagen,3 Nina Østerås,4 May Arna Risberg,1 Bård Natvig,1 
Barbara Slatkowsky-Christensen,4 Anne Marie Fenstad,5 Ove Furnes,6 Lars Nordsletten,2 and 
Karin Magnusson7

Objective. It is currently unknown whether osteoarthritis (OA) is inherited mainly from the mother, father, or both. 
This study was undertaken to explore the effect of maternal and paternal factors on hip, knee, and hand OA in off-
spring.

Methods. Participants from the Musculoskeletal Pain in Ullensaker Study (MUST) (69% female; mean ± SD age 
64 ± 9 years) and a Norwegian OA twin study (Nor- Twin) (56% female; 49 ± 11 years) reported whether their mother 
and/or father had OA. Using a recurrence risk estimation approach, we calculated whether maternal and paternal OA 
increased the risk of 1) surgically defined hip and knee OA (i.e., total joint replacement) and 2) clinically defined hip, 
knee, and hand OA (i.e., the American College of Rheumatology criteria) using logistic regression. Relative risks (RRs) 
with 95% confidence intervals (95% CIs) were calculated.

Results. Maternal OA consistently increased the risk of offspring OA across different OA locations and severi-
ties. Having a mother with OA increased the risk of any OA in daughters (RR 1.13 [95% CI 1.02–1.25] in the MUST 
cohort; RR 1.44 [95% CI 1.05–1.97] in the Nor- Twin cohort) but not (or with less certainty) in sons (RR 1.16 [95% CI 
0.95–1.43] in the MUST cohort; RR 1.31 [95% CI 0.71–2.41] in the Nor- Twin cohort). Having a father with OA was 
less likely to increase the risk of any OA in daughters (RR 1.00 [95% CI 0.85–1.16] in the MUST cohort; RR 1.52 [95% 
CI 0.94–2.46] in the Nor- Twin cohort) and sons (RR 1.08 [95% CI 0.83–1.41] in the MUST cohort; RR 0.93 [95% CI 
0.35–2.48] in the Nor- Twin cohort).

Conclusion. OA in the mother increased the risk of surgically and clinically defined hip, knee, and hand OA in 
offspring, particularly in daughters. Our findings imply that heredity of OA may be linked to maternal genes and/or 
maternal- specific factors such as the fetal environment.

INTRODUCTION

The etiology of hip, knee, and hand osteoarthritis (OA) is 
multifactorial, with familial factors playing a major role in disease 
development. Several studies have consistently demonstrated 
a strong genetic contribution to hip and hand OA (1–3). For the 
knee joint, familial OA in any joint, as well as other risk factors, 
predicts the future risk of having knee arthroplasty due to OA 
and a diagnostic code of knee OA (4).

Previous studies of familial aggregation have largely focused 
on the estimation of the broad- sense heritability using twin and 
sibling designs (1,3,5). However, this heritability alone may not be 
informative in the clinical setting as it cannot predict disease risk 
associated with the presence of OA in a family member, such as 
in the father or mother. The maternal versus paternal effects on 
the risk of mild- to- severe OA of the hip, knee, and hand joints are 
also unclear. To our knowledge, there are no studies exploring 
whether OA is mainly inherited from the mother or the father.
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A parent- of- origin approach in OA risk estimation may pro-
vide information on where to search for genetic or fetal environ-
mental factors in future studies on the etiology of OA. Improved 
knowledge of familial risk (i.e., whether OA in the mother or 
father increases the risk of OA in male or female offspring) may 
also further improve total risk prediction in OA and facilitate 
disease prevention (4). We investigated maternal and paternal 
effects on moderate- to- severe definitions of hip, knee, and 
hand OA using a recurrence risk estimation approach. To allow 
interpretation of our findings in relation to the results of previous 
studies, these effects were compared to the sibling effect.

PATIENTS AND METHODS

Study subjects and data collection. Data were obtained 
from 2 population- based cohorts: 1) the Musculoskeletal Pain in 
Ullensaker Study (MUST), a cross- sectional study of 630 persons 
ages 40–79 years with self- reported OA who attended a clinical 
examination between 2010 and 2013 (6), and 2) the Norwegian 
OA twin study (Nor- Twin), a longitudinal study of a sub- cohort of 
7,175 persons (of a total of 18,058) ages 30–75 years in 1990 who 
responded to questionnaires between 1990 and 1998 (1). Informa-
tion on maternal, paternal, and sibling/twin OA was self- reported at 
baseline in both studies (a yes/no answer to the question, “Did your 
mother/father/sibling have OA?”). For the MUST cohort, data on 
clinically defined hip, knee, and hand OA and on total joint replace-
ment (TJR) due to OA in offspring were obtained at a clinical joint 
examination by an experienced rheumatologist (BSC). For the Nor- 
Twin cohort, data on surgically treated OA of the hips and knees 
were obtained through linkage (in 2015) to the Norwegian Arthro-
plasty Register (7), which includes >95% of all prosthesis surgeries 
in Norway with information on reason and date of surgery (since 
1987 and 1994 for hip and knee surgeries, respectively). Both the 
MUST and Nor- Twin studies were approved by the Regional Ethics 
Committee (Oslo, Norway).

Outcome measure definitions. Clinical OA of the hip, 
knee, and hand joints was defined according to the American 
College of Rheumatology (ACR) criteria (8–10) and based on a 
thorough examination of soft tissue swelling, bony enlargement, 
joint tenderness, and reduced joint mobility (6). Visible osteophyte 
presence on radiographs was also required for defining knee OA, 
whereas an erythrocyte sedimentation rate (ESR) of <20 mm/hour,  
joint space narrowing, and visible osteophyte presence on radio-
graphs was required for defining hip OA (6). We defined surgical 
OA as an individual having had TJR due to primary OA in the left 
or right hip or knee (at any date until the examination date for the 
MUST cohort and until 2015 for the Nor- Twin cohort) (1,6). Full data 
on surgery of the hand joints were lacking and thus not analyzed in 
the current study.

Statistical analysis. We calculated the relative risk (RR) of 
recurrence (with 95% confidence intervals [95% CIs]), which is a 

prospective measure of risk used for counseling. RR can be esti-
mated as the offspring’s risk of disease with the presence of dis-
ease in a sibling/parent divided by the offspring’s risk of disease 
without the presence of disease in a sibling/parent. We used logistic 
regression to estimate RR for the following OA outcomes: clinically 
defined hip, knee, and hand OA (MUST cohort only) and surgically 
defined hip and knee OA (MUST and Nor- Twin cohorts). We stud-
ied the 2 OA definitions as mutually exclusive groups to account for 
the fact that OA frequently presents as a generalized disease (11). 
Thus, as an example, people who had TJRs did not fulfill the ACR 
criteria for OA in other joints. Similarly, the control group without the 
OA definition in question was also free of any OA at any other site. 
In this manner, the control group was similar for all OA definitions in 
question, and thus similar for all analyses.

The relatives’ disease status included OA present in moth-
ers, fathers, and siblings. In the Nor- Twin study, offsprings’ siblings 
were either identical twins or fraternal twins of the same sex. In 
stratified analyses, we explored whether OA was mainly transmit-
ted from parent to daughter and/or from parent to son. Adjust-
ment for confounding or mediation was not relevant because the 
effect estimate represents an indirect effect between individuals 
rather than a direct or total causal effect within the individual (12). 
All analyses were performed using Stata MP, version 14.0.

RESULTS

The MUST study cohort was generally older, included a higher 
proportion of women, had attained a higher level of education, 
had higher body mass index levels, and had a lower proportion of 
smokers than the Nor- Twin study cohort (Table 1). The prevalence 

Table  1. Demographic and clinical characteristics of the study 
participants*

MUST 
(n = 630)

Nor- Twin 
(n = 7,184)

Age, mean ± SD years 63.9 ± 8.8 49.1 ± 10.9
Sex, female 437 (69.4) 4,034 (56.2)
College/university education 178 (28.3) 1,316 (18.3)
Body mass index, mean ± SD kg/m2 28.0 ± 4.8 22.6 ± 2.9
Current smoker 95 (15.2) 2,777 (38.7)
Offspring

Hip OA, ACR† 103 (16.4) –
Hip OA, surgery‡ 60 (9.5) 255 (3.6)
Knee OA, ACR† 116 (18.4) –
Knee OA, surgery‡ 48 (7.6) 133 (1.9)
Hand OA, ACR† 328 (52.1) –

Familial OA
Mothers with OA 235 (37.3) 767 (10.7)
Fathers with OA 83 (13.2) 320 (4.5)
Siblings with OA 148 (23.5) 140 (2.0)

* Except where indicated otherwise, values are the number (%). 
MUST = Musculoskeletal Pain in Ullensaker Study; Nor- Twin = Nor-
wegian Twin Osteoarthritis Study. 
† As defined in the American College of Rheumatology (ACR) criteria 
for the classification of osteoarthritis (OA). 
‡ Defined as a participant having had a total joint replacement due to 
primary OA in the left or right hip or knee. 
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of OA was higher in the MUST cohort, which was expected due 
to all participants having self- reported OA. However, upon clinical 
examination, 166 participants had no OA according to the ACR 
criteria or any OA- related surgery in any joint and were included 
in the disease- free control group. Disease- free controls in the 
Nor- Twin cohort had no self- reported OA (unspecified site) or sur-
gery due to hip or knee OA (n = 6,456). To evaluate the impact 
of selection of all persons self- reporting OA in the MUST cohort, 
we studied whether familial OA was associated with self- reported 
OA among offspring (nonspecific site) in the Nor- Twin OA cohort. 
In these analyses, maternal OA (RR 3.10 [95% CI 2.54–3.79]), 
paternal OA (RR 3.29 [95% CI 2.55–4.25]), and sibling OA (RR 
11.35 [95% CI 9.51–13.53]) increased the risk of self- reported OA 
by offspring.

Having a mother or a sibling with OA increased the risk of OA- 
related hip surgery by 44–56% in the MUST and Nor- Twin cohorts 
(Table 2). The most clearly elevated risk was observed for OA- related 

knee surgery in those with maternal OA, and for OA- related knee 
surgery, risk also increased (by 28–116%) in those with paternal OA 
(Table 2). However, for OA- related knee surgery, there was a differ-
ence in effect estimates as well as  precision for the MUST cohort 
versus the Nor- Twin cohort reported in Table 2, potentially due to 
fewer observations in the MUST study than in the Nor- Twin study.

Paternal OA consistently did not increase the risk of OA- 
related hip surgery (Table 2), and it also did not increase the risk 
of clinically defined knee, hip, or hand OA in offspring (Table 3). In 
contrast, maternal OA increased the risk of offspring clinical hip 
and hand OA by 21–38%, and sibling/twin OA increased the risk 
of offspring knee and hand OA by 26–44% (Table 3). Due to a low 
number of subjects, we did not attempt to study identical and 
fraternal twins separately.

With the generally consistent findings for maternal and 
paternal OA and the specific OA definitions, we grouped all 
types of OA together when analyzing the parent–daughter and 

Table 2. Familial recurrence of surgically defined OA in the MUST and the Nor- Twin cohorts*

Family  
relationship

Hip OA Knee OA

MUST Nor- Twin MUST Nor- Twin

Prevalence, 
no./total no. 

(%) RR (95% CI)

Prevalence, 
no./total no. 

(%) RR (95% CI)

Prevalence, 
no./total no.  

(%) RR (95% CI)

Prevalence, 
no./total no. 

(%) RR (95% CI)
Mother

No OA 35/155 (22.6) 1.00 
(referent)

221/6,062 
(3.6)

1.00 (referent) 24/144  
(16.7)

1.00 
(referent)

113/5,954 
(1.9)

1.00 (referent)

With OA 25/71 (35.2) 1.56 
(1.02–2.40)

34/649 (5.2) 1.44 
(1.02–2.04)

24/70 (34.3) 2.06 
(1.26–3.35)

20/635 (3.2) 1.66 
(1.04–2.65)

Father
No OA 53/198 (26.8) 1.00 

(referent)
245/6,448 

(3.8)
1.00 (referent) 40/185 (21.6) 1.00 

(referent)
122/6,235 

(1.9)
1.00 (referent)

With OA 7/28 (25.0) 0.93 
(0.47–1.84)

10/263 (3.8) 1.00 
(0.54–1.86)

8/29 (27.5) 1.28 
(0.67–2.44)

11/264 (4.2) 2.16 
(1.18–3.95)

Siblings
No OA 41/180 (22.8) 1.00 

(referent)
245/6,645 

(3.7)
1.00 (referent) 127/6,527 

(2.0)
1.00 

(referent)
33/172 (19.2) 1.00 (referent)

With OA 19/46 (41.3) 1.81 
(1.17–2.81)

10/66 (15.2) 4.11 
(2.29–7.37)

6/62 (9.7) 1.86 
(1.12–3.10)

15/42 (35.7) 4.97 
(2.28–10.85)

* RR = relative risk; 95% CI = 95% confidence interval (see Table 1 for other definitions). 

Table 3. Familial recurrence of clinically defined OA in the MUST trial*

Family relationship

Hip OA Knee OA Hand OA

Prevalence, 
no./total no. (%) RR (95% CI)

Prevalence, 
no./total no. (%) RR (95% CI)

Prevalence, 
no./total no. (%) RR (95% CI)

Mother
No OA 62/182 (34.1) 1.00 (referent) 72/192 (37.5) 1.00 (referent) 192/312 (61.5) 1.00 (referent)
With OA 41/87 (47.1) 1.38 (1.02–1.87) 44/90 (48.8) 1.30 (0.98–1.72) 136/182 (70.1) 1.21 (1.07–1.37)

Father
No OA 86/231 (37.2) 1.00 (referent) 98/243 (40.3) 1.00 (referent) 282/427 (66.0) 1.00 (referent)
With OA 17/38 (44.7) 1.20 (0.81–1.78) 18/39 (46.2) 1.14 (0.79–1.66) 46/67 (68.7) 1.04 (0.87–1.24)

Siblings
No OA 81/220 (36.8) 1.00 (referent) 84/223 (37.7) 1.00 (referent) 230/369 (62.3) 1.00 (referent)
With OA 22/49 (44.8) 1.22 (0.86–1.74) 32/59 (54.2) 1.44 (1.08–1.92) 98/125 (78.4) 1.26 (1.11–1.42)

* RR = relative risk; 95% CI = 95% confidence interval (see Table 1 for other definitions). 



MATERNAL AND PATERNAL EFFECTS ON OA |      1847

parent–son associations (surgical and clinical OA in any joint 
for the MUST cohort; surgical OA in any joint for the Nor- Twin 
cohort). Having a mother with OA consistently increased the 
risk of any OA in daughters (RR 1.13 [95% CI 1.02–1.25] in 
the MUST cohort; RR 1.44 [95% CI 1.05–1.97] in the Nor- Twin 
cohort), and (though with less certainty) in sons (RR 1.16 [95% 
CI 0.95–1.43] in the MUST cohort; RR 1.31 [95% CI 0.71–2.41] 
in the Nor- Twin cohort) (see Supplementary Table 1, available 
on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41023/ abstract). In contrast, having 
a father with OA did not increase the risk of any OA in daugh-
ters (RR 1.00 [95% CI 0.85–1.16] in the MUST cohort; RR 1.52 
[95% CI 0.94–2.46] in the Nor- Twin cohort) or in sons (RR 1.08 
[95% CI 0.83–1.41] in the MUST cohort; RR 0.93 [95% CI 
0.35–2.48] in the Nor- Twin cohort) (Supplementary Table 1 at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41023/ abstract). 
These findings were confirmed in the MUST cohort for clinical 
OA of the hand, which was the most prevalent OA location/
definition in our study (Supplementary Table 2 at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41023/ abstract).

DISCUSSION

In our study of 2 population- based Norwegian cohorts, we 
found that moderate- to- severe OA at any site, as well as OA in 
the hip and hand joints in offspring, may be inherited from the 
mother rather than from the father. Maternal OA also consistently 
increased the risk of offspring knee OA, whereas risk estimates 
for knee OA in offspring with paternal OA were more inconclusive. 
Finally, we found that OA at any site may most likely be transmit-
ted to offspring if the offspring is a daughter.

Our findings shed new light on previous studies of familial 
OA clustering. We showed for the first time that OA is more 
common in individuals with a mother affected with OA than in 
individuals with a father affected with OA. We also confirmed 
results of previous studies of sibling OA, showing that OA of 
the hips, OA of the knees, and OA of the hands are largely 
familial traits (3,13). These associations are likely due to com-
mon maternal influence (because there is no transfer of genes 
between siblings) rather than paternal influence. Similar to our 
findings, Jonsson et  al reported a high relative risk of inter-
phalangeal OA in the offspring of mothers with OA (13). We 
expanded on this knowledge by additionally studying paternal 
OA and including OA at other joint sites. However, we were 
unable to study different joint sites in hand OA because of 
challenges in finding a sufficiently large comparison group with 
no OA in the MUST cohort. Still, our analysis of offspring sex 
indicated that any OA and hand OA may be more likely to be 
inherited from the mother if the offspring is female, which sug-
gests an important direction for future research.

Our findings imply that there may be differences in maternal 
and paternal inheritance depending on joint site and grade of OA 

severity. As an example, we could not conclude as to whether 
paternal OA increases offspring’s knee OA risk. For OA- related 
knee surgery, the 95% CI of the risk associated with paternal OA 
in the Nor- Twin cohort was 18–395%, yet the 95% CI in the MUST 
cohort included a decreased risk of up to 33%. Further, effect 
estimates were also lower for clinical knee OA, in relation to both 
maternal and paternal OA. Our findings might be due to true diver-
sity and/or the number of samples being too small to observe a 
sufficient number of fathers with OA. We believe future studies 
should further explore the role of paternal inheritance, particularly 
in knee OA, on daughters and sons.

In our study, the disease- free comparison group was selected 
to be as similar as possible across all OA sites, avoiding the pos-
sibility that persons with OA at sites other than the site in ques-
tion would falsely deflate the RR of offspring OA. Hence, the 
disease-free comparison group was not allowed to have individ-
uals with clinical or surgical OA at the site in question or at any 
other site. However, in accordance with existing knowledge that 
OA often presents as a generalized disease (11), we allowed the 
inclusion of offspring with OA who also had OA at other sites, but 
not with definitions other than the definition in question. Despite 
our attempt to minimize bias, we cannot exclude the possibility 
that the selection of persons who self- reported OA impacted our 
findings in the MUST cohort. However, because of the strong 
associations between maternal, paternal, and sibling OA and self- 
reported OA (nonspecific site) in the offspring in the Nor- Twin study 
(RR 3.10–11.35), we believe any selection bias in the MUST cohort 
has likely led to an underestimation, rather than overestimation, of 
familial effects.

The current findings have implications for future studies of 
risk counseling and the etiology of OA. First, our results suggest a 
stronger role of genetic inheritance from the mother than the father 
in OA etiology. Future research on OA etiology may therefore 
explore the role of maternal- specific factors, such as the intrauter-
ine environment or mitochondrial DNA (14). Another possibility is 
the direct inheritance of OA genes or genotypes from the mother 
only (potentially related to female reproductive hormones) as we 
could confirm OA inheritance from mother to daughter but with 
less certainty from mother to son. We acknowledge, though, that 
the lower certainty for sons might be due to inclusion of fewer men 
with OA. Second, our findings may improve the prediction of future 
OA outcomes. In existing prediction models of knee OA, familial 
OA in general is included as a predictor (i.e., without specification 
of maternal, paternal, or sibling OA and without specification on 
offspring sex) (4). Future prediction studies may explore whether a 
more precise prediction can be made when familial OA is specified 
by family member for women versus men. Future studies may also 
further explore the maternal and paternal effects on early and mild 
OA disease stages, i.e., those involving structural joint features or 
joint pain only (15).

This study has some potential limitations. In the Nor- Twin 
cohort, clinical joint examination was not performed, and other 

http://onlinelibrary.wiley.com/doi/10.1002/art.41023/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41023/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41023/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41023/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41023/abstract
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information not obtained, on nontwin siblings. Indeed, for surgical 
hip and knee OA, the RR of OA in subjects who had a twin with OA 
(Nor- Twin cohort) was higher than the RR of OA in subjects who had 
a sibling with OA (MUST cohort) (Table 2), which may be due to the 
stronger genetic and environmental link present between twins than 
between siblings. We included siblings/twins only to attenuate the 
comparison to existing studies on heritability and familial aggrega-
tion (1,3). Another limitation may be the stricter definition for clinical 
OA of the hip than for the knee, as we required more morphologic 
changes for the hip joint than for the knee joint; this may have led to 
the estimates for clinical hip OA yielding more severe OA whereas 
the estimates for clinical knee OA yielded milder OA. The last lim-
itation is the inability to distinguish between different locations and 
severities of OA in family members. For example, it may be hypoth-
esized that maternal hand OA increases the risk of offspring hand 
OA, but not of offspring hip or knee OA. However, we believe that 
such detailed parental data would be largely affected by recall bias 
if obtained from the offspring. A benefit of using the simple question 
on familial OA in the 2 cohorts studied is the ease of translation to 
the clinical setting.

In conclusion, we showed that there is a higher risk of mod-
erate and severe OA in offspring when the mother had OA than 
when the father had OA and/or when no close family members 
had OA. Maternal inheritance may be of particular relevance if 
the offspring is a daughter. Future studies may reveal the mech-
anism for this heritability since a limited number of chromosomes 
and DNA are involved in OA etiology.
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B R I E F  R E P O R T

Novel Inter- omic Analysis Reveals Relationships Between 
Diverse Gut Microbiota and Host Immune Dysregulation in 
HLA–B27– Induced Experimental Spondyloarthritis
Tejpal Gill,1 Stephen R. Brooks,1 James T. Rosenbaum,2 Mark Asquith,† and Robert A. Colbert1

Objective. To define inflammation- related host–microbe interactions in experimental spondyloarthritis (SpA) using 
novel inter- omic approaches.

Methods. The relative frequency of gut microbes was determined by 16S ribosomal RNA (rRNA) gene sequenc-
ing, and gene expression using RNA- Seq of host tissue. HLA–B27/human β2- microglobulin–transgenic (HLA–B27–
transgenic) and wild- type rats from dark agouti, Lewis, and Fischer backgrounds were used. Inter- omic analyses 
using Cytoscape were employed to identify relevant relationships. PICRUSt was used to predict microbial functions 
based on known metagenomic profiles.

Results. Inter- omic analysis revealed several gut microbes that were strongly associated with dysregulated cytokines 
driving inflammatory response pathways, such as interleukin- 17 (IL- 17), IL- 23, IL- 17, IL- 1, interferon- γ (IFNγ), and tumor 
necrosis factor (TNF). Many microbes were uniquely associated with inflammation in Lewis or Fischer rats, and one was 
relevant on both backgrounds. Several microbes that were strongly correlated with immune dysregulation were not differ-
entially abundant in HLA–B27–transgenic compared to wild- type controls. A multi- omic network analysis revealed non- 
overlapping clusters of microbes in Lewis and Fischer rats that were strongly linked to overlapping dysregulated immune/
inflammatory genes. Prevotella, Clostridiales, and Blautia were important in Lewis rats, while Akkermansia muciniphila and 
members of the Lachnospiraceae family dominated in Fischer rats. Inflammation- associated metabolic pathway pertur-
bation (e.g., butanoate, propanoate, lipopolysaccharide, and steroid biosynthesis) was also predicted from both back-
grounds.

Conclusion. Inter- omic and network analysis of gut microbes and the host immune response in experimental 
SpA provides an unprecedented view of organisms strongly linked to dysregulated IL- 23, IL- 17, IL- 1, IFNγ, and TNF. 
Functional similarities between these organisms may explain why animals of different genetic backgrounds exhibit 
common patterns of immune dysregulation, possibly through perturbation of similar metabolic pathways. These re-
sults highlight the power of linking analyses of gut microbiota with the host immune response to gain insights into the 
role of dysbiotic microbes in SpA beyond taxonomic profiling.

INTRODUCTION

Host–microbe interactions play an important role in immune 
and metabolic homeostasis, but also contribute to several disease 

states. Gut microbiota are altered in spondyloarthritis (SpA) and its 
associated gut inflammation (1), and are necessary for the devel-
opment of experimental SpA in HLA–B27/human β2- microglobulin 
(hβ2m)–transgenic (HLA–B27–transgenic) rats (2). Transgenic rats 
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expressing HLA–B27 or the non−disease- associated HLA–B7 
allele, along with hβ2m, exhibit altered gut microbial communities, 
suggesting that major histocompatibility complex class I proteins 
can shape the microbiome (3), and supporting the hypothesis that 
HLA–B27 might contribute to SpA pathogenesis through changes 
in gut microbiota (4).

We recently demonstrated a complex relationship between 
HLA–B27 and gut microbiota in rats (5). Expression of HLA–B27/
hβ2m on 3 different genetic backgrounds within varying environ-
ments leads to dramatically different effects on gut microbiota. 
Most notably, in disease- susceptible Lewis and Fischer strains, 
there are striking strain- specific changes in gut microbiota asso-
ciated with gastrointestinal inflammation (dysbiosis), while dys-
regulated immune pathways are largely the same. Furthermore, 
HLA–B27–transgenic dark agouti rats that are resistant to the 
development of disease exhibit few changes in gut microbiota. 
These results revealed that HLA–B27–induced dysbiosis is largely 
ecologic in nature, rather than causing consistent changes in one 
or a small number of bacteria.

Here, we sought to determine which gut microbes are most 
strongly associated with immune dysregulation in HLA–B27–trans-
genic rats. We used a novel “inter- omic” analysis correlating the 
relative frequency of individual gut microbes with variable messen-
ger RNA transcripts across Lewis, Fischer, and dark agouti back-
grounds. This analysis revealed striking background- dependent 
gut microbial signatures associated with the activation of inter-
leukin- 23 (IL- 23)/IL- 17, interferon- γ (IFNγ), and tumor necrosis 
factor (TNF) pathways. Moreover, a multi- omic network analysis 
revealed microbes that are strong candidates as key drivers of the 
disease on each background. Notably, many of these microbes 
were not identified by previous genotype comparisons alone (e.g., 
HLA–B27 versus wild type), and thus were not considered part 
of the dysbiotic signature. These results underscore the power 
of inter- omic network analysis to find potentially disease- related 
microbes.

MATERIALS AND METHODS

Inter- omic analysis. We analyzed the relative frequency 
of microbial taxa at the species level (level 7) determined by 16S 
ribosomal RNA (rRNA) gene sequencing, together with the rela-
tive expression of host genes measured by RNA- Seq. These data 
were generated previously to analyze the effects of HLA–B27 on 
gut microbiota (5). The rat strains, breeding, feeding, and hous-
ing conditions have been described previously (5). Briefly, dark 
agouti, Fischer (F344), and Lewis rats carry the same transgene 
locus and were fed the same chow (Purina 5008). Dark agouti 
and Lewis rats were housed at National Institutes of Health (NIH) 
facilities, while Fischer rats were housed at Oregon Health & Sci-
ence University. Both male and female HLA–B27 and wild- type 
littermate rats were used for the analysis. Animals were weaned 
21 days after birth, with dark agouti and Lewis rats cohoused on 

the basis of sex until they reached per cage weight restrictions. 
Fischer rats were cohoused on the basis of sex and genotype.

To perform inter- omic analysis, it was necessary to analyze 
matched samples. Therefore, animals for which both gut micro-
biome and host transcriptome data were available were included 
in the study (cecum mucosa, n = 58; cecum lumen, n = 56; colon 
lumen, n = 64). Host transcripts from RNA- Seq were calculated 
in reads per kilobase million (RPKM), and microbes expressed as 
relative frequency. Microbes with a maximum relative abundance 
of 0.1% in 1 or more samples, and transcripts with a maximum 
RPKM of at least 1 and a coefficient of variation of >0.8 were 
further analyzed. This focused the analysis on relatively abun-
dant (at least 1 in 1,000) microbes and variable host transcripts. 
For each tissue site, correlations between relative frequency of 
microbes and host transcript levels were analyzed using Partek 
Genomics Suite (PGS 7.18). Pearson’s correlation coefficients (r) 
were considered significant if the P value was <0.05 and the q 
value <0.1. For robust biologic interpretation, only the microbes 
that correlated with >5% of the transcripts and the transcripts that 
correlated with >5% of the microbes were included in heatmaps. 
Hierarchical clustering of the host–microbe correlation values (r) 
was performed using Euclidean dissimilarity and average linkage 
method in Partek and then displayed in heatmaps. Pathways 
associated with these genes were determined using the pathway 
generating software ToppGene (https ://toppg ene.cchmc.org).

Inter- omic network analysis. To determine candidate 
causal microbes in Lewis and Fischer backgrounds, gene–gene, 
gene–microbe, and microbe–microbe correlations were calcu-
lated using PGS 7.18. The same criteria described above were 
used to select microbes and transcripts. Significant correlations 
(either above 0.6 or below −0.6 [false discovery rate q <0.2]) were 
selected to make interaction networks in Cytoscape 3.7.1 (cyto-
scape.org). From this large network, clusters representing highly 
interconnected regions were determined using a Cytoscape plug in 
MCODE (apps.cytoscape.org/apps/mcode). Pathway enrichment 
in these clusters was determined using Metascape (metascape.
org).

Metagenomic analysis. To infer metagenome functional 
information from 16S rRNA gene sequences, we used the bioin-
formatics software package PICRUSt (Phylogenetic Investigation 
of Communities by Reconstruction of Unobserved States; http://
picru st.github.com/picru st/). It estimates the gene families that 
contribute to a metagenome from bacteria and archaea by marker 
(16S rRNA) gene survey, while correcting for variable marker gene 
copy number. Operational taxonomic unit data obtained from 16S 
rRNA gene sequencing (5) were transformed into KEGG (Kyoto 
Encyclopedia of Genes and Genomes) orthology abundances, 
using the PICRUSt pipeline. The resulting metabolites were 
annotated and mapped to different hierarchical levels of KEGG 
pathways (levels 1–3) and represent varying proportions of each 

https://toppgene.cchmc.org
http://picrust.github.com/picrust/
http://picrust.github.com/picrust/
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Figure 1. Inter- omic analysis between lumenal microbes and host gene expression in cecum. A, Heatmap depicts correlations between the 
relative frequency of cecum lumen microbiota (microbes) and host cecum transcripts (reads per kilobase per million [RPKM]) from dark agouti, 
Lewis, and Fischer rats (n = 58). Pearson’s correlation coefficient (r) was calculated, and significant values (P < 0.05, q < 0.1) were subjected 
to hierarchical clustering. Microbes correlating with at least 5% of the total transcripts and vice versa are shown. Microbes previously identified 
(5) as dysbiotic in Lewis rats are colored green, those previously identified as dysbiotic in Fischer rats are colored purple, and those previously 
identified as dysbiotic in both Lewis and Fischer rats are colored orange. Microbes that were not dysbiotic in either Lewis or Fischer rats are 
listed in black. Transcript clusters I–IV identified pathways through ToppGene. B, Background- specific correlations are shown. RPKM values for 
individual inflammatory genes are plotted against relative frequency for selected representative microbes not previously identified as dysbiotic on 
either background (listed in black in A). Lines represent best fit; shaded areas represent 95% confidence intervals. IL- 17 = interleukin 17; TNF = 
tumor necrosis factor; TLR = Toll- like receptor; IBD = inflammatory bowel disease; IFN = interferon; ECM = extracellular matrix; WT = wild type.
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generated metagenome from a sample. To determine the met-
abolic pathways perturbed during gut inflammation, correlation 
analysis between KEGG level 3 pathways and disease severity 
(histologic score) was performed. To focus on the most robust 
correlations, only significant correlation coefficient values (r) (above 
0.2 or below −0.2 [P <0.05, false discovery rate q <0.2]) were 
used.

RESULTS

Inter- omic analysis of microbial dysbiosis and 
immune dysregulation in HLA–B27–induced gut inflam-
mation. In a previous study, we analyzed relative frequencies of 
gut microbiota and differentially expressed host genes in HLA–
B27–transgenic and wild- type rats across dark agouti, Lewis, and 
Fischer backgrounds, and with different environmental influences 
(5). This revealed striking differences in HLA–B27–induced gut 
microbial dysbiosis due to genetic background and/or environ-
ment, despite dysregulation of common immune pathways. Here, 
using this large data set (5), we sought to determine which gut 
microbes are associated with immune dysregulation by perform-
ing an “inter- omic” analysis, correlating the relative frequency of 
gut microbes with variably expressed host genes across different 
backgrounds and environments.

Correlations of microbial abundance of diverse 
taxa with shared inflammatory pathways across back-
grounds. Correlation between the cecal lumenal microbes and 
cecal gene expression is shown in Figure  1 for rats on the 3 
backgrounds studied. Correlations were calculated for the cecum 
and colon only, as these rats do not develop ileal inflammation. 
The heatmap of correlation values reveals multiple cecal lumen 
microbes, whose relative frequency correlated either positively or 
negatively with variably expressed host genes (transcripts). Fig-
ure 1 also indicates whether each microbe was previously identi-
fied (5) as part of the HLA–B27–associated dysbiotic signature of 
Fischer, Lewis, Fischer and Lewis, or neither background. Path-
ways associated with these host genes were determined using 
ToppGene, with some prominent clusters identified. 

Cluster I represents inflammatory response pathways with 
identifiers that have a strong positive correlation with some microbes 
(e.g., Parabacteroides distasonis, Rhizobiaceae, Lachnospira, 
Akkermansia muciniphila, Clostridium saccharogumia, rc4-4, Bac-
teroides uniformis) and a few negative correlations (Clostridiales, 
Phascolarctobacterium). Cluster II denotes pathways for interleukin 
signaling and inflammatory bowel disease that correlate positively 
with Bacteroides uniformis, Holdemania, [Ruminococcus], Para-
bacteroides gordonii, [Eubacterium] dolichum, Coprobacicclus, 
and Sutterella, while negatively correlating with Clostridiales. Clus-
ter III represents genes for the cytokine receptor interaction and IgA 
pathways, and costimulatory signal during T cell activation. These 
pathways correlate positively with many microbes (Clostridium sac-

charogumia, Blautia, [Barnesiellaceae], Prevotella, Bacteroides) and 
have a negative correlation with Clostridiales. Cluster IV has genes 
for fatty acid β-oxidation and oxidative stress response pathways 
and exhibits a positive correlation with Allobacullum, Desulfovibrio, 
Turicibacter, SMB53, Sarcina, and Rikenellaceae while negatively 
correlating with Prevotella.

Only Clostridium saccharogumia exhibited differences in rel-
ative frequency on both Lewis and Fischer backgrounds, while 
many of the remaining microbes shown in Figure 1A demonstrated 
background- specific correlations with the common immune dysreg-
ulation pathways. However, it should be noted that 25 of the 44 
microbes shown in Figure  1A were not identified in our previous 
analysis (5), meaning that differences in their relative frequency in 
HLA–B27–transgenic rats, compared with wild- type rats, on either 
Fischer or Lewis backgrounds, were not statistically significant.

Inter- omic analyses were also performed on cecum mucosal 
and colon lumen microbes, with cecum and colon host tran-
scripts, respectively, from dark agouti, Lewis, and Fischer rats (see 
Supplementary Figures 1 and 2, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41018/ abstract). Overall, 58% of microbes identified in cecum 
mucosa (Supplementary Figure 1) and 73% of microbes identified 
in colon lumen (Supplementary Figure 2) overlap with microbes  
present in cecum lumen (Figure 1A). However, there were also 
important differences. For example, only the cecum mucosal 
microbes exhibited a strong positive correlation with the peroxi-
some proliferator–activated receptor γ signaling pathway, which is 
a key nuclear receptor in gut epithelial cells that links microbiota to 
metabolism and inflammation (6).

To further ascertain if microbes discovered by inter- omic anal-
ysis but not identified previously as dysbiotic (5) are background- 
specific, individual correlations with multiple inflammatory cytokine 
genes were calculated. Figure 1B shows several striking examples 
of Fischer-  or Lewis- specific correlations. For example, Lachnobac-
terium showed positive correlations with up- regulation of inflam-
matory genes (e.g., Ifng, Tnf, Il23, Il17, Il1a) only in Fischer rats, 
while Desulfovibrionaceae showed positive correlations with these 
genes only in Lewis rats. Interestingly, Blautia showed a statistically 
significant positive correlation with genes for many inflammatory 
cytokines in Lewis rats, while this was not seen in Fischer rats, with 
even a trend toward negative correlation seen in rats of this back-
ground. These microbes were not associated with cytokine tran-
scripts in dark agouti rats that lack gastrointestinal inflammation.

Host–microbe network subclusters determine 
candidate causal microbes. The inter- omic correlations 
described above revealed additional microbes associated with 
inflammatory pathways that were not identified by our previous 
analysis based on the HLA–B27 association (i.e., HLA–B27–
transgenic versus wild type) alone (5). To begin to elucidate the 
complex relationships and identify microbes that may be driv-
ing, rather than resulting from, inflammation, we performed an 

http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract


INTER- OMIC ANALYSIS OF MICROBIOTA AND IMMUNE RESPONSE IN SpA |      1853

inter- omic network and subnetwork analysis on gene–gene, 
microbe–microbe, and gene–microbe interactions using Cyto-
scape. This revealed clusters which include microbes interact-

ing with various host immune response genes and pathways 
in both Lewis strains (16 clusters) and Fischer strains (10 clus-
ters) (Figures 2A–C and data not shown).

Figure  2. Multi- omic network analysis of microbes associated with immune/inflammatory genes. Gene–gene, gene–microbe, and  
microbe–microbe correlations were calculated using Cytoscape, and subnetwork clusters were determined using MCODE. A–C, Lewis cluster 
I (A), Lewis cluster IV (B), and Fischer cluster I (C). Green nodes show microbes that identify the cluster shown. Yellow nodes (A and C) 
represent gene clusters that overlap between Lewis and Fischer rats, while gray nodes (A–C) represent non- overlapping gene clusters and 
are not labeled. Purple nodes (B and C) represent genes that overlap between Lewis cluster IV and Fischer cluster I. Lines represent positive 
correlations (red) and negative correlations (blue). D, Euler diagram showing the genes that overlap between Lewis clusters I and IV and Fischer 
cluster I. E, Heatmap representing the pathways associated with Lewis clusters I and IV and Fischer cluster I determined using Metascape. 
The top 20 significant pathways are shown.
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Table 1. PICRUSt microbial metabolic pathways correlating with gut inflammation in the rat cecum and colon*

Class Pathways
Cecum mucosa 

(q)
Cecum lumen 

(q)
Colon lumen 

(q)
Metabolism Alanine, aspartate, and glutamate 

metabolism
2.15 × 10−2

Metabolism α- linolenic acid metabolism 9.01 × 10−7†
Metabolism Amino acid- related enzymes 2.98 × 10−2

Metabolism Aminobenzoate degradation 8.95 × 10−4

Metabolism Arachidonic acid metabolism 1.52 × 10−4 2.00 × 10−3

Metabolism Ascorbate and aldarate metabolism 1.63 × 10−2

Cellular processes Bacterial chemotaxis 4.32 × 10−4†
Human diseases Bacterial invasion of epithelial cells 6.25 × 10−2 9.69 × 10−4

Genes and proteins Bacterial toxins 7.33 × 10−3

Metabolism β- alanine metabolism 7.26 × 10−3

Metabolism Biotin metabolism 1.62 × 10−2† 6.21 × 10−3

Metabolism Butanoate metabolism 2.95 ×10−2

Metabolism Carbohydrate metabolism 1.54 × 10−2

Metabolism Carotenoid biosynthesis 8.16 × 10−6 2.31 × 10−5 1.61 × 10−2

Metabolism Chlorocyclohexane and chlorobenzene 
degradation

4.56 × 10−5

Metabolism Cysteine and methionine metabolism 1.74 × 10−2

Metabolism Fatty acid biosynthesis 1.20 × 10−1† 1.40 × 10−2

Cellular processes Flagellar assembly 1.42 × 10−5†
Metabolism Flavonoid biosynthesis 2.59 × 10−2

Metabolism Folate biosynthesis 3.70 × 10−3

Metabolism Fructose and mannose metabolism 9.00 × 10−3

Metabolism Galactose metabolism 2.23 × 10−2

Metabolism Glutathione metabolism 7.62 × 10−3

Metabolism Glycerolipid metabolism 5.68 × 10−2

Metabolism Glycerophospholipid metabolism 3.10 × 10−3

Metabolism Glycine, serine, and threonine metabolism 1.53 × 10−2

Metabolism Glycolysis/Gluconeogenesis 9.84 × 10−3

Metabolism Glycosaminoglycan degradation 8.59 × 10−6 7.74 × 10−6

Metabolism Glyoxylate and dicarboxylate metabolism 9.55 × 10−3

Metabolism Isoflavonoid biosynthesis 3.01 × 10−2

Metabolism Linoleic acid metabolism 4.36 × 10−3 4.27 × 10−3

Metabolism Lipoic acid metabolism 1.96 × 10−5† 2.13 × 10−4

Metabolism Lipopolysaccharide biosynthesis 1.00 × 10−2† 1.41 × 10−3

Metabolism Lysine biosynthesis 2.59 × 10−2

Metabolism Lysine degradation 2.00 × 10−3

Metabolism N- glycan biosynthesis 8.83 × 10−2† 3.77 × 10−4

Metabolism Novobiocin biosynthesis 2.84 × 10−2

Metabolism Oxidative phosphorylation 9.00 × 10−3

Metabolism Pantothenate and coenzyme A 
biosynthesis

1.14 × 10−2

Metabolism Pentose and glucuronate interconversions 3.68 × 10−2

Metabolism Pentose phosphate pathway 1.13 × 10−2

Metabolism Peptidoglycan biosynthesis 4.31 × 10−2

Metabolism Phenylalanine metabolism 4.71 × 10−3

Metabolism Phenylalanine, tyrosine, and tryptophan 
biosynthesis

1.98 × 10−2

Metabolism Phenylpropanoid biosynthesis 1.05 × 10−1 1.38 × 10−2

Metabolism Phosphonate and phosphinate metabolism 5.17 × 10−2

Metabolism Polycyclic aromatic hydrocarbon 
degradation

1.88 × 10−3

Metabolism Primary bile acid biosynthesis 6.08 × 10−5 9.66 × 10−6

Metabolism Propanoate metabolism 5.80 × 10−2† 3.87 × 10−2

Metabolism Pyruvate metabolism 1.68 × 10−2

Metabolism Riboflavin metabolism 1.33 × 10−3

Metabolism Secondary bile acid biosynthesis 1.44 × 10−4 1.19 × 10−5

Metabolism Starch and sucrose metabolism 1.46 × 10−2

Metabolism Steroid biosynthesis 2.69 × 10−6 8.11 × 10−6 7.02 × 10−3

Metabolism Steroid hormone biosynthesis 6.04 × 10−7 4.76 × 10−7 6.40 × 10−2

Metabolism Sulfur metabolism 7.62 × 10−5

(Continued)
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Clusters I and IV in Lewis rats (Figure 2A and B) and clus-
ter I in Fischer rats (Figure  2C) showed microbes that were 
strongly associated with inflammatory pathway genes. Pos-
itive and negative correlations are shown. In Lewis cluster I, 
there were strong positive correlations with Prevotella and 
inflammation, while Clostridiales correlated negatively. These 
genes were then input into ToppGene to generate immune 
pathways. Lewis cluster IV positively associated with Blau-
tia (member of the Lachnospiraceae family), with inflammatory 
pathways such as IL- 17, extracellular matrix, cytokine signa-
ling, and innate immune response pathways. On the Fischer 
background, many more microbes exhibited positive correla-
tions with inflammation (e.g., Akkermansia muciniphila, rc4-4, 
Lachnospiraceae, Lachnospira), while [Rumminococus] gnavus  
was negatively correlated with inflammation and negatively corre-
lated with several other microbes (rc4-4 and Akkermansia mucin-
iphila) (Figure 2C). It is worth noting that ~75% of the genes in 
Lewis cluster I and ~60% in cluster IV overlapped with genes in 
Fischer cluster I (Figure 2D). When input into ToppGene, these 
genes from Fischer cluster I and Lewis clusters I and IV resulted 
in enrichment of common immune/inflammatory pathways (Fig-
ure  2E). This is in stark contrast to the absence of common 
microbes between the Lewis and Fischer clusters.

We also observed clusters containing only microbes (or 
microbes with a few genes which did not yield any pathways) 
in both Lewis rats (e.g., cluster VI: Xanthomonadaceae, Acine-
tobacter rhizosphaerae, Stenotrophomonas, Comamonas, 
Acinetobacter, Rahnella aquatilis, Herbaspirillum, Sphingomona-
daceae) and Fischer rats (e.g., cluster IV: Sutterella, Bacteroides 
uniformis, Bacteroides, [Eubacterium] dolichum, [Ruminococ-
cus], Blautia producta, Coprobacillus, Parabacteroides gordo-
nii, Parabacteroides, YS2, Holdemania, Blautia, RF32). These 
clusters indicated strong positive correlations between microbes 
with no significant host gene (or pathway) interactions (see Sup-
plementary Figure 3, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41018/ 
abstract). There were also clusters of genes that were not asso-
ciated with microbes, which were linked mostly to metabolic 
pathways (Lewis clusters II, III, VIII, IX, and Fischer clusters V, VI 
[data not shown]).

Inflammation- associated metabolic pathways 
identified by PICRUSt analysis. We performed PICRUSt 
analysis to infer microbial metabolites and metabolic path-
ways (KEGG levels 1–3) associated with gut inflammation. 
Table  1 highlights important microbial metabolic pathways 
which correlate positively or negatively with gut inflamma-
tion (histologic scores) in the cecum mucosa, cecum lumen, 
and colon lumen of dark agouti, Lewis, and Fischer wild- type 
and HLA–B27–transgenic rats. A complete list of all disease- 
associated KEGG pathways correlated with gut inflammation 
is shown in Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41018/ abstract. Table  1 includes positively 
correlating inflammatory pathways (e.g., lipopolysaccharide 
[LPS] biosynthesis, steroid biosynthesis, steroid hormone 
biosynthesis, arachidonic acid metabolism) as well as nega-
tively correlating pathways (e.g., N- glycan biosynthesis, biotin 
metabolism). Short- chain fatty acid metabolic pathways such 
as butanoate and propanoate biosynthesis also correlated 
positively with gut inflammation. Other pathways that cor-
related with inflammation include cell motility and secretion, 
cell division, and bacterial invasion of epithelial cells. We also 
observed antiinflammatory pathways, such as indole alkaloid 
biosynthesis, that correlated inversely with inflammation (Table 
1 and Supplementary Table 1). Other important microbial met-
abolic functions were disrupted with inflammation, including 
biosynthesis of vitamins important to the host (e.g., vitamin 
B [pantothenate] and coenzyme A biosynthesis, vitamin B6 
metabolism, vitamin C [ascorbate] and aldarate metabolism, 
and antioxidants [carotenoid] biosynthesis), and host diges-
tion (e.g., phenylpropanoid biosynthesis, glycerolipid metabo-

lism, secondary bile acid biosynthesis).

DISCUSSION

Our previous study showed that disease- susceptible HLA–
B27–transgenic Lewis and Fischer rats had largely distinct pat-
terns of gut microbial dysbiosis, with predominantly overlapping 
pathways of immune dysregulation (5). These results suggested 
that different microbes may be associated with a similar host 

Class Pathways
Cecum mucosa 

(q)
Cecum lumen 

(q)
Colon lumen 

(q)
Metabolism Taurine and hypotaurine metabolism 1.05 × 10−2

Metabolism Terpenoid backbone biosynthesis 1.78 × 10−2

Metabolism Thiamine metabolism 9.55 × 10−3

Metabolism Tryptophan metabolism 4.31 × 10−3

Metabolism Tyrosine metabolism 5.13 × 10−3

Metabolism Various types of N- glycan biosynthesis 2.18 × 10−8† 1.80 × 10−4† 1.02 × 10−1†
Metabolism Vitamin B6 metabolism 4.04 × 10−2

* PICRUSt = Phylogenetic Investigation of Communities by Reconstruction of Unobserved States.
† Negative correlation (all other correlations shown were positive).

Table 1. (Cont’d)

http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41018/abstract


GILL ET AL 1856       |

immune response on different genetic backgrounds and/or envi-
ronments, as Lewis and Fischer rats were housed in different 
facilities. In the present study, we correlated microbial abun-
dance with variably expressed host genes across genetic back-
grounds, as well as integrating gene–gene, gene–microbe, and 
microbe–microbe correlations into networks to comprehensively 
investigate host–microbe interactions. This novel multi- omic net-
work analysis revealed a small number of microbes that exhib-
ited a primary association with the host immune/inflammatory 
response in a background- specific manner, and thus represent 
candidate organisms driving gut inflammation. While our present 
findings do not define microbial causality, they narrow down a 
large number of dysbiotic microbes to a few candidates that can 
be further tested for a direct role in disease pathogenesis.

When we first investigated which gut microbes correlated 
with variably expressed host genes (Figure 1), we were surprised 
to find that most of the inflammation- associated microbes were 
not identified in our previous analysis focusing on differences 
between HLA–B27–transgenic and wild- type rats. For exam-
ple, Dehalobacterium, Lachnospiraceae, and Lachnobacterium, 
which correlate with the primary inflammation cluster in the 
inter- omic analysis (cluster I in Figure 1A), were not significantly 
different between HLA–B27 and wild- type rats on any genetic 
background. These findings prompted us to delve further into 
relationships between microbes and host genes, and also  
gene–gene and microbe–microbe interactions, using a multi- omic  
network and subcluster analysis.

Focusing on the largest (most significant) clusters of these 
host–microbe networks, we found that Prevotella and Blautia (in 
Lewis rats) and Akkermansia muciniphila, rc4-4, Lachnospira, and 
Lachnospiraceae among others (in Fischer rats) are most strongly 
linked with dysregulated inflammatory pathways. In contrast, 
many gut commensal microbes exhibit increases or decreases 
with disease, but are not associated with any immune/inflam-
matory network. Of these microbes, many overlap with those 
 identified previously as HLA–B27–associated dysbiotic microbes 
(e.g.,  [Barnesiellaceae], RF39, Streptococcus, Coprobacillus, 
 Ruminococus, Aggregatibacter, Anaerotruncus, g_Cupriavidus,  
f_Erysipelotrichaceae, g_Facklamia, f_Ruminococcaceae). This 
suggests that differences in the relative frequency of these microbes 
are not the primary drivers of gut inflammation. Many of these are 
obligate anaerobes which may decrease as a consequence of 
increasing oxygen availability due to inflammation, as well as altered 
colonocyte metabolism (7). Another study showed that while rela-
tive frequency of microbes is a marker for microbial dysbiosis, it is 
not always a marker for microbial activity at the transcript level (8). 
Future studies analyzing both the activity (metatranscriptome) as 
well as the relative abundance (metagenome) may provide greater 
insight into the role of microbes in inflammation.

Consistent with our ecologic model of dysbiosis (5), candidate 
causal microbes identified here using multi- omics are not taxo-
nomically linked. Instead, they can be similar functionally, based 

on their metabolic effects or their biogeographic niche in the gut. 
For example, Prevotella (phylum Bacteroidetes) and Akkermansia 
muciniphila (phylum Verrucomicrobia) are phylogenetically diverse, 
but are thought to exacerbate colitis by disrupting mucosal home-
ostasis, albeit via different mechanisms. Prevotella is thought to 
exacerbate inflammation via enzymes (superoxide reductase and 
a phosphoadenosine phosphosulphate reductase) that enable it 
to resist host reactive oxygen species and outcompete microbes 
essential for mucosal homeostasis such as Bacteroides spp. (9). 
On the other hand, Akkermansia muciniphila exacerbates inflam-
mation directly by degrading the mucous layer over epithelial cells, 
thereby weakening the epithelial barrier (10). A recent study has 
shown that the immunostimulatory potential of LPS produced from 
Akkermansia muciniphila is greater than that from Prevotella, which 
may contribute to the increased disease severity in Fischer rats (11).

We used PICRUSt to predict microbial metabolic path-
ways in each rat and then generated correlations between the 
relative contribution of the pathways and inflammation. Lewis 
and Fischer rats exhibit many metabolic pathways known to 
be associated with gut inflammation (12), including vitamin 
synthesis (ascorbate and aldarate metabolism, carotenoid bio-
synthesis) and host digestion (phenylpropanoid biosynthesis, 
protein digestion and absorption, secondary bile acid synthe-
sis, LPS biosynthesis). We also observed increased short- 
chain fatty acid biosynthesis pathways, namely butanoate and 
propanoate, associated with gut inflammation, consistent with 
previous findings from a metabolic analysis of these HLA–B27–
transgenic Fischer rats (13). This suggests that butanoate and 
propanoate pathways are up- regulated during inflammation. 
Whether these short- chain fatty acids may promote inflam-
mation or provide protection (albeit insufficiently) is not clear. 
Future studies into the metabolic role of these inflammation- 
associated, phylogenetically diverse microbes from various rat 
backgrounds will enable a better understanding of how gut 
microbial metabolism influences the pathogenesis of SpA.

In summary, our novel multi- omic correlation and network 
analysis defined a small number of candidate microbes that 
may be the primary drivers of gut inflammation in experimen-
tal SpA. Importantly, many of these were not identified based 
simply on a comparison of HLA–B27 versus wild- type rats (5). 
Our findings may help to explain why human disease stud-
ies involving non- overlapping cohorts have identified different 
microbial markers. For example, one recent study revealed 
Dialister as a microbial marker in SpA (14), while another study 
suggested an important role of Ruminococcus gnavus in SpA 
(15). Similarly, in systemic lupus erythematosus, different stud-
ies have shown that translocation of Lactobacillus reutri (16) or 
Enterococcus gallinarum (17) to the mesenteric lymph nodes 
and spleen drives Toll- like receptor 7–dependent autoimmun-
ity. Our multi- omic network approach exploiting different host 
backgrounds has led to the recognition of phylogenetically 
different, but metabolically similar, microbes associated with 
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HLA–B27–induced inflammation. Our results distill the myriad 
of dysbiotic microbes to a few candidates that can be studied 
in detail for their role in experimental SpA.

Addendum. This report is dedicated to the memory of 
Dr. Mark Asquith, who passed away unexpectedly on June 6, 
2019 at the age of 36. His knowledge, insights, and enthusiasm 
greatly contributed to this work.
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A Link Between Plasma Microbial Translocation, 
Microbiome, and Autoantibody Development in First- Degree 
Relatives of Systemic Lupus Erythematosus Patients
Elizabeth Ogunrinde,1 Zejun Zhou,2 Zhenwu Luo,1 Alexander Alekseyenko,1 Quan-Zhen Li,3 Danielle Macedo,4 
Diane L. Kamen,1 Jim C. Oates,5 Gary S. Gilkeson,5 and Wei Jiang1

Objective. Systemic lupus erythematosus (SLE) is characterized by the production of antibodies against self an-
tigens. However, the events underlying autoantibody formation in SLE remain unclear. This study was undertaken to 
investigate the role of plasma autoantibody levels, microbial translocation, and the microbiome in SLE.

Methods. Plasma samples from 2 cohorts, one with 18 unrelated healthy controls and 18 first- degree relatives 
and the other with 19 healthy controls and 21 SLE patients, were assessed for autoantibody levels by autoantigen 
microarray analysis, measurement of lipopolysaccharide (LPS) levels by Limulus amebocyte assay, and determina-
tion of microbiome composition by microbial 16S ribosomal DNA sequencing.

Results. First- degree relatives and SLE patients exhibited increased plasma autoantibody levels compared to 
their control groups. Parents and children of lupus patients exhibited elevated plasma LPS levels compared to con-
trols (P = 0.02). Plasma LPS levels positively correlated with plasma anti–double- stranded DNA IgG levels in first- 
degree relatives (r = 0.51, P = 0.03), but not in SLE patients. Circulating microbiome analysis revealed that first- degree 
relatives had significantly reduced microbiome diversity compared to their controls (observed species, P = 0.004; 
Chao1 index, P = 0.005), but this reduction was not observed in SLE patients. The majority of bacteria that were 
differentially abundant between unrelated healthy controls and first- degree relatives were in the Firmicutes phylum, 
while differences in bacteria from several phyla were identified between healthy controls and SLE patients. Bacteria in 
the Paenibacillus genus were the only overlapping differentially abundant bacteria in both cohorts, and were reduced 
in first- degree relatives (adjusted P [Padj] = 2.13 × 10−12) and SLE patients (Padj = 0.008) but elevated in controls.

Conclusions. These results indicate a possible role of plasma microbial translocation and microbiome composi-
tion in influencing autoantibody development in SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic inflam-
matory autoimmune disease characterized by loss of tol-
erance to self antigens and autoantibody production (1). 
Genetic factors are linked to the development of SLE, with 
certain genes correlating with an increased risk of SLE (2,3), 

and a tendency for clustering of SLE within families (4,5). 
First- degree relatives of SLE patients are 13 times more likely 
to develop SLE compared to the general population, with 
5–10% of SLE patients having a second family member with 
SLE (6).

Several years prior to the manifestation of SLE clinical symp-
toms and diagnosis, antinuclear antibodies (ANAs) and other 
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autoantibodies can be detected (7). First- degree relatives of SLE 
patients have a higher prevalence of autoantibodies compared 
to the general population (5,8–10). The observed increase of 
autoantibodies prior to SLE onset suggests that insights into SLE 
pathogenesis can be gained from studies of first- degree relatives, 
especially in the absence of immunosuppressive therapy, along 
with studies of SLE patients.

The exact etiology of autoantibody production in SLE remains 
unknown, but a combination of factors is suggested to play a 
role in disease pathogenesis, including genetic, environmental, 
immunologic, and hormonal factors. There is increasing recent 
evidence to support the concept of increased intestinal perme-
ability contributing to the pathogenesis of autoimmune diseases 
such as SLE (11). Under normal conditions, the intestinal epithe-
lial lining and factors secreted from it create a barrier separating 
the host from environmental antigens (11). However, in various 
disease states, this barrier may be compromised, leading to the 
translocation of microbial products into the systemic circulation, 
which may induce chronic inflammation and systemic tissue dam-
age (11,12). In SLE, recent work shows evidence of translocating 
gut microbes, including Enterococcus gallinarum and Lactobacil-
lus reuteri, in influencing disease pathogenesis on genetic back-
grounds predisposed to autoimmunity (13,14). However, the role 
of microbial translocation in SLE and its correlation with autoanti-
body levels is unclear.

In this study, we showed a direct correlation between lev-
els of microbial translocation and plasma autoantibodies in first- 
degree relatives, but not in patients. We also identified differences 
in the circulating microbiome composition in SLE patients and 
their first- degree relatives, compared to healthy controls. These 
results indicate that plasma microbial translocation may play a role 
in autoantibody development, and immunosuppressive therapy 
may affect this association.

PATIENTS AND METHODS

Study participants. In this study, we examined 2 cohorts 
(see Supplementary Tables 1 and 2, available on Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.40935/ abstract). The first cohort consisted of 18 unrelated 
healthy controls and 18 first- degree relatives of SLE patients. The 
first- degree relatives were either a sibling, parent, or child of an 
SLE patient, and the unrelated healthy controls were often a friend 
brought by an SLE patient or first- degree relative. The first cohort 
consisted of 36 African American individuals (male or female). 
The second cohort consisted of 19 healthy controls and 21 SLE 
patients. All 40 subjects in the second cohort were female, 20 of 
whom were white (12 healthy controls and 8 SLE patients) and 
20 African American (7 healthy controls and 13 SLE patients). 
The criteria for inclusion in this study were age ≥18 years and 
ability to provide informed consent. Individuals who were preg-
nant or breastfeeding, had recent severe illness, contraindica-

tions for blood withdrawals, or had received antibiotics within the 
previous 90 days were excluded. The Institutional Review Board 
of the Medical University of South Carolina approved this study.

Autoantigen array. Plasma autoantibody reactivities were 
analyzed on a slide- based protein array containing a panel of 122 
autoantigens and 6 controls at the Genomics and Microarray Core 
facility, University of Texas Southwestern Medical Center (15). 
Plasma was diluted 1:50 and added to each array in duplicate. 
The levels of IgG autoantibodies were analyzed with Cy3- labeled 
anti- human IgG. The signal intensity of each autoantibody was 
expressed as the mean fluorescence intensity (MFI) (15). Heat-
maps were generated using Cluster and Treeview software (15).

Plasma lipopolysaccharide levels. Plasma samples 
were diluted to 10% with endotoxin- free water and heated to 
80°C for 10 minutes to inactivate inhibitory plasma proteins. The 
lipopolysaccharide (LPS) level in plasma was then quantified using 
a Limulus amebocyte lysate QCL- 1000 kit (Lonza), as described 
previously (16).

DNA extraction. Bacterial DNA was extracted from 400 μl 
of plasma or endotoxin- free water controls using a QIAamp UCP 
Pathogen Mini Kit, according to the instructions of the manufac-
turer (Qiagen). The V4 variable region of the bacterial 16S riboso-
mal DNA (16S rDNA) gene was amplified using polymerase chain 
reaction primers 515/806 in HotStarTaq Plus Master Mix (Qiagen) 
under the following conditions: 94°C for 3 minutes, followed by 28 
cycles of 94°C for 30 seconds, 53°C for 40 seconds, and 72°C 
for 1 minute, and a final elongation step at 72°C for 5 minutes. 
Sequencing was performed on a 454 Roche FLX Titanium pyrose-
quencing system according to the guidelines of the manufacturer 
(MR DNA).

Sequence processing and taxonomic assignment. 
Using the Quantitative Insights Into Microbial Ecology (QIIME) 1 
pipeline (17), sequences were demultiplexed and poor- quality 
sequences removed using the default settings of the QIIME 1 
script split_libraries.py (minimum average quality score 25, min-
imum/maximum sequence length 200/1,000 basepairs; no 
ambiguous base calls and no mismatches allowed in the primer 
sequence). Following demultiplexing and quality filtering, the QIIME 
1 script pick_de_novo_otus.py was used to cluster sequences 
into de novo operational taxonomic units (OTUs) based on 97% 
sequence similarity, and representative sequences for each OTU 
were assigned taxonomy based on fully sequenced microbial 
genomes (IMG/GG GreenGenes) (17). Chimeric sequences iden-
tified using ChimeraSlayer (18) were removed, as were sequences 
that failed alignment and singleton OTUs.

To account for potential bacterial 16S rDNA contamination 
from molecular biologic reagents, OTUs observed in the blank 
water controls were filtered from the experimental samples using 

http://onlinelibrary.wiley.com/doi/10.1002/art.40935/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40935/abstract


OGUNRINDE ET AL 1860       |

several scripts in QIIME 1. Briefly, an OTU table with just the 
blank water controls was created using the filter_samples_from_
otu_table.py script. OTU identifiers with zero counts in the water 
controls were then filtered out using the filter_otus_from_otu_

table.py script. OTU identifiers determined to be present in the 
water controls were then filtered from the experimental samples 
using the filter_otus_from_otu_table.py script, followed by the 
filter_samples_from_otu_table.py script.

Figure 1. Plasma levels of autoantibodies in unrelated healthy controls (UHCs) and first- degree relatives (FDRs), and in healthy controls (HCs) 
and systemic lupus erythematosus (SLE) patients. A and B, Plasma samples from unrelated healthy controls and first- degree relatives (A) and 
from healthy controls and SLE patients (B) were tested for reactivity with a variety of autoantigens in an array. A heatmap with clustering of IgG 
autoantibodies was generated from the autoantigen array. Intensities greater than the mean are colored red (A) or yellow (B), those below the 
mean are colored green (A) or blue (B), and cells with signals close to the mean are colored black (A and B). Gray was used to denote missing 
data. C–J, The mean fluorescence intensity (MFI) of antibodies to anti–double- stranded DNA (anti- dsDNA) (C and G), antinucleosome (D and 
H), anti–single- stranded DNA (anti- ssDNA) (E and I), and chromatin antigen (F and J) is shown for the 2 cohorts. Symbols represent individual 
subjects; bars show the median. P values were determined by the nonparametric Mann- Whitney U test.
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Finally, to focus on the prominent taxa in the samples, only 
OTUs with at least a mean 0.01% total abundance across all 
samples were retained in the final OTU tables (see Supplemen-
tary Tables 3 and 4, available on Arthritis & Rheumatology web 
site at http://onlin elibr ary.wiley.com/doi/10.1002/art.40935/ 
abstract). The final total data set comparing unrelated healthy 
controls to first- degree relatives contained 212,828 sequences 
(mean ± SD 5,911.889 ± 3,974.339 sequences per sample) and 
910 OTUs (Supplementary Table 3), while the final total data set 
comparing healthy controls to SLE patients contained 591,393 
sequences (mean ± SD 14,784.825 ± 17,982.308 sequences 
per sample) and 473 OTUs (Supplementary Table 4). The data 
set containing unrelated healthy controls and first- degree rela-
tives was analyzed independently from the data set containing 
healthy controls and SLE patients.

Statistical analysis. The OTU table of raw counts was 
normalized to an OTU table of relative abundances, and taxa of 
the same type were aggregated at the phylum, class, order, fam-
ily, genus, and species levels. The nonparametric Mann- Whitney 
U test was used in QIIME 1 to compare abundances, and P val-
ues were adjusted for multiple comparisons using the false dis-
covery rate. The microbiome species diversity within each sample 
(α- diversity) was computed using the phyloseq package in R for 
the observed OTUs and Chao1 diversity indices. The Wilcoxon 
rank sum test in R was used for testing the significance of the 
α- diversity estimates. Beta- diversity analyses were performed on 

unweighted UniFrac distances using the phyloseq package in R 
(19) and visualized on principal coordinate analysis plots using 
the ade4 package in R (20). Permutational multivariate analysis 
of variance (R- vegan package with the function Adonis) was 
used to test the statistical significance of variances in microbiome 
composition between groups. An analysis was performed using 
the DESeq2 R package to test for taxa that were differentially 
abundant between unrelated healthy controls and first- degree 
relatives, or healthy controls and SLE patients, at the phylum to 
genus levels and at the OTU level (21,22). P values were adjusted 
for multiple comparisons using the Benjamini- Hochberg false dis-
covery rate method.

RESULTS

Elevated plasma levels of SLE- related autoanti-
bodies in SLE patients and first- degree relatives com-
pared to controls. To determine the levels of autoantibodies 
in first- degree relatives compared to unrelated healthy controls 
and in SLE patients compared to healthy controls, we exam-
ined plasma reactivity in a panel of 122 autoantigens and 6 con-
trols in both cohorts. The autoantigen array showed increased 
plasma levels of a large spectrum of autoantibodies in first- 
degree relatives compared to unrelated healthy controls, and 
in SLE patients compared to healthy controls (Figures 1A and 
B). These autoanti bodies included not only ANAs, but also 
those directly related to cellular and extracellular antigens in 

Figure 2. Plasma lipopolysaccharide (LPS) level is associated with anti- dsDNA autoantibody production. A and B, Plasma LPS levels were 
tested by the Limulus amebocyte assay in a study which included18 unrelated healthy controls, 11 sibling first- degree relatives, and 7 parent 
or child first- degree relatives (A), and another study which included 19 healthy controls and 21 SLE patients (B). Symbols represent individual 
subjects; bars show the median. C and D, Plasma LPS level correlations with the plasma level of anti- dsDNA autoantibody were determined in 
unrelated healthy controls and first- degree relatives (C), and in healthy controls and SLE patients (D). The nonparametric Mann- Whitney U test 
and Spearman’s correlation coefficient were used for comparison and correlation, respectively. See Figure 1 for other definitions. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40935/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40935/abstract
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the skin, kidney, thyroid, and joints. Three to 4 representative 
 SLE- related IgG autoantibodies, including anti–double-stranded 
DNA (anti- dsDNA), antinucleosome, anti–single- stranded DNA 
(anti- ssDNA), and antichromatin (23,24), were increased in first- 
degree relatives compared to unrelated healthy controls (Fig-
ures 1C–F), and in SLE patients compared to healthy controls 
(Figures 1G–J). These results are consistent with findings of pre-
vious studies from our group, which demonstrated that certain 
SLE- related autoanti bodies are increased in first- degree relatives 
of patients compared to unrelated healthy controls (10,25). In 
addition, the results are consistent with those of several previous 

studies showing  elevated autoantibody levels in SLE patients 
compared to healthy controls.

Association of the presence of the microbial Toll- 
like receptor 4 ligand LPS in plasma with autoreactive 
IgGs in first- degree relatives. Most studies of autoanti bodies 
in humans have focused on the role of Toll- like receptor 7 (TLR- 
7) and TLR- 9, while studies of TLR- 2 and TLR- 4 in autoimmunity 
were performed in animal models (26–28). We believe that as 
a result of microbial translocation, microbial products, such as 
universal TLR ligands, promote heightened inflammation and 
autoantibody production in genetically predisposed high- risk 

Figure 3. Circulating microbiome relative abundance in unrelated 
healthy controls and first- degree relatives. The top 5 bacteria were 
determined at the phylum (A), class (B), order (C), family (D), and 
genus (E) taxonomic levels based on relative abundance in unrelated 
healthy controls and first- degree relatives. The nonparametric Mann- 
Whitney U test was used in QIIME 1 to compare abundances, and  
P values were adjusted for multiple comparisons by the false 
discovery rate (p.fdr) method. See Figure  1 for other definitions. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40935/abstract.

Figure  4. Circulating microbiome relative abundance in healthy 
controls and SLE patients. The top 5 bacteria were determined at the 
phylum (A), class (B), order (C), family (D), and genus (E) taxonomic 
levels based on relative abundance in healthy controls and SLE 
patients. The nonparametric Mann- Whitney U test was used in 
QIIME 1 to compare abundances, and P values were adjusted for 
multiple comparisons by the false discovery rate (p.fdr) method. 
See Figure  1 for other definitions. Color figure can be viewed in 
the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40935/abstract.
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individuals (e.g., first- degree relatives of SLE patients) and SLE 
patients. One such TLR ligand is LPS, a known TLR- 4 agonist 
considered to be a representative marker of microbial translo-
cation (29). We found that parent or child first- degree relatives 
of SLE patients displayed increased microbial translocation, as 
reflected by plasma LPS levels, compared to unrelated healthy 
controls, whereas the increase in sibling first- degree relatives was 
not significant (Figure 2A). Similarly, SLE patients had elevated 
plasma LPS levels compared to healthy controls (Figure  2B). 
Plasma LPS levels were positively correlated with plasma levels 
of anti- dsDNA IgG in the group of unrelated healthy controls and 
first- degree relatives combined (Figure 2C), and in the group of 
healthy controls and SLE patients combined (Figure 2D). Analy-
sis of individual groups revealed a significant positive correlation 
between plasma LPS levels and anti- dsDNA levels in first- degree 
relatives (Figure 2C), but not in SLE patients (Figure 2D).

Distinct circulating microbiome in unrelated healthy  
controls and first- degree relatives, but not in healthy 
controls and SLE patients. To investigate further the role 
of microbial products in autoantibody production and SLE, 
we examined the circulating microbiome of unrelated healthy 
controls compared to first- degree relatives, and healthy con-
trols compared to SLE patients. The increased translocation of 

 bacterial products into the systemic circulation from the perme-
able mucosa suggests that insights into autoimmune pathol-
ogy can be gained from studying the circulating microbiome, as 
opposed to other sites. Profiling of the circulating microbiome 
in unrelated healthy controls and first- degree relatives, and in 
healthy controls and SLE patients, revealed some similarities and  
differences in the microbiome composition of the 2 cohorts. At 
the phylum level, all individuals in the unrelated healthy control 
and first- degree relative cohort had similar bacteria found in the 
top 5 based on relative abundance when compared to all individ-
uals in the healthy control and SLE cohort (Figures 3A and 4A).  
Shared bacteria in the top 5 at the phylum level included Proteo-
bacteria, Actinobacteria, Firmicutes, and Bacteroidetes. Similarly, at 
the class level, Alphaproteobacteria and Bacilli appeared in the top 
5 bacteria in both cohorts (Figures 3B and 4B). Beyond the order 
level, there were no overlapping bacteria found in the top 5 at the 
various taxa levels between the 2 cohorts (Figures 3C–E and 4C–E).

Another important aspect of the circulating microbiome that 
we examined in the 2 cohorts was diversity. Compared to unre-
lated healthy controls, first- degree relatives had decreased spe-
cies diversity within each sample (α- diversity), as evaluated by the 
observed OTUs and Chao1 species richness (Figure 5A). In addi-
tion, diversity of the circulating microbiome of SLE patients tended 
to decrease compared to healthy controls, but the  difference did 

Figure 5. Alpha-  and β- diversity analyses of the circulating microbiome in first- degree relatives and SLE patients compared to their controls. 
A and B, Observed operational taxonomic units and the Chao1 species- richness metric were evaluated using the phyloseq package in R to 
assess α- diversity in unrelated healthy controls and first- degree relatives (A) and in SLE patients and healthy controls (B). Data are shown as 
box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent 
the 10th and 90th percentiles. Crosshatches represent the standard error for the Chao1 species-richness metric. Statistical significance was 
determined using the Wilcoxon rank sum test in R. C and D, Principal coordinate analysis was conducted based on the unweighted UniFrac 
distance using the phyloseq and ade4 packages in R to assess β- diversity in unrelated healthy controls and first- degree relatives (C) and in SLE 
patients and healthy controls (D).  Statistical significance was determined with permutational multivariate analysis of variance (R- vegan package 
with the function Adonis). See Figure 1 for definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40935/abstract.
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not reach significance (Figure  5B). To determine whether over-
all microbiome composition differed according to health status 
(unrelated healthy controls versus first- degree relatives or healthy 
controls versus SLE) as well as between sample diversity (β- di-
versity), we conducted a principal coordinate analysis based on 
unweighted UniFrac phylogenetic distances. Health status was 
significantly associated with overall circulating microbiome compo-
sition when comparing unrelated healthy controls and first- degree 
relatives (Figure 5C); however, this association was not seen when 
comparing healthy controls and SLE patients (Figure 5D).

To identify bacteria that were differentially abundant 
between unrelated healthy controls and first- degree relatives or 
between healthy controls and SLE patients, we used DESeq2 
(21,22). In comparing unrelated healthy controls to first- degree 
relatives, Firmicutes was the predominant phylum contain-
ing several bacteria that were differentially abundant bacteria 
between the 2 groups (Table 1). Bacteria belonging to the Firmi-
cutes phylum were identified as differentially abundant between 
unrelated healthy controls and first- degree relatives at the family, 
genus, and species levels. Of the bacteria found in the Firmi-
cutes phylum, Thermoanaerobacterium saccharolyticum and 
Lactobacillus iners were 2 species with elevated mean relative 
abundances in first- degree relatives compared to unrelated 

healthy controls (Table 1). The remaining bacteria identified as 
differentially abundant between unrelated healthy controls and 
first- degree relatives belonged to the WPS- 2, Actinobacteria, 
and Proteobacteria phyla, and their mean relative abundances 
were primarily elevated in unrelated healthy controls compared 

to first- degree relatives (Table 1).
In contrast, the analysis between healthy controls and SLE 

patients yielded differentially abundant bacteria belonging to 
several phyla, including Bacteroidetes, Firmicutes, Proteobac-
teria, Actinobacteria, Planctomycetes, and Gemmatimonadetes 
(Table 2). Of the 22 bacteria identified in the differentially abun-
dant analysis between controls and patients, 15 bacteria had 
elevated mean relative abundances in SLE patients compared 
to controls (Table 2). An overlapping bacterium identified as dif-
ferentially abundant in both the unrelated healthy controls versus 
first- degree relatives analyses and the healthy controls versus 
SLE patients analyses was the Paenibacillus genus belonging 
to the Firmicutes phylum, Bacilli class, Bacillales order, and 
Paenibacillaceae family. In both comparisons, the mean relative 
abundance of the Paenibacillus genus was increased in con-
trols compared to first- degree relatives or SLE patients. There-
fore, alterations in the circulating microbiome may be influencing 

autoantibody production in SLE.

Table 1. Taxa that were differentially abundant between SLE patients’ first- degree relatives and unrelated healthy controls*

Taxa levels, phylum/class/order/family/genus/species†

Unrelated 
healthy controls, 

mean

First- degree 
relatives, 

mean P Adjusted P‡
WPS- 2/unassigned 49.44 0 2.18 × 10−13 7.62 × 10−12

WPS- 2/unassigned/unassigned 49.44 0 4.84 × 10−13 2.61 × 10−11

Actinobacteria/Actinobacteria/Actinomycetales/
Geodermatophilaceae

1.89 357.83 3.61 × 10−15 4.00 × 10−13

Actinobacteria/Actinobacteria/Actinomycetales/Actinomycetaceae 46.06 0 7.90 × 10−15 4.39 × 10−13

Firmicutes/Bacilli/Bacillales/Paenibacillaceae 48.00 0 3.58 × 10−14 13.33 × 10−12

Firmicutes/Bacilli/Lactobacillales/Streptococcaceae 88.50 0 1.63 × 10−4 3.63 × 10−3

WPS- 2/unassigned/unassigned/unassigned 49.44 0 5.65 × 10−14 1.57 × 10−12

Actinobacteria/Actinobacteria/Actinomycetales/
Actinomycetaceae/Actinomyces

46.06 0 1.54 × 10−14 1.04 × 10−12

Firmicutes/Clostridia/Clostridiales/Clostridiaceae/ 
Thermoanaerobacterium

3.11 76.78 5.88 × 10−15 9.58 × 10−13

Firmicutes/Clostridia/Clostridiales/[Tissierellaceae]/Anaerococcus 21.94 2.5 1.92 × 10−14 1.04 × 10−12

Firmicutes/Bacilli/Bacillales/Paenibacillaceae/Paenibacillus 48.00 0 6.42 × 10−14 2.62 × 10−12

Firmicutes/Bacilli/Lactobacillales/Streptococcaceae/Streptococcus 77.28 0.06 1.75 × 10−3 4.76 × 10−2

WPS- 2/unassigned/unassigned/unassigned/unassigned 49.44 0 9.99 × 10−14 3.26 × 10−12

Firmicutes/Clostridia/Clostridiales/
Clostridiaceae/Thermoanaerobacterium/saccharolyticum

3.11 76.78 3.16 × 10−16 5.53 × 10−14

Firmicutes/Bacilli/Lactobacillales/Lactobacillaceae/Lactobacillus/iners 0.00 169.11 3.32 × 10−15 2.91 × 10−13

Firmicutes/Clostridia/Clostridiales/[Tissierellaceae]/Anaerococcus/
unassigned

21.94 2.5 1.01 × 10−14 5.87 × 10−13

Firmicutes/Bacilli/Bacillales/Paenibacillaceae/Paenibacillus/
unassigned

48.00 0 4.87 × 10−14 2.13 × 10−12

Proteobacteria/Gammaproteobacteria/Pseudomonadales/
Moraxellaceae/Acinetobacter/johnsonii

15.17 0.11 1.23 × 10−3 3.58 × 10−2

WPS- 2/unassigned/unassigned/unassigned/unassigned/unassigned 49.44 0 7.46 × 10−14 2.61 × 10−12

* The DESeq2 R package was used to identify differentially abundant taxa at the phylum to species levels. SLE = systemic lupus erythematosus. 
† Column shows the lowest level at which differential abundance was identified, i.e., for entries that list only 2 taxa, differential abundance was 
found at the phylum and class levels; for entries that list 6 taxa, differential abundance was found at the phylum, class, order, family, genus, and 
species levels. 
‡ Adjusted for multiple comparisons by the false discovery rate method. 
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DISCUSSION

A hallmark feature of SLE is the production of autoanti-
bodies against a large number of self antigens; however, the 
events underlying this process remain unclear (30). One hypoth-
esis is that translocation of microbial components from the 
gastrointestinal (GI) tract or other mucosal sites into the sys-
temic circulation can lead to activation of the immune system 
(12,31). In this study, we examined the relationships between 
microbial translocation and autoantibody levels in SLE patients, 
first- degree relatives of SLE patients, and healthy controls. The 
nature of familial aggregation in SLE and the accumulation of 
autoantibodies prior to disease onset make first- degree relatives 
an ideal model for understanding autoantibody development in 
the absence of immunosuppressive therapy in SLE.

We first determined the plasma levels of a variety of autoan-
tibodies in first- degree relatives compared to unrelated healthy 
controls and in healthy controls compared to SLE patients, 
using autoantigen arrays. Consistent with the results of previ-
ous studies (5,10,25), first- degree relatives had significantly 
elevated levels of autoantibodies including anti- dsDNA, anti- 
ssDNA, and antinucleosome compared to unrelated healthy 
controls. Similarly, SLE patients exhibited increased plasma 
autoantibody levels compared to healthy controls. Accompany-
ing the increases in autoantibodies in first- degree relatives was 
an increase in plasma LPS levels. We noted that first- degree 
relatives with a parent or child relationship with an SLE patient 

had elevated plasma LPS levels compared to unrelated healthy 
controls and siblings of patients, which has not been shown 
previously. This increase in plasma LPS levels in parent or child 
first- degree relatives compared to sibling first- degree relatives 
may be explained by past studies that documented significant 
similarities in clinical manifestations of SLE in parent/offspring 
relationships as opposed to sibling relationships (32,33). Plasma 
LPS levels were also higher in SLE patients than in healthy  
controls, which is consistent with previous observations of 
higher serum endotoxin levels in SLE patients (34,35). Overall, 
the increase in plasma LPS levels exhibited a positive correlation 
with anti- dsDNA levels when all individuals were combined in 
both cohorts.

The direct correlation between plasma LPS and anti- 
dsDNA levels was significant for first- degree relatives, sug-
gesting a role of microbial TLR ligands in immune activation, 
resulting in autoantibody production in genetically predis-
posed high- risk populations. However, this trend was not sig-
nificant for SLE patients, which could be due to a variety of 
factors including immunosuppressive medications and SLE 
activity. Despite differences in the significance of the corre-
lation between first- degree relatives and SLE patients, the 
results appear consistent with prior research linking infection 
and autoimmunity via mechanisms of molecular mimicry or 
bystander activation (36–38), and with a recent study demon-
strating the existence of antibodies to antigens from the gut 
commensal Ruminococcus gnavus that are cross- reactive 

Table 2. Taxa that were differentially abundant between SLE patients and healthy controls*

Taxa levels, phylum/class/order/family/genus/species†
Healthy controls, 

mean
SLE, 

mean P Adjusted P‡
Actinobacteria/Thermoleophilia 198.84 0.19 0.00006 0.003
Bacteroidetes/Flavobacteriia 63.0 93.38 0.00296 0.032
Gemmatimonadetes/Gemmatimonadetes 493.11 0.38 0.00023 0.004
Planctomycetes/Planctomycetia 0.63 113.71 0.00028 0.004
Proteobacteria/Epsilonproteobacteria 0.42 40.19 0.00031 0.004
Actinobacteria/Thermoleophilia/Solirubrobacterales 82.58 0.24 0.00013 0.008
Bacteroidetes/Flavobacteriia/Flavobacteriales 63.05 93.38 0.0001 0.008
Firmicutes/Bacilli/Lactobacillales 10.42 409.67 0.00026 0.008
Proteobacteria/Epsilonproteobacteria/Campylobacterales 0.42 40.19 0.00037 0.008
Actinobacteria/Actinobacteria/Actinomycetales/Streptomycetaceae 94.74 0.76 0.00057 0.025
Actinobacteria/Actinobacteria/Actinomycetales/Nocardioidaceae 27.84 13.62 0.00035 0.025
Bacteroidetes/Sphingobacteriia/Sphingobacteriales/Sphingobacteriaceae 19.84 44.00 0.00082 0.028
Firmicutes/Clostridia/Clostridiales/Lachnospiraceae 0.11 123.57 0.00059 0.025
Proteobacteria/Epsilonproteobacteria/Campylobacterales/Campylobacteraceae 0.42 40.19 0.00012 0.021
Actinobacteria/Actinobacteria/Actinomycetales/Nocardioidaceae/unassigned 27.84 13.62 0.00060 0.026
Bacteroidetes/Bacteroidia/Bacteroidales/Marinilabiaceae/unassigned 25.11 109.76 0.00014 0.008
Firmicutes/Clostridia/Clostridiales/Peptococcaceae/unassigned 0.32 78.38 0.00010 0.008
Firmicutes/Bacilli/Bacillales/Paenibacillaceae/Paenibacillus 232.11 10.43 0.00008 0.008
Firmicutes/Clostridia/Clostridiales/[Acidaminobacteraceae]/WH1- 8 59.11 166.62 0.00113 0.041
Firmicutes/Clostridia/Clostridiales/Peptococcaceae/unassigned/unassigned 37.68 127.71 0.00015 0.017
Firmicutes/Clostridia/Clostridiales/Lachnospiraceae/unassigned/unassigned 0.32 78.38 0.00014 0.017

* The DESeq2 R package was used to identify differentially abundant taxa at the phylum to species levels. SLE = systemic lupus erythematosus. 
† Column shows the lowest level at which differential abundance was identified, i.e., for entries that list only 2 taxa, differential abundance was 
found at the phylum and class levels; for entries that list 6 taxa, differential abundance was found at the phylum, class, order, family, genus, and 
species levels. 
‡ Adjusted for multiple comparisons by the false discovery rate method. 
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with anti- dsDNA autoantibodies in SLE patients (39). Further 
investigation is needed to establish causality between bacte-
rial TLR ligands, such as LPS, and the autoantibody genera-
tion and systemic inflammation seen in SLE.

To better understand how translocation of microbial prod-
ucts such as LPS may impact autoantibody levels, we utilized 
plasma 16S rDNA analysis to determine the circulating microbi-
ome composition in unrelated healthy controls compared to first- 
degree relatives, and healthy controls compared to SLE patients. 
The detection of 16S rRNA in the plasma does not indicate the 
presence of whole organisms, but rather the presence of frag-
ments of DNA. The predominant phyla of bacteria found in both 
unrelated healthy controls and first- degree relatives, and healthy 
controls and SLE patients were Proteobacteria, Actinobacteria, 
Firmicutes, and Bacteroidetes, with the dominant phylum being 
Proteobacteria. This is in contrast to the findings in prior stud-
ies on the microbiome composition in SLE, in which Firmicutes 
and Bacteroidetes were the dominant phyla, with smaller con-
tributions from Proteobacteria and Actinobacteria (40,41). Our 
study profiled the circulating microbiome, while past studies pro-
filed the gut microbiome. The difference in composition is likely 
due to differences in sampling sites and other factors such as 
diet, donor, therapy regimen, and disease stage. Differences in 
composition could also be attributed to the high variation of the 
circulating microbiome between individuals, similar to what is 
seen in the gut microbiome (42). Two different studies, one in a 
Spanish population and another in a Chinese population, noted a 
lower Firmicutes/Bacteroidetes ratio in the gut microbiota of SLE 
patients compared to healthy controls (40,41). In contrast, we did 
not identify any significant differences in the Firmicutes/Bacteroi-
detes ratio between unrelated healthy controls and first- degree 
relatives or healthy controls and SLE patients (data not shown), 
which is consistent with findings of a study on the gut microbiota 
in SLE (44).

Previous studies have shown reduced gut microbiota diver-
sity in SLE patients compared to healthy controls, suggesting 
a dysbiosis or imbalance in the microbiome of SLE patients 
(40,41,44,45). However, in this study, first- degree relatives of 
SLE patients had reduced diversity in their circulating microbiome 
compared to unrelated healthy controls, while no significant differ-
ence was found in the diversity of the circulating microbiome of 
SLE patients compared to healthy controls. The divergence in the 
results between first- degree relatives and SLE patients could be 
attributed to several factors, but a major one is immunosuppres-
sive therapy or the effect of the disease itself. The first- degree rel-
atives examined were not taking any immunosuppressive agents, 
in contrast to the SLE patients, who were all receiving immuno-
suppressive treatments. In addition, SLE patients are more likely to 
develop infections and thus receive antibiotics, which can greatly 
influence microbiome composition (46). Future studies examining 
the microbiome of SLE patients pre-  and post- initiation of therapy 
will better delineate the role of the microbiome in autoantibody 

production and subsequent development of SLE, as well as the 
effect of specific immunosuppressive therapy on the microbiome.

Despite differences in the circulating microbiome diversity 
between unrelated healthy controls and first- degree relatives, 
and between healthy controls and SLE patients, we were able to 
identify differentially abundant bacteria in the 2 cohorts. Most of 
the bacteria found to be differentially abundant between unrelated 
healthy controls and first- degree relatives belonged to the Firmi-
cutes phylum, with specific bacteria at the family, genus, and spe-
cies levels being primarily elevated in unrelated healthy controls in 
relation to first- degree relatives. The 2 bacteria belonging to the 
Firmicutes phylum that were elevated in first- degree relatives and 
not unrelated healthy controls were T saccharolyticum and L iners. 
T saccharolyticum is an anaerobic, thermophilic, gram- positive 
bacteria known primarily for its ability to ferment a wide number 
of carbohydrates (47), but not much is known about T sacchar-
olyticum in the clinical setting or in the context of SLE. L iners is 
more widely studied and is a gram- variable, anaerobic bacteria 
found in the lower reproductive tract of women (48). However, its 
role in vaginal health is presently unclear, as it is detected under 
normal conditions and during states of dysbiosis such as bacterial 
vaginosis (48). The presence of these bacteria in the circulating 
microbiome suggests their translocation into the systemic circu-
lation, but more studies are needed to determine if and how they 
play a contributing role in SLE development.

One recent study identified Enterococcus gallinarium as 
a pathobiont that translocates from the gut to the liver and 
lymphoid organs in the (NZW × BXSB)F1 mouse model and 
subsequently triggers autoimmune responses in backgrounds 
with a genetic predisposition for autoimmunity (13). In another 
study, Lactobacillus reuteri was shown to worsen systemic 
autoimmunity by translocating from the gut to the liver, spleen, 
and mesenteric lymph nodes in lupus- prone mice (14). These 
studies support a role of translocating microbes in the devel-
opment of autoimmune diseases such as SLE, but further 
investigation is needed. Furthermore, why certain bacteria 
translocate and others do not is unknown, but changes to gut 
permeability and a microbe’s genomically encoded capacity 
to produce flagella could play a role (49). However, further 
investigations are needed to determine translocation mecha-
nisms. Future studies comparing paired circulating microbiota 
composition to the microbiota composition from various sites 
such as the gut, vaginal tract, oral cavity, or skin will help to 
elucidate the sites from which bacteria translocate, and which 
translocating bacteria contribute to SLE pathogenesis.

In the comparison of the microbiomes of healthy controls and 
SLE patients, the identified differentially abundant bacteria belong 
to several different phyla including Bacteroidetes, Firmicutes, 
Proteobacteria, Actinobacteria, Planctomycetes, and Gemma-
timonadetes, but no phylum was particularly dominant. Most of 
the differentially abundant bacteria detected were increased in SLE 
patients compared to healthy controls. However, the family level 
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was the lowest taxonomic level at which most of the bacteria could 
be identified, making it difficult to draw any strong conclusions. 
One unique finding in the analysis of differentially abundant bacte-
ria was the identification of bacteria belonging to the Paenibacillus 
genus in both cohorts. The Paenibacillus bacteria were reduced in 
first- degree relatives and SLE patients but elevated in healthy con-
trols. Bacteria in the Paenibacillus genus have been isolated from 
many different sources and comprise many species pertaining to 
humans, animals, plants, and the environment (50). Paenibacillus 
species are known to produce antimicrobial compounds that are 
beneficial in medicine. On the other hand, some Paenibacillus 
species have been identified as causing opportunistic infections in 
humans (50). The significance of the elevated presence of Paeni-
bacillus in controls, but not in first- degree relatives or SLE patients, 
is yet to be elucidated, and future work is needed to clarify if it has 
a protective role in autoantibody production or SLE pathogenesis.

Overall, this study establishes previously unknown direct rela-
tionships between plasma microbial translocation and autoanti-
body levels in first- degree relatives of SLE patients. In addition, 
it demonstrated a circulating microbiome profile for first- degree 
relatives of SLE patients that is reduced in diversity compared to 
unrelated healthy controls, while SLE patients receiving treatment 
have a circulating microbiome profile with a diversity similar to that 
in healthy controls. Several bacteria were also identified as dis-
tinctive to SLE patients and their first- degree relatives, and fur-
ther studies are needed to explore their direct or indirect roles in 
autoantibody formation and SLE pathogenesis.

The study is not without limitations, including the small sam-
ple size in both cohorts, the specific patient demographics, and 
the use of clustering analysis generating OTUs instead of ampli-
con sequencing variants. Despite these limitations, our findings 
provide a framework for future exploration of how changes in the 
microbiome can shape autoantibody formation and inflammation. 
An understanding of the mechanism of autoantibody induction in 
SLE can lead to the development of therapeutic targets that pre-
vent autoantibody production, thereby slowing disease onset, mit-
igating downstream inflammation, and reducing tissue damage.
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Glutaminase 1 Inhibition Reduces Glycolysis and 
Ameliorates Lupus- like Disease in MRL/lpr Mice and 
Experimental Autoimmune Encephalomyelitis
Michihito Kono,1 Nobuya Yoshida,2 Kayaho Maeda,2 Abel Suárez-Fueyo,2 Vasileios C. Kyttaris,2  and  
George C. Tsokos2

Objective. Glutaminase 1 (Gls1) is the first enzyme in glutaminolysis. The selective Gls1 inhibitor  
bis- 2- (5- phenylacetamido- 1,3,4- thiadiazol- 2- yl)ethyl sulfide (BPTES) suppresses Th17 development and ameliorates 
experimental autoimmune encephalomyelitis (EAE). The present study was undertaken to investigate whether inhibition 
of glutaminolysis is beneficial for the treatment of systemic lupus erythematosus (SLE), and the involved mechanisms.

Methods. MRL/lpr mice were treated with BPTES or vehicle control, and disease activity was examined. Then 
 naive CD4+ T cells from patients with SLE were cultured under Th17- polarizing conditions with BPTES or vehicle. 
Furthermore, using newly generated Gls1 conditional- knockout mice, in vitro Th17 differentiation was examined, and 
EAE was induced in the mice. Glutaminolysis and glycolysis were measured with an extracellular flux analyzer. The 
expression of hypoxia- inducible factor 1α (HIF- 1α) was examined by Western blotting.

Results. Treatment of MRL/lpr mice with BPTES improved autoimmune pathology in a Th17- dependent manner. T 
cells from patients with SLE treated with BPTES displayed decreased Th17 differentiation (P < 0.05). Using the conditional- 
knockout mice, we demonstrated that both in vitro Th17 differentiation (P < 0.05) and the development of EAE were de-
pendent on Gls1. Gls1 inhibition reduced glycolysis and the expression of HIF- 1α protein, which induces glycolysis.

Conclusion. We demonstrated that inhibition of glutaminolysis represents a potential new treatment strategy for 
patients with SLE and Th17- related autoimmune diseases. Mechanistically, we have shown that inhibition of glutami-
nolysis affects the glycolysis pathway by reducing HIF- 1α protein in Th17 cells.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease of unknown etiology characterized by diverse T cell effector 
dysfunction (1). CD4+ T cells in patients with SLE and lupus- prone 
mice have altered signaling and function, and several metabolic 
abnormalities have been reported (2). Simultaneous administra-
tion of the mitochondrial metabolism inhibitor metformin and the 
glucose metabolism inhibitor 2- deoxy- d- glucose (2DG) amelio-
rates disease severity in lupus- prone mice significantly, suggesting 
that metabolic control of lupus may offer new therapeutic tools (3).

Glutaminolysis is a well- known source of energy for effec-
tor T cells, and inhibition of multiple involved enzymes results in 
defective helper T cell differentiation, especially of Th1 cells and 
Th17 cells (4). Glutaminase 1 (Gls1) is the first enzyme in glutami-
nolysis and converts glutamine (Gln) to glutamate. Recently we 
found that Th17 cells depend on glutaminolysis and Gls1 more 
than other T cell subsets and that the selective Gls1 inhibitor bis- 
2- (5- phenylacetamido- 1,3,4- thiadiazol- 2- yl)ethyl sulfide (BPTES) 
suppresses Th17 development and ameliorates experimental 
autoimmune encephalomyelitis (EAE) disease (5). Patients with 
SLE have an increased frequency of Th17 cells, which are consid-
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ered to contribute to the establishment of proinflammatory condi-
tions in multiple organs they infiltrate (6–8).

Hypoxia- inducible factor 1α (HIF- 1α) is considered to be a 
key metabolic sensor in Th17 cells and enhances Th17 devel-
opment through direct transcriptional activation of retinoic acid 
receptor–related orphan nuclear receptor γt (RORγt) and by 
forming a complex with RORγt and p300 on the interleukin- 17 
(IL- 17) promoter (9) and inducing glycolysis in Th17 cells (10). 
Although von Hippel- Lindau tumor suppressor protein (VHL) is a 
component of an E3 ubiquitin ligase complex and is required for 
the ubiquitin- mediated degradation of HIF- 1α (11), whether this 
VHL–HIF- 1α–dependent mechanism contributes to Th17 devel-
opment remains unknown.

In the present study using our newly generated IL- 17– 
specific Gls1 conditionally deficient mice, we demonstrated the 
importance of glutaminase for the in vitro and in vivo differentiation 
of Th17 cells. Translationally, treatment of lupus- prone mice with 
BPTES reduced pathology, and BPTES treatment of CD4+ cells 
from patients with SLE reduced their ability to differentiate into 
Th17 cells. We observed that pharmacologic inhibition of Gls1 
affects not only glutaminolysis but also glycolysis, particularly in 
the later phase of Th17 cultures. This effect was more obvious 
in T cells from lupus- prone mice than those from C57BL/6 (B6) 
mice. At the mechanistic level, we observed that Gls1 inhibition 
significantly reduced HIF- 1α expression in T cells. Because inhibi-
tion of VHL, which contributes to degradation of HIF- 1α, rescued 
Th17 differentiation in vitro, we concluded that glutaminolysis can 
affect glycolysis by modulating HIF- 1α expression in Th17 cells.

MATERIALS AND METHODS

SLE patients. Patients (n = 6; all female, mean ± SD age 
46.2 ± 18 years) who fulfilled the American College of Rheumatol-
ogy classification criteria for SLE (12) and healthy donors (n = 6; 3 
female and 3 male, mean ± SD age 36.5 ± 12 years) were enrolled. 
The Beth Israel Deaconess Medical Center (BIDMC) Institutional 
Review Board approved the study protocol (2006- P- 0298). Writ-
ten informed consent was obtained from all study subjects.

Mice. B6, stock Il17atm1.1(icre)Stck/J (IL- 17 Cre), stock 
Glstm2.1Sray/J (Gls1 lox), and MRL/MpJ- Faslpr/J (MRL/lpr) mice 
were purchased from The Jackson Laboratory. Gls1fl/flIl17Cre+/– 
(Gls1fl/flIl17Cre) F2 mice were generated by crossing IL- 17 Cre mice 
with Gls1 lox mice. Gls1+/+Il17Cre+/– (Gls1+/+Il17Cre) F2 mice were 
used as controls. All mice were kept in a specific pathogen–free 
animal facility at BIDMC. Animals were killed at age 8–12 weeks for 
in vitro culture experiments, and at the indicated week for in vivo 
experiments. To examine the effect of pharmacologic Gls1 inhibition 
in vivo, BPTES (100 μg) or DMSO in phosphate buffered saline (PBS) 
was administered to MRL/lpr mice twice per week intraperitoneally 
from age 8 weeks to age 16 weeks. Experiments were approved by 
the BIDMC Institutional Animal Care and Use Committee.

Single- cell isolation. Mouse spleen and lymph node lym-
phocytes, as well as infiltrating lymphocytes in spinal cords, were 
isolated as previously described (5). Kidneys were perfused with 
PBS and digested with type IV collagenase (100 μg/ml; Worth-
ington) in Hanks’ balanced salt solution for 30 minutes at 37°C. 
Peripheral blood from human subjects was collected, and total 
human T cells were purified as described previously (13). Briefly, T 
cells were isolated by negative selection (RosetteSep; Stem Cell 
Technologies) before density- gradient purification with Lymphop-
rep (Nycomed).

In vitro T cell differentiation. For murine Th17- 
polarized cell culture, purified naive T cells were stimulated 
with plate- bound goat anti- hamster antibody, 0.25 μg/ml sol-
uble anti- CD3 antibody (no. 145- 2C11; BioLegend), 0.5 μg/
ml anti- CD28 antibody (no. 37.51; BioLegend), 10 ng/ml 
IL- 6 (R&D Systems), 0.3 ng/ml transforming growth factor β1 
(TGFβ1) (R&D Systems), 10 μg/ml anti–IL- 4 antibody (C17.8; 
BioLegend), and 10 μg/ml anti– interferon- γ (anti- IFNγ) anti-
body (XMG1.2; BioLegend). For human Th17- polarized cell 
culture, isolated naive CD4 T cells were stimulated with1 μg/
ml plate- bound anti- CD3 antibody (OKT- 3; BioXCell), 1 μg/ml 
anti- CD28 antibody (CD28.2; BioLegend), 50 ng/ml IL- 6 (no. 
NM_000600; BioLegend), 10 ng/ml TGFβ1 (no. NM_003236; 
BioLegend), 10 ng/ml IL- 1β (no. NM_000576; BioLegend),  
50 ng/ml IL- 23 (nos. NP_057668 and NP_002178.2; BioLeg-
end), 10 μg/ml anti–IL- 4 antibody (MP4- 25D2; BioXCell), and 5 
μg/ml anti- IFNγ antibody (B27; BioXCell) (14). For pharmacologic 
Gls1 inhibition experiments, BPTES (10 mM, diluted in 0.5% 
DMSO) or 0.5% DMSO alone was administered in culture.

Metabolism assays. Extracellular acidification rate (ECAR) 
and oxygen consumption rate (OCR) were measured using an 
XFp extracellular flux analyzer (Agilent). To measure glutaminolysis, 
assay buffer was made of XF base medium (without Gln) with 10 
mM glucose and 1.0 mM sodium pyruvate. Cell- Tak Cell and Tis-
sue Adhesive (Corning) was used for coating plates, and 0.15×106 
T cells per well were seeded. We first determined the ΔOCR with 
Gln and the ΔOCR without Gln, which represent the change in 
the amount of OCR caused by supplementation of media in the 
presence of Gln and in the absence of Gln, respectively (5). Glut-
aminolysis was defined as the calculated ΔΔOCR, i.e., the ΔOCR 
with Gln minus the ΔOCR without Gln (see Supplementary Figure 
1, on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41019/ abstract). All other procedures, 
including glycolysis stress testing, were performed according to 
the instructions of the manufacturer.

Western blotting. Cell lysates ware separated on NuPAGE 
4–12% Bis- Tris Gel (Life Technologies), and proteins were trans-
ferred to a nitrocellulose membrane (5). The following antibod-
ies were used; anti–β- actin (Sigma- Aldrich), anti- glutaminase 

http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
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(Abcam), and horseradish peroxidase–conjugated goat anti- rabbit 
IgG (Jackson ImmunoResearch). An ECL system (Amersham) 
was used for detection.

Flow cytometry. We applied established protocols for flow 
cytometry, as previously described (5). The following antibodies 
were used for flow cytometric analysis: for mouse studies, anti-
bodies to CD4 (GK1.5), CD45 (30- F11), CD90.2 (53- 2.1), and 
IL- 17A (JC11- 18H10.1) (all from BioLegend), and for human stud-
ies, antibodies to CD45RA (HI100) (BioLegend) and CD4 (SK3) 
(eBioscience). Dead cells were eliminated by staining using a 
Zombie Aqua Fixable Viability Kit. Surface staining was performed 
for 20–30 minutes on ice. Absolute cell numbers were calculated 
based on the percentage of each cell population. For intracellu-
lar staining, harvested cells were stimulated for 4 hours in culture 
medium with phorbol myristate acetate (Sigma- Aldrich), iono-
mycin (Sigma- Aldrich), and monensin (BD Biosciences). Cytofix/

Cytoperm and Perm/Wash buffer (IL- 17A/IFNγ; BD Biosciences) 
were used for fixation and permeabilization. All flow cytometry 
data were acquired on a BD LSRII (BD Biosciences) or Cytoflex 
LX (Beckman Coulter) and analyzed with FlowJo, version 11c. All 
procedures were performed according to the instructions of the 
manufacturers.

Transfection of overexpression vectors. Gls1 overex-
pression vector was constructed by GenScript, using pIRES2- 
DsRed- Express vector. The construct was verified by DNA 
sequencing. For Gls1 overexpression experiments in murine pri-
mary T cells, cells were harvested 1 day after the start of culture, 
and empty vector or Gls1 overexpression plasmid was trans-
fected using an Amaxa Mouse T Cell Nucleofector Kit with the 
X- 001 program (Amaxa) as previously described (5). The efficacy 
of the transfection in living cells was tested by flow cytometry and 
always exceeded 10%.

Figure 1. Treatment with the glutaminase 1 inhibitor bis- 2- (5- phenylacetamido- 1,3,4- thiadiazol- 2- yl)ethyl sulfide (BPTES) ameliorates lupus 
disease. A–D, MRL/lpr mice were administered DMSO or BPTES twice per week intraperitoneally. Mice were euthanized at 16 weeks of age.  
A, The ratio of urinary albumin (Alb) to creatinine (Cre) was quantified by enzyme- linked immunosorbent assay. Results are from 12–13 mice per 
group. B and C, Representative histopathologic images of periodic acid–Schiff–stained kidney sections (B) (bars = 50 μm) and renal pathology 
scoring data from 9 mice per group (C) are shown. D, Numbers of kidney- infiltrating interleukin- 17A (IL- 17A)–positive T cells (ZA−CD45+Th1.2+IL- 
17A+) and interferon-γ (IFNγ)–positive T cells (ZA-CD45+Th1.2+IFNγ+) were evaluated by flow cytometry. Results are from 9 mice per group.  
E, Naive CD4+ T cells from patients with systemic lupus erythematosus (SLE; n = 6) and healthy donors (HD; n = 6) were cultured for 7 
days under Th17- polarizing conditions in the presence of DMSO or BPTES, and the percentage of IL- 17A–positive cells (ZA−IL- 17A+) was 
measured by flow cytometry. In A and C–E, symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01. NS = 
not significant; ZA = Zombie Aqua.
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RNA isolation and quantitative polymerase chain 
reaction. TRIzol reagent was used for RNA preparation. The fol-
lowing TaqMan probes (murine; all from ThermoFisher Scientific) 
were used to detect target genes: Gls1 Mm01257297_m1, TATA 
box binding protein (Tbp) Mm00446973_m1, and β- glucuroni-
dase (Gusb) Mm01197698_m1. Gene expression was assessed 
by the comparative Ct method and normalized to the reference 
genes Tbp and Gusb (14).

Generation of lentiviral particles containing short 
hairpin RNAs (shRNAs). Mission pLKO.1- puro empty vector 
control plasmid DNA (Sigma- Aldrich) was used for cloning. We 
designed 2 Gls1 shRNAs and cloned them into the empty vector 
according to the manufacturer’s protocols. The following oligonu-
cleotide sequences were used for this cloning: 5′- CCGGGAGGG
AAGGTTGCTGATTATACTCGAGTATAATCAGCAACCTTCCCTC
TTTTTG- 3′ and 5′- AATTCAAAAAGAGGGAAGGTTGCTGATTATA
CTCGAGTATAATCAGCAACCTTCCCTC- 3′ for Gls1 shRNA1, and 
5′- CCGGATCTCGACGGGTTGCTATAATCTCGAGATTATAGCA

ACCCGTCGAGATTTTTTG- 3′ and 5′- AATTCAAAAAATCTCGA
CGGGTTGCTATAATCTCGAGATTATAGCAACCCGTCGAGAT- 3′  
for Gls1 shRNA2. Sequences of cloned vectors were verified 
(Genewiz). Mission pLKO.1- puro nonmammalian shRNA control 
plasmid DNA (Sigma- Aldrich) was used for control shRNA. Those 
vectors were transfected into 40% confluent HEK 293T cells using 
polyethyleneimine Max according to the protocol recommended 
by the manufacturer (Polysciences). Culture medium with shRNA- 
containing lentiviral particles was collected on day 4 (5).

EAE induction. On day 0, 8- week- old mice were immu-
nized subcutaneously with 100 μg myelin oligodendrocyte 
glycoprotein 35–55 peptide (MOG35–55) emulsified in Freund’s 
complete adjuvant (Sigma) containing 4 mg/ml Mycobacte-
rium tuberculosis extract (H37Ra; Difco), distributed between 
the 2 hind flanks. On days 0 and 2, pertussis toxin (150 ng 
per mouse; List Biological Laboratories) was administered by 
 intraperitoneal injection. Mice were monitored and weighed 
daily until day 28, and clinically scored as follows: 1 = limp tail; 

Figure 2. Glutaminase 1 (Gls1) is requisite for Th17 differentiation and promotes glycolysis in MRL/lpr mice. Naive CD4+ T cells from MRL/lpr 
mice were cultured under Th17- polarizing conditions. A, Cells were cultured for 3 days in media alone or containing glutamine (Gln) at the 
indicated concentrations (0.25–2.0 mM). Representative flow plots are shown. B, Th17 cell differentiation, indicated by IL- 17A production, 
in Gln- treated cells (n = 4 mice per group) is shown. C, The oxygen consumption rate (OCR) was measured by extracellular flux analysis. 
Calculated glutaminolysis on day 2 in mice treated with DMSO or with the Gls1 inhibitor BPTES (n = 4 per group) is shown. D and E, Cells were 
cultured for 3 days without BPTES or in the presence of BPTES in increasing concentrations (0.1–10 μM, and the percentage of IL- 17A–positive 
cells was measured by flow cytometry. Representative plots (D) and cumulative results from 3 mice per group (E) are shown. F, Gls1 short 
hairpin RNA (shRNA)– and control shRNA–containing lentiviral particles were transfected on day 1, and the percentage of IL- 17A–positive cells 
(n = 4 mice per group) was measured by flow cytometry on day 4. In B, C, E, and F, symbols represent individual mice; bars show the mean ±  
SEM. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions.
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2 = hind limb paresis; 3 = hind limb paralysis; 4 = tetraplegia; 
and 5 = moribund.

Histologic staining and analysis. Sections from formalin- 
fixed spinal cords and kidneys were stained with hematoxylin and 
eosin or periodic acid–Schiff, respectively. Spinal cord and kidney 
sections were scored, as previously described (5,15), by an inves-
tigator who was blinded with regard to experimental group.

Statistical analysis. Statistical analyses were performed 
with GraphPad Prism, version 6.0. Statistical significance was 
determined by t- test (2- tailed) for comparisons of 2 groups, one- 
way analysis of variance (ANOVA) with Bonferroni multiple com-
parisons test for comparisons of 3 or more groups, or two- way 
ANOVA with Sidak multiple comparisons test for analyses with a 
quantitative outcome and 2 or more categorical explanatory var-
iables. For the EAE experiments, clinical score and body weight 
changes in each treatment group were compared by two- way 
ANOVA. P values less than 0.05 were considered significant.

RESULTS

Abrogation of lupus disease in MRL/lpr mice by BPTES 
treatment. Previously we had shown that Gls1 is required for 
Th17 differentiation and that Gls1 inhibition abrogates EAE disease 
activity (5). Because Th17 is also important in the pathogenesis of 
SLE (6–8), we hypothesized that Gls1 inhibition could be used to 

treat lupus. To assess the importance of Gls1 and glutaminolysis 
in lupus, 8- week- old MRL/lpr mice were treated with DMSO or 
the Gls1 inhibitor BPTES. BPTES treatment significantly reduced 
double- negative T cells (CD3+CD4−CD8−) (Supplementary Figure 
2A, on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41019/ abstract), urine albumin:cre-
atinine ratios (Figure 1A), and glomerular renal pathology scores 
 (Figures 1B and C and Supplementary Figures 2B and C). When 
we examined cell infiltration in the kidneys of BPTES- treated mice 
we found fewer IL- 17A–producing T cells than in the kidneys of 
DMSO- treated mice, while there was no significant difference in 
the numbers of IFNγ- producing T cells (Figure 1D).

Reduced in vitro Th17 differentiation in BPTES- 
treated cells from patients with SLE. To assess whether 
Gls1 inhibition represents a potential new therapeutic strategy for 
SLE, we isolated naive CD4+ T cells from SLE patients and healthy 
donors and cultured them in vitro under Th17- polarizing condi-
tions with DMSO or BPTES (Figure 1E). Th17 differentiation was 
significantly increased in DMSO- treated T cells from SLE patients 
compared with healthy controls. BPTES suppressed Th17 differ-
entiation of cells from patients with SLE, but not from controls.

Necessity of Gls1 and glutaminolysis for Th17 cell dif-
ferentiation in MRL/lpr mice. To confirm the importance of Gls1 
and glutaminolysis for Th17 differentiation in lupus- prone MRL/lpr 
mice and to clarify the mechanisms involved, we performed in vitro 

Figure 3. Glutaminase 1 (Gls1) inhibition reduces glycolysis. Naive CD4+ T cells from MRL/lpr mice (A and B) or C57BL/6 (B6) mice (C and D)  
were cultured under Th17- polarizing conditions with DMSO or the Gls1 inhibitor bis- 2- (5- phenylacetamido- 1,3,4- thiadiazol- 2- yl)ethyl sulfide 
(BPTES; 10 mM). Glycolysis (A and C) and glycolytic capacity (B and D) were assessed by measuring the extracellular acidification rate (ECAR) 
on days 2, 3, and 5. Symbols represent individual mice (n = 3 per group); bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01.

http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
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KONO ET AL 1874       |

cultures using naive CD4+ T cells from MRL/lpr mice. Naive CD4+ 
T cells were cultured under Th17- polarizing conditions in vitro, with 
addition of Gln in various concentrations. Th17 cell differentiation 
was significantly impaired, in a dose- dependent manner, following 
reduction of Gln concentrations  (Figures 2A and B). Next, naive 
CD4+ T cells from these mice were cultured under Th17- polarizing 
conditions in the presence or absence of BPTES. BPTES treat-
ment reduced glutaminolysis (ΔΔOCR) (Figure 2C) and inhibited in 
vitro Th17 cell differentiation in MRL/lpr mice, in a dose- dependent 
manner (Figures  2D and E). To confirm these observations, we 
transfected Th17- polarized cells from MRL/lpr mice with 2 variants 
of Gls1 shRNAs, which effectively reduced Gls1 expression, or with 
control shRNA (Supplementary Figure 3, on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41019/ abstract). Both Gls1 shRNAs inhibited Th17 cell differ-
entiation in MRL/lpr mice (Figure 2F).

Promotion of glycolysis by Gls1 in Th17- polarized 
cells from MRL/lpr mice. A previous study has shown that 
treatment of lupus- prone B6.Sle1.Sle2.Sle3 mice with a combi-
nation of metformin (a mitochondrial metabolism inhibitor) and 
2DG (a glycolysis inhibitor) normalized T cell metabolism and 
reduced disease activity (3), whereas disease activity was not 
changed with metformin monotherapy. Based on those findings, 
we hypothesized that inhibition of Gls1 may also affect glycolysis. 

To investigate this, naive CD4+ T cells from MRL/lpr mice were 
cultured under Th17- polarizing conditions with DMSO or BPTES 
in vitro, and the ECAR was measured using an extracellular flux 
analyzer. On day 2, there was no significant difference between 
the 2 groups, whereas on days 3 and 5, BPTES- treated Th17 cells 
displayed less glycolysis and glycolytic capacity (Figures 3A and 
B). Previously we had shown that BPTES does not change ECAR 
in Th17- polarized T cells from B6 mice on day 2 (5). Because 
we observed that BPTES decreases ECAR in MRL/lpr mice, we 
repeated the experiment using B6 mice and found that, although 
ECAR was not affected on days 2 and 3, it was decreased on day 
5 (Figures 3C and D). The difference may be due to the different 
genetic background or the fact that MRL/lpr mouse T cells dis-
play in inherently proinflammatory phenotype.

Reduced Th17 cell differentiation and glycolysis in 
the presence of Gls1 deficiency. To confirm the effect of 
Gls1 on glycolysis and definitively identify the mechanisms in 
IL- 17–producing cells, we generated novel Gls1 conditional- 
knockout mice. Naive CD4+ T cells from Gls1+/+Il17Cre and 
Gls1fl/flIl17Cre mice were cultured under Th17- polarizing con-
ditions in vitro, and the OCR was analyzed in the presence 
or absence of 2 mM Gln. Glutaminolysis (ΔΔOCR) was signifi-
cantly higher in Th17 cells from Gls1+/+Il17Cre mice compared 
with those from Gls1fl/flIl17Cre mice (Figure 4A).  Subsequently, 

Figure  4. Glutaminase 1 (Gls1) deficiency reduces Th17 cell differentiation and glycolysis. Naive CD4+ T cells from Gls1+/+Il17Cre+/– 
(Gls1+/+Il17Cre) and Gls1fl/flIl17Cre+/– (Gls1fl/flIl17Cre) mice were cultured under Th17- polarizing conditions. A, The oxygen consumption rate 
(OCR) was determined with an extracellular flux analyzer, and glutaminolysis was calculated on day 2 (n = 4 mice per group). B and C, The 
percentage of interleukin- 17A (IL- 17A)–positive cells was measured by flow cytometry on day 5. Representative flow plots (B) and cumulative 
results from 4 mice per group (C) are shown. D and E, Empty vector or Gls1 overexpression plasmids were transfected on day 1, and the 
percentage of IL- 17A–positive cells was measured by flow cytometry on day 5. Representative flow plots (D) and cumulative results from 3 mice 
per group (E) are shown. F, Glycolysis and glycolytic capacity were assessed by measuring the extracellular acidification rate (ECAR) on day 5. 
In A, C, E, and F, symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01.

http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
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naive CD4+ T cells from these mice were isolated and cultured 
under Th17- polarizing conditions. Th17 cell differentiation was 
significantly impaired in Gls1fl/flIl17Cre mice compared with 
Gls1+/+Il17Cre mice (Figures 4B and C). To confirm that Gls1 
regulates Th17 cell differentiation, we overexpressed Gls1 in 
naive CD4+ T cells from Gls1fl/flIl17Cre mice and these cells 
were cultured under Th17-polarizing conditions. Indeed, Gls1 
overexpression restored Th17 cell differentiation (Figures  4D 
and E). Thus, we conclude that Gls1 is requisite for Th17 cell 
differentiation.

We also examined glycolysis in Th17- polarized cells from 
Gls1+/+Il17Cre and Gls1fl/flIl17Cre mice. Consistent with the 
results in MRL/lpr and B6 mice treated with BPTES, glycolysis 
and glycolytic capacity in Th17- polarized cells were decreased 
in Gls1fl/flIl17Cre mice compared with Gls1+/+Il17Cre mice 
 (Figure 4F). From these data we confirmed that Gls1 is requisite 
for Th17 differentiation and promotes glycolysis.

Amelioration of EAE disease activity in the presence  
of Gls1 deficiency. To confirm that Gls1 is crucial for Th17 
differentiation in vivo, EAE was induced in 8–10- week- old 

Gls1+/+Il17Cre and Gls1fl/flIl17Cre mice by immunizing them with 
MOG35–55. As shown in Figure 5A and Supplementary Figure 4A 
(on the Arthritis & Rheumatology web site at http://onlin elibr 
ary.wiley.com/doi/10.1002/art.41019/ abstract), Gls1fl/flIl17Cre 
mice displayed significantly reduced clinical scores and body 
weight loss compared with Gls1+/+Il17Cre mice. Histologic 
scores of spinal cords from diseased animals were significantly 
decreased in the Gls1fl/flIl17Cre mice (Figures 5B and C). This 
observation was further confirmed by assessing the absolute 
numbers of spinal cord–infiltrating cells by flow cytometry. 
Gls1fl/flIl17Cre mice had reduced numbers of CD4+ T cells and 
IL- 17A– and IFNγ- producing CD4+ T cells in the spinal cord, 
compared with Gls1+/+Il17Cre mice (Figure 5D and Supplemen-
tary Figure 4B). These results further strengthen the notion that 
Gls1 is indispensable for the production of IL- 17 by CD4+ cells 
in vivo.

Inhibition of Gls1 reduces glycolysis by reducing 
HIF- 1α protein. After having confirmed that Gls1 is requisite for 
Th17- related autoimmune pathology and promotes glycolysis, we 
focused on the mechanism by which glycolysis is promoted by 

Figure 5. Glutaminase 1 (Gls1) deficiency ameliorates disease activity in experimental autoimmune encephalomyelitis (EAE). EAE was induced 
in Gls1+/+Il17Cre+/– (Gls1+/+Il17Cre) and Gls1fl/flIl17Cre+/– (Gls1fl/flIl17Cre) mice. A, Clinical scores were assessed over time (n = 10 mice per group). 
Values are the mean ± SEM. B and C, Spinal cords were harvested on day 14 and stained with hematoxylin and eosin to assess inflammation. 
Representative histopathologic images (B) (bars = 500 μm [left panels] or 100 μm [right panels]) and cumulative results from 9 Gls1+/+Il17Cre 
mice and 11 Gls1fl/flIl17Cre mice (C) are shown. D, Absolute numbers of spinal cord–infiltrating CD4+ T cells (ZA−Th1.2+ CD4+) and IL-17A–
positive CD4+ T cells (ZA−Th1.2+CD4+IL- 17A+) from recipient mice (n = 5 per group) were measured by flow cytometry on day 14. In C and 
D, symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01. See Figure 1 for other definitions. Color figure 
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
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Gls1. HIF- 1α is required for glycolysis and Th17 cell differentia-
tion (10). Therefore, we examined protein levels of HIF- 1α using 
2 different Gls1 shRNAs or control shRNA transfected into cells 
from MRL/lpr mice undergoing Th17 polarization. HIF- 1α protein 
was decreased in cells in which Gls1 expression was silenced 
(Figure 6A and Supplementary Figure 5, on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41019/ abstract).

To confirm that the reduction of Th17 differentiation by Gls1 
inhibition was due to protein levels of HIF- 1α, we used  IL- 17–spe-
cific Gls1–deficient mice. Because VHL is the recognition compo-
nent of the E3 ubiquitin ligase complex involved in the degradation 
of HIF- 1α, we tested whether pharmacologic inhibition of VHL 
could restore Th17 differentiation of Gls1- deficient T cells. VH298 
is a potent VHL inhibitor known to disrupt the interaction of VHL 
with HIF- 1α and to stabilize HIF- 1α (16). As expected, VHL inhi-
bition partially restored Th17 cell differentiation in Gls1fl/flIl17Cre 
mice and increased Th17 differentiation in Gls1+/+Il17Cre mice, in 
a dose- dependent manner (Figures 6B and C). Taken together, 
these findings demonstrate that Gls1 inhibition reduces HIF- 1α 
protein, a canonical glycolysis and Th17 master regulator. Thus, 

we conclude that Gls1 inhibition reduces glycolysis and dimin-
ishes Th17 differentiation (Figure 6D).

DISCUSSION

In this study, we showed that inhibition or deficiency of 
Gls1 reduced Th17 differentiation and glycolysis by diminish-
ing HIF- 1α. Gls1 inhibition or deficiency ameliorates EAE and 
lupus in MRL/lpr mice. At the translational level, a Gls1 inhib-
itor reduced in vitro Th17 differentiation of CD4+ T cells from 
patients with SLE.

SLE is a chronic autoimmune disease of unknown etiol-
ogy, which affects multiple organs (1). It causes life- threatening 
complications in spite of aggressive therapy (17). Because of 
its heterogeneity, many clinical trials have failed, and new ther-
apeutic strategies are highly desired (17). A previous study had 
demonstrated that metformin, an inhibitor of mitochondrial 
complex I, reduced the OCR in CD4+ cells from lupus- prone 
B6.Sle1.Sle2.Sle3 mice while the ECAR was increased by 
metformin, most likely as an alternative pathway to generate 
ATP (3). Interestingly when glutaminolysis was inhibited by the 

Figure 6. Glutaminase 1 (Gls1) inhibition reduces hypoxia- inducible factor 1α (HIF- 1α) expression and Th17 differentiation. A, Naive CD4+ T 
cells from MRL/lpr mice were cultured under Th17- polarizing conditions. Gls1 short hairpin RNA (shRNA)– or control shRNA–containing lentiviral 
particles were transfected on day 1, and cells were harvested on day 4. Protein expression was assessed by Western blotting. Results are 
representative of 3 experiments. B and C, Naive CD4+ T cells from Gls1+/+Il17Cre+/– (Gls1+/+Il17Cre) and Gls1fl/flIl17Cre+/– (Gls1fl/flIl17Cre) mice 
were cultured for 5 days under Th17- polarizing conditions, in the absence of VH298 or with VH298 at 30 μM or 100 μM. The percentage of 
interleukin- 17A (IL- 17A)–positive cells was measured by flow cytometry on day 5. Representative flow plots (B) and cumulative data from 4 mice 
per group (C) are shown. In C, symbols represent individual mice; bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01. D, A schematic 
representation of the proposed mechanism by which Gls1 inhibition reduces glycolysis in Th17 cells is shown. Gls1 inhibition reduces the 
expression of HIF- 1α, which is a canonical glycolysis master regulator. Reduction of HIF- 1α diminishes glycolysis and Th17 differentiation. 
Acetyl CoA = acetyl coenzyme A; TCA cycle = tricarboxylic acid cycle. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41019/abstract
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Gls1 inhibitor BPTES, we found that not only glutaminolysis, 
but also glycolysis, was decreased in Th17- polarized cells. 
The time course of ECAR after Gls1 inhibition was different 
between strains of mice, suggesting that the importance of 
glutaminolysis may differ among strains.

HIF- 1α is a key transcription factor that orchestrates the 
expression of glycolytic enzymes and is promoted by mechanis-
tic target of rapamycin complex 1 signaling (18). It is expressed 
mainly in Th17 cells and, to a lesser extent, in Th1 cells. HIF- 1α–
deficient CD4+ T cells have reduced Th17 cell differentiation 
and gene expression of glycolytic enzymes, and HIF- 1α is thus 
considered to be a key metabolic sensor in Th17 cells and to 
enhance Th17 development (10). On the other hand, VHL, 
the recognition component of the E3 ubiquitin ligase complex, 
degrades HIF- 1α. One study has shown that VHL has an impor-
tant role in Treg cells (11), and another study has demonstrated 
a role of VHL in Th17 cells (19).

In SLE, global CpG DNA hypomethylation correlates with 
disease activity, and many proinflammatory cytokine genes are 
overexpressed, in a chromatin- dependent manner, in CD4+ T 
lymphocytes from patients with SLE, including the genes for 
IL- 4, IL- 6, IL- 10, IL- 13, and IL- 17A (20). Interestingly, the VHL 
promoter has been claimed to be hypermethylated in SLE (21), 
which suggests that VHL expression is decreased in patients 
with SLE compared with healthy subjects. In this study we 
demonstrated that Gls1 inhibition reduced HIF- 1α in Th17 cells 
from MRL/lpr mice. Furthermore, the evidence that pharmaco-
logic inhibition of VHL in Gls1- deficent CD4+ T cells partially 
restored their ability to differentiate to Th17 cells confirms the 
indispensable role of Gls1 inhibition for affecting glycolysis by 
HIF- 1α expression. Since VHL inhibition did not perfectly restore 
the ability of Gls1-deficent CD4+ T cells to differentiate to Th17 
cells, glutaminolysis, in addition to glycolysis, is important for 
the Th17 cell differentiation. Inhibition of glutaminolysis with the 
Gln analog 6- diazo- 5- oxo- l- norleucine reduces follicular helper 
T (Tfh) cells, which are expanded in patients with SLE and are 
required for production of high- affinity autoantibodies (22). It is 
possible that BPTES, in addition to Th17, suppress Tfh cells in 
MRL/lpr mice.

Gls1 inhibitors have been considered for the treatment of 
various cancers in mice (23,24), and some of them have entered 
clinical trials (25,26). In this study we showed that deficiency of 
Gls1 resulted in decreased EAE and that treatment with BPTES 
reduced disease activity in MRL/lpr mice.

In summary, we have demonstrated that Gls1 deficiency 
or inhibition reduces Th17 differentiation and disease activity in 
mice with EAE and lupus- prone mice, via reduction of HIF- 1α 
and glycolysis. At the translational level we have found that a 
Gls1 inhibitor reduces in vitro Th17 differentiation of CD4+ T 
cells from patients with SLE. We propose that glutaminase is a 
possible target for the treatment of Th17- related autoimmune 
diseases, including lupus.
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Objective. Patients with antineutrophil cytoplasmic antibody (ANCA)–associated vasculitis (AAV) have an elevated 
risk of cardiovascular disease (CVD). This study was undertaken to develop a clearer understanding of the association 
between changes in disease activity and lipid levels in AAV, which may inform CVD risk stratification in this population.

Methods. Lipid levels were assessed in stored serum samples (obtained at baseline and month 6) from the Rituxi-
mab for ANCA- Associated Vasculitis (RAVE) trial, which randomized patients to receive either rituximab or cyclophos-
phamide followed by azathioprine. Paired t- tests and multivariable linear regression were used to assess changes in 
lipid levels.

Results. Of the 142 patients with serum samples available, the mean ± SD age was 52.3 ± 14.7 years, 72 (51%) 
were male, 95 (67%) were proteinase 3 (PR3)–ANCA positive, 72 (51%) had received a new diagnosis of AAV, and 
75 (53%) were treated with rituximab. Several lipid levels increased between baseline and month 6, including to-
tal cholesterol (+12.4 mg/dl [95% confidence interval (95% CI) +7.1, +21.0]), low- density lipoprotein (+10.3 mg/dl 
[95% CI +6.1, +17.1]), and apolipoprotein B (+3.5 mg/dl [95% CI +1.0, +8.3]). These changes were observed among 
newly diagnosed and PR3- ANCA–positive patients but not among those with relapsing disease or myeloperoxidase- 
ANCA–positive patients. There was no difference in change in lipid levels between rituximab- treated patients and 
cyclophosphamide- treated patients. Changes in lipid levels correlated with changes in erythrocyte sedimentation 
rate but not with other inflammatory markers or glucocorticoid exposure.

Conclusion. Lipid levels increased during remission induction among patients with newly diagnosed AAV and 
those who were PR3- ANCA positive. Disease activity and ANCA type should be considered when assessing lipid 
profiles to stratify CVD risk in patients with AAV.
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INTRODUCTION

Antineutrophil cytoplasmic antibody (ANCA)–associated vas-
culitis (AAV) causes intense systemic inflammation and injury to 
predominantly small-  and medium- sized vessels. As short- term 
survival in AAV has improved, cardiovascular disease (CVD) has 
become increasingly recognized as a common cause of morbidity 
and mortality among patients with this disease (1–4). AAV is asso-
ciated with a 2- fold higher risk of CVD compared to age-  and sex- 
matched controls (1,4). Therefore, periodic assessment of CVD 
risk, including lipid screening, is recommended for patients.

Lipid levels are known to be affected by inflammatory states in 
patients with other immune- mediated conditions (5–7), especially 
rheumatoid arthritis (RA). AAV is somewhat unique compared to 
RA because the endothelium is a primary target of the pathologic 
process (8,9). In light of associations between lipids, endothelial 
cell dysfunction and damage (10), and CVD risk, understanding 
lipid level variations in AAV is important. However, data pertaining 
to lipid levels in AAV are sparse, especially regarding changes in 
levels during the course of treatment. In the present study, we eval-
uated lipid parameters across clinically relevant disease subsets 
during remission induction in the Rituximab for ANCA- Associated 
Vasculitis (RAVE) trial.

PATIENTS AND METHODS

RAVE trial. Details of the RAVE trial design have been previ-
ously described (11). Proteinase 3 (PR3)–ANCA–positive or mye-
loperoxidase (MPO)–ANCA–positive patients with granulomatosis 
with polyangiitis (GPA) or microscopic polyangiitis (MPA) and severe 
disease (according to a Birmingham Vasculitis Activity Score for 
Wegener’s granulomatosis [BVAS/WG] of >3, or 1 major item [12]) 
were assigned to 1 of 2 treatment regimens: 1) cyclophosphamide 
(CYC) (2 mg/kg, adjusted for renal insufficiency) for 3–6 months, 
followed by azathioprine (AZA) (2 mg/kg) for a total of 18 months; 
or, 2) rituximab (RTX) (4 weekly infusions of 375 mg/m2) and placebo 
CYC/AZA for 18 months. Patients in both groups received the same 
glucocorticoid protocol, which included 1–3 days of intravenous 
methylprednisolone followed by prednisone (1 mg/kg per day). The 
prednisone dose was then tapered until discontinuation by month 
6, if the patient had achieved and maintained remission. Patients 
who received glucocorticoids for >14 days before screening, oral or 
intravenous cyclophosphamide within 4 months prior to enrollment, 
or previous therapy with RTX or alemtuzumab were excluded. 
Data for analysis of the RAVE trial were accessed from the Immune 
 Tolerance Network (ITN) (https ://www.itntr ialsh are.org/).

Covariates. Data on age, sex, ANCA type (PR3- ANCA 
positive or MPO- ANCA positive), BVAS/WG scores, inflammation 
markers (C- reactive protein [CRP] and erythrocyte sedimentation 
rate [ESR]), body mass index (BMI), smoking status (never, for-
mer, current), baseline comorbidities, and disease status (new or 

 relapsing at baseline) were collected during the trial. Methylpred-
nisolone doses were converted to prednisone doses to calculate 
total glucocorticoid exposure by assuming that 4 mg of methyl-
prednisolone is equivalent to 5 mg of prednisone. Interleukin- 6 (IL- 6) 
and soluble IL- 6 receptor (sIL- 6R) concentrations were measured 
separately, as reported elsewhere (13,14). Statin use at baseline 
or between baseline and month 6 was assessed during the trial.

Research specimens. Stored serum samples available 
from the ITN021AI RAVE trial participants at baseline and/or month 
6 were used in this study. We excluded patients at baseline and/
or month 6 if they had received statins prior to blood collection  
(n = 7). 

Lipid measurement. Total cholesterol (TC), low- density 
lipoprotein (LDL) cholesterol, high- density lipoprotein (HDL) cho-
lesterol, apolipoprotein A-I (Apo A-I), and Apo B were measured 
according to standardized techniques in clinical laboratories 
(15,16). Atherogenic indices (TC:HDL and Apo B:Apo A- I ratios) 
were calculated.

Statistical analysis. Continuous variables are reported as  
the mean ± SD or median and interquartile range (IQR), where 
appropriate, and 95% confidence intervals (95% CIs) were cal-
culated. Baseline routinely assessed lipid levels (TC, LDL, and 
HDL) were categorized according to levels recommended in lipid 
management guidelines (17). We examined cross- sectional and 
longitudinal changes in lipid levels in the entire study group as 
well as in subgroups representing distinct disease states (dis-
ease status at baseline [new versus relapsing] and ANCA type 
[PR3- ANCA positive versus MPO- ANCA positive]) (18–21) and 
treatment strategies (RTX versus CYC/AZA).

Paired t- tests were used to assess the change in lipid levels 
between baseline and month 6. Paired t- tests and multivariable 
linear regression models were used to compare baseline lipid 
levels between subgroups, as well as the differences in change 
between baseline and month 6. In multivariable models, covari-
ates of interest included age, sex, baseline disease status, ANCA 
type, randomization arm, and glucocorticoid exposure during the 
screening period. The primary analyses did not account for glu-
cocorticoid administration that occurred after baseline, in order 
to avoid adjustment for causal intermediates of the exposures 
of interest (e.g., ANCA type, baseline disease status). However, 
glucocorticoid use between baseline and month 6 was included 
in secondary analyses to assess its impact on our results.

To determine the cross- sectional association between 
inflammation and lipid levels, we evaluated the correlation 
between each lipid and ESR, CRP, IL- 6, and sIL- 6R at baseline. 
We then added baseline ESR and IL- 6, individually, to multivar-
iable  models  comparing newly diagnosed patients to patients 
with relapsing disease, because these measures correlated with 
baseline lipid levels.

https://www.itntrialshare.org/
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To determine the association of changes in inflammation 
with changes in lipid levels, we assessed the association of the 
difference between baseline and month 6 in each lipid level with 
the difference in each inflammation marker using univariate lin-
ear regression. We also individually incorporated the change in 
each inflammatory marker, between baseline and month 6 into 
each multivariable model used in our primary analysis, in order 
to evaluate whether differences across subgroups were asso-
ciated with differences in changes in inflammation markers.

Two- sided P values less than 0.05 were considered significant 
in all analyses. All statistical analyses were performed using SAS, 
version 9.4.

RESULTS

There were 142 participants with available serum speci-
mens (Table 1), of whom 72 (51%) were male. At baseline, the 
mean ± SD age was 52.3 ± 14.7 years, and the majority were  

Table 1. Baseline demographic and clinical characteristics of the patients in the RAVE trial cohort*

Total 
(n = 142)

Newly  
diagnosed 

(n = 72)
Relapsing 
(n = 70)

PR3- ANCA 
positive 
(n = 95)

MPO- ANCA 
positive 
(n = 47)

RTX- treated 
(n = 75)

CYC/AZA- 
treated 
(n = 67)

Age, mean ± SD years 52.3 ± 14.7 55.5 ± 14.7 49.0 ± 14.0 49.2 ± 14.2 58.5 ± 13.8 53.5 ± 15.6 51.0 ± 13.6
Male sex 72 (51) 38 (53) 34 (49) 55 (58) 17 (36) 33 (44) 39 (58)
White ethnicity 130 (92) 65 (90) 65 (93) 88 (93) 42 (89) 67 (89) 63 (94)
BMI, mean ± SD kg/m2 28.8 ± 6.0 27.9 ± 5.3 29.8 ± 6.6 29.6 ± 6.2 27.3 ± 5.4 28.2 ± 6.4 29.5 ± 5.6
AAV type 

GPA 105 (74) 42 (58) 63 (90) 92 (97) 13 (28) 55 (73) 50 (75)
MPA 36 (25) 29 (40) 7 (10) 3 (3) 33 (70) 19 (25) 17 (25)
Indeterminate 1 (1) 1 (1) 0 (0) 0 (0) 1 (2) 1 (1) 0 (0)

ANCA type
PR3 95 (67) 38 (53) 57 (81) 95 (100) 0 (0) 52 (69) 43 (64)
MPO 47 (33) 34 (47) 13 (19) 0 (0) 47 (100) 23 (31) 24 (36)

Disease characteristics
New diagnosis 72 (51) 72 (100) 0 (0) 38 (40) 34 (72) 35 (47) 37 (55)
BVAS/WG, median 

(IQR)
8 (6, 10) 8 (6, 11) 7 (5, 10) 8 (6, 10) 8 (6, 10) 8 (6, 10) 8 (6, 10)

Renal involvement 95 (67) 55 (76) 40 (57) 58 (61) 37 (79) 48 (64) 47 (70)
Creatinine, mean ± SD 

mg/dl
1.41 ± 0.77 1.46 ± 0.73 1.33 ± 0.80 1.26 ± 0.69 1.66 ± 0.85 1.45 ± 0.85 1.34 ± 0.66

Alveolar hemorrhage 30 (21) 15 (21) 15 (21) 22 (23) 8 (17) 15 (20) 15 (22)
ESR, median (IQR) 

mm/hour
41 (19, 61) 53 (27, 83) 36 (13, 53) 34 (17, 59) 51 (20, 65) 34 (19, 58) 51 (14, 82)

CRP, median (IQR) 
mg/dl

1.2 (0.5, 3.7) 2.0 (0.8, 6.5) 0.8 (0.4, 2.1) 1.1 (0.4, 4.1) 1.2 (0.6, 3.0) 1.1 (0.5, 2.8) 1.7 (0.4, 5.1)

IL- 6, median (IQR) 
pg/ml

2.9 (0.7, 20.9) 2.6 (0.8, 21.9) 3.1 (0.7, 20.4) 4.9 (0.8, 21.2) 1.2 (0.6, 10.8) 3.4 (0.8, 29.9) 2.2 (0.7, 17.6)

sIL- 6R, median (IQR) 
ng/ml

25,910 (19,856, 
38,300)

28,636 (22,435, 
45,975)

24,859 (18,563, 
29,991)

25,197 (19,203, 
33,306)

28,069 (20,710, 
43,206)

25,317 (19,359, 
41,036)

26,464 (20,710, 
34,291)

Treatment
RTX 75 (53) 35 (49) 40 (57) 52 (55) 23 (49) 75 (100) 0 (0)
CYC/AZA 67 (47) 37 (51) 30 (43) 43 (45) 24 (51) 0 (0) 67 (100)
Glucocorticoids at 

baseline, mean ± 
SD mg

1,127 ± 791 1,407 ± 234 918 ± 1,048 790 ± 575 1,380 ± 911 1,376 ± 789 505 ± 417

Glucocorticoids at 
month 6, mean ± 
SD mg

3,743 ± 640 3,938 ± 721 3,355 ± 173 3,789 ± 704 3,510 ± 1,259 4,017 ± 617 3,195 ± 49

Comorbidities
Smoking

Current 9 (6) 1 (1) 8 (11) 8 (8) 1 (2) 6 (8) 3 (4)
Former 43 (30) 26 (36) 17 (24) 30 (32) 13 (28) 20 (27) 23 (34)
Never 90 (63) 45 (63) 45 (64) 57 (60) 33 (70) 49 (65) 41 (61)

Diabetes 12 (8) 8 (11) 4 (6) 8 (8) 4 (9) 8 (11) 4 (6)
Hypertension 49 (35) 30 (42) 19 (27) 27 (28) 22 (47) 27 (36) 22 (33)
Hyperlipidemia 7 (5) 5 (7) 2 (3) 7 (7) 0 (0) 4 (5) 3 (4)

* Except where indicated otherwise, values are the number (%). RAVE = Rituximab for ANCA- Associated Vasculitis; PR3 = proteinase 3; MPO = 
myeloperoxidase; RTX = rituximab; CYC/AZA = cyclophosphamide followed by azathioprine; BMI = body mass index; AAV = antineutrophil cyto-
plasmic antibody (ANCA)–associated vasculitis; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis; BVAS/WG = Birmingham 
Vasculitis Activity Score for Wegener’s granulomatosis; IQR = interquartile range; ESR = erythrocyte sedimentation rate; CRP = C- reactive protein; 
IL- 6 = interleukin- 6; sIL- 6R = soluble IL- 6 receptor. 
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PR3- ANCA positive (n = 95; 67%), and newly diagnosed (n = 72; 
51%). The median baseline BVAS/WG was 8 (IQR 6, 10). There 
were 75 participants (53%) randomized to receive RTX and 67 

(47%) randomized to receive CYC/AZA.
Table 2 presents the distribution of baseline lipid levels in the 

entire study group. The mean ± SD baseline levels of  TC, HDL choles-
terol, and LDL cholesterol were 166.1 ± 37.2 mg/dl, 50.0 ± 21.2 mg/dl,  
and 95.6 ± 30.8 mg/dl, respectively. Most participants were 
within the normal range for baseline TC (n = 112; 79%), HDL  
(n = 95; 67%), and LDL (n = 139; 98%). At baseline, those who 
had received a new diagnosis of AAV had significantly lower levels 
of TC (−20.5 mg/dl; P = 0.002), LDL (−16.0 mg/dl; P = 0.006), 
HDL (−12.5 mg/dl; P < 0.001), and Apo A- I (−21.6 mg/dl; P < 
0.001) compared to patients with relapsing disease, in adjusted 
analyses (Table  3). Patients experiencing relapse had a signifi-
cantly lower Apo B:Apo A- I ratio (−0.1; P = 0.02) and TC:HDL 
ratio (−0.6; P = 0.02) at baseline. Adjustment for ESR attenuated 
the results such that differences in TC and LDL were no longer 
statistically significant, but trends remained similar (−14 mg/dl;  
P = 0.06, and −10.9 mg/dl; P = 0.09, respectively); in contrast, 
adjustment for IL- 6 did not affect the results. There were no dif-
ferences in lipid levels at baseline between MPO- ANCA–positive 
patients and PR3- ANCA–positive patients or between those 

receiving RTX and those receiving CYC/AZA (Table 3).
During the course of the study, serum samples showed 

significant increases in TC (+12.4 mg/dl [95% CI +7.1, +21.0]), 
LDL (+10.3 mg/dl [95% CI +6.1, +17.1]), Apo B (+3.5 mg/dl 
[95% CI +1.0, +8.3]), and TC:HDL ratio (+0.2 [95% CI +0.1, 
+0.6]) but HDL, Apo A- I, and Apo B:Apo A- I ratio remained 
stable (Table 2). These changes in lipid levels differed between 
subgroups. In adjusted analyses, those with newly diagnosed 
disease had significantly greater increases in TC (+22.3 mg/
dl [95% CI +7.6, +37.0]), HDL (+11.1 mg/dl [95% CI +4.0, 
+18.2]), LDL (+17.6 mg/dl [95% CI +5.8, +29.5]), and Apo 
A- I (+23.1 mg/dl [95% CI +11.5, +34.7]) compared to those 
with relapsing disease during remission induction (Table 4). At 
month 6, there were no significant differences in lipid levels 
between the group with newly diagnosed disease and the 

group with relapsing disease. In adjusted analyses, PR3- 
ANCA–positive patients had significantly greater increases 
in TC (+20.4 mg/dl [95% CI +4.4, +36.4]) and LDL (+14.2 
mg/dl [95% CI +1.3, +27.1]) compared to those who were 
MPO- ANCA positive (Table  5). There was no difference in 
the change in lipid levels during remission induction between 
patients classified as having MPA versus those with GPA 
(data not shown). RTX- treated patients and CYC/AZA- treated 
patients had comparable changes in lipid levels during remis-

sion induction (Table 6).
In univariate analyses, we found associations between 

change in ESR (per 1-mm/hour increase) and changes in TC  
(β −0.4 mg/dl; P = 0.003), LDL (β −0.3 mg/dl; P = 0.01), HDL  
(β −0.3 mg/dl; P < 0.001), Apo A- I (β −0.6 mg/dl; P < 0.001), 
Apo B:Apo A- I ratio (β +0.004 mg/dl; P < 0.001), and TC:HDL 
ratio (β +0.02 mg/dl; P < 0.001). We also observed associations 
of change in IL- 6 (per 1-pg/ml increase) with changes in the 
Apo B:Apo A- I ratio (β +0.001; P = 0.03) and the TC:HDL ratio  
(β +0.002; P = 0.01) but not with changes in other lipid levels. 
There was a trend toward a statistically significant association 
of change in CRP level (per 1 mg/dl increase) with change in 
LDL (β −1.93 mg/dl; P = 0.06) but not with changes in other 
lipid levels. There were no associations between change in 
sIL- 6R level and changes in lipid levels.

We observed associations between change in BVAS/
WG (per 1-unit increase) and changes in TC (β −3.6 mg/dl;  
P = 0.001), LDL (β −3.02 mg/dl; P < 0.001), HDL (β −1.8 mg/dl; 
P = 0.001), Apo A- I (β −2.6 mg/dl; P = 0.004), and Apo B:Apo 
A- I ratio (β +0.02; P = 0.02). A similar trend was observed in the 
TC:HDL ratio, though it did not achieve statistical significance  
(β +0.08; P = 0.05).

Between baseline and month 6, newly diagnosed patients 
had a significantly greater decrease in mean ± SD ESR and 
CRP level than patients with relapsing disease (ESR −38.6 
± 32.4 mm/hour versus −12.9 ± 21.3 mm/hour; P < 0.001, 
and CRP −8.5 ± 28.2 mg/dl versus −1.0 ± 3.4 mg/dl; P = 
0.037). There were no statistically significant differences in 
the change in IL- 6 or sIL- 6R between the 2 groups. Inclusion 
of the change in ESR (but not other inflammation markers) in 
the adjusted models fully explained the differences observed 
in lipid level changes between newly diagnosed patients and 
patients with relapsing disease and between PR3- ANCA–
positive patients and MPO- ANCA–positive patients. Results 
from the primary analysis remained unchanged when gluco-
corticoid exposure and BMI change between baseline and 
month 6 were included in the multivariable regression models.

DISCUSSION

We observed significant changes in lipid levels during 
the remission induction phase of AAV treatment, a period 

Table 2. Lipid levels at baseline and month 6*

Lipid 
Baseline 
(n = 142)

Month 6 
(n = 142) Change (95% CI)

TC, mg/dl 166.1 ± 37.2 178.5 ± 43.8 +12.4 (+7.1, +21.0)†
HDL, mg/dl 50.0 ± 21.2 49.4 ± 16.6 −0.6 (−5.0, +2.1)
LDL, mg/dl 95.6 ± 30.8 106.0 ± 35.6 +10.3 (+6.1, +17.1)†
Apo A- I, mg/dl 121.4 ± 30.8 126.5 ± 26.7 +5.1 (−1.4, +10.1)
Apo B, mg/dl 89.6 ± 22.6 93.1 ± 25.8 +3.5 (+1.0, +8.3)‡
TC:HDL 3.7 ± 1.4 4.0 ± 1.5 +0.2 (+0.1, +0.6)‡
Apo B:Apo A- I 0.8 ± 0.3 0.8 ± 0.3 −0.02 (−0.05, +0.04)

* Values are the mean ± SD. 95% CI = 95% confidence interval; TC = 
total cholesterol; HDL = high- density lipoprotein; LDL = low- density 
lipoprotein; Apo A- I = apolipoprotein A- I. 
† P < 0.001. 
‡ P < 0.05. 
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 characterized by marked changes in disease activity and 
intensive immunosuppression. Newly diagnosed patients with 
AAV and those with PR3- ANCA positivity showed the great-
est changes in lipid levels between baseline and month 6. The 
changes observed were particularly prominent with regard to 
the serum concentrations of TC, LDL, and Apo B. Our find-
ings suggest that lipid profiles in AAV vary according to disease 
phase (e.g., new versus relapsing) and ANCA type. Changes in 
lipid levels were generally independent of treatment with either 
RTX or CYC/AZA and of changes in inflammation markers. The 
exception to this was the relationship between ESR and lipid 
levels, highlighting an association between inflammation and 

lipid metabolism as well as the complexities of acute- phase 
reactant changes.

To our knowledge, this is the first study to evaluate temporal 
changes in lipid levels in AAV and to compare the effects of RTX 
and CYC/AZA on lipid levels. Three prior cross- sectional studies 
with small sample sizes described lipid levels in AAV. One demon-
strated that TC and HDL were lower among incident cases of 
AAV compared to controls (22). In the other 2 studies, the timing 
of lipid assessment in relation to disease activity was not reported 
(23,24). Petermann Smits et al (24) reported that lipid levels were 
higher in an AAV cohort compared to matched controls. Their 
observations contrast with those reported in other inflammatory 

Table 4. Changes in lipid levels during remission induction, stratified by disease status at baseline*

Lipid

Newly diagnosed Relapsing Newly diagnosed versus relapsing

Baseline Month 6
Change 
(95% CI) Baseline Month 6

Change 
(95% CI)

Unadjusted difference  
in change (95% CI)

Adjusted difference 
in change (95% CI)†

TC, mg/dl 157.3 ± 39.3 178.5 ± 47.6 +21.1 
(+11.2, +33.4)‡

175.2 ± 32.9 178.5 ± 40.0 +3.3 
(−2.4, +14.0)

+17.8 
(+0.4, +35.3)

+22.3 
(+7.6, +37.0)§

HDL, mg/dl 46.2 ± 20.8 48.9 ± 15.7 +2.7 
(−3.6, +7.9)

53.8 ± 21.1 49.9 ± 17.5 −3.9 
(−9.3, −0.8)§

+6.6 
(+0.1, +13.1)

+11.1 
(+4.0, +18.2)§

LDL, mg/dl 87.5 ± 33.6 105.5 ± 37.3 +18.0 
(+10.9, +27.0)‡

103.9 ± 25.3 106.4 ± 34.0 +2.5 
(−3.1, +11.7)

+15.5 
(+0.3, +30.7)

+17.6 
(+5.8, +29.5)§

Apo A- I,  
mg/dl 

115.1 ± 33.2 128.0 ± 26.0 +12.9 
(+2.9, +21.8)¶

127.7 ± 28.9 124.9 ± 25.4 −2.8 
(−9.9, +2.6)

+15.7 
(+0.3, +31.1)

+23.1 
(+11.5, +34.7)‡

Apo B, mg/
dl

86.3 ± 24.4 93.1 ± 27.0 +6.8 
(+2.5, +12.8)§

93.1 ± 20.2 93.1 ± 24.8 +0.02 
(−3.7, +6.8)

+6.8 
(+0.1, +13.5)

+7.3 
(−0.6, +15.2)

TC:HDL 3.9 ± 1.6 3.9 ± 1.3 −0.01 
(−0.3, +0.4)

3.6 ± 1.1 4.0 ± 1.6 +0.4 
(+0.3, +0.9)‡

−0.5 
(−0.9, −0.009)

−0.6 
(−1.1, −0.1)¶

Apo B:Apo 
A- I

0.8 ± 0.3 0.7 ± 0.2 0.1 
(−0.1, +0.02)

0.8 ± 0.2 0.8 ± 0.3 +0.01 
(−0.03, +0.09)

−0.1 
(−0.1, −0.001)

−0.1 
(−0.2, −0.03)¶

* Values are the mean ± SD. See Table 2 for definitions. 
† Adjusted for age, sex, antineutrophil cytoplasmic antibody type, disease status, glucocorticoid exposure prior to baseline, and randomization 
arm. 
‡ P < 0.001. 
§ P < 0.01. 
¶ P < 0.05. 

Table 5. Changes in lipid levels during remission induction, stratified by ANCA type*

Lipid

PR3-ANCA MPO-ANCA PR3- ANCA versus MPO- ANCA

Baseline Month 6
Change 
(95% CI) Baseline Month 6

Change 
(95% CI)

Unadjusted difference 
in change (95% CI)

Adjusted difference 
in change (95% CI)†

TC, mg/dl 165.3 ± 36.9 181.2 ± 44.6 +15.9 
(+9.1, +26.4)‡

167.8 ± 38.3 173.5 ± 42.1 +5.7 
(−4.6, +18.9)

+10.2 
(+0.2, +20.1)

+20.4 
(+4.4, +36.4)§

HDL, mg/dl 47.7 ± 17.8 48.2 ± 15.4 +0.5 
(− 4.2, +4.0)

54.5 ± 26.6 51.6 ± 18.5 − 2.9 
(−11.0, +3.0)

+3.4 
(+0.1, +6.7)

+7.6 
(−0.1, +15.4)

LDL, mg/dl 96.0 ± 29.0 108.5 ± 37.1 +12.4 
(+6.1, +20.7)‡

94.8 ± 34.5 101.3 ± 32.4 +6.6 
(−0.1, +16.7)

+5.9 
(+0.1, +11.6)

+14.2 
(+1.3, +27.1)§

Apo A- I,  
mg/dl 

117.7 ± 30.3 124.2 ± 23.3 +6.5 
(−0.8, +12.6)

128.7 ± 33.4 130.6 ± 29.4 +1.9 
(−9.5, +12.5)

+4.6 
(+0.1, +9.1)

+10.2 
(−2.4, +22.8)

Apo B,  
mg/dl

90.6 ± 22.3 95.2 ± 26.5 +4.6 
(+0.9, +10.5)§

87.7 ± 23.4 89.3 ± 24.2 +1.6 
(−3.1, +8.3)

+3.0 
(+0.1, +5.9)

+6.5 
(−2.1, +15.1)

TC:HDL 3.8 ± 1.3 4.1 ± 1.6 +0.3 
(+0.1, +0.7)§

3.6 ± 1.5 3.7 ± 1.2 +0.1 
(−0.2, +0.6)

+0.2 
(+0.004, +0.4)

+0.04 
(−0.5, +0.6)

Apo B:Apo 
A- I

0.8 ± 0.3 0.8 ± 0.3 −0.02 
(−0.1, +0.05)

0.7 ± 0.3 0.7 ± 0.3 −0.01 
(−0.1, +0.1)

−0.02 
(−0.03, −0.0003)

−0.04 
(−0.1, +0.06)

* Values are the mean ± SD. PR3 = proteinase 3; MPO = myeloperoxidase (see Table 2 for other definitions). 
† Adjusted for age, sex, antineutrophil cytoplasmic antibody (ANCA) type, disease status, glucocorticoid exposure prior to baseline, and random-
ization arm. 
‡ P < 0.001. 
§ P < 0.05. 
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conditions (5,25,26). While these differences may reflect differ-
ences between clinical trial cohorts and clinic- based cohorts, our 
findings are consistent with the preponderance of data on other 
inflammatory conditions (5,25,26) and data from a prior cross- 
sectional study evaluating CVD risk in a small AAV cohort (21).

Our findings add to a growing body of literature describ-
ing an inverse relationship between lipid levels and inflammation 
(5,25,26). Though lower lipid levels are often thought to reflect a 
lower risk of CVD, previous studies suggest that the association of 
LDL with CVD risk is actually U- shaped, and that those with very 
low LDL are also at increased CVD risk (e.g., the “lipid paradox”) 
(27,28). As such, clarifying the association between lipid levels 
and inflammation in AAV is an important step toward understand-
ing CVD risk and risk stratification in AAV.

This is the first study to demonstrate that changes in lipid 
levels are restricted to certain disease subsets, specifically PR3- 
ANCA–positive patients and those who are newly diagnosed as 
having AAV. The differences with regard to ANCA type appear to 
reflect differences in inflammatory states (especially as indicated 
by the impact of adjustment for the ESR) between PR3- ANCA–
positive and MPO- ANCA–positive patients, and, in the context 
of the differences already recognized between these 2 types of 
AAV, our findings augment a growing body of literature describ-
ing important distinctions between these disease subsets. The 
differences in lipid trajectories between newly diagnosed patients 
and patients experiencing relapse resemble our previous findings 
regarding BMI changes in the RAVE trial (18). In that study, newly 
diagnosed patients had greater increases in BMI during the first 
6 months of the trial compared to those with relapsing disease.

The findings regarding BMI and lipid level changes sug-
gest important differences in the inflammatory state of patients 
with newly diagnosed AAV compared to those with relapsing 

disease. These differences may pertain to the duration of active 
disease in newly diagnosed patients, which is possibly longer 
on average than those with relapsing disease who are typi-
cally watched carefully for disease recurrence (29). They may 
also relate to the severity of disease activity at baseline: criti-
cal illness, for instance, is known to be associated with lower 
LDL. Patients with relapsing disease at baseline typically had 
disease flares that were less severe than those whose diagno-
ses had just been established. Indeed, this was reflected by 
the lower levels of inflammatory markers and lower BVAS/WG 
scores at baseline among the patients with relapsing disease. 
The effect of the elevated intensity of inflammation at base-
line among patients with newly diagnosed disease appears to 
have a substantial effect on lipid metabolism.

While details regarding the duration of symptoms before the 
baseline visit were not available in this study, the differences in 
associations between ESR, versus other acute-phase reactants, 
with lipid levels at baseline and over the course of the study sup-
port this hypothesis about lipid metabolism (30). In contrast to 
CRP, IL- 6, and sIL- 6R, ESR is an indirect measure of inflammation 
that changes more slowly in response to changes in the inflam-
matory state (31). Since many patients were exposed to up to 
2 weeks of glucocorticoid treatment at baseline, assessments 
of CRP, IL- 6, and sIL- 6R levels at the initial visit may not have 
reflected the recent inflammatory state as closely as the ESR did. 
Of note, IL- 6 was recently found to play a key role in lipid metab-
olism in the setting of inflammation (32), but we were unable to 
detect associations between IL- 6 and lipid levels in our study, 
likely due to the rapid effects of glucocorticoids on acute- phase 
reactants.

Our findings have implications for the assessment of CVD 
risk in AAV, given that AAV patients are at an increased risk of 

Table 6. Changes in lipid levels during remission induction, stratified by treatment group*

Lipid

RTX CYC/AZA RTX versus CYC/AZA

Baseline Month 6
Change 
(95% CI) Baseline Month 6

Change 
(95% CI)

Unadjusted difference  
in change (95% CI)

Adjusted difference 
in change (95% CI)†

TC, mg/dl 167.8 ± 39.6 176.8 ± 47.4 +9.0 
(+1.1, +20.7)‡

164.2 ± 34.6 180.3 ± 39.5 +16.1 
(+7.6, +27.6)§

−7.1 
(−14.0, −0.1)

−3.8 
(−18.0, +10.4)

HDL, mg/dl 52.3 ± 21.8 49.4 ± 15.7 −2.9 
(−9.1, +0.2)

47.3 ± 20.5 49.5 ± 17.7 +2.1 
(−3.7, +7.4)

−5.1 
(−10.0, −0.1)

−5.1 
(−11.9, +1.8)

LDL, mg/dl 96.0 ± 32.2 104.4 ± 39.4 +8.5 
(+2.4, +17.3)‡

95.2 ± 29.4 107.7 ± 31.0 +12.5 
(+5.2, +21.9)¶

−4.0 
(−7.9, −0.1)

−1.4 
(−12.8, +10.1)

Apo A- I,  
mg/dl 

125.2 ± 33.1 126.8 ± 23.4 +1.6 
(−6.6, +8.2)

117.1 ± 29.7 126.1 ± 28.2 +9.0 
(−0.8, +17.4)

−7.4 
(−14.7, −0.1)

−5.4 
(−16.6, +5.8)

Apo B,  
mg/dl

89.5 ± 23.6 91.8 ± 27.6 +2.4 
(−1.8, +8.8)

89.8 ± 21.6 94.6 ± 23.8 +4.7 
(+0.7, +11.0)‡

−2.4 
(−4.7, −0.05)

−0.3 
(−8.0, +7.3)

TC:HDL 3.6 ± 1.3 3.9 ± 1.4 +0.3 
(+0.1, +0.7)¶

3.9 ± 1.4 4.1 ± 1.6 +0.2 
(−0.2, +0.7)

+0.1 
(+0.002, +0.1)

+0.2 
(−0.3, +0.7)

Apo B:Apo 
A- I

0.8 ± 0.3 0.7 ± 0.2 −0.02 
(−0.1, +0.04)

0.8 ± 0.3 0.8 ± 0.3 −0.02 
(−0.1, +0.1)

+0.004 
(+0.0001, +0.008)

+0.01 
(−0.08, +0.1)

* Values are the mean ± SD. RTX = rituximab; CYC/AZA = cyclophosphamide followed by azathioprine (see Table 2 for other definitions). 
† Adjusted for age, sex, antineutrophil cytoplasmic antibody (ANCA) type, disease status, and glucocorticoid exposure prior to baseline. 
‡ P < 0.05. 
§ P < 0.001. 
¶ P < 0.01. 
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CVD (1–4) and routine CVD risk assessments are recommended 
(1). Inflammatory states, including AAV, are associated with 
changes in lipid levels, but little is known about how to interpret 
the results of lipid screening in such patients. Postponing lipid 
screening until after periods of disease activity have subsided, 
as part of CV risk stratification efforts, is a consideration, but it is 
unclear if lipid levels recorded at this later time point are associ-
ated with CVD risk. For instance, following an acute myocardial 
infarction, it is recommended that lipids not be measured until 
>48 hours after presentation due to differences in steady state 
and the effects of acute inflammation (33). Regardless, periodic 
CV risk assessment should be considered in AAV given the 
increased risk of CVD in this population (1–4).

This study has certain limitations. First, it was a post hoc 
analysis of a clinical trial, which may limit its generalizability. How-
ever, RAVE trial participants were representative of patients with 
severe AAV, and our observations resemble those from other 
studies on inflammatory conditions that used nonclinical trial pop-
ulations. Using a clinical trial population allowed us to account for 
covariates of interest in a rigorous manner, including statin use, 
glucocorticoid exposure, and acute- phase reactants. Second, we 
did not have knowledge of patient lipid profiles prior to the onset 
of AAV, so we cannot comment on whether the increase in lipids 
represents a return to predisease levels. Third, while we did not 
find significant differences in the association between lipid level 
changes and treatment with RTX or CYC/AZA, substantial gluco-
corticoid exposure during the first 6 months of the trial may have 
had a greater impact on lipids than either RTX or CYC/AZA did. 
Fourth, fasting status was not recorded at study visits, but fasting 
status is not thought to significantly affect lipid level measurements 
(34). Moreover, fasting status was unlikely to vary across disease 
subsets or time points, so our conclusions regarding differences 
and changes in lipid levels would not be affected.

In conclusion, we found that lipid levels in patients with 
AAV significantly increased during remission induction, espe-
cially among those with newly diagnosed disease and those who 
were PR3- ANCA positive. These differences suggest that lipid 
metabolism differs across AAV disease subsets. Disease activity 
and timing during the period of treatment should be considered 
when screening for lipid disorders and assessing CVD risk in AAV 
patients.
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B R I E F  R E P O R T

Association of Pulmonary Hemorrhage, Positive 
Proteinase 3, and Urinary Red Blood Cell Casts With 
Venous Thromboembolism in Antineutrophil Cytoplasmic 
Antibody–Associated Vasculitis
Andreas Kronbichler,1  Johannes Leierer,1 Jae Il Shin,2 Peter A. Merkel,3 Robert Spiera,4 Philip Seo,5  
Carol A. Langford,6 Gary S. Hoffman,6 Cees G. M. Kallenberg,7 E. William St.Clair,8 Paul Brunetta,9  
Fernando C. Fervenza,10 Duvuru Geetha,5 Karina A. Keogh,10 Paul A. Monach,11 Steven R. Ytterberg,10 
Gert Mayer,1 Ulrich Specks,10 John H. Stone,12 and the RAVE−ITN Research Group

Objective. To assess the frequency of venous thromboembolism (VTE) events in the Rituximab in Antineutrophil 
Cytoplasmic Antibody (ANCA)–Associated Vasculitis (RAVE) trial and identify novel potential risk factors.

Methods. VTE events in 197 patients enrolled in the RAVE trial were analyzed. Baseline demographic and clinical 
characteristics were recorded, and univariate and multivariate analyses were performed to identify factors associated 
with VTE in ANCA- associated vasculitis (AAV).

Results. VTE occurred in 16 patients (8.1%) with an overall average time to event of 1.5 months (range 1.0–2.75). 
In  univariate analyses with calculation of hazard ratios (HRs) and 95% confidence intervals (95% CIs), heart involve-
ment (HR 17.408 [95% CI 2.247–134.842]; P = 0.006), positive proteinase 3 (PR3)–ANCA (HR 7.731 [95% CI 1.021–
58.545]; P = 0.048), pulmonary hemorrhage (HR 3.889 [95% CI 1.448–10.448]; P = 0.008), and the presence of red 
blood cell casts (HR 15.617 [95% CI 3.491–69.854]; P < 0.001) were associated with the onset of VTE. In multivariate 
models adjusted for age and sex, the significant associations between VTE events and heart involvement (HR 21.836 
[95% CI 2.566–185.805]; P = 0.005), PR3- ANCA (HR 9.12 [95% CI 1.158–71.839]; P = 0.036), pulmonary hemorrhage 
(HR 3.91 [95% CI 1.453–10.522]; P = 0.007), and urinary red blood cell casts (HR 16.455 [95% CI 3.607–75.075];   
P < 0.001) remained.

Conclusion. Patients diagnosed as having AAV with pulmonary hemorrhage, positive PR3- ANCA, heart involve-
ment, and the presence of red blood cell casts are at an increased risk to develop VTE. Further studies are needed 
to confirm and expand these findings and to explore the mechanisms of hypercoagulability in these patients with the 
aim of informing potential targets for therapeutic intervention.

INTRODUCTION

The therapeutic methods available to treat antineutrophil cyto-
plasmic antibody (ANCA)–associated vasculitides (AAVs) expanded 

with the approval of rituximab (RTX) as an alternative therapy to 
cyclophosphamide (CYC) as the induction treatment for granu-
lomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA) 
(1,2). As treatment approaches and patient survival have improved 
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over the past decades, longer- term outcome and complications 
attributable to either the disease or immunosuppressive therapy 
have moved into the research focus. Consequently, recent reports 
have highlighted an increased frequency of venous thromboembo-
lism (VTE) events in patients with AAV. Analysis of a randomized 
controlled trial that included patients with GPA enrolled in the 
Wegener’s Granulomatosis Etanercept Trial (WGET) demonstrated 
an incidence of VTE of 7.0 per 100 person- years (3). An increased 
likelihood of VTE was reported in a population- based incident 
AAV cohort, which was driven by a significantly increased risk of 
developing deep venous thrombosis (DVT) (4). Analysis of a large 
cohort of patients with eosinophilic granulomatosis with polyangiitis 
(EGPA), GPA, and MPA demonstrated occurrence of VTE in 8.2%, 
8.0%, and 7.8% of patients, respectively (5). More recently, analysis 
of data derived from several trials conducted by the European Vas-
culitis Society showed the occurrence of VTE in 41 (9.8%) of 417 
patients with GPA or MPA (6). While VTE is now acknowledged as a 
commonly occurring complication of AAV, its pathogenesis remains 
ill- defined. Several factors have been considered to play a role in 
VTE pathogenesis, including the presence of antiplasminogen 
antibodies (7) and excess thrombin generation facilitated by tissue 
 factor, microparticles, and neutrophil extracellular traps (8).

The aim of the current study was to further explore the rela-
tionship between VTE and AAV through analysis of data from the 
Rituximab in ANCA- Associated Vasculitis (RAVE) trial (1). This trial 
allowed for prospective follow- up of patients with GPA and MPA 
and presented the first opportunity to study the impact of 2 differ-
ent induction treatment strategies, namely RTX and CYC, on the 
occurrence of VTE events.

PATIENTS AND METHODS

Study design and treatment regimens. The RAVE study 
was a double- blind, placebo- controlled trial in which 197 patients 
were randomized to receive either RTX (375 mg/m2 weekly for 4 
weeks; n = 99) or CYC (2 mg/kg body weight for 3–6 months) fol-
lowed by maintenance treatment with azathioprine (2 mg/kg body 
weight, maximum dosage 150 mg/day; n = 98). Glucocorticoids 
were tapered and withdrawn within 5.5 months in both groups. 
Detailed trial design and the respective results for short-  and the 
long- term follow- up have been previously described (1,9).

Definitions of outcome variables. Patients were clas-
sified according to their AAV diagnosis (GPA or MPA) based on 
the 1994 Chapel Hill Consensus Conference Nomenclature for 
Vasculitis (10). Patients were further classified according to either 
proteinase 3 (PR3)–ANCA or myeloperoxidase (MPO)–ANCA. 
Information related to patient demographic characteristics, 
newly diagnosed/relapsing disease, specific organ involvement, 
treatment, and outcome was collected. Vasculitis activity was 
assessed using the Birmingham Vasculitis Activity Score for 
Wegener’s Granulomatosis (BVAS/WG) (11), and the Vasculitis 
Damage Index was used to grade the respective damage (12). 
The occurrence of either DVT, pulmonary embolism (PE), or both 
was considered a VTE event.

Statistical analysis. For baseline characteristics, the 
number and percent of patients, mean ± SD, or median with 
inter  quartile range was used for analysis, as appropriate. Charac-
teristics between patients with and those without VTE were com-
pared by Student’s t- test or Mann- Whitney test for continuous 
data and chi- square test or Fisher’s exact test for categorical data. 
Spearman’s correlation coefficient was used to report the relation-
ship between VTE and named factors or states.

Kaplan- Meier curves were plotted for the occurrence of first 
VTE events and significant variables. Survival curves were com-
pared by log rank test. Univariate Cox regression models were 
used to assess the effect of factors and states in patients with and 
those without VTE. For every significant parameter in univariate 
analyses, a multivariate Cox regression model with adjustment for 
age and sex was applied. Findings of the univariate and multivar-
iate analyses were assessed using hazard ratios (HRs) and 95% 
confidence intervals (95% CIs). P values less than 0.05 were con-
sidered significant.

RESULTS

Patient characteristics stratified by VTE. Of the 197 
patients enrolled in the RAVE trial, 42 (21.3%) received antico-
agulation therapy as either thromboprophylaxis or due to an ear-
lier medical history necessitating anticoagulation treatment (such 
as atrial fibrillation). VTE events were recorded in 16 patients. Of 
these, 11 patients had DVT, 4 had PE, and 1 had concomitant 
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DVT and PE. Overall, the average time from baseline to VTE was 
1.5 months (range 1.0–2.75) (see Supplementary Table 1, availa-
ble on the Arthritis & Rheumatology web site at http://onlin elibr ary.
wiley.com/doi/10.1002/art.41017/ abstract).

A higher BVAS/WG at baseline was recorded for patients with 
VTE versus those without VTE (HR 10 [95% CI 9–11.75] versus 8  
[95% CI 6–10]; P = 0.017). We observed a higher frequency of  
VTE events among patients with PR3- ANCA (15 events among  
133 patients) than among those with MPO- ANCA (1 event among 
64 patients) (P = 0.016). Moreover, pulmonary hemorrhage and 
heart involvement were more frequent in the VTE group (P = 0.004 
and P = 0.001, respectively). Of the 16 VTE events, 7 occurred in 
RTX- treated patients and 9 in CYC- treated patients (P = 0.558). 
In contrast, sinusitis was less frequently observed in patients who 
experienced a VTE event than those who did not (31.3% versus 
56.9%; P = 0.048) (see Supplementary Table 2, http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41017/ abstract). A positive  

correlation was observed between VTE and heart involvement  
(r = 0.24, P < 0.01), pulmonary hemorrhage (r = 0.21, P < 0.01), 
positive PR3- ANCA (r = 0.17, P < 0.05), BVAS/WG (r = 0.17,  P < 
0.05), and the presence of red blood cell (RBC) casts (r = 0.373, 
P < 0.001). There was a negative association between VTE and 
eye involvement (r = –0.16, P < 0.05) and sinusitis (r = –0.14,  
P < 0.05) (see Supplementary Table 3, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41017/ abstract). Kaplan- Meier curves for pulmo-
nary hemorrhage,  positive PR3- ANCA, and RBCs are shown in 
Figure 1.

Predictors of VTE. Univariate analyses were performed 
to identify variables associated with VTE. Among clinical fac-
tors found to have significant values, we demonstrated heart 
involvement (HR 17.408 [95% CI 2.247–134.842]; P = 0.006), 
PR3 positivity (HR 7.731 [95% CI 1.021–58.545]; P = 0.048), 

Figure 1. Kaplan-Meier analysis of the association between venous thromboembolism (VTE) and pulmonary hemorrhage, proteinase 
3 (PR3) positivity, and the presence of red blood cell (RBC) casts. A, Event-free survival of patients with and patients without pulmonary 
hemorrhage (P < 0.003). B, Time to VTE event according to the specific antigen (PR3 versus myeloperoxidase [MPO]) (P < 0.018). C, Time 
to VTE event in patients with RBC casts compared to those without significant RBC casts (P < 0.001). All analyses were calculated from 
trial entry.

http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41017/abstract
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pulmonary hemorrhage (HR 3.889 [95% CI 1.448–10.448];  
P = 0.008), and presence of RBCs (HR 15.617 [95% 3.491–
69.854]; P < 0.001) to be positively associated with VTE events. 
The  frequency of VTE was similar in both treatment groups (RTX 
 versus CYC) (HR 0.747 [95% 0.278–2.006]; P = 0.563), and 
there was no difference between newly diagnosed patients and 
patients with relapsing disease (HR 1.067 [95% CI 0.400–2.844];  
P = 0.896) (Table 1). Multivariate models adjusted for age and 
sex were used to confirm the associations identified by univariate 
analyses. After adjustment for demographic variables, the asso-

Table 1. Univariate Cox regression results indicating the association between clinical variables and VTE events in 197 
patients with antineutrophil cytoplasmic antibody–associated vasculitis*

Variable
Median value or  

% of patients HR (95% CI) P
Demographics and baseline clinical 

characteristics
Age, median years 52 1.005 (0.973–1.039) 0.745
Body mass index, median kg/m2 27.6 1.042 (0.974–1.116) 0.229
Creatinine, median mg/dl 1.2 1.209 (0.524–2.167) 0.524
BVAS/WG score, median 8 1.121 (0.994–1.264) 0.063
C- reactive protein, median mg/dl 3.03 1.051 (0.960–1.150) 0.282
GPA vs. MPA, % 74.7 1.941 (0.529–7.125) 0.317
Newly diagnosed disease vs. relapsing 

disease, %
48.7 1.067 (0.400–2.844) 0.896

PR3 vs. MPO positivity, % 66.5 7.731 (1.021–58.545) 0.048
Proteinuria (dipstick), % 72.1 0.675 (0.358–1.274) 0.226
Serum albumin, median gm/dl 3.75 1.353 (0.549–3.333) 0.511
Male sex, % 50.7 1.319 (0.491–3.542) 0.583

Disease manifestations, %
Arthralgia 56.3 0.988 (0.368–2.653) 0.981
Eye involvement 23.4 0.032 (0.000–4.322) 0.169
Heart involvement 0.5 17.408 (2.247–134.842) 0.006
Peripheral nervous system involvement 19.3 0.966 (0.275–3.391) 0.957
Pulmonary hemorrhage 25.9 3.889 (1.448–10.448) 0.008
Red blood cell casts 23.8† 15.617 (3.491–69.854) <0.001
Renal involvement‡ 28.5 2.238 (0.638–7.855) 0.208
Sinusitis 54.8 0.355 (0.123–1.023) 0.055
Skin involvement 17.3 1.634 (0.527–5.070) 0.395

VDI at baseline, median 1.18 0.793 (0.528–1.192) 0.265
Treatment modalities, %

Antihypertensive agents 100 1.189 (0.788–1.794) 0.410
Diuretic use (single agent) 24.9 1.389 (0.482–4.000) 0.542
Methylprednisolone bolus 64.5 0.415 (0.154–1.114) 0.081
Rituximab vs. cyclophosphamide 50.8 0.747 (0.278–2.006) 0.563
Sequential nephron blockade (loop and 

thiazide diuretics)
2.5 1.001 (0.623–1.609) 0.995

Cumulative steroid dose (6 months), 
median gm

3.99 0.673 (0.426–1.064) 0.090

Follow- up variables, %
Infection 82.2 1.526 (0.347–6.716) 0.526
Malignancy 3.6 0.047 (0.000–4,691.49) 0.603
Relapse 40.1 1.437 (0.539–3.831) 0.511
VDI change (>1)§ 0.998 (0.817–1.219) 0.984

* VTE = venous thromboembolism; HR = hazard ratio; 95% CI = 95% confidence interval; BVAS/WG = Birmingham Vascu-
litis Activity Score for Wegener’s Granulomatosis; GPA = granulomatosis with polyangiitis; MPA = microscopic polyangiitis;  
PR3 = proteinase 3; MPO = myeloperoxidase; VDI = Vasculitis Damage Index. 
† Data were available for 165 patients. 
‡ Renal involvement was defined as the presence of significant hematuria, red blood cell casts, or reduced creatinine 
clearance (attributable to active vasculitis). 
§ Excluding pulmonary infarction and complicated venous thrombosis. 

Table  2. Clinical associations with venous thromboembolism 
events in antineutrophil cytoplasmic antibody–associated vasculitis, 
determined by multivariate analysis of variables that had significant 
associations in the univariate analysis*

Variable Hazard ratio (95% CI) P
Heart involvement 21.836 (2.566–185.805) 0.005
Pulmonary hemorrhage 3.910 (1.453–10.522) 0.007
Proteinase 3 positivity 9.120 (1.158–71.839) 0.036
Red blood cell casts 16.455 (3.607–75.075) <0.001

* Multivariate Cox regression models were adjusted for age and sex. 
95% CI = 95% confidence interval. 
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ciations between VTE and the presence of heart  involvement 
(HR 21.836 [95% CI 2.566–185.805]; P = 0.005), pulmonary 
hemorrhage (HR 3.91 [95% CI 1.453–10.522]; P = 0.007), 
PR3 positivity (HR 9.12 [95% CI 1.158–71.839]; P = 0.036), 
and presence of RBCs (HR 16.455 [95% CI 3.607–75.075];  

P < 0.001) remained significant (Table 2).

DISCUSSION

A hallmark of some systemic autoimmune diseases is their 
association with thrombosis (13). Consistent with this, several 
studies have shown that patients with AAV are at increased risk 
of developing thrombosis (3,5,13). When analyzing data from the 
RAVE trial, we observed VTE events in 8.1% of patients enrolled in 
the study. A majority of events (12 of 16) was recorded within the 
first 2 months of enrollment, highlighting the role of inflammation 
and presumably active disease in the onset of VTE. These findings 
align with previous results from the WGET trial, which indicated an 
increased risk of VTE in this patient population and a median time 
to event onset of 2.1 months (3). Moreover, we identified a trend 
toward an association between VTE and disease activity. A recent 
analysis of 417 patients from several randomized trials demon-
strated an association between higher disease activity and VTE 
events (6), reinforcing the role of active vasculitis in predisposing 
individuals to thrombosis.

Several mechanisms may contribute to the procoagulable 
state in AAV. Antiplasminogen antibody titers have been shown 
to be higher in patients with PR3- positive vasculitis compared to 
patients with either MPO- positive vasculitis or idiopathic thrombo-
sis, and these antibodies were detected in 5 of 9 vasculitis patients 
with thrombosis and PR3- ANCA positivity compared to none of 4 
patients with thrombosis and MPO- ANCA positivity (7). Antiplas-
minogen antibodies also reacted with a highly restricted motif on 
plasminogen (7), indicating their potential to impair fibrinolysis, which 
may explain our findings demonstrating a higher frequency of VTE 
in patients positive for PR3- ANCA. Moreover, patients with GPA 
exhibit an increased frequency of anticardiolipin antibodies when 
compared to the general population (14). The association between 
pulmonary hemorrhage and VTE in patients with AAV has not been 
previously described. A case series of patients with severe pulmo-
nary hemorrhage due to systemic vasculitis showed a concomitant 
VTE event in 7 of 35 patients (15). It is tempting to speculate that 
these patients are prone to develop thrombosis due to more severe 
 disease, as shown in our study. We found an association between 
the presence of urinary RBC casts and VTE, while renal involvement 
in general was not associated with VTE. One can speculate that 
presence of RBC casts is related to active glomerular inflammation 
and that inflammation in itself is triggering VTE.

Our work has several strengths and limitations. Since the 
RAVE study was a randomized controlled trial, the quality and 
completeness of the data (which are publicly accessible) are 
more appropriate compared to most other studies investi-

gating VTE. Among the study’s limitations, we only assessed 
clinically apparent VTE events (i.e., not investigated in a pro-
tocolized, prospective manner), and the definition of alveo-
lar hemorrhage was left to site investigators. Due to the low 
number of events, adjustment for multiple comparisons was 
restricted to age and sex. Moreover, data on some variables, 
such as serum albumin and proteinuria (measured by dipstick), 
were not available for every participant.

In conclusion, our post hoc analysis of a prospective rand-
omized controlled trial of patients with AAV has identified several 
factors associated with VTE risk. Patients with pulmonary hem-
orrhage may be prone to VTE. We identified PR3 positivity as a 
novel risk factor, which might be related to more frequent pres-
ence of antiplasminogen antibodies. The association between 
heart involvement and presence of RBCs has not been previously 
described and may reflect the contribution of overall disease bur-
den to the risk of thrombotic complications. Further studies are 
needed to confirm and expand these findings and to explore the 
mechanisms of hypercoagulability in these patients with the aim 
of informing potential targets for therapeutic interventions.
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Measuring Circulating Complement Activation Products 
in Myeloperoxidase– and Proteinase 3–Antineutrophil 
Cytoplasmic Antibody–Associated Vasculitis
Eveline Y. Wu,1  Elizabeth A. McInnis,2 Sonia Boyer-Suavet,3 Carmen E. Mendoza,2 Lydia T. Aybar,2  
Kristin B. Kennedy,2 Caroline J. Poulton,2 Candace D. Henderson,2 Yichun Hu,2 Susan L. Hogan,2 Peiqi Hu,2 
Hong Xiao,2 Patrick H. Nachman,2 J. Charles Jennette,4 Ronald J. Falk,2 and Donna O. Bunch2

Objective. There is accumulating evidence that complement activation is important in antineutrophil cytoplasmic 
antibody (ANCA)–associated vasculitis (AAV) pathogenesis. This study was undertaken to investigate complement 
activation in AAV with myeloperoxidase (MPO) positivity and AAV with proteinase 3 (PR3) positivity after determining 
optimal methods for measuring activated complement factors in circulation.

Methods. Participants included 98 patients with AAV (45 MPO- ANCA positive, 53 PR3- ANCA positive) and 35 
healthy controls. Plasma was obtained from blood collected using EDTA tubes, with or without 100 μg/ml Futhan. 
Levels of Bb, C3a, C5a, soluble C5b–9 (sC5b–9), properdin, and C4d were measured by enzyme- linked immuno-
sorbent assay. Group comparisons were made using Wilcoxon’s 2- sample test. Paired data were analyzed using a 
matched pairs signed rank test.

Results. Compared to healthy controls, certain complement analyte levels were high in patients with active AAV 
with MPO positivity, including C3a (P < 0.0001), C5a (P = 0.0004), and sC5b–9 (P = 0.0007). During remission, levels 
of Bb (P = 0.001), C3a (P < 0.0001), and sC5b–9 (P = 0.003) were higher. Compared to healthy controls, C3a (P < 
0.0001), C5a (P = 0.002), sC5b–9 (P = 0.0001), and C4d (P = 0.005) levels were higher in patients with active AAV 
with PR3 positivity; levels of C3a (P < 0.0001) and C4d (P = 0.007) were also higher duriing remission. There were no 
significant differences in any complement analyte for either ANCA serotype between patients with active disease and 
those with disease in remission. Among patients with paired samples, sC5-9 levels were significantly lower during 
disease remission compared to active disease. C5a was significantly lower among patients with disease in long- term 
remission who were not receiving therapy. For Bb, C5a, and sC5b–9, median levels and individual values were con-
siderably higher in control and patient samples processed without Futhan compared to those processed with Futhan.

Conclusion. Complement activation occurs in both MPO- positive AAV and PR3- positive AAV. The complement 
activation profile differs according to disease activity and possibly ANCA serotype. Futhan reduces in vitro comple-
ment activation and provides a more accurate measurement.

INTRODUCTION

Emerging evidence indicates a pivotal role of complement 
activation in the pathogenesis of antineutrophil cytoplasmic anti-
body (ANCA)–associated vasculitis (AAV). This evidence repre-
sents a substantial shift in the understanding of complement’s 

participation in AAV. The complement system had not been 
believed to play a significant role in AAV pathogenesis, because 
there is typically little immunoglobulin or complement deposition 
at sites of tissue injury (1). Studies involving murine models of 
vasculitis, however, have demonstrated that activation of com-
plement is critical in disease pathogenesis (2).
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In an experimental mouse model of AAV, intravenous 
injection of mouse antimyeloperoxidase (anti- MPO) IgG anti-
body induces a pauci- immune necrotizing and crescentic glo-
merulonephritis (NCGN) and vasculitis similar to human ANCA 
disease (3). Transfer of anti- MPO IgG to mice deficient in C4, a 
component of the classical and lectin complement pathways, 
produced a pauci- immune NCGN similar to that found in wild- 
type mice. Mice deficient in alternative complement pathway 
component factor B, however, were protected against devel-
oping disease (3,4). Mice deficient in C5, which is required for 
terminal activation in all 3 complement pathways, and those 
lacking a C5a receptor (C5aR) also did not develop disease 
(4,5). Blockade of the C5aR with a small- molecule antago-
nist ameliorated disease severity, suggesting that C5a–C5aR 
engagement is critical for disease induction (6). Complement- 
mediated injury appears to be independent of the membrane 
attack complex, because C6- deficient mice developed dis-
ease no differently than wild- type mice (6). The results from 
these key studies have established that complement activa-
tion, specifically through the alternative pathway, is crucial in 
the development of anti- MPO–mediated vasculitis in mice.

Alternative complement pathway activation also appears 
to be important in human AAV. In a cohort of patients with 
perinuclear ANCA (pANCA) and MPO- positive AAV, plasma 
levels of complement activation fragments Bb, C3a, C5a, and 
soluble C5b–9 (sC5b–9) were significantly higher and proper-
din significantly lower in patients with active disease compared 
to those with disease in remission (7). Plasma Bb levels also 
correlated with Birmingham Vasculitis Activity Score (BVAS) 
and proportion of cellular crescents on kidney biopsy (7,8). 
Moreover, urinary levels of Bb, C3a, C5a, and sC5b–9 were 
significantly higher in active disease compared to remission 
(9,10). Bb deposition was also detectable in the glomeruli and 
correlated with cellular crescents, tubular atrophy, interstitial 
infiltration, and interstitial fibrosis (9). It is important to note that 
these prior studies included patients exclusively with MPO- 
positive AAV and glomerulonephritis. Complement activation 
has yet to be fully characterized in patients with proteinase 3 
(PR3)–positive AAV or those without renal disease.

There is growing evidence suggesting that complement 
activation is important not only in AAV pathogenesis but in other 
autoimmune conditions (11). As the role of complement activation 
is further explored in various disorders, standardization of plasma 
collection and processing methods is essential. Standardization 
is critical because complement activation products can be rapidly 
generated in vitro (12). An exhaustive study by Yang et al demon-
strated that plasma collected with EDTA was superior to serum 
and citrate plasma samples when a variety of preanalytical varia-
bles were tested, including storage of blood samples prior to pro-
cessing at room temperature or 4°C and stability during thawing 
of stored plasma samples (13). In the 3 healthy individuals exam-
ined, Yang and colleagues found substantial increases in levels of 

Bb, C3a, C5a, C5b- 9, and C4d when serum or citrated plasma 
was thawed at 37°C. Conversely, even when thawed at this tem-
perature, plasma collected with EDTA remained stable for up to 60 
minutes, except for measures of C4d (13). Other investigators have 
shown that cleavage of complement proteins occurs in vitro despite 
the use of EDTA in blood collection (14,15). Careful and systematic 
sample processing to avoid in vitro complement activation is there-
fore required for more accurate measurement. Futhan, a broad- 
specificity protease inhibitor, blocks in vitro complement activation 
(14,16). It has been shown to inhibit the esterolytic activities of C1r, 
C1s, and factor B and hemolytic activities mediated by both the 
classical and alternative complement pathways (17–19). Futhan’s 
inhibitory activity is thought to be mediated by binding to catalytic 
sites of the serine proteases in the complement system (20,21). The 
addition of Futhan, in combination with EDTA, can therefore reduce 
in vitro complement activation and improve analytical testing (22,23).

The primary objective of the present study was to investigate 
complement activation in both AAV with MPO positivity and AAV 
with PR3 positivity. A secondary objective was to determine the 
effects of Futhan on accuracy in measuring complement activa-
tion in AAV patients and healthy controls.

PATIENTS AND METHODS

Patient cohort. Patients with AAV were diagnosed accord-
ing to the Chapel Hill Consensus Conference definitions (24,25). 
Active disease was defined as a BVAS of >3 with supporting clinical 
and/or laboratory features obtained through extensive chart review 
(8,26). Disease remission was defined as a BVAS of 0 without 
disease activity within 3 months of sample procurement. Disease 
was considered to be in long- term remission off therapy (LTROT) 
if the patient had been therapy- free and without clinical signs of 
disease activity for ≥2 years. For patients treated with rituximab, 
LTROT status did not start until evidence of B cell repopulation or 
>1 year from last rituximab dose, whichever occurred sooner. A 
sample was excluded if the patient was dialysis- dependent, had 
undergone plasmapheresis, received rituximab, or had an infection 
within 3 months of procurement. Patients were excluded if they 
had eosinophilic granulomatosis with polyangiitis (GPA), had drug- 
induced AAV, were found to be ANCA negative by enzyme- linked 
immunosorbent assay (ELISA), had received a kidney transplant, 
or had an overlapping autoimmune disease. Informed consent was 
obtained in accordance with the University of North Carolina’s Insti-
tutional Review Board guidelines.

Sample acquisition. Samples were collected from patients 
with MPO- positive AAV and those with PR3- positive AAV and 
from healthy controls, from September 2009 to October 2017. 
Blood collected in EDTA tubes was placed on ice immediately and 
processed at 4°C within 30 minutes. Plasma was obtained from 
blood with or without 100 μg/ml of Futhan (ApexBio Technology) 
by centrifugation twice at 1,244g for 15 minutes at 4°C. Samples 
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were kept on ice throughout processing and stored in aliquots 
at −80°C until use. For testing, aliquoted samples were rapidly 
thawed at 37°C and transferred immediately to ice. Repeated 
freeze and thaw cycles were completely avoided.

Quantification of plasma complement activation 
products. Plasma levels of circulating complement activation prod-
ucts were measured by ELISA and included properdin (Hycult Bio-
tech) and Bb, C3a, C5a, sC5b–9, and C4d (Quidel). All assays were 
performed according to the manufacturers’ instructions and included 
negative and positive controls. Each sample was tested in duplicate. 
ELISA results were analyzed with GraphPad Prism or Microsoft Excel 
using the appropriate curve- fitting equation. Each ELISA included 
the  following quality control processes: 1) sample duplicate meas-
ures not within 20% of each other were excluded and retested; 2) 
R2 value and y- intercept had to fall within the recommended range 
for the standard curve; 3) high and low controls were required to 
be within the  recommended ranges as described in the certificate 
of analysis; 4) values above the highest standard were retested at a 
higher dilution to fall onto the standard curve. Samples and assays 
that did not meet quality control standards were repeated.

Statistical analysis. Descriptive statistics were used for 
demographic and clinical characteristics. Estimated glomerular 
filtration rate (eGFR) was calculated using the 4- variable Modifi-
cation of Diet in Renal Disease equation (27). For patients from 
whom paired samples were obtained during active disease and 
remission, only the active disease sample was used for analyses 
in order to comply with the assumption of independent samples. 
Data were not normally distributed; therefore, medians and inter-
quartile ranges (IQRs) are reported. Paired samples simultane-
ously processed with and without Futhan were used to examine 
the effects of Futhan. Samples processed with Futhan were used 
for analyses because this improved the accurate measurement of 
complement activation products. Wilcoxon’s 2- sample test was 
used for 2- group comparisons. Bonferroni correction was used 
for multiple comparisons of complement activation measures in 
healthy controls and patients with MPO- positive AAV and those 
with PR3- positive AAV, and P values less than 0.0083 were con-
sidered significant. A matched pairs signed rank test was used to 
assess differences in complement activation between paired active 
disease and remission samples and paired samples processed 
with and without Futhan. P values less than 0.05 were considered 
significant. The association between complement activation and 
BVAS was measured using Spearman’s rank correlation. Analy-
ses were completed using statistical software SAS, version 9.4. 
Graphs were created using GraphPad Prism, version 7.

RESULTS

Demographic and clinical data. We measured comple-
ment activation in 98 patients with AAV (45 MPO- ANCA posi-

tive, 53 PR3- ANCA positive) and 35 healthy controls (Table 1). 
Among the 98 patients with AAV, 43 (21 MPO- ANCA positive, 
22 PR3- ANCA positive) had active disease, and 55 (24 MPO- 
ANCA positive, 31 PR3- ANCA positive) had disease in remission. 
There were 10 patients (3 MPO- ANCA positive, 7 PR3- ANCA 
positive) from whom paired samples were obtained during dis-
ease activity and remission, and 8 patients (3 MPO- ANCA posi-

tive, 5 PR3- ANCA positive) who achieved LTROT status.
There were no significant differences in sex or race/ethnic-

ity between healthy controls and patients with AAV with MPO 
positivity or AAV with PR3 positivity (see Supplementary Table 
1, on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41011/ abstract). Patients with 
MPO- positive AAV were older at the time of diagnosis and at the 
time of sample acquisition compared to those with PR3- positive 
AAV, but this observation is likely of little impact since we found 
that complement activation does not correlate with age (Sup-
plementary Figure 1, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41011/ abstract). As expected, a higher proportion of patients 
with PR3- positive AAV had GPA with more upper and lower res-
piratory tract involvement, compared to those with MPO- positive 
AAV (28–31) (Supplementary Table 1). While the proportions of 
patients with kidney involvement were comparable between 
groups, those with MPO- positive AAV more commonly had renal- 
limited disease as well as a significantly lower eGFR during active 
disease, compared to those with PR3- positive AAV (Supplemen-
tary Table 1).

Effect of Futhan on accuracy of measurements of 
complement activation in vitro. The addition of Futhan 
improved the accuracy of measurements of complement acti-
vation. Using a matched pairs signed rank test, we determined 
that levels of Bb, C5a, and sC5b–9 significantly differed between 
samples processed with Futhan and those processed without  
(P < 0.005 for all). Median levels of Bb, C5a, and sC5b–9 were 
higher in samples processed without Futhan compared to 
paired samples processed with Futhan (Supplementary Table 
2 and Supplementary Figure 2, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41011/ abstract). For Bb, measurements 
were notably higher in 100% of samples processed with-
out Futhan compared to the paired samples processed with 
Futhan. In addition, the Bb level without Futhan was >20% of 
that with Futhan for 60% of samples. For C5a and sC5b–9, 
measurements were also notably higher in 61% and 67%, 
respectively, of samples processed without Futhan compared 
to the paired sample processed with Futhan. Given the con-
siderable elevation in values in samples processed without 
Futhan, we used those processed with Futhan for analyses. 
For completeness, we performed analyses on samples pro-
cessed without Futhan (Supplementary Table 2 and Supple-
mentary Figure 3, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41011/ abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
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Complement activation in AAV. We found that com-
plement activation occurs in both MPO- positive AAV and PR3- 
positive AAV (Table 2 and Figure 1). Compared to healthy controls, 
patients with active AAV with MPO positivity had significantly 
higher plasma levels of C3a (median 29.54 ng/ml versus 67.77 ng/
ml; P < 0.0001), C5a (5.50 ng/ml versus 9.47 ng/ml; P = 0.0004), 

and sC5b–9 (114.90 ng/ml versus 166.99 ng/ml; P = 0.0007). 
Compared to healthy controls, patients with MPO- positive AAV 
in remission also had higher plasma levels of Bb (median 0.62 
μg/ml versus 0.74 μg/ml; P = 0.001), C3a (29.54 ng/ml versus 
71.58 ng/ml; P < 0.0001), and sC5b–9 (114.90 ng/ml versus 
149.94 ng/ml; P = 0.003). Compared to healthy controls, patients 

Table 2. Complement activation with Futhan in the healthy controls and AAV patients*

Healthy controls

MPO- positive AAV PR3- positive AAV

Active disease
Disease in  
remission Active disease

Disease in  
remission

Bb, µg/ml 0.62 (0.49– 
0.65) (26)

0.66 (0.48– 
0.79) (14)

0.74 (0.64– 
0.90) (21)†

0.58 (0.50– 
0.79) (19)

0.65 (0.58– 
0.85) (25)

Properdin,  
µg/ml

14.62 (13.16– 
17.30) (22)

15.83 (13.37– 
21.89) (14)

17.40 (13.75– 
20.59) (21)

15.71 (14.26– 
19.60) (19)

14.89 (13.00– 
18.16) (25)

C3a, ng/ml 29.54 (23.81–
38.22) (26)

67.77 (42.60– 
93.49) (14)†

71.58 (45.84– 
107.60) (21)†

75.56 (50.84– 
126.20) (19)†

52.80 (44.47– 
67.83) (25)†

C5a, ng/ml 5.50 (4.05– 
7.53) (26)

9.47 (8.41– 
12.95) (13)†

8.07 (5.67– 
9.42) (21)

9.74 (6.42– 
15.52) (18)†

7.14 (5.29– 
8.50) (25)

sC5b–9, ng/ml 114.90 (101.50– 
135.30) (25)

166.99 (131.44– 
217.96) (14)†

149.94 (128.62– 
181.51) (21)†

152.59 (137.52– 
266.42) (19)†

143.06 (119.13– 
173.58) (25)

C4d, µg/ml 0.94 (0.49– 
1.55) (19)

2.06 (1.40– 
3.24) (14)

1.56 (0.68– 
2.66) (18)

1.87 (1.41– 
3.77) (18)†

2.02 (1.17– 
2.91) (18)†

* Values are the median (IQR) (no. of subjects). sC5b–9 = soluble C5b–9 (see Table 1 for other definitions). 
† Significantly different than levels observed in healthy controls. 

Table 1. Demographic and clinical characteristics of the healthy controls and AAV patients*

Characteristic
Healthy controls 

(n = 35)

Patients with  
MPO- positive AAV 

(n = 45)

Patients with  
PR3- positive AAV 

(n = 53)
Paired samples 

(n = 10)†
Male 19 (54) 21 (47) 32 (60) 5 (50)
Female 16 (46) 24 (53) 21 (40) 5 (50)
Race/ethnicity 

Caucasian 31 (88.5) 35 (78) 45 (85) 10 (100)
African American 1 (3) 7 (15) 4 (7.5) –
Asian/Hispanic/Other 3 (8.5) 3 (7) 4 (7.5) –

Age at time of sample, median (IQR) years 51 (36–59) 64 (58–74) 56 (42–68) 56 (48–62)‡
Age at time of diagnosis, median (IQR) 

years 
– 59 (50–70) 49 (36–61) 42 (43–59)

Active disease – 21 (47) 22 (42) –
Disease in remission – 24 (53) 31 (58) –
Disease subtype

Renal- limited – 19 (42) 4 (7) 3 (30)
Microscopic polyangiitis – 21 (47) 19 (36) 1 (10)
Granulomatosis with polyangiitis – 5 (11) 30 (57) 6 (60)

Disease manifestations at time of 
diagnosis

Upper respiratory – 14 (31) 35 (66) 6 (60)
Lower respiratory – 10 (22) 39 (74) 7 (70)
Kidney – 42 (93) 44 (83) 8 (80)
Dermatologic – 5 (11) 16 (30) 2 (20)
Musculoskeletal – 12 (27) 29 (55) 4 (40)
Gastrointestinal – 0 (0) 2 (4) 0 (0)
Neurologic – 2 (4) 11 (21) 2 (20)

eGFR, median (IQR) ml/minute/1.73m2

Active disease – 24.57 (15.46–40.35) 58.53 (34.54–79.03) 64.85 (56.98–79.00)
Disease in remission – 54.12 (36.31–69.32) 65.89 (50.27–81.60)§ 62.15 (54.25–76.68)

* Except where indicated otherwise, values are the number (%). AAV = antineutrophil cytoplasmic antibody–associated vasculitis;  
MPO = myeloperoxidase; IQR = interquartile range.
† Patients with paired samples obtained during active disease and during remission, both processed with Futhan.
‡ Age at the time the active disease sample was obtained.
§ One proteinase 3 (PR3)–positive sample did not have data available for the estimated glomerular filtration rate (eGFR) calculation. 
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with active PR3- positive AAV had significantly higher plasma levels 
of C3a (29.54 ng/ml versus 75.56 ng/ml; P < 0.0001), C5a (5.50 
ng/ml versus 9.74 ng/ml; P = 0.002), and sC5b–9 (114.90 ng/ml  
versus 152.59 ng/ml; P = 0.0001). Compared to healthy controls,  
patients with PR3- positive AAV in remission also had higher 
plasma levels of C3a (29.54 ng/ml versus 52.80 ng/ml;  
P < 0.0001). Interestingly, compared to healthy controls, patients 
with PR3- positive AAV had higher plasma levels of C4d during 
both active disease (0.94 μg/ml versus 1.87 μg/ml; P = 0.005) 
and remission (2.02 μg/ml; P = 0.007). The active disease group 
and the remission group did not differ significantly for any com-
plement analyte among patients with either ANCA serotype. No 

significant differences in properdin were detected between any 
groups.

Among patients with active AAV, there were no differences in 
complement analyte levels when comparing those with  new- onset 
disease to those with relapsing disease. Moreover, none of the 
complement analytes correlated with BVAS score. We did find, 
however, that treatment exposure affected measures of comple-
ment activation among patients with active AAV. Patients with 
active disease who were receiving any treatment, including glu-
cocorticoids and/or a steroid- sparing immunosuppressant, had 
significantly lower plasma levels of Bb (0.48 μg/ml versus 0.73 μg/
ml; P = 0.02) and C5a (6.94 ng/ml versus 10.54 ng/ml; P = 0.04), 

Figure 1. Complement activation with Futhan in myeloperoxidase (MPO)–positive antineutrophil cytoplasmic antibody–associated vasculitis 
(AAV), in proteinase 3 (PR3)–positive AAV, and in healthy controls. Levels of Bb (A), properdin (B), C3a (C), C5a (D), soluble C5b–9 (sC5b–9) 
(E), and C4d (F) are shown. Symbols represent individual subjects, bars show the median and interquartile range. Data were analyzed using 
Wilcoxon’s 2- sample test. Bonferroni- corrected P values less than 0.0083 were considered significant.
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compared to patients with active disease who were not receiving 
any treatment (Supplementary Figure 4, http://onlin elibr ary.wiley.
com/doi/10.1002/art.41011/ abstract). There were no significant 
differences in any complement activation analyte among patients 
with disease in remission who were receiving versus those who 
were not receiving treatment.

Analyses of paired samples. There were 10 patients  
(3 MPO- ANCA positive, 7 PR3- ANCA positive) with paired sam-
ples from active and remission disease states that were treated 
with Futhan (Figure 2). Compared to the overall population, this 
cohort had milder renal insufficiency, with a median eGFR of 
64.85 ml/minute/1.73m2 during active disease. Plasma levels of 
sC5b–9 were lower during remission compared to active disease 
(139.5 ng/ml versus 179.9 ng/ml; P = 0.01). We also observed 
decreases in median levels of C3a, C5a, and C4d during remis-
sion compared to active disease, but these were not statistically 
significant (Supplementary Table 3, http://onlin elibr ary.wiley.com/
doi/10.1002/art.41011/ abstract). Although not statistically sig-
nificant, the complement activation analytes trended in the same 
direction as our primary analyses within this small number of indi-
viduals with longitudinal data.

Long- term remission off therapy. Our cohort included 8 
patients (3 MPO- ANCA positive, 5 PR3- ANCA positive) who had 

achieved LTROT for ≥2 years (Figure 3). Compared to patients 
with active AAV, those with LTROT had significantly lower plasma 
levels of C5a (median 9.47 ng/ml versus 6.40 ng/ml; P = 0.03). We 
also observed decreases in median levels of C3a, sC5b–9, and 
C4d between patients with active disease and those in LTROT, 
but these were not statistically significant (Supplementary Table 
4, http://onlin elibr ary.wiley.com/doi/10.1002/art.41011/ abstract). 
Although not statistically significant, the complement activation 
analytes trended in the same direction as our primary analyses, 
even with a small sample size.

DISCUSSION

The complement system comprises >30 plasma proteins and 
can be activated via the classical, alternative, and lectin pathways. 
All 3 pathways converge at complement component C3, with 
subsequent formation of the membrane attack complex (32,33). 
While classical pathway involvement has long been recognized 
in some systemic autoimmune diseases, there is now increasing 
evidence that the alternative pathway is also involved (10,34). In 
AAV, complement was initially considered not to play a role in 
disease pathogenesis. Studies involving a murine MPO- ANCA 
model, however, revealed that the alternative pathway is crucial 
in disease development. Conversely, neither intact classical nor 
lectin pathways nor formation of the terminal membrane attack 

Figure 2. Changes in complement activation in paired samples from patients with antineutrophil cytoplasmic antibody–associated vasculitis 
during active disease and during remission. Levels of Bb (A), properdin (B), C3a (C), C5a (D), soluble C5b–9 (sC5b–9) (E), and C4d (F) are 
shown. Samples were processed with Futhan. Data were analyzed by matched pairs signed rank test.

http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41011/abstract
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complex appear necessary for disease pathogenesis. In a human 
cohort of MPO- positive AAV, alternative pathway activation frag-
ments correlated with disease activity and were demonstrated at 
sites of tissue injury (7). Prior to our study, the role of complement 
activation in PR3- positive AAV had yet to be characterized.

Our findings establish that complement activation occurs 
in MPO- positive AAV and PR3- positive AAV. Our data also 
suggest that the complement activation profile differs by dis-
ease activity and possibly by ANCA serotype. In active AAV 
with MPO positivity, C3a, C5a, and sC5b–9 levels were higher 
compared to healthy controls. Bb, C3a, and sC5b–9 lev-
els were also higher during disease remission compared to 
healthy controls but did not differ significantly compared to 
active disease. In active AAV with PR3 positivity, C3a, C5a, 
sC5b–9, and C4d levels were higher compared to healthy 
controls. C3a and C4d levels were also higher during dis-
ease remission compared to healthy controls but did not differ 
significantly compared to active disease. While patients with 
MPO- positive AAV did not have elevated plasma levels of C4d 
that reached statistical significance, it will be important to con-

firm this finding in a larger number of patients, especially with 
paired active disease and remission samples. Elevated C4d 
levels suggest that the classical or lectin complement path-
ways may be involved in disease pathogenesis, possibly as a 
secondary augmentation of complement activation (35).

Potential differences in complement activation would be 
consistent with known pathophysiologic and phenotypic differ-
ences between MPO-positive AAV and PR3-positive AAV. Both 
types of AAV are associated with different genetic predispositions, 
pathophysiologic mechanisms, cytokine profiles, organ predilec-
tion, and treatment response (29,31,36). MPO ANCA and PR3 
ANCA are also predictive of long- term prognosis and relapse risk 
(28). Complement activation may be another feature that differs 
between the 2 types of AAV.

Prior studies have demonstrated that MPO may have regula-
tory effects on complement. MPO released from ANCA- stimulated 
neutrophils isolated from AAV patients can bind a modified form of 
C- reactive protein (CRP) (37). Modified CRP can inhibit the alter-
native complement pathway by binding complement factor H, 
and it can activate the classical complement pathway by  binding 

Figure 3. Complement activation in patients with antineutrophil cytoplasmic antibody–associated vasculitis in long- term remission off therapy 
(LTROT) for ≥2 years. Levels of Bb (A), properdin (B), C3a (C), C5a (D), soluble C5b–9 (sC5b–9) (E), and C4d (F) are shown. Symbols represent 
individual subjects, bars show the median and interquartile range. Wilcoxon’s 2- sample test was used to compare patients with active disease 
to those in LTROT.
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C1q (38,39). MPO binding to modified CRP blocks modified CRP 
binding to factor H and may therefore contribute to alternative 
complement pathway activation in AAV. MPO binding to modified 
CRP also blocks binding to C1q and may therefore result in less 
complement activation through the classical pathway. In contrast, 
PR3 showed no binding to modified CRP (37). Other recent stud-
ies demonstrated that factor H colocalized with MPO in neutrophil 
extracellular traps induced in serum from patients with MPO- 
positive AAV and that factor H and MPO were closely adjacent in 
kidney biopsy specimens (40,41). The binding of MPO to factor H 
impaired factor H binding to C3b and the breakdown of the alter-
native pathway C3 convertase. Since factor H is a major regulator 
of the alternative complement pathway, its inhibition by MPO bind-
ing may amplify the alternative complement pathway activation in 
AAV (40). Additional mechanistic studies are needed to determine 
whether the influence of MPO on factor H function and CRP also 
occurs in AAV with PR3 positivity.

Compared to the prior study by Gou et  al (7), we did not 
observe significant differences in complement activation based 
on disease activity in our overall cohort; however, we did discern 
notable trends between active disease samples and remission 
samples from the same individual. There are several potential 
explanations. First, the 2 cohorts differed in several clinical aspects. 
In the prior study, patients were newly diagnosed and samples 
were obtained prior to treatment (7). In comparison, our cohort 
included patients with new- onset and relapsing disease who may 
have received immunosuppressive treatment (except rituximab or 
plasma exchange) at the time of sample procurement. There is 
evidence that glucocorticoids quickly reduce complement activa-
tion (42–46). In our cohort, 26% of patients with active disease 
were receiving glucocorticoids and 48% were receiving steroid- 
sparing immunosuppressants when the sample was obtained. 
We did find that patients with active AAV receiving any treatment 
had significantly lower levels of Bb and C5a compared to those 
not receiving treatment. Treatment exposure in our patients with 
active disease may therefore diminish differences in complement 
activation, when compared to those with quiescent disease.

We also excluded patients with concomitant infection, those 
who were dialysis- dependent, and those who had plasmaphere-
sis, all of which can contribute to complement activation (47–49). 
Additionally, the cohort studied by Gou and colleagues consisted 
exclusively of patients with MPO- positive AAV, and they had 12% 
more ear, nose, and throat involvement, 26% more pulmonary 
involvement, and 18% more gastrointestinal involvement than our 
patients with MPO- positive AAV (7). It is possible that complement 
activation does not contribute equally to all disease manifestations. 
It would be of particular interest to evaluate whether complement 
activation correlates with glomerulonephritis. All patients in the 
prior cohort with AAV with MPO positivity had renal involvement 
and biopsy- proven pauci- immune necrotizing and crescentic glo-
merulonephritis (7). All but 3 of our patients had renal involvement, 
so our numbers were too small to  evaluate differences in comple-

ment activation based on renal disease. Further study is needed 
to determine whether the profile of complement activation differs 
between patients with and those without renal disease.

We also adopted different processing methods than Gou 
et al. We centrifuged samples twice, potentially removing any cel-
lular contaminants that could contribute to complement activation 
in vitro. We added Futhan and found that levels of Bb, C5a, and 
sC5b–9 were considerably higher in samples processed without 
Futhan compared to paired samples processed with Futhan. 
We analyzed samples with Futhan to ensure that any differences 
observed in complement activation were accurately reflective of 
the patient’s status at time of sample procurement and not attrib-
utable to in vitro complement activation. Finally, we also used a 
different properdin ELISA (Hycult Biotech).

Although our findings further substantiate the contribution of 
complement activation in AAV pathogenesis, the clinical implica-
tions remain uncertain. Specifically, it is unknown whether nor-
malization of complement activation analytes and immunologically 
inactive disease are necessary for clinical disease remission or are 
predictors of lower relapse risk. Among paired samples, sC5b–9 
levels were significantly lower during remission than in active dis-
ease. Soluble C5b- 9 may be the most sensitive complement acti-
vation marker in assessing disease activity, as in systemic lupus 
erythematosus (50,51). Of potential significance is that the median 
time difference between obtaining paired active disease samples 
and remission samples in our cohort was only 263 days, and half 
of the patients had paired samples obtained ≤7 months apart, 
raising the question of whether more time was needed for patients 
to truly achieve disease remission. We may also be underestimat-
ing differences in complement activation between active disease 
and remission since these patients had milder renal insufficiency. 
Among our patients who achieved LTROT, C5a levels were sig-
nificantly lower compared to patients with active AAV. Although 
not statistically significant, we did observe increases in properdin 
levels among patients who achieved LTROT compared to patients 
with active AAV. A similar trend occurred among paired samples, 
with higher properdin levels observed during remission than in 
active disease. Properdin levels have been previously shown to 
correlate with disease activity, with increased levels during remis-
sion compared to active disease (7). These initial analyses merit 
further study in larger longitudinal cohorts to determine if any 
complement activation analytes may be markers of stable disease 
remission or associated with lower relapse risk.

In conclusion, our study demonstrates that complement 
activation occurs not only in MPO- positive AAV but also in PR3- 
positive AAV. The complement activation profile differs according 
to disease activity and may differ according to ANCA serotype. 
Additional study is needed to further understand the respective 
roles of complement activation in the pathogenesis of MPO- 
positive AAV and PR3- positive AAV, in particular the potential 
involvement of the classical pathway. More longitudinal analy-
sis is needed to evaluate whether measures of complement 
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activation are useful biomarkers of treatment response, relapse 
risk, and/or stable remission.

Our findings also indicate that the addition of Futhan in 
sample processing reduces complement activation in vitro 
and improves the accuracy of complement activation analyte 
measurement. Given the potential clinical value of measuring 
complement activation, standardization of plasma collection 
and processing methods is warranted. We recommend add-
ing Futhan when processing samples to assess complement 
activation analytes.
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Cryoglobulins Today: Detection and Immunologic 
Characteristics of 1,675 Positive Samples From 13,439 
Patients Obtained Over Six Years
Marie N. Kolopp-Sarda,1  Anaïs Nombel,2 and Pierre Miossec1

Objective. Cryoglobulins are cold- precipitating immunoglobulins. Through progress in techniques, we undertook 
this study to update information on the biologic characteristics of cryoglobulins in a very large population.

Methods. A cohort of 13,439 patients was tested for cryoglobulins from January 2010 to December 2016. The 
analysis included cryoglobulin isotype, clonality, concentration, and IgM rheumatoid factor (IgM- RF) in cryoprecip-
itate, as well as serum complement and RF. Markers of gammopathy, viral infection, and autoimmunity were also 
investigated.

Results. Of the 13,439 patients, 1,675 (12.5%) tested positive for cryoglobulins: 155 patients (9.3%) with type 
I, 788 (47%) with type II, and 732 (43.7%) with type III cryoglobulins. Nine percent of patients who were retested 
after initially testing negative for cryoglobulins showed a positive result on a follow- up test (196 of the 2,213 re-
tested patients). In type I cryoglobulins, IgM was more frequent but occurred at lower concentrations than IgG. 
Mixed cryoglobulins were found in 34.8% of the tested patients who were positive for hepatitis C virus and <5% of 
those who were positive for hepatitis B virus or HIV. Of the patients with anti–double- stranded DNA, anti- SSA, or  
anti–cyclic citrullinated peptide autoantibodies, 25.4% tested positive for mixed cryoglobulins, with type III occurring 
more frequently than type II. Both cryoprecipitate and serum were RF- positive in 21.6% of type II and 10.1% of type 
III cryoglobulins. A decrease of C4, with or without accompanying decreases of C3 and CH50, was found in 23.6% 
of cryoglobulin samples.

Conclusion. Obtained with the use of modern assays, our findings from this very large collection of cryoglob-
ulins provide an update on cryoglobulin distribution and characteristics, with minimal selection bias. Despite strict  
preanalytical conditions, a negative finding for the presence of cryoglobulin must be confirmed in a second sample. 
RF activity and complement decreases were rarely detected.

INTRODUCTION

Cryoglobulins are immunoglobulins that precipitate in vitro at 
cold temperatures and dissolve at 37°C. Their precipitation in vivo 
can result in vasculitis of small and medium vessels. They were first 
described in 1933 by Wintrobe and Buell with regard to a patient 
with myeloma associated with unilateral retinal vein thrombosis 
and Raynaud’s phenomenon (1). In 1967, Meltzer et al described 
cryoglobulinemia in a series of 29 patients (2), and in 1974, Brouet 
et  al proposed a cryoglobulin classification (3), which is widely 
used for its correlation with clinical presentation. Type I cryoglobu-
lins are composed of monoclonal Ig (most frequently IgM and IgG), 
type II are composed of both monoclonal and polyclonal Ig, and 

type III are composed of polyclonal Ig. Type II and III cryoglobulins 
are called mixed cryoglobulins, with monoclonal or polyclonal IgM 
associated with IgM rheumatoid factor (IgM- RF) activity (3,4).

The characteristics of cryoglobulins reported in the literature 
based on type, distribution, and prevalence of underlying pathol-
ogy vary between studies, due to population selection bias and 
different cryoglobulin detection and characterization methodolo-
gies (5–9). Since the discovery in 1992 of the hepatitis C virus 
(HCV) and its relation to cryoglobulins (10,11), numerous epide-
miologic studies have been conducted on mixed cryoglobulins 
(7,12–16). Type I cryoglobulins have been investigated to a lesser 
degree due to their lower frequency and clinical association with 
malignant disorders (17–20).
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The purpose of the present study was to use up- to- date 
techniques to perform an exhaustive immunologic description of 
cryoglobulins with regard to characterization and quantification. 
Of the 13,439 serum samples collected for cryoglobulin detection 
over 6 years, 1,675 were found to be positive and were further 
characterized.

PATIENTS AND METHODS

Study population and cryoglobulin purification and 
characterization. This was a retrospective study conducted at 
the University Hospitals of Lyon. Patients included in the study 
had ≥1 serum sample for cryoglobulin detection sent to the cen-
tral immunology laboratory. Patients who had serum tested for 
cryoglobulins between January 2010 and December 2016 were 
included (mean ± SD age 52.4 ± 17.9 years; 8,026 women versus 
5,413 men [female:male ratio 1.48]) (n = 13,439). All cryoglobulins 
were detected and analyzed with previously described techniques 
(21). Blood samples were collected in 3–5- ml tubes with red top 
and clot activator (BD Vacutainer). After sampling, tubes were 
maintained in an incubator at 37°C for 2 hours to clot and to avoid 
cryoglobulin precipitation. Once clotted, the samples were cen-
trifuged for 15 minutes at 2,200g. Sera were decanted in conical 
bottom tubes, which were kept at 4°C for 7 days. A 500- μl aliquot 
of serum was identically treated and used for RF testing. Visual 
observation on day 7 allowed the detection of a cryoprecipitate. 
If no cryoprecipitate was observed, this negative result had to be 
confirmed in 1 or 2 other blood samples, according to the clinical 
context.

The cryoprecipitate was isolated by cold centrifugation (15 
minutes, 2,200g, 4°C) and purified using 3 washes with cold (4°C) 
phosphate buffered saline (PBS) (pH 7.4). After each wash, the 
samples were centrifuged at 4,500g for 15 minutes at 4°C. Fol-
lowing the last wash, ≥500 μl PBS (function of the precipitate vol-
ume) was added to the pellet, with Fluidil 2% (Sebia) to fluidify the 
suspension and facilitate precipitate dissolution. This sample was 
vortexed and kept at 37°C for ≥2 hours to dissolve the precipitate 
for further analysis.

The cryoglobulins were identified by immunofixation electro-
phoresis (IFE) of the dissolved cryoprecipitate with anti- γ, anti- α, 
anti- μ, anti- κ, and anti- λ antisera (SAS- 3; Helena Biosciences), 
and classified according to their Ig monoclonal and/or polyclonal 
profile (3). Oligoclonal profiles were defined as the presence of >1 
monoclonal Ig in the cryoprecipitate (22,23). The identified Ig were 
quantified by immunonephelometry with reagents for low concen-
trations (BN ProSpec; Siemens). The IFE indicated the degree of 
purity of the cryoprecipitate by the absence of other serum pro-
teins. The concentration of Ig in the cryoprecipitate was adjusted 
to the initial volume of serum from which the cryoglobulins were 
isolated, and the results were expressed as mg/liter of serum. For 
mean and median comparison, cryoglobulin concentration was 
expressed as total Ig concentration in the cryoprecipitate.

Additional analysis of cryoprecipitate and serum. RF  
activity was measured in the cryoprecipitate and in the serum  
aliquot to demonstrate the presence of monoclonal or polyclonal 
IgM with an anti- IgG specificity; quantification of RF activity was 
assayed by immunonephelometry (BN ProSpec).

Complement functional activity (CH50) was measured using 
Optilite (The Binding Site), and C3 and C4 fraction concentrations 
were measured using BN ProSpec in serum samples obtained at 
the same time as the one used for cryoglobulin detection. Normal 
ranges in our laboratory were 0.82–1.70 gm/liter  for C3, 0.14–
0.32 gm/liter for C4, and 41–95 units/ml for CH50.

Additional factors associated with cryoglobulinemia.  
Biologic data associated with the most frequent underlying dis-
eases, i.e., monoclonal gammopathies and lymphoprolifera-
tive diseases, and infectious and autoimmune serologies, were 
recorded at the same time as data on cryoglobulin detection. HCV 
infection was defined by positive serologies (Monolisa anti- HCV 
Plus V2; Bio- Rad, and Enzygnost Anti- HCV 4.0; Siemens Health-
care Diagnostics) and quantitative HCV RNA analysis (RealTime 
HCV; Abbott Laboratories). Hepatitis B virus (HBV) infection was 
defined by the presence of hepatitis B surface antigen (Enzygnost 
HBsAg 6.0; Siemens Healthcare Diagnostics) and by quantita-
tive HBV DNA analysis (RealTime HBV; Abbott  Laboratories). HIV 

Figure  1. Cryoglobulin (CG) isotype frequency in type I (A) and 
mixed (B and C) cryoglobulins.
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infection was defined by HIV1 and HIV2 serologies and p24 anti-
gen detection (HIV Integral 4; Siemens Healthcare Diagnostics, 
and Ag/Ac HIV Combo; Abbott Laboratories) and by quantitative 
HIV type 1 RNA analysis (RealTime HIV1; Abbott Laboratories).

The presence of the following autoantibodies was used as a 
marker of autoimmunity: anti–double- stranded DNA (anti- dsDNA) 
antibodies, which are often associated with systemic lupus erythe-
matosus and, were detected using a radioimmunologic test (pos-
itivity defined by a titer of >10 IU/ml) (Farr assay; Trinity Biotech); 
anti–SSA 60 antibodies, which are often associated with Sjögren’s 
syndrome (positivity defined by a titer of >3 arbitrary units [AU]) 
(BioPlex 2200; Bio- Rad); and anti–cyclic citrullinated peptide (anti- 
CCP) antibodies, which are associated with rheumatoid arthritis 
(positivity defined by a titer of >10 units/ml) (BioPlex 2200).

Statistical analysis. For continuous variables, results 
were expressed as the mean ± SD, or as the median (range) 
when the distribution was not normal. Distribution normality 
was tested using the D’Agostino- Pearson omnibus normality 
test. The Kruskal- Wallis test was used for the variance analysis 
and the Mann- Whitney test for the comparison of quantitative 
variables. Student’s t- test and Wilcoxon’s test were used for 

the comparison of quantitative parameters. Chi- square test 
and Fisher’s exact test were used to analyze qualitative dif-
ferences. P values less than 0.05 were considered significant. 
Calculations were performed with GraphPad Prism software, 
version 5.01.

RESULTS

Cryoglobulin population and biologic character-
istics. In a cohort of 13,439 patients whose serum samples 
were analyzed for the presence of cryoglobulins, 1,675 samples 
(12.5%) tested positive and were included in this study (Figure 1). 
There were 1,018 women and 657 men (female:male ratio 1.55) 
in the cohort, with a mean ± SD age of 54 ± 17.4 years. Demo-
graphic, clinical, and immunologic characteristics of cryoglobulin- 
positive patients are reported in Table 1. Of the 11,960 patients 
whose first serum sample tested negative for cryoglobulins, 2,213 
samples (18.5%) were retested to confirm the result, and of those, 
196 (8.9%) were then found to be positive (see Supplementary 
Figure 1, on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41003/ abstract). The  clinical 
 departments of origin for the patients were as follows: internal 

Table 1. Demographic, clinical, and immunologic characteristics of the cryoglobulin- positive patients*

Patient characteristics

Cryoglobulin type

All 
patients

Type I 
(n = 155)

Type II 
(n = 788)

Type III 
(n = 732)

Age, mean ± SD years 54 ± 17.4 – – –
Female 1,018 – – –
Female:male ratio 1.55 – – –
Lymphoproliferative disease

MGUS – 111 – –
WM – 10 1 –
MM – 8 – –
Lymphoma – 15 – –
Other (leukemia, CAD, MDS) – 11 – –

Infectious status
HCV- positive (n = 648 tested) 321 (49.5) – 153 168

Seropositive, viral load–positive (n = 271 tested) 243 (89.7) – – –
Seropositive, viral load- negative (n = 271 tested) 28 (10.3) – – –

HBV- positive (n = 543 tested) 21 (3.9) – 11 10
Seropositive, viral load–positive (n = 17 tested) 10 (58.8) – – –
Seropositive, viral load- negative (n = 17 tested) 7 (41.2) – – –

HIV- positive (n = 439 tested) 26 (5.9) – 15 11
Seropositive, viral load–positive (n = 15 tested) 7 (46.7) – – –
Seropositive, viral load- negative (n = 15 tested) 8 (53.3) – – –

Autoimmune status
Anti- dsDNA antibody–positive (n = 333 tested) 87 (26.1) – 26 61

Rheumatologic manifestations 73 (83.9) – – –
Cutaneous manifestations 73 (83.9) – – –
Renal manifestations 47 (54.0) – – –

Anti–SSA 60 antibody–positive (n = 447 tested) 74 (16.6) – 27 47
Sicca syndrome 33 (44.6) – – –

Anti- CCP antibody–positive (n = 155 tested) 19 (12.3) – 6 13
RA manifestations 18 (94.7) – – –

* Except where indicated otherwise, values are the number (%). MGUS = monoclonal gammopathy of undetermined significance; WM = Walden-
ström macroglobulinemia; MM = multiple myeloma; CAD = cold agglutinin disease; MDS = myelodysplastic syndrome; HCV = hepatitis C virus; 
HBV = hepatitis B virus; anti- dsDNA = anti–double- stranded DNA; anti- CCP = anti–cyclic citrullinated peptide; RA = rheumatoid arthritis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
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medicine (n = 5,760; 42.9%), neurology (n = 2,028; 15.1%), 
hepatology (n = 1,288; 9.6%), nephrology (n = 1,280; 9.5%), 
rheumatology (n = 1,047; 7.8%), dermatology (n = 745; 5.5%), 
pneumology/cardiology (n = 559; 4.2%), hematology (n = 491; 

3.7%), and infectious diseases (n = 241; 1.8%).
Among the 1,675 cryoglobulin- positive patients, type I cryo-

globulins were found in 9.3% (155 patients), type II cryoglobulins 
in 47% (788 patients), and type III cryoglobulins in 43.7% (732 
patients). Type I cryoglobulins were mainly found in samples from 
patients referred from internal medicine, neurology, dermatol-
ogy, and hematology departments (≥10% of total cryoglobulins); 
patients with type II or type III cryoglobulins were mainly referred 
from internal medicine, hepatology, and nephrology departments 
(Supplementary Table 1, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41003/ abstract). The mean ± SD age of patients with type I cry-
oglobulins was 60.6 ± 17 years, which was significantly higher than 
in patients with type II cryoglobulins (56.6 ± 16.3 years; P = 0.007) 
and type III cryoglobulins (49.8 ± 17.7 years; P < 0.001).

Of the 155 type I cryoglobulin–positive patient samples, 123 
(79.3%) were composed of monoclonal IgM, and 32 (20.7%) were 
composed of monoclonal IgG. An association with the к light 
chain was more frequent than with the λ light chain: 104 samples 
(67%) had IgMк and 21 samples (14%) had IgGк, versus 19 sam-
ples (12%) with IgMλ and 11 samples (7%) with IgGλ. No type I 
IgAк or IgAλ cryoglobulins were detected (Figure 1A).

The 788 samples that tested positive for type II cryoglob-
ulins were composed of the following: monoclonal IgMк (511 
samples; 64.9%), IgMλ (152; 19.3%), IgGк (82; 10.4%), IgGλ 
(35; 4.4%), and IgAк or λ (8; 1%) (Figure 1B). Association with 
polyclonal IgG, IgM, and/or IgA was found in 474 (93%) of the 
IgMк- positive samples, 138 (91%) of the IgMλ- positive samples, 
72 (88%) of the IgGк- positive samples, and 34 (97%) of the IgGλ- 
positive samples. The IgMк cryoglobulins were associated with 
another monoclonal Ig (IgG, IgA, or IgM) in the same complex 
as part of an oligoclonal cryoglobulin in 37 samples (4.7%). This 
oligoclonal profile was also found in IgMλ, IgGк, and IgGλ in 24 
samples (3.4%).

Of the 732 samples that tested positive for type III cryoglob-
ulins, 560 samples (76.5%) were associated with polyclonal IgG 
and IgM, 67 samples (9.2%) were associated with polyclonal IgG 
alone, and 57 samples (7.8%) were associated with polyclonal 
IgM alone. An association with polyclonal IgG, IgM, and IgA was 
found in 28 samples (3.8%), and an association with IgG and IgA 
was found in 20 samples (2.7%) (Figure 1C).

The median concentration of type I IgM cryoglobulins (23.7 
mg/liter [range 6–28,400 mg/liter]) was significantly lower than 
that of type I IgG cryoglobulins (62.3 mg/liter [range 10–46,900 
mg/liter]) (P = 0.02). The median concentration of type II cryo-
globulins (42 mg/liter [range 7–13,685 mg/liter]) was significantly 
higher than that of type III cryoglobulins (31.6 mg/liter [range 6.4–
911 mg/liter]) (P < 0.0001).

RF and complement analysis of the cryopreci 
pitate and serum. RF activity was measured in all cryopre-
cipitates (n = 1,675) and in the corresponding serum when 
enough material was available: 89% of type I cryoglobu-
lin serum samples (138 of 155), 94% of type II cryoglobulin 
serum samples (740 of 788), and 95% of type III cryoglobulin 
serum samples (696 of 732). For type I cryoglobulins, RF was 
always negative in the cryoprecipitate. It was found to be neg-
ative in the cryoprecipitate and positive in the serum for 9 of 
138 type I cryoglobulin–positive samples (6.5%). In the mixed  
cryogloblulin group, both cryoprecipitate and serum sam-
ples were RF- positive in 170 type II cryoglobulin samples 
(21.6%) and 74 type III cryoglobulin samples (10.1%); serum 
samples were RF- positive and cryoprecipitate samples were 
RF- negative in 74 type II cryoglobulin samples (10%) and 63 
type III cryoglobulin samples (9%). The RF detected in type 
II cryoglobulins was monoclonal IgMк in 146 cases (85.9%), 
monoclonal IgMλ in 16 cases (9.4%), and polyclonal IgM in 8 

Figure  2. Rheumatoid factor (RF) activity according to 
concentration of mixed cryglobulins (CG). A, Concentration of RF- 
negative versus RF- positive type II cryoglobulins. B, Concentration 
of RF- negative versus RF- positive type III cryoglobulins. Bars show 
the mean ± SEM. *** = P < 0.0001.

http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
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cases (4.7%). According to the classification definition for type 
III cryoglobulin (3), RF was polyclonal IgM.

The mean ± SD concentration of type II cryoglobulins without 
RF activity was significantly lower than that of type II cryoglobulins 
with RF activity (80 ± 404 mg/liter versus 738 ± 1,521 mg/liter;  
P < 0.0001) (Figure 2A), similar to the comparison of concentra-
tions of type III RF- negative versus type III RF- positive cryoglobulins  
(52 ± 67 mg/liter versus 115 ± 114 mg/liter; P < 0.0001) (Figure 2B).

Complement (C3 and C4 fractions and CH50 functional 
activity) was explored in the serum of 63.2% of patients (8,489 of 
13,439); 7,570 were negative for cryoglobulins and 919 were pos-
itive. A decrease of C4 (<0.10 gm/liter) with or without an accom-
panying decrease of C3 (<0.80 gm/liter) was found in 23.6% of 
cryoglobulin- positive serum samples (217 of 919) versus 3.2% of 
cryoglobulin- negative serum samples (239 of 7,570) (P < 0.001). 
Concentrations of C3 and C4 and CH50 activity were significantly 
higher in the serum from cryoglobulin- negative patients compared 
to cryoglobulin- positive patients (mean ± SD C3 concentration 
1.17 ± 0.27 gm/liter versus 1.02 ± 0.33 gm/liter [P < 0.01], C4 
concentration 0.26 ± 0.09 gm/liter versus 0.20 ± 0.12 gm/liter 
[P < 0.0001], and CH50 activity 66 ± 19 units/ml versus 48 ± 
25 units/ml [P < 0.0001]. Findings were similar among patients 
with type I cryoglobulins (C3 1.06 ± 0.24 gm/liter [P < 0.01], C4 
0.21 ± 0.11 gm/liter [P < 0.0001], and CH50 52 ± 25 units/ml 
[P < 0.0001]), type II cryoglobulins (C3 1.02 ± 0.32 gm/liter [P < 
0.0001], C4 0.20 ± 0.14 gm/liter [P < 0.0001], and CH50 46 ± 25 
units/ml [P < 0.0001]), and type III cryoglobulins (C3 1 ± 0.34 gm/
liter [P < 0.0001], C4 0.2 ± 0.11 gm/liter [P < 0.0001], and CH50 
48 ± 24 units/ml [P < 0.0001]) (Figure 3).

Among type II cryoglobulins subclassified according to 
RF activity, there was no significant difference in serum C3 
concentration, but C4 concentration and CH50 were sig-
nificantly lower in RF- positive cryoglobulins compared to 
RF- negative cryoglobulins (P = 0.008 and P < 0.0001, respec-
tively). Among type III cryoglobulins, C3 concentration was 
significantly greater in RF- positive cryoglobulins compared to 
RF- negative cryoglobulins (P = 0.02), and no significant dif-
ferences were found in C4 concentration (P = 0.83) or CH50  
(P = 0.19) (Figure 4).

Biologic markers associated with cryoglobulinemia. 
Type I cryoglobulins. The disease most frequently associated with 
type I cryoglobulins (n = 155) was a monoclonal gammopathy of 
undetermined significance, which occurred in 111 cases (71.6%). 
Waldenström macroglobulinemia was found in 10 patients with 
IgMк cryoglobulins (6.5%) and in 1 patient with type II RF- positive 
cryoglobulins (monoclonal IgMк was associated with polyclonal 
IgG). Multiple myeloma was found in 8 patients with IgGк or IgGλ 
cryoglobulins (5.2%), lymphoma in 15 patients (9.7%), and other 
hematologic diseases in 11 patients (7.1%) (Table 1).

Mixed cryoglobulins. HCV status (defined by serology and/
or viral load) was assessed in 4,727 of the total 13,439 patients 

and was found to be positive in 922 of these patients (19.5%); 
321 of these 922 patients (34.8%) had mixed cryoglobulins and 
none had type I cryoglobulins. These 321 patients account-
ed for 49.5% of the total 648 patients with cryoglobulins who 
were tested for HCV (Table 1). Among these 321 HCV- positive 
cryoglobulin- positive patients, viral load was quantified in 271 
patients and was positive in 243 of them (89.7%). HCV status 
was positive in 153 patients with type II cryoglobulins (49.7%) 
and 168 patients with type III cryoglobulins (49.3%) (Table 1).

HBV status (defined by serology and/or viral load) was 
assessed in 543 of 1,675 cryoglobulin- positive patients (32.4%). 
Twenty- eight of these 543 patients had type I cryoglobulins (all 
HBV-negative) and 515 had mixed cryoglobulins, 21 (3.9%) of 
whom were HBV- positive (Table  1). Among the 515 patients, 
4.5% with type II cryoglobulins (11 of 242) and 3.7% with type 
III cryoglobulins (10 of 273) were HBV- positive (Table 1). Five 
patients with cryoglobulins were positive for both HBV and HCV.

HIV status (defined by serology and/or viral load) was 
assessed in 26.2% of cryoglobulin- positive patients (439 

Figure  3. Complement levels in the serum of cryglobulin 
(CG)–negative patients versus cryglobulin- positive patients. 
Concentrations of C3 (A) and C4 (B) as well as CH50 activity (C)  
in the serum of cryglobulin- negative patients and those with  
type I, II, and III cryoglobulins are shown. Bars show the mean ± SEM.  
** = P < 0.01; *** = P < 0.0001.
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of 1,675). Among these patients, 7.3% of those with type II 
 cryoglobulins (15 of 204) were HIV- positive (11 of whom were 
positive for both HIV and HCV, and 1 with HIV and HBV), and 
4.7% of those with type III cryoglobulins (11 of 235) were pos-
itive for both HIV and HCV (Table 1). Among the patients with 
infectious diseases (HCV, HBV, or HIV), there was no significant 
difference in the proportion of those who had type II or type III 
cryoglobulins (P = 0.87) (Supplementary Figure 2, http://onlin 

elibr ary.wiley.com/doi/10.1002/art.41003/ abstract).

Autoimmune antibody status (anti- dsDNA, anti–SSA 60, 
and/or anti- CCP antibodies) was assessed in 40% of the study 
population (5,383 patients), and 603 of these patients (11.2%) 
tested positive for ≥1 autoantibody. Of these patients, 153 
(25.4%) tested positive for cryoglobulins. Anti- dsDNA antibodies 
were assayed in 333 patients with mixed cryoglobulins (21.9%), 
for which a positive result (>10 IU/ml) was found in 87 patients 
(26.1%); among these patients, positivity for type II cryoglobu-
lins was significantly less frequent than for type III cryoglobulins 
(26 type II versus 61 type III; P < 0.05). Anti–SSA 60 antibodies 
were assayed in 447 patients with mixed cryoglobulins (29.4%), 
for which a positive result (>3 AU) was found in 74 patients 
(16.6%); among these patients, 27 had type II cryoglobulins and 
47 had type III (P < 0.05). Anti- CCP antibodies were assayed 
in 155 patients with mixed cryoglobulins (10.2%), for which a 
positive result (>10 units/ml) was found in 19 patients (12.3%); 
of these patients, 6 had type II cryoglobulins and 13 had type III.

In patients with autoimmunity assessed by the presence of 
these antibodies, type II cryoglobulins were significantly less fre-
quent than type III cryoglobulins (P = 0.02) (Supplementary Figure 
2, http://onlin elibr ary.wiley.com/doi/10.1002/art.41003/ abstract). 
The mean concentration of mixed cryoglobulins associated with 
autoimmunity was significantly lower than in patients with HCV- 
positive mixed cryoglobulins (78.66 ± 249.4 mg/liter versus 228.9 
± 821.2 mg/liter; P < 0.0001).

Positive mixed cryoglobulin samples with concomitant pres-
ence of HCV by serology/viral load and autoantibodies were iden-
tified in order to detect signs of immune dysfunction linked to HCV. 
Two hundred ninety- five cryoglobulin- positive samples that were 
also HCV- positive and autoantibody- positive were identified: 6 of 
these samples (2%) were HCV- positive and autoantibody- positive 
(2 were positive for anti- dsDNA, 1 for anti–SSA 60, and 3 for anti- 
CCP), 59 (20%) were HCV- positive and autoantibody- negative, 54 
(18.3%) were HCV- negative and autoantibody- positive, and 176 
(59.7%) were HCV- negative and autoantibody- negative. Thus, 
positive HCV status associated with the presence of autoanti-
bodies at a significant titer was a rare event compared to the 
absence of autoantibodies in HCV- positive samples (P = 0.01).

No RF activity was found in 426 of 525 mixed cryoglobulin 
samples (81%) in the context of infection (HCV, HBV, or HIV) or 
in the context of autoimmunity, except for anti- CCP antibodies 
(Table 2). In an infection context, RF- positive mixed cryoglobulins 
were detected in 63 of 321 HCV- positive patients (19.6%). Only 
5 of 21 patients infected with HBV alone (23.8%) had RF- positive 
mixed cryoglobulins, and RF was negative in all HIV- positive 
patients (Table 2).

The median RF titer in the cryoprecipitate of HCV- positive 
samples (10 IU/ml [range 2–8,267]) was not significantly different 
than in autoantibody- positive samples (anti- dsDNA, anti–SSA 60, 
and/or anti- CCP) (median 17 IU/ml [range 2–1,177]) (P = 0.24). 
However, HCV- positive RF- positive cryoglobulins were signifi-
cantly more concentrated than autoantibody- positive RF- positive 

Figure 4. Complement levels in the serum of patients with mixed 
cryoglobulins according to cryoglobulin rheumatoid factor (RF) 
activity. Concentrations of C3 (A) and C4 (B) as well as CH50 activity 
(C) in the serum of patients with RF- negative type II, RF- positive 
type II, RF- negative type III, and RF- positive type III cryoglobulins are 
shown. Bars show the mean ± SEM. * = P = 0.02; ** = P = 0.008; 
*** = P < 0.0001.

http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41003/abstract
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cryoglobulins (mean ± SEM 627 ± 1,324 mg/liter versus 211 ± 
547 mg/liter; P = 0.038).

DISCUSSION

This report presents updated information on cryoglobulin 
detection and characterization in a very large cohort of unselected 
patients from various clinical specialties. Cryoglobulin characteri-
zation was performed using the most modern sensitive and spe-
cific techniques, allowing for the detection and quantification of all 
cryoglobulins, including those found at low concentrations.

This cohort included 13,439 patients in whom cryoglobulin 
detection was conducted, with 1,675 patients testing positive, 
which makes it by far the largest cohort described in the literature 
on this topic. Inclusion of patients from diverse clinical depart-
ments allowed for an epidemiologic description of cryoglobulins 
with minimal selection bias. Patients with type I cryoglobulins 
were mainly found in internal medicine and hematology settings, 
where hematologic diseases are diagnosed (3,17,19,20). Some 
of these patients were also seen in neurology and dermatology 
departments because neurologic and cutaneous manifestations 
can occur with type I cryoglobulinemia (17–20). Patients with 
mixed cryoglobulinemia were mainly referred from the hepatology 
department, where patients are treated for viral hepatitis, and from 
the nephrology department, as renal involvement is common with 
type II and III cryoglobulins (24–26).

Data on the general distribution of cryoglobulin types (type I 
and mixed cryoglobulins) are variable in the literature due to patient 
recruitment and laboratory procedures. In the present study, the 
population included was representative of all clinical departments 
involved in cryoglobulin clinical manifestations, which enabled a 
description of cryoglobulin distribution without selection bias. The 
importance of patient recruitment is illustrated in several studies. For 
instance, type I cryoglobulins represented nearly 25% of the total 
cryoglobulins in a study with patients recruited mostly from hematol-
ogy and immunopathology departments and less from other medi-
cal settings (3), compared to <10% in our study. Similar distribution 
variations were found for type II and III cryoglobulins (13,16).

The cryoglobulin distribution is also dependent on labora-
tory procedures that contribute to false- negative results. Strict  
preanalytical conditions must be in place for cryoglobulin detec-
tion, including conditions of sampling, transport, and treatment, 
to reduce the loss of cryoglobulins (5,27,28). In the present study, 
care was taken to ensure that sample transportation to the lab-
oratory took place under optimal temperature conditions (37°C). 
It may be difficult to improve these sample transportation proce-
dures in a large hospital with several sites far from the laboratory, 
but it is critical to continuously educate nurses and technicians on 
cryoglobulin sample collection and prompt handling to improve 
detection. However, despite these validated procedures, nearly 
9% of retested patients who initially tested negative received a 
positive cryoglobulin test result on the second test. Therefore, in 
the case of a negative finding with a clinical context suggestive of 
disease, it is recommended that cryoglobulin testing be repeated 
(5,16). Analytical techniques with poor sensitivity, such as the cry-
ocrit determination conducted in the past, should not be used. 
The techniques used in this series are the most sensitive and spe-
cific approaches to characterize and quantify cryoglobulin (5,27). 
They allow the detection of cryoglobulins at low concentrations, 
which is particularly important for IgM type I cryoglobulins and 
type III cryoglobulins.

It has been frequently reported that HCV infection is associated 
with mixed cryoglobulins but not with type I cryoglobulins (7,12–16). 
Our results were consistent with these findings, with nearly 50% of 
the tested patients with mixed cryoglobulins being HCV- positive (in 
contrast with HBV or HIV infections, which were rare). Patients who 
tested positive for HBV or HIV were often positive for HCV as well 
(16,29). Comparisons of cryoglobulin concentration between sam-
ples with a positive viral load (used as a marker of active infection) 
and those with a negative viral load showed no significant differ-
ences for any infection (data not shown). Since new drugs are now 
available to clear HCV, the actual cryoglobulin and HCV data need 
to be reevaluated in the future (29–32). It might be expected that the 
contribution of HCV in causing cryoglobulins will diminish over time.

Extrahepatic manifestations of HCV infection could be 
immune- mediated, as they have been linked to the presence of 

Table 2. Rheumatoid factor activity in mixed cryoglobulins (n = 525) according to 
infectious and autoimmune status*

RF- negative 
(n = 426)

RF- positive 
(n = 99) P

Infectious status
HCV- positive 258/321 (81.4) 63/321 (19.6)  <0.001
HBV- positive 16/21 (76.2) 5/21 (23.8)  <0.001
HIV- positive 26/26 (100) 0/26 (0)  <0.001

Markers of autoimmunity
Anti- dsDNA antibodies (>10 IU/ml) 83/87 (95.4) 4/87 (4.6)  <0.001
Anti–SSA 60 antibodies (>3 AU) 61/77 (79.2) 16/77 (20.8)  <0.001
Anti- CCP antibodies (>10 units/ml) 9/20 (45) 11/20 (55)  0.13

* Values are the number (%). RF = rheumatoid factor; HCV = hepatitis C virus;  
HBV = hepatitis B virus; anti- dsDNA = anti–double- stranded DNA; anti- CCP = anti–
cyclic citrullinated peptide. 
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mixed cryoglobulin with RF activity or autoantibodies (33). The 
characterization of mixed cryoglobulins, even at low concentra-
tions, and autoimmune profile in HCV- positive patients is important, 
because they are markers of additional immune dysfunction. In par-
ticular, the presence of monoclonal cryoglobulins must be consid-
ered as a predictive marker of further immune pathologies (clinical 
autoimmunity, monoclonal B cell proliferation leading to lymphoma) 
(33–36). The detection of autoantibodies in HCV- positive patients 
with mixed cryoglobulins associated with other biomarkers may be 
of interest for the treatment of patients at risk for autoimmune dys-
function disease development (36).

In many previous studies, RF activity was rarely measured in 
the cryoprecipitate despite being an element of the mixed cryo-
globulin definition (2,3,37). In the present study, a low frequency of 
RF was seen in the cryoprecipitate of mixed cryoglobulins despite 
use of a sensitive and specific immunonephelometric technique, 
as was also demonstrated in other studies using the same tech-
nique (38,39). The lack of detection of RF in vitro is indeed a 
problem. According to the mixed cryoglobulin definition, cryopre-
cipitating IgM- RF associates with IgG to form immune complexes 
(3,40–43); these immune complexes interfere with RF detection in 
vitro, leading to negative RF detection. RF detection techniques 
must thus be improved in the context of cryoglobulins, possibly 
with a step to dissociate the cryoglobulin–RF complex. In our 
study, RF was found to be positive in the serum and negative in 
the cryoprecipitate from 10% of patients with mixed cryoglobulin. 
Based on these results and with currently available techniques, 
serum RF cannot be used as a specific criterion for cryoglobuline-
mic vasculitis classification as previously proposed (16,44).

In this large cohort study, RF- positive type II cryoglobulins 
were associated with decreased C4 and CH50. These results 
indicate that complement activation by immune complexes  
(IgM cryoglobulins associated with IgG) is one of the mecha-
nisms contributing to cryoglobulinemic vasculitis, especially 
HCV- associated cryoglobulin vasculitis (38,45,46).

In conclusion, we present an analysis of cryoglobulin char-
acteristics in the largest cohort of patients reported in the liter-
ature, recruited from clinical departments representing a variety 
of specialties and subspecialties. Strict preanalytical condi-
tions of transportation and coagulation are essential for accu-
rate cryoglobulin detection. It is important to retest if there is a 
negative finding for the presence of cryoglobulins in a clinical 
context suggestive of disease. Sensitive and specific techniques 
of characterization are now available, allowing for the detection 
of cryoglobulins in low concentrations. In an infectious con-
text, mixed cryoglobulins consist of type II and type III in equal 
proportions. In an autoimmune context, type III cryoglobulins 
are more frequent than type II cryoglobulins. Detection of RF 
activity in cryoprecipitates is difficult, and improvement of the 
techniques is needed. These details are important as they per-
tain to explaining pathophysiologic mechanisms of cryoglobulin 
subtypes.
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Fibrocytes in Chronic Periaortitis: A Novel Mechanism 
Linking Inflammation and Fibrosis
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Objective. Chronic periaortitis (CP) is a rare disease characterized by periaortic and periiliac fibroinflammatory 
tissue. The pathogenic mechanisms leading to tissue accumulation and activation of fibroblasts are unclear. This 
study was undertaken to explore the role of fibrocytes, circulating precursors of tissue fibroblasts, in patients with CP.

Methods. We studied 44 patients with newly diagnosed CP and 30 healthy controls. Circulating fibrocytes were 
identified as Col1+CD45+ cells using flow cytometry. Retroperitoneal tissue biopsy samples from 9 CP patients were 
stained with anti–type I procollagen, anti- CXCR4, and anti- CD45 antibodies and analyzed by confocal microscopy 
to detect tissue- infiltrating fibrocytes. Circulating levels and tissue expression of CXCL12, a CXCR4 ligand that pro-
motes fibrocyte homing, were investigated using enzyme- linked immunosorbent assay and immunohistochemistry, 
respectively. We also characterized T helper polarization in biopsy samples from CP patients and measured serum 
levels of a panel of cytokines that are hallmarks of T helper responses and capable of influencing fibrocyte differen-
tiation.

Results. The frequency of circulating Col1+CD45+ fibrocytes was higher in patients than in controls (P = 0.0371). 
CD45+proCol1+ and CXCR4+proCol1+ cells were detected in all examined biopsy samples from CP patients. Serum 
levels of CXCL12 were also higher in CP patients than controls (P = 0.0056), and tissue- infiltrating inflammatory cells 
intensely expressed CXCL12. Increased serum levels of Th2 cytokines (e.g., interleukin- 13 [IL- 13] and IL- 10) were 
found in patients, and immunohistochemistry revealed a dominant infiltration of GATA- 3+ cells, also indicating Th2 
polarization; Th2- skewed responses are known to promote fibrocyte differentiation.

Conclusion. Our findings indicate that fibrocytes are enriched in the peripheral blood of CP patients and infiltrate 
target lesions. The accumulation of fibrocytes in the pathologic tissue might be driven by CXCL12, and Th2- skewed 
immune responses are likely to facilitate their differentiation.

INTRODUCTION

Chronic periaortitis (CP) is a rare disease characterized by a 
periaortic fibroinflammatory tissue that extends into the retroperi-
toneum and often causes ureteral obstruction. CP comprises idi-
opathic retroperitoneal fibrosis and inflammatory abdominal aortic 
aneurysms. Its pathogenesis is unclear; it is thought to be a mani-
festation of a systemic autoimmune disorder (1), and in some cases 
it can be included in the spectrum of IgG4- related disease (IgG4- RD) 
(2,3). The histologic examination of retroperitoneal tissue biopsy 

samples from CP patients shows the presence of 2 main compo-
nents, an inflammatory infiltrate and a fibrous tissue. The inflam-
matory infiltrate comprises lymphocytes, macrophages, plasma 
cells, and rare eosinophils, organized in 2 patterns, perivascular and 
diffuse. The fibrous component is rich in type I collagen (Col1) as 
well as fibroblasts and myofibroblasts (4,5). These cells likely deter-
mine tissue fibrosis, but the pathogenic mechanisms leading to their 
accumulation and activation remain poorly understood.

Fibrocytes are peripheral blood cells that originate from bone 
marrow progenitors. In the circulating blood, they account for 
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<1% of total leukocytes. Fibrocytes have mixed leukocytic and 
mesenchymal features, and coexpress CD45 (common leukocyte 
antigen), CD34 (hematopoietic stem cell antigen), markers of the 
monocyte lineage, and type I procollagen (proCol1) or Col1; in their 
mature state, they constitutively express α- smooth muscle actin 
(α- SMA) (6–11). Different factors promote differentiation and tis-
sue recruitment of fibrocytes. Th2 cytokines such as interleukin- 4 
 (IL- 4) and IL- 13, as well as transforming growth factor β1 promote 
fibrocyte differentiation, while Th1 cytokines such as interferon- γ 
(IFNγ) and tumor necrosis factor (TNF) have the opposite effect 
(12,13). Furthermore, fibrocytes exhibit cell surface chemokine 
receptors such as CXCR4, CCR7, and CCR3 (8,9,14). Several 
studies have demonstrated that chemokine receptors are essen-
tial for the recruitment of circulating fibrocytes to the sites of tissue 
damage, where they can promote fibrosis. In particular, stromal 
cell–derived factor 1 (SDF- 1; CXCL12), a ligand for CXCR4, is 
considered to be a crucial chemoattractant for fibrocytes to sites 
of injury under inflammatory conditions (15–18).

Fibrocytes play a role in fibrosing and inflammatory diseases, 
such as idiopathic pulmonary fibrosis, chronic asthma (17–19), 
cardiovascular disease (16,20), and scleroderma (13,21). Their 
role in the pathogenesis of CP or other IgG4- RD manifestations 
has never been investigated. In this study we explored the role of 
fibrocytes in CP; in particular, we assessed their frequency in the 
peripheral blood and their infiltration in CP lesions, along with the 
factors that may regulate this process.

PATIENTS AND METHODS

Patients. The study included 44 consecutive patients with 
newly diagnosed, clinically active, untreated CP and 30 age-  and 
sex- matched healthy controls. CP was diagnosed between 2013 
and 2018. The diagnosis of CP was made based on commonly 
accepted radiologic criteria (3). In 9 patients with CP, biopsy of the 
retroperitoneal tissue was also performed (via computed tomog-
raphy [CT]–guided, laparoscopic, or open procedures) to confirm 
the diagnosis. Causes of secondary retroperitoneal fibrosis (e.g., 
infections, neoplasms, and histiocytosis) were ruled out (4). All 
patients also underwent routine laboratory testing for acute- phase 
reactants (erythrocyte sedimentation rate [ESR] and C- reactive 
protein [CRP]), a panel of autoantibodies, and IgG subclasses, as 
previously described (2,3). All patients were treated with conven-
tional glucocorticoids and/or immunosuppressive therapies (2,3). 
Blood samples for serum collection and for isolation of peripheral 
blood mononuclear cells (PBMCs) were obtained at the time of 
diagnosis; patients had to be untreated at the time of sample col-
lection. The study was conducted in accordance with the Decla-
ration of Helsinki and was approved by the local ethics committee.

Quantification of circulating fibrocytes by flow cytom-
etry. For flow cytometric analysis, 36 ml of heparinized peripheral 
blood was obtained from 21 patients and 24 controls. PBMCs 

were isolated by Ficoll- Hypaque density- gradient centrifugation 
 (Lympholyte; Cedarlane), according to the manufacturer’s protocol. 
The cells were immediately used to identify circulating fibrocytes 
using a previously published protocol (13). Briefly, 1.0–1.5 × 106 
PBMCs/tube were suspended in 100 μl of staining buffer and 5 μl 
of FcR blocking agent (Miltenyi Biotec). The cells were stained with 
20 μl of PerCP- conjugated anti- CD45 antibody (BD Biosciences), 
washed, and then fixed and permeabilized using a Cytofix/Cytop-
erm kit (BD Biosciences). After washing, the cells were incubated 
with 1 μl of rabbit anti- human anti- Col1 antibody (Rockland) or 1 μl 
of normal rabbit IgG as an intracellular isotype control antibody. After 
further washing, the cells were stained with 1 μl of R- phycoeryth-
rin (R- PE)–Alexa Fluor–conjugated goat anti- rabbit IgG secondary 
antibody (Invitrogen). The samples were immediately acquired on 
a 2- laser FACSCalibur cytometer (BD Biosciences), and between 
0.5 × 106 and 0.7 × 106 events/tube were analyzed using CellQuest 
software. Live cells were selected based on forward scatter versus 
side scatter plots, and the frequency of fibrocytes was defined as the 
percentage of anti- Col1+ events within CD45+ cells (CD45+Col1+) 
after subtraction of background (the percentage of the events falling 
into the same region in the corresponding sample stained with iso-
type antibody). The median fluorescence intensity (MFI) for anti- Col1 
was determined for each subject as the MFI for Col1 minus the MFI 
for the isotype control.

Identification of tissue fibrocytes and characteri-
zation of lymphocyte infiltrates. Paraffin- embedded tissue 
samples from 9 patients with CP were obtained from the Unit of 
Pathology, Department of Medicine and Surgery, University of 
Parma. In order to confirm the original diagnosis, all histopatho-
logic slides were reviewed by an expert pathologist (DC). The ret-
roperitoneal biopsy samples used for this analysis had been fixed 
in a 10% buffered formalin solution, paraffin embedded, and sec-
tioned at 5 μm. On these sections, we first identified fibroblasts and 
myofibroblasts by immunohistochemistry using antibodies against 
vimentin (monoclonal antibody [mAb]; dilution 1:100) (catalog no. 
MA5-11883; Invitrogen) and α- SMA (mAb; dilution 1:1,000) (cat-
alog no. ab124964; Abcam), and characterized the inflammatory 
infiltrate using antibodies against CD3 (mAb; dilution 1:250) (cat-
alog no. ab11089; Abcam), CD4 (mAb; dilution 1:200) (catalog 
no. ab133616; Abcam), CD8 (mAb; dilution 1:150) (catalog no. 
ab101500; Abcam), and CD20 (mAb; dilution 1:100) (catalog no. 
ab9475; Abcam). We next investigated the presence of tissue- 
infiltrating fibrocytes with antibodies targeting CD45 (mAb; 1:300 
dilution) (catalog no. ab40763; Abcam), CXCR4 (polyclonal anti-
body; 1:200 dilution) (catalog no. PA3-305; ThermoFisher Scientific), 
and proCol1 (mAb; 1:50 dilution) (catalog no. MAB1912; Millipore).

Given that particular T helper subsets are capable of influenc-
ing the differentiation of fibrocytes, we evaluated the expression 
of the main transcription factors for Th1, Th2, and Th17 cells by 
immunohistochemistry using antibodies against T- bet (ab91109 
mAb; 1:100 dilution) (Abcam), GATA- 3 (abNBP1- 47397 mAb; 1:150 
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 dilution) (Novus Biologicals), and retinoic acid receptor–related 
orphan nuclear receptor γt (RORγt) (MABF81 mAb; 1:100 dilution) 
(Millipore), respectively. All sections were counterstained with Har-
ris’ hematoxylin and examined with a bright light microscope (Nikon 
Eclipse 80i). The positivity of the T helper cell subsets was evaluated 
using a semiquantitative method with a grading scale of 1+ to 3+, 
where 1+ = 0–5%; 2+ = 5–20%, and 3+ = 20–100% per micro-
scopic field observed at a magnification of 400×.

We explored tissue expression of the CXCR4 ligand SDF- 1 
(CXCL12) using an anti–SDF- 1 antibody (ab18919 polyclonal 
antibody; 1:400 dilution) (Abcam). All of the above reactions were 
revealed with 3,3′- diaminobenzidine, and the sections were coun-
terstained with Harris’ hematoxylin. The samples were examined 
with a bright light microscope (Nikon Eclipse 80i).

Tissue fibrocytes were further analyzed by means of confo-
cal microscopy analysis using an anti- proCol1 antibody in combi-
nation with anti- CD45 and anti- CXCR4 antibodies. The reaction 
of proCol1 was revealed with a tetramethylrhodamine probe 
(tetramethylrhodamine goat anti- rat IgG; 1:70 dilution) (catalog 
no. AP136R; Millipore), while the expression of CD45 and CXCR4 
was revealed using a fluorescent probe (fluorescein isothiocy-
anate–conjugated goat anti- rabbit IgG; 1:70 dilution) (catalog no. 
AP187F; Millipore). The final immunofluorescence samples were 
observed under a confocal system (LSM 510 META scan head 
integrated with an Axiovert 200M inverted microscope; Carl Zeiss) 
with a 63× oil objective. The images were acquired in multitrack 
mode, using consecutive and independent optical pathways.

Cytokine and chemokine assessment. Serum (6 ml) 
was obtained from 24 patients (with active, untreated disease) at 
the time of study enrollment. The same amount of serum was 
obtained from 14 control subjects. These samples were stored at 
−80°C until used. Before the assays described below were per-
formed, aliquots were thawed and centrifuged at 1,000g for 15 
minutes at 4°C.

Using Bio- Rad Luminex assay technologies (Bio- Rad Lab-
oratories Life Science Group), we simultaneously analyzed in 24 
CP patients and 14 controls the levels of the following chemokines 
and cytokines that are able to influence fibrocyte differentiation: IL- 
4, IL- 12, IFNγ, IL- 10, IL- 13, IL- 17, IL- 1β, IL- 8, interferon- γ–induci-
ble 10- kd protein, macrophage inflammatory protein 1β, IL- 9, and 
monocyte chemoattractant protein 1. The assay was performed 
following the manufacturer’s instructions. Briefly, samples diluted 
1:2 with sample diluent were incubated for 2 hours with fluores-
cent beads coated with the primary antibodies. All samples and 
standards were assayed in duplicate. Standard curves were gen-
erated by performing serial dilutions with a standard supplied 
in the kit. The wells were washed using a handheld magnetic 
washer, and a biotinylated detector antibody was added for 1 
hour. Then, the plates were washed and incubated for 30 min-
utes with streptavidin conjugated to the fluorescent protein R- PE 
(streptavidin–R- PE). The beads were then washed to remove the 

unbound streptavidin–R- PE. The assay was analyzed using a 
Luminex 100 instrument, and the results were examined using 
Bio- Rad Manager Software version 4.0.

An enzyme- linked immunosorbent assay (ELISA; R&D Sys-
tems) was performed to assess circulating levels of SDF- 1 in 
serum from 16 CP patients and 10 controls. The ELISA kit was 
precoated with a mAb directed toward human SDF- 1. We placed 
1:2 serial dilutions of standard and neat serum in duplicate into 
the wells and incubated them for 2 hours at room temperature 
under shaking conditions. After washing, we added an enzyme- 
linked polyclonal antibody directed toward an epitope of human 
SDF- 1 different than that recognized by the precoated mAb. Fol-
lowing incubation and washing steps as previously described, 
we put the substrate solution into the wells and left them for 30 
minutes at room temperature. We then added the stop solution 
and measured the optical density at 450 nm and 550 nm, using a 
microplate reader. Subtraction of readings at 550 nm from those 
at 450 nm allows a correction for optical imperfections in the plate. 
A standard curve was produced by plotting the optical density 
of each standard on the y- axis against its concentration on the 
x- axis, while the SDF- 1 concentration in our samples was meas-
ured through interpolation from the curve.

Table 1. Demographic and clinical characteristics of the patients 
with CP (n = 44)*
Age, median (IQR) years 57.5 (52.8–63.5)
Sex, no. (%) male 28 (63.6)
No. with perianeurysmal CP/no. with 

nonaneurysmal CP
5/39

Clinical manifestations, no. (%)
Constitutional symptoms 31 (70.4)
Abdominal/lumbar pain 38 (86.4)
Deep vein thrombosis 5 (11.4)
Hydronephrosis 29 (65.9)

Unilateral 12 (27.3)
Bilateral 17 (38.6)

Acute renal failure 17 (38.6)
Extraretroperitoneal fibroinflam-

matory lesions†
5 (11.4)

Laboratory markers
ESR, median (IQR) mm/hour 62 (46.5–90.5)
CRP, median (IQR) mg/liter 25.5 (11.7–40.5)
WBCs, median (IQR) × 109/liter 6.8 (6.1–7.5)
Hemoglobin, median (IQR) gm/dl 11.8 (10.9–13.2)
Creatinine, median (IQR) mg/dl 1.3 (0.9–2.9)
ANA positivity, no. (%) 13 (29.5)
IgG4, median (IQR) mg/dl 70.5 (33–141.5)

Comorbidity, no. (%)
Cardiovascular disease‡ 6 (13.6)
Autoimmune disease 17 (38.6)
Autoimmune thyroiditis 10 (22.7)
Other autoimmune diseases 9 (20.5)

* CP = chronic periaortitis; IQR = interquartile range; ESR = eryth-
rocyte sedimentation rate; CRP = C- reactive protein; WBCs = white 
blood cells; ANA = antinuclear antibody. 
† Including thoracic periaortitis, fibrosing mediastinitis, tubulointer-
stitial nephritis with or without membranous nephropathy, chron-
ic sclerosing pancreatocholangitis, orbital pseudotumor, and lung 
pseudotumor. 
‡ Clinically overt ischemic heart disease, cerebrovascular disease, 
and peripheral arterial disease. 
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Statistical analysis. Continuous variables are presented as 
the median (range or interquartile range), and categorical variables 
are presented as the number and percentage. Continuous varia-
bles were compared using the Mann- Whitney U test for unpaired 
comparisons or the Wilcoxon test for paired comparisons. Corre-
lations between clinical and laboratory parameters were assessed 

using Pearson’s correlation analysis. P values less than 0.05 were 
considered significant. With regard to the comparisons of cytokine 
levels between CP patients and controls, considering that multiple 
cytokines were tested in the same experiment, the cutoff P value 
of 0.05 was corrected using Bonferroni adjustment; the corrected 
cutoff P value (Pcorr) was therefore set at 0.0041.

Figure  1. Identification of fibrocytes in the peripheral blood of patients with chronic periaortitis (CP) by flow cytometric analysis. A–D, 
Representative flow cytometry plots for a CP patient (A and B) and a healthy control (C and D). Peripheral blood mononuclear cells were stained 
as described in Patients and Methods. Live mononuclear cells were selected based on CD45 versus SSC plot (not shown), and fibrocytes were 
defined as the percentage positive for anti–collagen type I within CD45+ cells (gates in B and D) minus the percentage of the events falling into 
the same region with isotype antibody (gates in A and C). E and F, Fibrocyte frequencies (E) and median fluorescence intensity (MFI) of anti–type 
I collagen expressed by fibrocytes (F) in healthy controls (n = 24) and CP patients (n = 21). Symbols represent individual samples; horizontal lines 
and error bars show the median and interquartile range. P values were determined by Mann- Whitney nonparametric test.
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RESULTS

Patient characteristics. The main demographic and clin-
ical characteristics of the CP patients included in the study are 

shown in Table 1.

Circulating fibrocytes. Circulating fibrocytes were enu-
merated in CP patients and healthy controls. Flow cytometric 
analysis showed that the proportion of fibrocytes, identified as 
CD45+Col1+ cells, was higher in CP patients than in healthy 

controls. In particular, we found this double- positive population 
in all 21 CP patients tested (100%) but in only 21 (87.5%) of 
the 24 healthy controls tested. The median percentage of fibro-
cytes (defined as the percentage of total CD45+ circulating cells 
that were Col1+) was 0.1% in CP patients (range 0.01–0.54%) 
and 0.04% in healthy controls (range 0–0.2%) (P = 0.0371) (Fig-
ure 1E). Figures 1A–D show representative plots of flow cytom-
etry staining for fibrocytes in a CP patient and a healthy control. 
The percentage of circulating fibrocytes did not correlate with 
either disease- related parameters, such as CP thickness on CT 

Figure 2. Low- power view showing histopathologic features in retroperitoneal tissue biopsy samples from patients with chronic periaortitis. 
A, Fibrous replacement of retroperitoneal soft tissue with chronic inflammatory infiltrates that are organized into nodular aggregates (arrow) and 
a diffuse pattern between thick collagen fibers (asterisk). Sparse residual adipose tissue areas can be seen. B, Higher- magnification view of 
the biopsy sample shown in A, showing a perivascular pattern, with nodular inflammatory aggregates organized around small blood vessels. C, 
Diffuse pattern of inflammatory infiltrate, consisting of inflammatory elements distributed between thick collagen fibers. D, Typical arrangement 
of collagen fibers around the adventitia of small vessels with an “onion bulb” appearance. Among the collagen fibers, there are lymphocytes, 
plasma cells, histiocytes, fibroblasts/myofibroblasts, and rare eosinophils. In A–D, samples were stained with hematoxylin and eosin. E and F, 
Fibroblasts and myofibroblasts showing immunohistochemical positivity (arrows) for vimentin (VIM) (E) and α- smooth muscle actin (SMA) (F). 
Samples were stained with 3,3′- diaminobenzidine and mildly counterstained with Harris’ hematoxylin. In A, bar = 1 mm; original magnification 
×4. In B, C, E, and F, bars = 150 μm; original magnification ×20. In D, bar = 100 μm; original magnification ×40.
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or magnetic resonance imaging, IgG4, ESR, or CRP levels, or 
the degree of renal function impairment (data not shown). In 8 
patients PBMCs were also available for fibrocyte evaluation 
after the first month of prednisone treatment (1 mg/kg/day). The 
median fibrocyte percentage decreased from 0.085% (range 
0.03–0.54%) to 0.04% after 1 month of treatment (range 0.01–
0.08%), although the difference did not reach significance (P = 
0.09) (Supplementary Figure 1, available on the Arthritis & Rheu-
matology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41024/ abstract).

We also considered the levels of Col1 expression within 
CD45+ cells, and found that fibrocytes from CP patients showed 
a higher intensity of Col1 expression than fibrocytes from healthy 
controls (MFI for Col1 313.72 versus 141.09; P = 0.0459) 
 (Figure 1F). Taken together, these findings suggest that PBMCs 
from CP patients are enriched with CD45+Col1+ cells.

Identification and characterization of tissue fibro-
cytes. All of the 9 biopsy samples from CP patients showed the 
expected fibrous and inflammatory components (5). In particular, 
the fibrous component comprised fibroblasts and myofibroblasts 
(characterized immunohistochemically as cells positive for vimentin 
and cells positive for α- SMA, respectively) within varying amounts 
of collagen fibers, while the inflammatory infiltrate was organized 
in 2 main patterns: perivascular and diffuse (Figure 2). The perivas-
cular pattern consisted of lymphoid aggregates around small 
blood vessels; in some cases, these aggregates had the struc-
ture of secondary lymphoid follicles with a germinal center and 
were characterized by CD20+ B cells surrounded by CD4+ and 
CD8+ T lymphocytes (Supplementary Figure 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41024/ abstract). The diffuse pattern consisted 
of sparse inflammatory infiltrates within the fibrous tissue, and 

Figure 3. Presence of fibrocytes in retroperitoneal tissue biopsy samples from patients with chronic periaortitis. A–C, Immunohistochemical 
staining showing the presence of spindle- shaped cells positive for CD45 (A), type I procollagen (proCol1) (B), and CXCR4 (C). In A and B, 
arrows show spindle-shaped cells. In C, arrow shows CXCR4 positivity in inflammatory areas; asterisk show CXCR4 positivity in fibrous 
areas. Samples were stained with 3,3′- diaminobenzidine and mildly counterstained with Harris’ hematoxylin. D–F, Confocal microscopy images 
showing immunofluorescence staining for CD45 (D), type I procollagen (E), and the coexpression of CD45 and type I procollagen (F). Arrows 
show spindle-shaped cells. G–I, Confocal microscopy images showing immunofluorescence staining for CXCR4 (G), type I procollagen (H), and 
the coexpression of CXCR4 and type I procollagen (I). Arrows show spindle-shaped cells. Coexpression of CD45 and type I procollagen and of 
CXCR4 and type I procollagen identify the cells as fibrocytes. In A and B, bars = 100 μm; original magnification ×40. In C, original magnification 
×20. In D–I, bar = 40 μm; original magnification ×63. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.41024/abstract.
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these infiltrates showed comparable amounts of CD4+, CD8+, 
and CD20+ lymphocytes. In addition, the inflammatory compo-
nent also included varying amounts of macrophages, plasma 
cells, and eosinophils (Supplementary Figure 3, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41024/ abstract).

We next focused on the fibrous component and, in particular, 
on fibrocytes. The presence of these cells in the 9 available biopsy 
samples from CP patients was explored by immunohistochem-
istry and confocal microscopy. Using immunohistochemistry, we 
evaluated fibrocytes by testing the markers of these cells such as 
CD45, proCol1, and CXCR4. Because the fibrocyte immunophe-
notype is characterized by specific combinations of the mark-
ers described above, we identified these tissue- infiltrating cells 
by evaluating the coexpression of proCol1 with either CD45 or 
CXCR4 using confocal microscopy. Overall, CD45+proCol1+ and 
CXCR4+ proCol1+ spindle- shaped cells were found in all of the 
biopsy samples examined (Figure 3), and their density ranged from 
2 to 6 cells and from 4 to 8 cells, respectively, per mm2 of tissue.

Tissue recruitment of fibrocytes and factors influ-
encing their differentiation. Tissue expression of SDF- 1/
CXCL12 (the ligand for CXCR4) in biopsy samples from CP patients 
was analyzed to investigate whether this chemokine is potentially 
involved in fibrocyte recruitment. We assessed SDF- 1 expression 
by immunohistochemistry in the 9 available biopsy samples from 
CP patients, where this protein showed a strong immunosignal in 
both inflammatory cells and fibroblasts (Figures 4A and B).

Next, we determined serum SDF- 1 concentrations in 16 
CP patients and in 10 healthy controls by ELISA. Serum SDF- 1 
 concentrations were significantly higher in CP patients than in con-
trols (median 3,064 pg/ml [range 2,139–4,679] versus 2,516 pg/ml 
[range 2,164–2,839], respectively; P = 0.0056) (Figure 4C). SDF- 1 
levels correlated positively with the ESR (ρ = 0.55; P = 0.02) and 

negatively with the hemoglobin level (ρ = −0.64; P = 0.009). No cor-
relation was found between serum SDF- 1 levels and concentra-
tions of peripheral fibrocytes (data not shown). Also, no correlations 
or associations were found between SDF- 1 and other laboratory 
parameters (e.g., serum IgG4, creatinine, or CRP level) or with 
disease- related characteristics (e.g., nonaneurysmal versus aneu-
rysmal CP, CP localization, or hydronephrosis) (data not shown).

The differentiation of fibrocytes can be influenced by the 
inflammatory milieu, and the polarization of T helper immune 
responses seems to play a major role in this respect. We therefore 
examined the T helper polarization of tissue- infiltrating CD4+ T 
cells by immunohistochemistry by staining for their main transcrip-
tion factors.

Immunohistochemical analysis showed, albeit with quantita-
tive differences from case to case, a predominance of GATA- 3+ 
and, to a lesser extent, of T- bet+ cells. Of the 9 biopsy samples 
analyzed, none showed 1+, 8 showed 2+, and 1 showed 3+ T- bet+ 
cells, whereas with respect to GATA- 3+ cells the biopsy samples 
showed 1+ in 1 case, 2+ in 4 cases, and 3+ in 4 cases. The extent 
of RORγt+ cell infiltration was consistently 1+/2+ (Figures 5A–C).

We next tested the serum levels of an array of cytokines 
that potentially influence T helper polarization and, consequently, 
fibrocyte differentiation. The serum levels of several cytokines 
were higher in CP patients than in controls, but significant dif-
ferences (Pcorr < 0.0041) were found for only IL- 9 (P = 0.0016), 
IL- 10 (P = 0.0032), IL- 12 (P = 0.0011), and IL- 13 (P = 0.0004) 
(Figures  5D–G and Supplementary Figure 4, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41024/ abstract).

DISCUSSION

CP is a rare idiopathic disease characterized by extensive 
fibrosis and a chronic inflammatory infiltrate, typically localized in 

Figure 4. Elevated levels of stromal cell–derived factor 1 (SDF- 1) in patients with chronic periaortitis (CP). A and B, Low- power view (A) and 
high- power view (B) of immunohistochemical staining for SDF- 1 in a retroperitoneal tissue biopsy sample from a representative patient with CP. 
SDF- 1 was observed in both lymphoid cells (arrows) and spindle- shaped cells (asterisks). Samples were stained with 3,3′- diaminobenzidine 
and mildly counterstained with Harris’ hematoxylin. In A, bar = 150 μm; original magnification ×20. In B, bar = 40 μm; original magnification 
×63. C, SDF- 1 levels, determined by enzyme- linked immunosorbent assay, in healthy controls (n = 10) and patients with CP (n = 16). Symbols 
represent individual subjects; horizontal lines and error bars show the median and interquartile range. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41024/abstract.
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the retroperitoneal space surrounding the abdominal aorta and 
the iliac arteries. CP is part of the spectrum of IgG4- RD, together 
with other fibroinflammatory conditions, such as sclerosing pan-
creatocholangitis, fibrosing mediastinitis, Mikulicz disease, and 
inflammatory pseudotumors, but the proportion of CP cases that 
can be labeled as IgG4 related is still unclear (2). While recent 
studies have characterized the inflammatory infiltrate found in CP 
and some of the cytokines and chemokines (e.g., IL- 6, eotaxin/
CCL11) involved in this process (22,23), the mechanisms that 
drive the aberrant fibrous response have never been investigated. 
The present study demonstrates that fibrocytes, precursors of tis-
sue fibroblasts, are enriched in the circulation of CP patients and 
infiltrate target lesions. We also found increased serum levels and 
intense tissue expression of CXCL12/SDF- 1, a chemokine that 
is able to drive the accumulation of fibrocytes in the pathologic 
lesions. Finally, we also detected a Th2- skewed immune response 

in biopsy samples from CP patients, which probably facilitates 
fibrocyte differentiation.

Bloodborne fibrocytes were first identified in a murine 
model of skin wound repair and in human wounded skin as 
CD34+ spindle- shaped cells (24). Subsequent studies showed 
that they originate from monocyte precursors, express leuko-
cyte markers (e.g., CD45) and fibroblast proteins (e.g., vimen-
tin), and have the ability to produce different types of collagen 
as well as other extracellular matrix proteins. Additionally, since 
their migration into the diseased sites is regulated by specific 
chemokines, they also express chemokine receptors such as 
CXCR4 (25). Fibrocytes participate in the normal response to 
acute tissue injury and contribute to tissue repair; they have 
multiple functional properties, as they are not only profibrotic 
but also capable of modulating angiogenesis and both innate 
and adaptive immune responses (26,27).

Figure  5. A–C, Immunohistochemical detection of T- bet (A), GATA- 3 (B), and retinoic acid receptor–related orphan nuclear receptor γt 
(RORγt) (C) in inflammatory infiltrates in a retroperitoneal tissue biopsy sample from a patient with chronic periaortitis (CP). Samples were stained 
with 3,3′- diaminobenzidine and mildly counterstained with Harris’ hematoxylin. Bar = 150 μm; original magnification ×20. D–G, Serum levels 
of interleukin- 9 (IL- 9) (D), IL- 10 (E), IL- 12 (F), and IL- 13 (G) in healthy controls (n = 14) and CP patients (n = 24), analyzed using a multiplex 
assay. Symbols represent individual subjects; horizontal lines and error bars show the median and interquartile range. P values were determined 
by Mann- Whitney nonparametric test. Considering that multiple cytokines were tested in the same experiment, the cutoff P value of 0.05 for 
significance was corrected using Bonferroni adjustment, and corrected P values less than 0.0041 were considered significant. Color figure can 
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41024/abstract.
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Recently, it has become clear that fibrocytes are also involved 
in human disease, particularly in conditions characterized by 
chronic inflammation, excessive extracellular matrix production, 
and tissue remodeling, examples of which include asthma, chronic 
lung disease (e.g., idiopathic pulmonary fibrosis), autoimmune dis-
ease (e.g., systemic sclerosis and rheumatoid arthritis), and cardi-
ovascular diseases (6,28,29). In most of these diseases, both the 
circulating and tissue fibrocyte compartments are expanded. Ele-
vated numbers of fibrocytes were detected in rheumatoid arthri-
tis, Graves’ ophthalmopathy, and idiopathic pulmonary fibrosis as 
well as in murine models of collagen- induced arthritis. Notably, 
the frequency of peripheral blood fibrocytes has been validated 
as a prognostic marker in pulmonary fibrosis (30). Intense tissue 
infiltration by fibrocytes was found particularly in the subepithelial 
airway mucosa of patients with chronic asthma, where such cells 
synthesize type I collagen, express α- SMA, and localize to areas 
of extracellular matrix deposition (31,32).

We found an increased frequency of circulating fibro-
cytes (identified as CD45+Col1+ cells) in patients with active, 
untreated CP compared with healthy controls, although we 
could not demonstrate correlations or associations with disease- 
related parameters (e.g., acute- phase reactants), clinical mani-
festations, or specific disease phenotypes such as IgG4- related 
cases. The peripheral fibrocyte concentrations observed in our 
study subjects are in the range of those reported in other con-
ditions, although the results are often difficult to compare due 
to heterogeneous staining or isolation techniques (19,28). Nota-
bly, we also detected significant amounts of fibrocytes in biopsy 
samples from CP patients, where such cells were identified not 
only on the basis of their dual positivity for CD45 and proCol1 
but also as proCol1+ cells coexpressing CXCR4, the receptor of 
CXCL12/SDF- 1, a chemokine that regulates fibrocyte homing 
(21,32,33). Consistent with this observation, we also demon-
strated that serum levels of CXCL12/SDF- 1 were increased in 
patients with active CP and that, at the tissue level, this chemo-
kine was intensely expressed by mononuclear cells constituting 
the lymphoid aggregates. CXCR4+ tissue fibrocytes were found 
to be present in autoimmune diseases such as Graves’ ophthal-
mopathy (34); notably, the CXCR4–CXCL12 axis was shown to 
be a major determinant of fibrocyte tissue recruitment in murine 
models of bleomycin- induced lung fibrosis, and therapeutic inhi-
bition of this axis reduced the magnitude of fibrosis (33). Taken 
together, these data suggest that the CXCR4–CXCL12 axis 
operates in CP and may contribute to tissue recruitment of fibro-
cytes.

Other chemokines are involved in fibrocyte homing; one 
example is eotaxin/CCL11, a chemokine usually produced in 
response to Th2 responses (35). Through ligation of CCR3, 
eotaxin/CCL11 mediates tissue influx of several cell types includ-
ing eosinophils and mast cells. In a previous study, we showed 
that serum levels of eotaxin/CCL11 are increased in active CP, 
that it is produced by mononuclear inflammatory cells, and that 

in CP lesions its receptor CCR3 is intensely expressed by several 
cell types including fibroblasts (22).

Fibrocytes play a role in conditions that are histologically 
characterized by monocyte-  and T cell–rich inflammation, and 
their proliferation is influenced by specific T cell responses. 
In particular, fibrocyte expansion appears to be enhanced by 
Th2 cytokines such as IL- 4 and IL- 13 and inhibited by Th1-  or 
Th17- related cytokines such as IFNγ and IL- 17 (36). We char-
acterized Th polarization in CP by testing circulating levels of 
cytokines associated with distinct Th responses, and also by 
analyzing the tissue expression of transcription factors, such 
as T- bet, GATA- 3, and RORγt, that are hallmarks of Th1, Th2, 
and Th17 cells, respectively. We found a strong Th2 signal, 
based on the marked increase in Th2 cytokines in the serum, 
namely IL- 13 and IL- 10, and the intense expression of GATA- 3 
in biopsy samples from CP patients. We also detected a signif-
icant increase in IL- 12, usually associated with Th1 responses, 
but tissue expression of the Th1 marker T- bet was less abun-
dant than that of GATA- 3. On the other hand, serum IL- 17 
levels were not increased, and tissue expression of RORγt was 
low. Taken together, these findings indicate that Th responses 
in CP are mainly polarized toward a Th2 phenotype, which 
might be a driver of fibrocyte expansion in the circulation and 
of its differentiation in the affected tissues. The functional impli-
cation of the observed increase in serum IL- 9 level is difficult 
to interpret, although this pleotropic cytokine has also been 
associated with Th2 and allergic and chronic inflammatory 
reactions (37).

Once fibrocytes infiltrate target tissues, they not only dif-
ferentiate into fibroblasts and myofibroblasts, thus promoting 
fibrosis, but also may have proinflammatory effects (38). This 
could amplify the inflammatory response and contribute to the 
parallel development of inflammation and fibrosis that is seen in 
the early stages of CP. Consistent with this view, we previously 
showed that the proinflammatory cytokine IL- 6 is also intensely 
expressed by fibroblasts in CP lesions (23).

In conclusion, fibrocytes are likely to play a role in the 
pathogenesis of CP; they are increased in the circulation of 
patients with active disease and infiltrate target lesions. Tissue 
recruitment of fibrocytes can be driven by chemokines such as 
SDF- 1, and Th2- skewed immune responses can contribute to 
their expansion.
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Inhibition of the Progression of Skin Inflammation, Fibrosis, 
and Vascular Injury by Blockade of the CX3CL1/CX3CR1 
Pathway in Experimental Mouse Models of Systemic 
Sclerosis
Vu H. Luong,1  Akira Utsunomiya,2  Takenao Chino,2  Le H. Doanh,3 Takashi Matsushita,4  
Takashi Obara,5 Yoshikazu Kuboi,6 Naoto Ishii,6 Akihito Machinaga,6 Hideaki Ogasawara,6 Wataru Ikeda,6 
Tetsu Kawano,6 Toshio Imai,6 Noritaka Oyama,2  and Minoru Hasegawa2

Objective. To assess the preclinical efficacy and mechanism of action of an anti- CX3CL1 monoclonal antibody 
(mAb) in systemic sclerosis (SSc).

Methods. Cultured human dermal fibroblasts were used to evaluate the direct effect of anti- CX3CL1 mAb on fibro-
blasts. In addition, bleomycin- induced and growth factor–induced models of SSc were used to investigate the effect 
of anti- CX3CL1 mAb on leukocyte infiltration, collagen deposition, and vascular damage in the skin.

Results. Anti- CX3CL1 mAb treatment significantly inhibited Smad3 phosphorylation (P < 0.05) and expression 
of type I collagen and fibronectin 1 (P < 0.01) in dermal fibroblasts stimulated with transforming growth factor β1 
(TGFβ1). In the bleomycin model, daily subcutaneous bleomycin injection increased serum CX3CL1 levels (P < 0.05) 
and augmented lesional CX3CL1 expression. Simultaneous administration of anti- CX3CL1 mAb or CX3CR1 deficiency 
significantly suppressed the dermal thickness, collagen content, and capillary loss caused by bleomycin (P < 0.05). 
Injection of bleomycin induced expression of pSmad3 and TGFβ1 in the skin, which was inhibited by anti- CX3CL1 
mAb. Further, the dermal infiltration of CX3CR1+ cells, macrophages (inflammatory and alternatively activated [M2- 
like] subsets), and CD3+ cells significantly decreased following anti- CX3CL1 mAb therapy (P < 0.05), as did the 
enhanced skin expression of fibrogenic molecules, such as thymic stromal lymphopoietin and secreted phosphopro-
tein 1 (P < 0.05). However, the treatment did not significantly reduce established skin fibrosis. In the second model, 
simultaneous anti- mCX3CL1 mAb therapy significantly diminished the skin fibrosis induced by serial subcutaneous 
injection of TGFβ and connective tissue growth factor (P < 0.01).

Conclusion. Anti- CX3CL1 mAb therapy may be a novel approach for treating early skin fibrosis in inflammation- 
driven fibrotic skin disorders such as SSc.

INTRODUCTION

Systemic sclerosis (SSc; scleroderma) is an intractable 
connective tissue disorder of unclarified etiology that affects 
the skin and various internal organs. SSc is characterized 
by vascular damage and inflammatory infiltration followed 
by an excessive accumulation of extracellular matrix (ECM) 

components in the interstitium (1). Vascular involvement and 
inflammation precede tissue fibrosis in SSc, and skin biopsy 
specimens from early- stage SSc patients contain perivascular 
infiltrates consisting of T cells and macrophages, suggesting 
their importance in the initiation of disease. The infiltrating T 
cells are polarized toward a Th2 cell phenotype and secrete 
abundant profibrotic cytokines, including interleukin- 4 (IL- 4), 
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IL- 6, and IL- 13. These cytokines directly or indirectly stimulate 
local fibroblasts and α- smooth muscle actin (α- SMA)–positive 
myofibroblasts, leading to excessive production of collagen 
and other ECM components in the affected organs.

In addition, many studies have shown that monocyte/
macrophages with a profibrotic profile may be involved in the 
pathogenesis of SSc (2,3). In mice, two immunophenotypes 
of blood monocytes have been identified, Ly- 6Chigh (classic 
or inflammatory) and Ly- 6Clow (nonclassic or antiinflamma-
tory) (4,5). Both resident macrophages and these infiltrating 
monocytes can differentiate into classically activated inflam-
matory macrophages (M1- like) or alternatively activated tissue 
profibrotic (M2- like) macrophages, depending on the tissue 
microenvironment (6). M2- like macrophages can induce and/
or maintain tissue fibrosis by producing profibrotic cytokines, 
including IL- 4, IL- 6, IL- 13, and transforming growth factor β 
(TGFβ) (7,8). Among these, TGFβ has been considered one 
of the most potent inducers of fibroblast activation and tissue 
fibrosis (9).

Chemokines and their receptors are well known to play key 
roles in recruiting circulating leukocytes to inflamed skin in various 
skin diseases. CX3CL1 (also known as fractalkine) comprises a 
soluble chemokine domain and a transmembrane domain and is 
expressed on the surface of a vast majority of cell types, includ-
ing endothelial cells, epithelial cells, macrophages, and vascular 
smooth muscle cells (10–12). Interaction between membrane- 
bound CX3CL1 and its unique receptor, CX3CR1, mediates firm 
adhesion of monocytes/macrophages, natural killer (NK) cells, 
and a subpopulation of T cells (12,13). Soluble CX3CL1 exhibits 
efficient chemoattractant activity for monocyte/macrophages, 
NK cells, and T cells expressing CX3CR1 (14). It has previously 
been reported that soluble CX3CL1 levels are increased in SSc 
patients with severe disease, diffuse skin sclerosis, interstitial 
lung disorders, or digital ulcers (15,16). Additionally, patients 
with SSc have augmented expression of CX3CL1 and increased 
CX3CR1+ leukocytes in fibrotic skin and lung lesions (16). Fur-
thermore, CX3CR1- deficient mice exhibit decreased wound 
healing and growth factor–induced skin fibrosis (17,18). Thus, 
the CX3CL1/CX3CR1 axis is implicated in profibrotic activity.

Our group has established a neutralizing anti- mouse 
CX3CL1 monoclonal antibody (mAb) that has exhibited effi-
cacy in animal models of various diseases, including arthritis, 
myositis, and colitis (19–22). In the present study, we evalu-
ated the effect of anti- mouse CX3CL1 mAb on a mouse model 
of bleomycin- induced SSc and found that treatment with this 
antibody administered simultaneously with bleomycin injection 
protected mice against inflammation, fibrosis, and vascular 
injury of the skin. In addition, skin fibrosis was suppressed 
by anti- mouse CX3CL1 mAb treatment of mice with growth 
factor–induced SSc. Interestingly, anti- human CX3CL1 mAb 
directly inhibited ECM synthesis induced by TGFβ1 in normal 
human dermal fibroblasts.

MATERIALS AND METHODS

Cell culture. Normal human dermal fibroblasts derived 
from neonatal foreskin (Kurabo) were grown in Dulbecco’s 
modified Eagle’s medium (DMEM; Nacalai Tesque) containing 
10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 
μg/ml streptomycin (Nacalai Tesque) at 37°C in a humidified 
5% CO2 atmosphere. When cells reached ~70% confluence, 
they were starved in DMEM containing 0.1% FBS for 24 hours, 
and then pretreated with anti- human CX3CL1 mAb or control 
IgG (23). One hour later, cells were stimulated with 15 ng/ml 
recombinant human TGFβ1 (PeproTech) and were used for the 
indicated experiments. Fibroblasts from passages 5 through 8 
were used in all experiments.

Mouse model of bleomycin- induced dermal fibrosis. 
Female C57BL/6 wild- type mice (CLEA Japan), BALB/c wild- 
type mice, and CX3CR1−/− mice (on a BALB/c background) (24) 
ages 8–10 weeks were used in the experiments. As described 
in our previous study (25), we performed 2 different experiments 
using a bleomycin- induced skin fibrosis model in C57BL/6 wild- 
type mice. In the preventive experiment, bleomycin (150 μg) was 
injected subcutaneously once daily into the shaved backs of the 
mice, concurrent with intraperitoneal injection of the neutralizing 
anti- mouse CX3CL1 mAb (19,22) or control IgG at a dose of 500 
μg twice a week. Mice injected subcutaneously with 0.9% NaCl 
were used as normal controls. In the curative experiment, mice 
received either bleomycin or saline once every 2 days for 6 weeks. 
Two weeks after the first injection, mice were given anti- mouse 
CX3CL1 mAb or control IgG for the remaining 4 weeks.

Mouse model of growth factor–induced skin fibrosis. 
Newborn BALB/c wild- type mice were injected subcutaneously 
on a daily basis with 400 ng recombinant TGFβ3 (PeproTech) 
for the first 3 days followed by 200 ng recombinant connective 
tissue growth factor (CTGF; ProSpec) for the next 4 days (26). 
Anti- mouse CX3CL1 mAb was simultaneously administered by 
subcutaneous injection 3 times a week at a dose of 200 μg.

Quantification of fibrosis in mice. Skin thickness, Mas-
son’s trichrome–positive area, and soluble collagen in the skin 
were analyzed as previously described (27).

Western blot analysis. Total protein was extracted from 
human dermal fibroblasts using a 101Bio Total protein extrac-
tion kit (Medibena). The protein concentration was assessed 
using a spectrophotometer and a BCA Protein Assay kit 
(Takara Bio). Equal amounts of protein from each sample (40 
μg) were subjected to sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS- PAGE) on a Mini- Protean TGX pre-
cast gel and transferred to a nitrocellulose membrane (Bio- 
Rad). The blotted membrane was blocked for 30 minutes 
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at room temperature with 5% skim milk/Tris buffered saline–
Tween (TBST), followed by incubation with anti- pSmad3, 
anti- Smad3 (Cell Signaling Technology), anti–type I collagen 
α2 chain (Abcam), anti–fibronectin 1 (LSBio), or anti- GAPDH 
(ThermoFisher Scientific) antibodies overnight at 4°C. After 
washing with TBST 3 times, the membrane was incubated 
for 1 hour at room temperature with horseradish peroxidase 
(HRP)–conjugated secondary antibody. The membrane was 
exposed to an enhanced chemiluminescence reagent, Chemi- 
Lumi One Super solution (Nacalai Tesque). Protein bands were 
quantified using ImageQuant TL software (version 7.0; GE 
Healthcare) and normalized to the loading control GAPDH.

Immunofluorescence staining of cultured mouse 
fibroblasts. After stimulation with recombinant mouse TGFβ1 
for 2 hours (to detect pSmad3), cells were washed twice in ice- 
cold phosphate buffered saline (PBS). Then, cells were fixed for 
10 minutes at room temperature in 100% ethanol. Next, cells 
were permeabilized with 0.1% Triton X- 100 in PBS for 3 minutes. 
Cells were blocked with 2% FBS for 30 minutes, incubated with 
anti- CX3CL1 mAb (23) (1:200 in 2% FBS), anti- CX3CR1 antibody 
(23) (1:100 in 2% FBS), and anti- pSmad3 antibody (1:50 in 2% 
FBS; Santa Cruz Biotechnology) for 60 minutes at room temper-
ature, and then with Alexa Fluor 488–conjugated goat anti- rabbit 
IgG for 40 minutes. Coverslips were mounted using Vectashield 
with DAPI (Vector).

Immunofluorescence staining of mouse skin. Fro-
zen sections (4 μm) of mouse skin were fixed for 10 minutes in 
ice- cold ethanol. After washing with PBS, sections were blocked 
by 4% Blocking Ace (DS Pharma Biochemical) for 1 hour at 
room temperature followed by incubation overnight at 4°C 
with primary antibodies against CX3CL1 (1:100) (23), CX3CR1 
(1:100) (23), keratin 5 (1:200; BioLegend), CD31 (1:50; BD 
PharMingen), TGFβ1 (1:350; Abcam), F4/80 (1:350; Abcam), 
α- SMA (1:100; Abcam), pSmad3 (1:50; Santa Cruz Biotech-
nology), or type IV collagen (1:1000; Abcam). Sections were 
then washed with PBS and incubated with species- specific 
secondary antibodies for 1 hour at room temperature. Sections 
were mounted in Vectashield mounting media containing DAPI 
(Vector). Slides were visualized using confocal laser scanning 
microscopy (on an Olympus FV1200 microscope).

Immunohistochemical staining of mouse skin. Sec-
tions (6 μm) from paraffin- embedded mouse skin were depa-
raffinized and then incubated overnight at 4°C with mAb to CD3 
(1:200; Nichirei Biosciences), F4/80 (1:1,600; Abcam), thymic 
stromal lymphopoietin (TSLP; 4 μg/ml) (Abcam) and secreted 
phosphoprotein 1 (SPP- 1; 1:80) (Santa Cruz Biotechnology), 
then with peroxidase- labeled secondary antibody (Nichirei Bio-
sciences), followed by color development with an aminoethylcar-
bazole system (Nichirei Biosciences). CD3+ cells and F4/80+ cells 

were counted under a high- power microscopic field. Each section 
was examined independently by 2 investigators (TC and NO) in a 
blinded manner.

Enzyme- linked immunosorbent assay (ELISA). Micro-
titer plates (PolySorp; Nunc) were coated with 5 μg/ml anti- mouse 
CX3CL1 mAb (KAN Research Institute) with 50 mM Tris HCl (pH 
7.5) at 4°C overnight. After washing 3 times with washing solution 
(50 mM Tris HCl [pH7.5], 150 mM NaCl, 0.01% Tween 20), wells 
of the plate were incubated with blocking solution (50 mM Tris 
HCl [pH7.5], 150 mM NaCl, 0.01% Tween 20, and 5% skim milk 
[Wako]) at 4°C overnight and washed with the washing solution 
before use. Samples were added to the wells and incubated for 
2 hours at room temperature. After washing 3 times with wash-
ing solution, HRP- conjugated anti- mouse CX3CL1 mAb (KAN 
Research Institute) was injected at 50 μl/well, and incubated for 
1 hour at room temperature. After 3 washes with washing solu-
tion, 3,3′,5,5′- Tetramethylbenzidine Liquid Substrate System for 
ELISA (Sigma) was injected at 100 μl/well and incubated for 30 
minutes at room temperature. To stop the reactions, 0.5M H2SO4 
was added at 100 μl/well, and the optical density at 450–650 nm 
was measured.

Reverse transcription–polymerase chain reaction 
(RT- PCR). Total RNA was isolated from mouse skin or cultured der-
mal fibroblasts using RNeasy spin columns (Qiagen) and digested 
with DNase I (Qiagen) to remove chromosomal DNA. Total RNA 
was reverse- transcribed to complementary DNA using a reverse 
transcription system with random hexamers (Takara Bio). Real- 
time RT- PCR was performed using a StepOnePlus real- time PCR 
system (Applied Biosystems). All data were normalized to GAPDH 
messenger RNA (mRNA) to calculate the relative expression.

Flow cytometric analysis. Immunocytes were harvested 
from the mouse back skin after day 7 and day 14 of bleomycin 
injections (27). Monoclonal antibodies against the following mouse 
antigens were used: Alexa Fluor 488–conjugated anti- CD45, 
allophycocyanin (APC)–Cy7–conjugated anti–Gr- 1, APC–Cy7–
conjugated anti–Ly- 6G, Pacific Blue–conjugated anti- CD11b, 
PerCP- conjugated anti–Ly6- C, PerCP–Cy5.5–conjugated anti- 
CX3CR1, and phycoerythrin–Cy7–conjugated anti- CD206 (all 
from BioLegend). To distinguish dead cells from live cells, the Live/
Dead Fixable Aqua Dead Cell Stain kit (Invitrogen) was used. The 
single- cell suspensions obtained as described above were stained 
for 20 minutes at 4°C using the indicated mAb at predetermined 
optimal concentrations for 7- color immunofluorescence analysis. 
Stained samples were analyzed on a FACSCanto II system (BD 
Biosciences). Data were analyzed using FlowJo software version 7.

Visualization of the cutaneous vascular network in 
mice. DyLight 649–conjugated Lycopersicon esculentum lectin 
(LEL), which stains endothelium, was purchased from Vector. 
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Anesthetized mice (3% isoflurane) were injected retroorbitally 
with DyLight 649–conjugated LEL (100 μg/head), and 5 minutes 
later mice were transcardially perfused with 2% paraformalde-
hyde/Hanks’ balanced salt solution containing Ca2+ and Mg2+ at 

1–2 ml/minute. Then, skin was harvested and fixed, followed by 
 treatment with the Illumination of Cleared Organs to Identify Tar-
get Molecules (LUCID) method (28), which renders tissues trans-
parent. Two- photon laser scanning microscopy was performed 

Figure 1. Anti- CX3CL1 monoclonal antibody (mAb) inhibits transforming growth factor β (TGFβ)–induced fibrotic responses in cultured human 
dermal fibroblasts by antagonizing the phosphorylation of Smad3. A, Expression of CX3CL1 and CX3CR1 in cultured normal human dermal 
fibroblasts. Boxed areas show higher-magnification views. Bars = 50 μm. B, Expression of mRNA for CX3CL1 and CX3CR1 in cultured normal 
human dermal fibroblasts left unstimulated or stimulated with TGFβ1. Values are the mean ± SEM (n = 3 samples per group). ** = P < 0.01. 
C–E, Production of type I collagen α2 chain (COL1A2) (C), fibronectin 1 (FN1) (D), and pSmad3 (E) by cultured human dermal fibroblasts left 
unstimulated or stimulated with TGFβ1 and treated with either anti- human CX3CL1 mAb or control IgG. Values are the mean ± SEM (n = 4 
samples per group). * = P < 0.05; ** = P < 0.01. F, Immunostaining for pSmad3 (green) in human fibroblasts left unstimulated or stimulated 
with TGFβ1 and treated with either anti- human CX3CL1 mAb or control IgG. Nuclei (blue) were stained with DAPI. Representative results are 
shown. Bars = 100 μm.
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with an A1R MP+ system (Nikon) with an inverted microscope 
(Ti- E; Nikon) driven by a laser (Chameleon Vision II Ti:Sapphire) 
tuned to 780 nm. The inverted Ti- E microscope was customized 
for the CFI75 objective lens series, and a CFI75 LWD 16×W lens 
(numerical aperture 0.8, working distance 3.0 mm; Nikon) was 
used. Fluorescence signals were detected using a 633- nm long- 
pass emission filter for DyLight 649. Three- dimensional vascular 
network images of the skin and dermis were acquired by 3 × 3 
tiling mode and 3- mm z- steps. Data were processed by spectral 
unmixing based on spectral information for the regions of interest 
using NIS- elements Ar (Nikon).

Statistical analysis. All data are presented as the mean ± 
SEM and were analyzed using Graph Pad Prism software, version 
7. The significance of differences between samples was deter-
mined by Student’s 2- tailed t- test. P values less than or equal to 
0.05 were considered significant.

RESULTS

Up- regulation of CX3CL1 and CX3CR1 expression in 
human dermal fibroblasts stimulated with TGFβ. We con-
firmed the expression of both CX3CL1 and its receptor (CX3CR1) 
on normal human skin fibroblast cell lines by immunofluorescence 
staining (Figure 1A). The expression levels of CX3CL1 and CX3CR1 
were augmented by TGFβ1 stimulation (Figure 1B). Similar results 
were found in mouse skin fibroblasts isolated from C57BL/6 wild- 
type mice (data not shown).

Anti- CX3CL1 mAb inhibits TGFβ- induced fibrotic 
responses in cultured human dermal fibroblasts via 
suppression of Smad3 phosphorylation. We next exam-
ined the biologic effect of anti- human CX3CL1 mAb on in vitro 
ECM synthesis using normal human skin fibroblasts. As shown 
in Figures 1C and D, recombinant human TGFβ1 stimulated 
baseline protein expression of type I collagen α2 chain and 
fibronectin 1 by 24 hours. A 1- hour pretreatment with 10 μg/ml  
of anti- human CX3CL1 mAb significantly suppressed the 
TGFβ1- dependent induction of both proteins. In contrast, 
administration of anti- human CX3CL1 mAb did not significantly 
affect the expression of these proteins in unstimulated fibro-
blasts.

Smad signaling is the primary pathway downstream of 
TGFβ. To investigate the antifibrotic effect of anti- CX3CL1 mAb 
on the Smad- dependent pathway, we evaluated the phosphor-
ylation of Smad3 in human dermal fibroblasts treated with 
recombinant human TGFβ1. Preincubation with anti- human 
CX3CL1 mAb abrogated the TGFβ1- dependent increase in 
Smad3 phosphorylation in cultured dermal fibroblasts, as 
shown by Western blotting and immunocytochemical analy-
sis (Figures 1E and F). Anti- human CX3CL1 mAb did not affect 
the phosphorylation of Smad3 in unstimulated human dermal 

fibroblasts. These results indicate that pretreatment with anti- 
CX3CL1 mAb efficiently inhibits the fibrogenic activity induced by 
TGFβ1 in dermal fibroblasts.

Anti- CX3CL1 mAb treatment or CX3CR1 deficiency 
protects against dermal fibrosis in bleomycin- treated 
mice. To survey the role of the CX3CL1/CX3CR1 pathway in skin 
fibrosis in vivo, lesional skin sections from mice injected with 
NaCl or bleomycin (150 μg) were assessed. As shown in Fig-
ures 2A and B, the increases in dermal thickness and collagen 
content were significantly inhibited in bleomycin- injected mice 
simultaneously treated with anti- mouse CX3CL1 mAb. On the 
other hand, anti- CX3CL1 mAb therapy did not show significant 
effects on established skin fibrosis in the curative experiment 
(data available upon request from the corresponding author). 
Consistent with the findings of the preventive experiment of anti- 
mouse CX3CL1 mAb, there was a reduction in dermal thickness 
and collagen in bleomycin- injected CX3CR1−/− mice compared 
to bleomycin- injected wild- type mice (Figures 2C and D).

Increased CX3CL1 expression in the skin and serum 
of bleomycin- treated mice. We next wanted to investigate 
the mechanism underlying the effects of anti- CX3CL1 mAb treat-
ment on the development of bleomycin- induced skin fibrosis. To 
this end, we investigated the expression of CX3CL1 in the skin of 
untreated and bleomycin- treated mice using dual immunofluo-
rescence microscopy and antibodies against CX3CL1, keratin 5, 
and CD31. CX3CL1 was expressed by keratin 5–positive kerat-
inocytes, CD31- positive endothelial cells, and some spindle- 
shaped cells in the dermis (Figure 2E). The expression of CX3CL1 
tended to be increased on keratinocytes and spindle- shaped 
cells in bleomycin- injected mouse skin compared to untreated 
mouse skin (Figure 2E).

To examine whether bleomycin treatment of mice alters the 
level of serum CX3CL1, we evaluated CX3CL1 levels by ELISA. 
Serum CX3CL1 levels were markedly increased after just 1 day of 
bleomycin treatment and gradually decreased on days 3 and 7. 
Compared to untreated mice, serum CX3CL1 levels were signifi-
cantly higher in bleomycin- treated mice (Figure 2F).

Bleomycin injection up- regulates TGFβ1, while treat-
ment with anti- CX3CL1 mAb inhibits the canonical TGFβ1 
signaling pathway in the skin. To evaluate the modulation 
of TGFβ by anti- mouse CX3CL1 mAb in vivo, we examined the 
expression of TGFβ1 protein in lesional mouse skin by immunohis-
tochemical staining. Injection of bleomycin strongly up- regulated 
TGFβ1 expression in the mouse skin, while concurrent administra-
tion of anti- mouse CX3CL1 mAb tended to inhibit the expression 
of TGFβ1 on F4/80- positive macrophages and α- SMA–positive 
myofibroblasts (Figure  2G). To assess TGFβ signaling activity in 
situ, expression of pSmad3, a highly sensitive and specific marker 
of TGFβ activity, was examined.  Immunohistochemical analysis 
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showed that bleomycin treatment induced a marked up- regulation 
of pSmad3 in F4/80- positive macrophages and α- SMA–positive 
myofibroblasts in the skin. However,  anti- mouse CX3CL1 mAb 

treatment inhibited this response (Figure 2H). Thus, treatment with 
anti- mouse CX3CL1 mAb significantly inhibited the expression and 
signaling of TGFβ1 induced by bleomycin injection in mouse skin.

Figure 2. Suppression of bleomycin (BLM)–induced skin fibrosis in mice treated with anti- mouse CX3CL1 monoclonal antibody (mAb) and 
in CX3CR1−/− mice. Mice received repeated subcutaneous injections of bleomycin, which up- regulated CX3CL1 in the skin and serum. Mice 
injected with NaCl were used as controls. A and C, Representative histopathologic skin changes in bleomycin- induced skin fibrosis in mice 
treated with anti- mouse CX3CL1 mAb (A) and mice deficient in CX3CR1 (C). Arrows indicate dermal thickness. Bars = 100 μm. H&E = 
hematoxylin and eosin. B and D, Skin fibrosis in mice treated with bleomycin versus mice treated with bleomycin and anti- CX3CL1 mAb (B) and 
in wild- type (WT) mice treated with bleomycin versus CX3CR1−/− mice treated with bleomycin (D), as indicated by dermal thickness, the ratio 
of trichrome- stained area to total skin area, and soluble collagen level. Values are the mean ± SEM (n = 5–10 mice per group). * = P < 0.05;  
** = P < 0.01. E, CX3CL1 expression in keratin 5–positive keratinocytes and CD31- positive endothelial cells from normal and bleomycin- injected 
mouse skin. Bars = 50 μm. F, Serum levels of soluble CX3CL1 in normal mice and bleomycin- injected mice on days 1, 3, and 7 of bleomycin 
treatment. Values are the mean ± SEM (n = 3–8 mice per group). * = P < 0.05; ** = P < 0.01. G and H, Expression of transforming growth factor 
β1 (TGFβ1) (G) and phosphorylation of Smad3 (H) in F4/80- positive macrophages and α- smooth muscle actin (α- SMA)–positive myofibroblasts 
in the dermis of control mice (injected with NaCl), mice injected with bleomycin, and mice injected with bleomycin and anti- CX3CL1 mAb. Boxed 
areas show higher-magnification views of the cells indicated by the arrows. Bars = 50 μm.
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Reduction in bleomycin- induced early- stage inflam-
matory cell infiltration in mice treated with anti- CX3CL1 
mAb. Immunohistochemical staining revealed that bleomycin 
injection induced dense infiltration of CX3CR1+ cells into the 
mouse skin, which was inhibited by simultaneous treatment 
with anti- mouse CX3CL1 mAb (Figure 3A). Among the infiltrating 
cells, F4/80+ macrophages and CD3+ T cells were significantly 
reduced by concurrent administration of anti- mouse CX3CL1 
mAb (Figures  3A and B). Fluorescence- activated cell sorting 
confirmed that treatment with anti- mouse CX3CL1 mAb reduced 
CX3CR1+ leukocyte infiltration into the skin in this mouse model 
of SSc (Figure 3C).

Reduction in the bleomycin- induced infiltration 
of inflammatory CD11b+Ly- 6Chigh and profibrotic M2 
macro phages into the skin in mice treated with anti- 
CX3CL1 mAb. As shown in Figures  3A and B, the main infil-
trating cell population in bleomycin- injected mouse skin was 
macrophages. Thus, to further investigate the effects of anti- 
mouse CX3CL1 mAb on macrophage subsets, we isolated leu-
kocytes from lesional mouse skin (on day 14) and stained them 

for surface markers. Infiltration of CD11b+Ly- 6Chigh macrophages 
was found to be markedly increased in the mouse skin following 
treatment with bleomycin, and simultaneous anti- mouse CX3CL1 
mAb treatment resulted in a significant reduction in these cells in 
the skin (Figure 3D).

M2- like macrophages are well known to play an important 
role in the pathologic fibrotic response (29). Therefore, we next 
examined the impact of treatment with anti- mouse CX3CL1 
mAb in this mouse model of SSc on the M2- like macrophage 
population using the M2 macrophage cell surface marker 
CD206. We found a greater percentage of CD11b+CD206+ 
cells in bleomycin- injected skin than in NaCl- injected skin. In 
addition, anti- mouse CX3CL1 mAb administration significantly 
reduced the proportion of these cells in bleomycin- injected 
skin (Figure 3E). It should be noted that it was technically dif-
ficult to calculate accurate numbers of infiltrating Ly- 6C− or 
CD206+ macrophages due to the challenge of isolating cells 
from the skin. However, considering the immunohistochemical 
findings regarding total macrophages (Figure 3B), the effect of 
anti- mouse CX3CL1 mAb seen on the reduction of these mac-
rophage subsets is likely notable.

Figure  3. Reduction in inflammatory cell infiltration into the mouse skin by anti- mouse CX3CL1 monoclonal antibody treatment. A, 
Coimmunostaining for CX3CR1 and F4/80 in frozen sections of mouse skin harvested after 7 days of bleomycin (BLM) injection. Bars = 200 μm. 
B, Immunostaining for CD3 and F4/80 in paraffin- embedded sections of mouse skin harvested after 7 days of bleomycin injection. In the left 
panel, bars = 100 μm. In the right panel, values are the mean ± SEM (n = 5 mice per group). * = P < 0.05. C–E, Fluorescence- activated cell sorting 
analysis of CX3CR1+ (C), Ly- 6Chigh (D), and CD206+ (E) leukocytes isolated from mouse skin after 7 days (C) or 14 days (D and E) of bleomycin 
injection. Values in the left panels are the percentage of cells. Values in the right panels are the mean ± SEM (n = 3–5 mice per group). * = P < 0.05.
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Inhibition of the bleomycin- induced expression of 
profibrotic factors in the skin of mice treated with anti- 
CX3CL1 mAb. TSLP is an epithelial cell–derived cytokine that is 
activated in immunologic disorders and especially in Th2- mediated 
allergic diseases. Recently, the relationship between TSLP and skin 
fibrosis has been demonstrated in several studies (30–32). SPP- 
1, a profibrotic cytokine also known as osteopontin, is expressed 
by various cells, including fibroblasts, epithelial cells, endothelial 

cells, and macrophages. SPP- 1 regulates fibroblast behavior and 
myofibroblast differentiation (33) and has been reported to promote 
inflammation (34,35). To examine the impact of anti- mouse CX3CL1 
mAb on TSLP and SPP- 1 levels in vivo, mRNA and protein expres-
sion were evaluated. The accumulation of TSLP and SPP- 1  protein 
in mouse lesional skin was detected by immunohistochemistry 
(Figure 4A) and their mRNA levels were determined by quantitative 
RT- PCR (Figure 4B). Both were found to be significantly reduced by 
simultaneous anti- mouse CX3CL1 mAb treatment.

We next investigated the expression of several profibrotic 
cytokines in mouse sera and found IL- 1β and IL- 6 levels to be 
rapidly increased following bleomycin injection and significantly 
suppressed by anti- mouse CX3CL1 mAb administration (data 
available upon request from the corresponding author).

Prevention of bleomycin- induced microvascular 
damage in mice treated with anti- CX3CL1 mAb. SSc is 
characterized by a reduction in the number of blood capillaries, an 
event that occurs in parallel with tissue fibrosis. Compared to NaCl- 
injected mice, there was serious microvascular loss in the skin of 
bleomycin- injected mice on day 14 (Figure 5A), while simultaneous 
anti- mouse CX3CL1 mAb treatment did provide some protection 
against this vascular injury. To clarify this efficacy of anti- mouse 
CX3CL1 mAb treatment, we next measured vascular density in 
the mouse skin by immunostaining for type IV collagen in frozen 
skin samples. As expected, in the upper dermis, where most of the 
blood vessels are capillaries, the number of type IV collagen–pos-
itive capillaries was notably reduced following bleomycin injection. 
However, this reduction in type IV collagen–positive capillaries was 
inhibited in anti- mouse CX3CL1 mAb–treated mice (Figure 5B).

Inhibition of growth factor–induced skin fibrosis 
in mice treated with anti- CX3CL1 mAb. To examine the 
efficacy of anti- CX3CL1 mAb in another model of SSc, we next 
examined a growth factor–induced fibrosis model. Serial sub-
cutaneous injection of TGFβ (for 3 days) followed by CTGF (for 
4 days) induced prominent collagen accumulation in newborn 
BALB/c mice. However, simultaneous subcutaneous injection of 
anti- CX3CL1 mAb was found to significantly reduce skin thick-
ness and collagen accumulation (Figure 6). Thus, anti- CX3CL1 
mAb is effective in diminishing fibrosis in a skin fibrosis model 
other than the bleomycin- induced model of SSc.

DISCUSSION

The present study demonstrated that neutralizing anti- 
human CX3CL1 mAb directly inhibited canonical TGFβ sig naling 
cascades and subsequent ECM expression in cultured human 
fibroblasts. Consistent with this finding, simultaneous injection 
with anti- mouse CX3CL1 mAb and bleomycin or CTGF signif-
icantly inhibited the development of fibrosis in the bleomycin- 
induced model and growth factor–induced model, respectively, 

Figure 4. Inhibition of the bleomycin (BLM)–induced expression of 
thymic stromal lymphopoietin (TSLP) and secreted phosphoprotein 
1 (SPP- 1) in the skin of mice treated with anti- CX3CL1 monoclonal 
antibody. A, Representative results of immunohistochemical staining 
for TSLP and SPP- 1 in mouse skin tissues harvested after 7 days 
of bleomycin injection. Bars = 100 μm. B, Relative levels of mRNA 
for TSLP and SPP- 1 in mouse skin tissues harvested after 14 days 
of bleomycin injection. Symbols represent individual mice (n = 5 per 
group); horizontal lines show the mean. * = P < 0.05; ** = P < 0.01.
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of skin fibrosis. In addition, anti- CX3CL1 mAb treatment pro-
tected against bleomycin- induced inflammation and vascular 
injury. This approach may be an effective therapy for early skin 
fibrosis in SSc patients and should be explored further.

Interestingly, TGFβ treatment was found to strongly up- 
regulate the expression of CX3CL1 and CX3CR1 on both human 
and mouse dermal fibroblasts. Further, recent studies have shown 
that CX3CL1 promotes the proliferation of cardiofibroblasts and 
their collagen synthesis (36,37). These findings led us to hypoth-
esize that blockade of the CX3CL1/CX3CR1 pathway may inhibit 
the fibrogenic activity of dermal fibroblasts in response to TGFβ. 
As expected, our in vitro experiment showed that anti- human 
CX3CL1 mAb treatment significantly reduced type I collagen α2 
chain and fibronectin 1 expression in cultured human dermal fibro-
blasts stimulated with TGFβ1.

To the best of our knowledge, this study is the first to demon-
strate that anti- CX3CL1 mAb inhibits ECM synthesis by dermal 
fibroblasts. To elucidate the underlying mechanism of this inhibi-
tion, we further investigated the effect of anti- CX3CL1 mAb on the 
TGFβ signaling pathway. Previous studies indicated that dermal 
fibroblasts from patients with SSc showed constitutive Smad2/3 
phosphorylation and nuclear localization, and various levels of 
abnormal Smad signaling (9). Therefore, we examined the effect 
of anti- human CX3CL1 on the Smad- dependent pathway by 
Western blot analysis of lysates from cultured human dermal fibro-
blasts. Our data showed that anti- human CX3CL1 mAb treatment 
significantly inhibited Smad3 phosphorylation in cultured human 
dermal fibroblasts stimulated with TGFβ1.

Simultaneous treatment with anti- mouse CX3CL1 mAb inhib-
ited both bleomycin- induced and growth factor–induced skin 
fibrosis. In addition, dermal fibrosis and collagen accumulation in 
response to bleomycin injection were significantly decreased in 

the skin of CX3CR1- deficient mice compared to that of wild- type 
mice. These findings are consistent with those of a previous study 
that showed significantly inhibited growth factor–induced skin 
fibrosis in CX3CR1- deficient mice (18).

In this study, bleomycin induced the accumulation of mac-
rophages and T cells, most of which were positive for CX3CR1. 
However, there was a significant reduction in the number of infiltrat-
ing cells following anti- mouse CX3CL1 mAb treatment (Figures 3A 
and B). Since CX3CR1 is the sole receptor of CX3CL1, these find-
ings are not surprising. Macrophages are important sources of 
fibrotic cytokines, including TGFβ, and are believed to play a key 
role in the pathogenesis of fibrotic disorders, including SSc (7,38).

Circulating monocytes can be classified as Ly- 6Chigh or 
Ly- 6Clow monocytes (5,39). Ly6- Chigh inflammatory monocytes 
respond to inflammatory signals and leave the circulation by 
extravasation, whereas Ly6- Clow monocytes patrol the luminal 
side of the vasculature. Recent studies have demonstrated that 
Ly6- Chigh inflammatory monocytes are increased in the tissues in 
mouse models of fibrosis, including lung fibrosis, unilateral ure-
teral obstruction–induced fibrosis, and bleomycin- induced skin 
fibrosis (25,40,41). Depending on the specific cytokines to which 
they are exposed, tissue Ly6- Chigh macrophages down- regulate 
Ly- 6C and polarize cells into tissue- remodeling/profibrotic (M2- 
like) macrophages (39). In our experiments, there was a notable 
increase in CD11b+Ly- 6Chigh macrophages in the skin following 
14 days of bleomycin injections, which was significantly inhib-
ited by the administration of anti- mouse CX3CL1 mAb.

We also detected a parallel increase in the CD11b+CD206+ 
M2- like subset of cells at the same time point, and blockade of this 
phenomenon by anti- mouse CX3CL1 mAb treatment. Specifically, 
M2- like macrophages have been implicated as critical mediators 
in various tissue fibrosis models, including bleomycin- induced skin 

Figure 5. Prevention of bleomycin (BLM)–induced microvascular damage in mice treated with anti- mouse CX3CL1 monoclonal antibody (mAb). 
A, Vasculature in mouse back skin samples harvested after 14 days of daily bleomycin injection. Vasculature was visualized by intravenous 
injection of DyLight 649–conjugated Lycopersicon esculentum lectin. Bars = 200 μm. B, Representative immunofluorescence images of type IV 
collagen staining in lesional frozen skin samples from mice treated with bleomycin for 7 days. Quantification of the number of type IV collagen–
positive capillaries in mice treated with NaCl (open bar), mice treated with bleomycin and IgG (solid bar), and mice treated with bleomycin and 
anti- CX3CL1 mAb (shaded bar) is shown. Bars = 50 μm. Values are the mean ± SEM (n = 3 mice per group). ** = P < 0.01.
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fibrosis (6,8,29). M2- like macrophages likely appear during the 
fibrotic stage, either via differentiation of newly recruited infiltrating 
macrophages or by in situ transition of previously  differentiated, 
infiltrating M1- like macrophages or Ly- 6Chigh inflammatory mac-
rophages in the presence of Th2 cytokines, such as IL- 4 (29,41). 

Thus, the reduction in precursor Ly- 6Chigh macrophages in anti- 
mouse CX3CL1 mAb–treated mice may partially explain how 
anti- mouse CX3CL1 mAb treatment reduces CD11b+CD206+ 
(M2- like) macrophages in the skin.

In patients with SSc, vasculopathy usually precedes tissue 
fibrosis. Vasculopathy in SSc is characterized by impaired angio-
genesis and vasculogenesis, and it is the persistence of these 
abnormalities that results in the loss of functional capillaries and 
blood flow (42). Therefore, we evaluated the structure and density 
of dermal capillaries in bleomycin- injected mouse skin. Although 
treatment with bleomycin markedly reduced the number of 
 capillaries, simultaneous treatment with anti- mouse CX3CL1 mAb 
prevented this microvascular injury. It has been demonstrated 
that endothelial cells are able to transform to mesenchymal cells 
(endothelial- to- mesenchymal transition) and that this transition 
might be a critical source of the fibrotic process (43). Endothelial- 
to- mesenchymal transition can lead to endothelial cell loss 
with the induction of fibrosis. Recently, signs of TGFβ- induced 
endothelial- to- mesenchymal transition have been detected in 
SSc patients and mouse models of SSc (44). Although the exact 
role of the CX3CL1/CX3CR1 axis in endothelial- to- mesenchymal 
transition remains unclear, our data suggest that anti- CX3CL1 
mAb therapy may be useful for protecting against vascular injury 
during SSc.

TSLP and SPP- 1 are profibrotic molecules reported to pro-
mote tissue fibrosis, and both are overexpressed in the skin of 
SSc patients (30,31,45). Importantly, deficiency of either TSLP or 
SPP- 1 results in a reduction in bleomycin- induced dermal fibrosis 
in mice (31,45). Consistent with this finding, our study demon-
strated that bleomycin injection causes up- regulated expression 
of TSLP and SPP- 1 in mouse skin. Moreover, induction of these 
profibrotic molecules was suppressed, with a concomitant ame-
lioration of skin fibrosis, in anti- mouse CX3CL1 mAb–treated mice.

Soluble CX3CL1 levels increased in mouse sera immediately 
upon the start of bleomycin treatment. Previous studies showed 
that serum CX3CL1 levels were elevated in SSc patients, espe-
cially patients with diffuse skin sclerosis, interstitial lung dis-
ease, or digital ulcers (16,46). Among the several cytokines 
and chemokines we evaluated, serum levels of IL- 1β and IL- 6 
were also found to be increased in mice immediately after the 
first subcutaneous bleomycin injection. However, anti- mouse 
CX3CL1 mAb therapy significantly inhibited this induction. In 
contrast, serum IL- 12 (p70) was not detectable after bleomycin 
injection, but was present in sera following anti- mouse CX3CL1 
mAb treatment. Many studies have indicated important roles of 
IL- 1β and IL- 6 in the pathogenesis of SSc (47,48). Of interest is 
the finding that blockade of IL- 6 normalizes the expression of 
TGFβ- regulated genes and pathways in human SSc (49). More-
over, serum IL- 6 levels significantly correlate with the total skin 
thickness score in patients with SSc (50), whereas increased 
serum IL- 12 levels are associated with a decreased extent of 
skin sclerosis in SSc (51). Taken together, our results and previ-

Figure 6. Inhibition of skin fibrosis induced by serial subcutaneous 
injection of transforming growth factor β (TGFβ) and connective 
tissue growth factor (CTGF) in mice treated with anti- mouse CX3CL1 
monoclonal antibody (mAb). A, Representative histopathologic skin 
changes in TGFβ and CTGF–induced skin fibrosis in mice treated 
with anti- CX3CL1 mAb. Control mice were treated with vehicle and 
phosphate buffered saline (PBS). Arrows show the thickness of 
the fibrotic area. Bars = 200 μm. H&E = hematoxylin and eosin. B, 
Skin fibrosis in mice treated with vehicle, mice treated with TGFβ 
and CTGF, and mice treated with TGFβ and CTGF and anti- CX3CL1 
mAb, as indicated by fibrotic tissue thickness and the ratio of 
trichrome- stained area to total skin area. Solid bars represent mice 
that were treated with IgG in addition to TGFβ and CTGF; shaded 
bars represent mice that were treated with anti- CX3CL1 mAb in 
addition to TGFβ and CTGF. Values are the mean ± SEM (n = 4–6 
mice per group). ** = P < 0.01.
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ous findings suggest that anti- CX3CL1 mAb therapy may amelio-
rate the abnormal cytokine balance in patients with SSc.

Thus far, there is no established therapy for skin fibrosis 
in SSc. Humanized anti- CX3CL1 mAb (E6011) has been eval-
uated in a clinical trial for the treatment of rheumatoid arthritis 
(NCT02196558) and was found to be well tolerated in patients 
in whom methotrexate or tumor necrosis factor inhibitors had a 
negligible effect (52).

In summary, the findings in this study demonstrate that the 
CX3CL1/CX3CR1 pathway is activated in SSc and that inhibition 
of this axis reduces the fibrogenic activity of human dermal fibro-
blasts in vitro and inhibits early skin inflammation and subse-
quent fibrosis in mouse models of SSc. Our results suggest that 
anti- CX3CL1 mAb protects against skin fibrosis through direct 
inhibition of ECM production by fibroblasts and by reducing the 
infiltration of fibrogenic molecule–producing leukocytes into the 
skin. Therefore, humanized anti- CX3CL1 mAb may be a candi-
date for clinical trials of treatment of early skin fibrosis in SSc.
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Objective. To examine cause- specific mortality beyond cardiovascular diseases (CVDs) in patients with gout 
compared to the general population.

Methods. We included all residents of Skåne (Sweden) age ≥18 years in the year 2002. Using the Skåne Health-
care Register, we identified subjects with a new diagnosis of gout (2003–2013) and matched each person with gout 
with 10 comparators free of gout, by age and sex. We used information on the underlying cause of death from the 
Swedish Cause of Death Register (through December 31, 2014) to estimate hazard ratios (HRs, with 95% confidence 
intervals [95% CIs]) of mortality for specific causes of death in a multi- state Cox model, with adjustment for potential 
confounders.

Results. Among 832,258 persons, 19,497 had a new diagnosis of gout (32% women) and were matched with 
194,947 comparators. Subjects with gout had higher prevalence of chronic kidney disease, metabolic disease, and 
CVD. Gout was associated with 17% increased hazard of all- cause mortality overall (HR 1.17 [95% CI 1.14–1.21]), 
23% in women (HR 1.23 [95% CI 1.17–1.30]), and 15% in men (HR 1.15 [95% CI 1.10–1.19]). In terms of cause- 
specific mortality, the strongest associations were seen in the relationship of gout to the risk of death due to renal 
disease (HR 1.78 [95% CI 1.34–2.35]), diseases of the digestive system (HR 1.56 [95% 1.34–1.83]), CVD (HR 1.27 
[95% CI 1.22–1.33]), infections (HR 1.20 [95% CI 1.06–1.35]), and dementia (HR 0.83 [95% CI 0.72–0.97]).

Conclusion. Several non- CV causes of mortality are increased in persons with gout, emphasizing the need for 
improved management of comorbidities.

INTRODUCTION

Gout is the most common inflammatory arthritis, with ~8.3 
million affected adults in the US (1). It is often associated with 
comorbidities, especially metabolic syndrome, cardiovascular 
disease (CVD), and chronic kidney disease, while there is con-
flicting evidence regarding the association between gout and 
dementia (2–6).

The increased risk of renal disease and CVD is thought to be 
due to hyperuricemia contributing to low- grade systemic inflam-
mation, increased oxidative stress, and activation of the renin- 
angiotensin system, which primarily results in vasculopathy (7,8). 
The association between gout and dementia is not so clear. While 
the hydrophilic antioxidant properties of serum urate may be neu-

roprotective, the vascular disease associated with hyperuricemia 
may contribute to cognitive decline (9,10).

Historically, the burden of comorbidities in gout has trans-
lated into higher mortality rates (11). This excess mortality 
among gout patients has been previously attributed mainly to 
CV causes (12–19). It is unclear whether women have simi-
lar risks to men, as most studies have mostly or exclusively 
included men, and thus precise estimates in women are lack-
ing (13,14,17–19).

This burden of excess mortality may reasonably be expected 
to decrease in the 21st century in line with decreasing rates of 
overall mortality, including deaths attributable to CVD over the 
past decade in the general population and decreasing premature 
mortality related to rheumatoid arthritis (20,21). However, the pre-
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mature mortality gap in gout seems to have remained stable over 
the past 16 years (22). Whether this finding of a stable premature 
mortality gap remains true for the 21st century, and what comor-
bidities may contribute to the excess burden of mortality beyond 
CVD in persons with gout, requires clarification. We therefore 
evaluated the risk of overall mortality in gout and cause- specific 
contributions to mortality beyond CVD, including renal disease, 
dementia, infection, diabetes, diseases of the digestive system, 
lung diseases, and neoplasm, in a large population- based cohort.

PATIENTS AND METHODS

Data sources. We used the Swedish Population Register 
to identify all residents of the Skåne region (~1 million inhabitants 
age ≥18 years), and the Skåne Healthcare Register, a mandatory 
register containing data regarding health care visits for all residents 
of Skåne between 1998 and 2014, to collect information about 
diagnosed diseases. The register contains information about all 
health care visits made in the region including, among others, the 
personal unique identification number, the date of visit, the health 
care provider, and the health care visit level (in patient, specialist, 
primary care). For the visits to public health care providers, we 
retrieved up to 8 diagnostic codes registered by the treating phy-
sicians for each visit, according to the International Classification 
of Diseases 10th Revision (ICD- 10). Data from the Swedish Cause 
of Death Register, containing information from death certificates, 
were used to identify the underlying cause of death for all individ-
uals who died between 2003 and 2014 (23). The Swedish Cause 
of Death Register is maintained by the National Board of Health 
and Welfare and follows recommendations from the World Health 
Organization for identifying the underlying cause of death (23). It 
has been shown to have high validity with respect to main diag-
nostic categories (24,25). The diagnoses in the Swedish Cause of 
Death Register are also recorded according to the ICD- 10 system. 
In addition, we collected socioeconomic data from the Longitudi-
nal Integrated Database for Health Insurance and Labour Market 
Studies provided by Statistics Sweden. The study was approved 
by the Lund University ethical review board (Dnr 2011–432 and 
Dnr 2014–276).

Study participants. We included all persons who were 
residents of Skåne between 1998 and 2002 and were age ≥18 
years at the end of the year 2002. The exposure of interest was a 
new diagnosis of gout. All subjects with at least 1 gout diagnosis 
code (ICD- 10 code M10) recorded by a physician between 1998 
and 2002 were excluded. We then identified subjects with a new 
diagnosis of gout recorded by a physician between January 1, 
2003 and December 31, 2013. The date of the new diagnosis of 
gout was the index date (start of follow- up). Among the popula-
tion at risk (i.e., persons not having received a diagnosis of gout), 
we randomly selected up to 10 comparators without gout and 
matched them with each person with gout by age and sex. The 

comparators were assigned the same index date as their respec-
tive gout match.

Outcome definition. The outcomes measures were all- 
cause mortality and cause- specific mortality. We classified the 
specific causes of death, based on the ICD- 10 classification of 
diseases, into CVD, renal disease, dementia, infection, diabe-
tes, disease of the digestive system, lung disease, neoplasm, 
and other (see Supplementary Table 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41008/ abstract).

Confounders. Potential confounders were selected based 
on previous studies on risk factors for gout and mortality and 
included demographic factors and specific comorbidities. Age 
and sex were recorded at the index date. Year of entry into the 
study, marital status, income, education, and whether the per-
son was born outside of Sweden were recorded in the year of 
the index date. Comorbidities (hypertension, ischemic heart dis-
ease, heart failure, cerebrovascular disease, diabetes mellitus, 
chronic kidney disease, dementia, diseases of the digestive sys-
tem, lung diseases, and neoplasm) were assessed within 5 years 
preceding the index date through diagnostic codes registered 
in the Skåne Healthcare Register (see Supplementary Table 2, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41008/ abstract).

Follow- up. Follow- up started at the index date. The end 
of the follow- up was at the date of death, relocation outside the 
Skåne region, or the end of the study (December 31, 2014), 
whichever occurred first.

Statistical analysis. We used Cox proportional hazards 
regression models to estimate the association between new 
gout diagnosis and death from any cause. The relationship of 
new gout diagnosis to cause- specific mortality was assessed 
using multi- state Cox proportional hazards models with robust 
standard errors. The hazard ratios (HRs) for the 9 distinct 
causes of death were estimated through a stratified model, in 
which each person was included 9 times, with the outcome 
recorded as either having occurred if the person died from 
the specific cause or absent if the person was alive or died 
from another cause. This model allows for valid estimation of 
epidemiologic associations between exposure and outcome 
in the presence of competing risks (26,27). All analyses were 
adjusted for potential confounders and stratified by neoplasms 
and hypertension due to non- proportionality of hazards. We 
also performed analyses stratified by sex.

Sensitivity analyses. First, we adjusted our primary 
analysis model for additional potential confounders, diagnosed 
tobacco use, obesity, dyslipidemia, or alcohol- related disorders. 

http://onlinelibrary.wiley.com/doi/10.1002/art.41008/abstract
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Second, to further examine the possible impact of competing 
causes of death on our results, we used the Fine and Gray com-
peting risk regression model. The Fine and Gray analysis answers 
a slightly different question from that of our main competing risk 
analysis, which is that of a real- life hazard of dying from a spe-
cific cause and not of an etiologic association between gout and 
cause- specific mortality (26). To further evaluate the association 
between gout and dementia- related death, we have performed an 
additional adjusted analysis where the causes of death of interest 
were vascular dementia (ICD- 10 code F01), neurodegenerative 
diseases (Alzheimer’s disease, G30 or Parkinson’s disease, G20) 
other dementias, or other cause of death.

Additionally, to account for potential misclassification of 
gout status due to possible limitations of the register data, we 
performed a probabilistic quantitative bias analysis. We assumed 
possible non- differential misclassification, with the range of posi-
tive predictive values for the diagnosis of gout being 50–90% and 
negative predictive values being 98.5–99.75% (Supplementary 
Table 3, http://onlin elibr ary.wiley.com/doi/10.1002/art.41008/ 
abstract). Lastly, we calculated E- values to assess the potential 
impact of unmeasured confounding (28).

RESULTS

Cohort selection. From our source population of >800,000 
subjects, there were 19,497 subjects with a new diagnosis of gout 
from 2003–2013. These subjects with gout were matched by age 
and sex with 194,947 subjects free of gout (2 persons with gout 
had <10 comparators and 1 person with gout had no comparator) 
(Figure 1).

Patient characteristics. Both groups had a mean age of 
70 years and 68% were male, with other demographic features 
very similar between the exposed and unexposed. All evaluated 
comorbidities had higher prevalence among the gout subjects 
than their matched comparators with the exception of dementia 
(Table 1). The age at gout diagnosis was higher for females (74.7 
± 13.7 years) than for males (67.9 ± 14.1). Baseline characteris-

tics of participants stratified by sex are presented in Supplemen-
tary Table 4, available on the Arthritis & Rheumatology web site 

at http://onlin elibr ary.wiley.com/doi/10.1002/art.41008/ abstract.

All- cause mortality. There were 46,268 deaths among 
subjects free of gout and 5,881 deaths among people with gout 
during a median follow- up time of 4.5 and 4.2 years, respectively. 
Adjusted hazard ratios (HRadj) with 95% confidence intervals (95% 
CIs) for the risk of death were calculated. The all- cause mortality 
rate per 1,000 person- years was 47.3 for subjects free of gout 
and 63.6 for subjects with gout, with an HRadj of 1.17, meaning 
a 17% higher hazard of mortality among persons with gout than 
those without gout. The incremental increase in the risk of mortal-
ity related to gout was larger among women than men (HRadj 1.23 
[95% CI 1.17–1.30] and HRadj 1.15 [95% CI 1.10–1.19], respec-
tively), which likely reflected the lower background risk of mortality 
among women generally.Figure 1. Disposition of the study participants.

Table 1. Baseline characteristics of the study participants*

Subjects  
free of gout 

(n = 194,947)

Newly  
diagnosed gout 

(n = 19,497)
Demographics

Age, mean ± SD years 70.1 ± 14.3 70.1 ± 14.3
Male sex 132,217 (68) 13,224 (68)
Annual income, mean 

± SD US dollars
20,570 ± 13,860 19,800 ± 12,870

Education†
≤9 years 78,327 (41) 8,575 (45)
10–12 years 72,572 (38) 7,515 (39)
13–14 years 16,608 (9) 1,393 (7)
≥15 years 23,518 (12) 1,698 (9)

Married 133,827 (69) 13,666 (70)
Born outside Sweden 24,232 (12) 2,328 (12)
Tobacco use‡ 1,825 (1) 279 (1)

Comorbidities§
Alcohol- related  

disorders
3,036 (2) 552 (3)

Hypertension 55,636 (29) 10,386 (53)
Ischemic heart 

disease
26,967 (14) 5,071 (26)

Heart failure 13,854 (7) 4,205 (22)
Cerebrovascular 

disease
14,368 (7) 2,076 (11)

Diabetes mellitus 20,233 (10) 3,818 (20)
Dyslipidemia 16,261 (8) 3,234 (17)
Obesity‡ 1,279 (1) 542 (3)
Chronic kidney 

disease
2,183 (1) 1,153 (6)

Dementia 7,651 (4) 580 (3)
Diseases of digestive 

system
48,411 (25) 6,261 (32)

Lung diseases 15,726 (8) 2,687 (14)
Neoplasm 30,169 (15) 3,387 (17)

* Except where indicated otherwise, values are the number (%). 
† Data were not available for 2% of the subjects. 
‡ Tobacco use and obesity were reported based on International 
Classification of Diseases 10th Revision (ICD- 10) codes registered at 
consultations to a physician during 5 years prior to the index date. 
§ Comorbidities were based on ICD- 10 codes reported on consulta-
tions during 5 years prior to the index date. 
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Cause- specific mortality. Overall, CVDs were the main 
cause of death in both subjects with gout and subjects free of 
gout (49.5% and 41.3%, respectively). The proportion of death 
due to renal diseases was higher among subjects with gout, 
while the proportion of dementia- related deaths among gout- free 
comparators was more than twice that among subjects with gout 
(Table 2).

The estimates for cause- specific mortality were in magnitude 
closer to 1 after adjustment for comorbidities as compared to 
those adjusted for age and sex only (Table 2). An elevated haz-
ard of CV- related mortality in gout was confirmed (HR 1.27 [95% 
CI 1.22–1.33]). Further, we found increased hazard of death due 
to renal diseases (HR 1.78 [95% CI 1.34–2.35]), diseases of the 
digestive system (HR 1.56 [95% CI 1.34–1.83]), and infections 
(HR 1.20 [95% CI 1.06–1.35]) in persons with gout as compared 
to those without gout. Gout was associated with lower hazard of 

dementia- related death (HR 0.83 [95% CI 0.72–0.97]) (Table 3).
In the stratified analyses, the effect of gout on cause- specific 

mortality was similar between the sexes. However, we found some 

indication that the association between gout and death from infec-
tions and renal disease may be more pronounced among women 
than men. However, there were relatively few deaths from renal 
diseases in this cohort, and these results need to be interpreted 
with caution (Table 3).

Results of sensitivity analysis. We found similar mag-
nitudes of association between gout and death related to spe-
cific dementia types, based on the adjusted hazard estimates 
for death related to unspecified dementia (HRadj 0.86 [95% CI 
0.71–1.04]), vascular dementia (HRadj 0.72 (95% CI 0.51–1.01), 
and neurodegenerative diseases (HRadj 0.83 [95% CI 0.62–1.10]). 
For other causes of death, similar yet slightly lower hazard esti-
mates were obtained from the models adjusted for additional 
comorbidities and the competing risks model adjusted using the 
Fine and Gray method (Supplementary Table 5, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41008/ abstract). Slightly lower estimates 
from the competing risks model were expected and could be 
attributed mostly to the fact that the majority of deaths were 
related to CV causes.

Accounting for a wide range of plausible, non- differential 
misclassification of gout diagnoses, the effect estimates in the 
probabilistic bias analysis were within 0–15% of the original effect 
estimates (Supplementary Table 3), reinforcing the internal validity 
of our results. Lastly, E- values ranged from 1.4–2.3, meaning that 
for the lower bound of the confidence intervals to reach 1, the 
association of 1 or more residual confounders with both gout and 
mortality would need to be ≥1.4–2.3 (depending on the specific 
cause of death). Such strong residual confounders are unlikely to 
be unaccounted for, given that adjustments were made for many 
known confounders.

Table 2. Causes of death by exposure status

Cause of death,  
no. (%)

Subjects  
free of gout 
(n = 46,268)

Newly  
diagnosed gout 

(n = 5,881)
Cardiovascular diseases 19,095 (41.3) 2,910 (49.5)
Renal disease 290 (0.6) 96 (1.6)
Dementia 3,895 (8.4) 221 (3.8)
Infections 2,611 (5.7) 327 (5.6)
Diabetes mellitus 1,001 (2.2) 201 (3.4)
Diseases of the 

digestive system
1,310 (2.8) 211 (3.6)

Lung diseases 1,706 (3.7) 208 (3.5)
Neoplasm 10,448 (22.6) 1,069 (18.2)
Other 5,912 (12.8) 638 (10.8)

Table 3. Cause- specific mortality overall and stratified by sex, among newly diagnosed gout subjects compared 
to persons free of gout

Cause- specific mortality

Adjusted hazard ratio (95% confidence interval)

Overall, adjusted for 
age, sex, entry year Overall* Men* Women*

Cardiovascular diseases 1.76 (1.69–1.84) 1.27 (1.22–1.33) 1.25 (1.18–1.32) 1.34 (1.24–1.44)
Renal diseases 3.84 (3.05–4.84) 1.78 (1.34–2.35) 1.38 (0.97–1.97) 4.19 (2.81–6.23)
Dementia 0.67 (0.59–0.77) 0.83 (0.72–0.97) 0.85 (0.70–1.03) 0.80 (0.65–0.99)
Infections 1.48 (1.32–1.66) 1.20 (1.06–1.35) 1.05 (0.90–1.23) 1.51 (1.25–1.83)
Diabetes mellitus 2.28 (1.96–2.65) 1.05 (0.89–1.24) 1.10 (0.90–1.34) 0.98 (0.74–1.32)
Diseases of the digestive 

system
1.82 (1.58–2.11) 1.56 (1.34–1.83) 1.73 (1.43–2.10) 1.36 (1.04–1.78)

Lung diseases 1.38 (1.19–1.59) 0.90 (0.77–1.05) 0.86 (0.71–1.05) 1.27 (1.00–1.61)
Neoplasm 1.14 (1.07–1.21) 1.05 (0.99–1.13) 1.05 (0.97–1.14) 1.08 (0.95–1.22)
Other† 1.24 (1.14–1.35) 1.15 (1.05–1.25) 1.14 (1.02–1.28) 1.18 (1.02–1.36)

* Adjusted for age, sex, year of entry into the study, marital status, income, education, birth outside Sweden, and 
comorbidities diagnosed within 5 years preceding index date: hypertension, ischemic heart disease, heart failure, 
cerebrovascular disease, diabetes mellitus, chronic kidney disease, dementia, diseases of the digestive system (see 
Supplementary Appendix Table 1 at http://onlinelibrary.wiley.com/doi/10.1002/art.41008/abstract, for a detailed 
list of causes), lung diseases, and neoplasm. 
† Most common underlying causes of death in the “other” category: ill- defined and unknown cause of mortality, 
age- related physical debility, exposure to unspecified factor, unspecified fall, and other disorders of the urinary 
system. 
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DISCUSSION

Our study is one of the few that assesses cause- specific 
mortality beyond CVDs among patients with gout and includes 
a large number of women with gout, a subgroup of patients not 
often included in previous studies. We were able to confirm the 
increased risk of death from CVDs consistent with historic data 
(12–19). Interestingly, gout was also associated with higher risk of 
death due to renal diseases, diseases of the digestive system and 
infections. These findings underscore the importance of comor-
bidities other than CV in management of gout. We also found 17% 
lower hazard of dementia- related death, which calls for further 
attention to be directed toward the association between hyperu-
ricemia and dementia.

This study assessing mortality due to gout has included the 
largest number of women (>6,000) to date and confirms the find-
ing from previous studies that gout also increases mortality among 
women. This effect may appear more pronounced than that in 
men due to the lower background risk of mortality in women gen-
erally, although we cannot rule out a possible real difference since 
women with gout are older and seem to be sicker than men (Sup-
plementary Table 4, http://onlin elibr ary.wiley.com/doi/10.1002/
art.41008/ abstract). Previous studies have included mostly Asian 
populations and showed consistently higher hazards of all- cause 
mortality in women with gout (13,14,19,29). Novel in our study are 
the sex- specific estimates that are more precise than before and 
the addition of cause- specific results.

Of the few studies that have assessed specific causes of 
death beyond CVDs in gout subjects, most have evaluated Asian 
cohorts and have restricted additional causes of death to renal 
diseases (14,19). Considering the particularities of such popu-
lations, including genetics (as the HLA–B5801–related risk for 
allopurinol hypersensitivity syndrome) and possible differences in 
dietary patterns and lifestyle, the extrapolation of those results to 
other populations may not be appropriate (19,30,31).

To our knowledge, our study is the first to evaluate the rela-
tionship between gout and the risk of dementia- related death. 
Most available studies have focused on the relationship between 
serum urate levels and cognitive decline or dementia (incident or 
established). The findings have been contradictory, with some 
studies identifying an inverse association between hyperurice-
mia and dementia (3,4,32), others reporting an increased risk of 
cognitive dysfunction associated with higher serum urate levels 
(33–35), and 2 systematic reviews summarizing that the data 
are inconclusive (36,37). There are pathophysiologic and meth-
odologic explanations for the different results. Serum urate has 
antioxidant properties, eliminating reactive oxygen specimens 
and peroxynitrite and preventing iron- mediated ascorbate oxida-
tion (38). However, some studies showed that serum urate may 
be prooxidant depending on the microenvironment, and there is 
extensive evidence that hyperuricemia induces vasculopathy (39). 
Therefore, serum urate may play complex and different roles in the 

central nervous system depending on its concentration, microen-
vironment, and other factors. It is possible that hyperuricemia 
could increase the risk of vascular dementia and be protective 
against neurodegenerative diseases, such as Alzheimer’s disease 
and Parkinson’s disease. However, the results from our sensitivity 
analysis do not suggest such differential effect. We note that these 
should be interpreted with caution, as most dementia- related 
deaths were registered as “unspecified dementia.”

Apart from this issue of a possible urate paradox, the classifi-
cation of those neurologic diseases is difficult and the combination 
of 2 etiologies in the same patient is not rare, especially vascular 
dementia with one of the neurodegenerative disorders. Further, 
a new form of dementia has been recently identified (limbic- 
predominant age- related TAR DNA binding protein 43 enceph-
alopathy), emphasizing additional difficulty in examining specific 
types of dementia in this type of registry database. This complex-
ity is lost when using the underlying cause of death, where only 1 
diagnosis can be registered.

In addition, this is one of the few studies to assess the risk 
of death related to renal disease among gout subjects, although 
the relationship between gout and renal diseases has been exten-
sively explored. The presence of gout may negatively affect the 
kidneys through many mechanisms, including hyperuricemia- 
induced vascular and tubulointerstitial damage, frequently asso-
ciated comorbidities such as hypertension and diabetes, frequent 
use of diuretics, and the common use of nonsteroidal antiinflam-
matory drugs (NSAIDs) to treat acute gout attacks (40). With the 
increasing body of evidence suggesting a protective renal effect of 
urate- lowering therapies, the results of our study regarding higher 
risk of death related to renal diseases among gout subjects rein-
force the need for better gout care, especially related to chronic 
kidney disease (41).

Another consequence of gout may be increased mortality 
from diseases of the gastrointestinal system. We were unable to 
analyze specific subtypes of gastrointestinal system diseases due 
to small numbers, and the most common condition was listed as 
“other diseases of digestive system.” The group was heteroge-
neous, but the most common specified causes of death related 
to diseases of the gastrointestinal system were gastroduodenal 
ulcers (gastric, duodenal, and peptic ulcers combined), paralytic 
ileus and intestinal obstruction without hernia, vascular disorders 
of intestine, and alcoholic liver disease, suggesting that they may 
be reflective of consequences of drug side effects (especially 
NSAIDs and prednisone for upper gastrointestinal bleeding), met-
abolic comorbidities (obesity and dyslipidemia), excessive alcohol 
ingestion by some patients, and theoretic proinflammatory effects 
of urate in the gastrointestinal tract (42). The relationship between 
gout and infections is not clear and has been seldom studied. In 
one report, it has been hypothesized that individuals with gout 
may have enhanced resistance to infections due to a proinflam-
matory state related to hyperuricemia (43). However, the authors 
have not confirmed this in a population- based register study from 
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the UK (43). Moreover, another UK population- based cohort study 
has identified an increased likelihood of septic arthritis among 
gout subjects (44). More generally, it is reasonable to hypothesize 
that this risk may be partly explained by treatment of flares with 
systemic glucocorticoids.

We did not find an association between gout and cancer- 
related mortality. Although the model adjusted for age and sex 
only suggests increased cancer- related mortality in subjects with 
gout, this association becomes much weaker after adjustment for 
comorbidities, implying important confounding by such factors. A 
recent study of 700 patients with crystal- proven gout suggested 
a greater association but reported standardized mortality ratios 
only adjusted for age and sex, and thus there is still unaccounted 
residual confounders. Also, that study only had 15 cancer- related 
deaths, which limited their precision (45). A recent meta- analysis 
evaluated the relationship between gout and cancer incidence 
only, not cancer mortality; thus, the data from that meta- analysis 
are not directly comparable to our results (46).

We recognize some limitations of this study. The common 
criticism of register data is a possibility of misclassification of diag-
nosis. As the data used in this study did not allow for identification 
of individuals, we were not able to validate a diagnosis of gout 
against medical records. However, in our previous study the val-
idation of a gout diagnosis against the use of allopurinol in the 
Skåne Healthcare Register was identified (47). In addition, in order 
to address the issue of potential misclassification, we have used 
state- of- the- art methods of quantification of bias. Even with our 
liberal assumptions of a high degree of misclassification (espe-
cially underdiagnosis), we found results very similar to those from 
the primary analysis. Furthermore, there was potential for residual 
confounders due to lack of exact data on body mass index and 
confounding from unmeasured risk factors, including baseline 
serum urate levels and glomerular filtration rate, and medication 
use, alcohol consumption, and dietary habits preceding the diag-
nosis. In addition, the assessment of comorbidities was performed 
using the data from a health care register, which implies that only 
comorbidities recorded by a physician were identified. Tobacco 
use and obesity are particularly not reliably coded, but compre-
hensive adjustment for associated comorbidities is expected to 
minimize the bias resulting from the undercoding of these factors.

The age at gout diagnosis in our cohort is higher than reported 
in other studies (48), but it is consistent with reports from the Swed-
ish and UK populations (47,49,50). Also, our definition of gout 
depends on health care– seeking behavior. Thus, the results may 
not be generalizable to individuals diagnosed as having gout at 
younger ages and to those who do not seek health care for man-
agement of their gout. In addition, we did not evaluate the effect 
of gout treatment on mortality in patients with gout. Although we 
recognize that this is an important issue, it was beyond the scope 
of the current work.

There are also important strengths. The large sample size of 
our population- based cohort, potentially ensuring a minimal risk 

of selection bias, allows for a precise and valid estimation of the 
effects. The register data capture most cases of gout for which 
subjects will consult public health care, regardless of age, sex, 
disease duration, or gout severity. The Swedish Cause of Death 
Register has been reported to have high accuracy with respect 
to main disease groups, and thus we used such groupings to 
define causes of death in the present report (24,25). Also, the 
evaluation of subjects with a new diagnosis of gout, as opposed 
to including subjects with longstanding disease, was important to 
minimize survival bias. Another strength was that after performing 
sensitivity analyses to address misclassification of exposure and 
unmeasured confounding, the conclusions remained similar. The 
comparison of the primary findings with the Fine and Gray esti-
mates reinforced the low likelihood of competing causes of death 
having a significant impact on our results. In other words, our esti-
mated association between gout and dementia- related deaths, 
for instance, were not a consequence of premature CV mortality.

In summary, with this population- based study, we provided 
cause- specific mortality data for men and women with gout as 
compared to the general population without gout. The novel finding 
of ~80% increased hazard of renal- related mortality among gout 
patients highlights the need for improved understanding and man-
agement of both gout and renal disease. The finding of 17% lower 
dementia- related mortality calls for the need to better clarify the 
relationship between hyperuricemia and dementia, while the ~50% 
higher mortality from diseases of the digestive system and the 20% 
higher mortality from infections may be at least partly explained by 
the frequent use of NSAIDs and steroids (drugs that become less 
necessary with appropriate treatment of hyperuricemia in gout). 
Finally, our findings suggest important comorbidities beyond CVD 
that may lead to premature mortality in persons with gout, empha-
sizing the need for better management of comorbidities.
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Clinical Image: Bone marrow edema and ankylosis of the sacroiliac joints—spondyloarthritis, they said

The patient, a 67- year- old man, presented with a 3- month history of inflammatory pain in the right sacroiliac (SI) joint. Radiography of the 
right SI joint showed sclerosis. Sarcoma was suspected and magnetic resonance imaging (MRI) was performed, revealing intense bone 
marrow edema of the right SI joint and fusion of the ventral portion of both SI joints. Bone biopsy of the right SI joint revealed the presence 
of lymphoma cells. The patient was diagnosed as having non- Hodgkin’s lymphoma. Given the ankylosis of the SI joint, and as evidenced 
by spinal computed tomography and fusion of the ventral part of the SI joints, diffuse idiopathic skeletal hyperostosis was also diagnosed. 
Thus, even in the presence of SI joint fusion, inflammatory bone marrow edema on MRI of the SI joint is not always synonymous with 
spondyloarthritis.
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Systemic Juvenile Idiopathic Arthritis–Associated Lung 
Disease: Characterization and Risk Factors
Grant S. Schulert,1  Shima Yasin,1 Brenna Carey,2 Claudia Chalk,2 Thuy Do,2 Andrew H. Schapiro,1 
Ammar Husami,2 Allen Watts,2 Hermine I. Brunner,1  Jennifer Huggins,1 Elizabeth D. Mellins,3 Esi M. Morgan,1 
Tracy Ting,1 Bruce C. Trapnell,1 Kathryn A. Wikenheiser-Brokamp,1 Christopher Towe,1 and Alexei A. Grom1

Objective. Systemic juvenile idiopathic arthritis (JIA) is associated with a recently recognized, albeit poorly de-
fined and characterized, lung disease (LD). The objective of this study was to describe the clinical characteristics, 
risk factors, and histopathologic and immunologic features of this novel inflammatory LD associated with systemic 
JIA (designated SJIA- LD).

Methods. Clinical data collected since 2010 were abstracted from the medical records of patients with systemic 
JIA from the Cincinnati Children’s Hospital Medical Center. Epidemiologic, cellular, biochemical, genomic, and tran-
scriptional profiling analyses were performed.

Results. Eighteen patients with SJIA- LD were identified. Radiographic findings included diffuse ground- glass 
opacities, subpleural reticulation, interlobular septal thickening, and lymphadenopathy. Pathologic findings included 
patchy, but extensive, lymphoplasmacytic infiltrates and mixed features of pulmonary alveolar proteinosis (PAP) and 
endogenous lipoid pneumonia. Compared to systemic JIA patients without LD, those with SJIA- LD were younger 
at the diagnosis of systemic JIA (odds ratio [OR] 6.5, P = 0.007), more often had prior episodes of macrophage 
activation syndrome (MAS) (OR 14.5, P < 0.001), had a greater frequency of adverse reactions to biologic thera-
py (OR 13.6, P < 0.001), and had higher serum levels of interleukin- 18 (IL- 18) (median 27,612 pg/ml versus 5,413  
pg/ml; P = 0.047). Patients with SJIA- LD lacked genetic, serologic, or functional evidence of granulocyte–mac-
rophage colony- stimulating factor pathway dysfunction, a feature that is typical of familial or autoimmune PAP. More-
over, bronchoalveolar lavage (BAL) fluid from patients with SJIA- LD rarely demonstrated proteinaceous material and 
had less lipid- laden macrophages than that seen in patients with primary PAP (mean 10.5% in patients with SJIA- LD 
versus 66.1% in patients with primary PAP; P < 0.001). BAL fluid from patients with SJIA- LD contained elevated levels 
of IL- 18 and the interferon- γ–induced chemokines CXCL9 and CXCL10. Transcriptional profiling of the lung tissue 
from patients with SJIA- LD identified up- regulated type II interferon and T cell activation networks. This signature was 
also present in SJIA- LD human lung tissue sections that lacked substantial histopathologic findings, suggesting that 
this activation signature may precede and drive the lung pathology in SJIA- LD.

Conclusion. Pulmonary disease is increasingly detected in children with systemic JIA, particularly in asso-
ciation with MAS. This entity has distinct clinical and immunologic features and represents an uncharacterized 
inflammatory LD.
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INTRODUCTION

Systemic juvenile idiopathic arthritis (JIA) is a chronic 
inflammatory disease of childhood, representing 10–15% of 
the total JIA population, with a broad peak of disease onset 
between ages 1 and 5 years (1). At the time of disease onset, 
systemic JIA is characterized by arthritis, daily spiking fevers, 
an evanescent rash, and a variety of other extraarticular fea-
tures (1–3). In many systemic JIA patients, systemic features 
tend to subside over time, and the long- term outcome of 
the disease depends on the evolution of the arthritis (4,5). 
Approximately 10–15% of systemic JIA patients develop life- 
threatening, overt macrophage activation syndrome (MAS), 
leading to widespread hemophagocytosis and overproduction 
of cytokines, including interferon- γ (IFNγ), cytopenias, liver 
dysfunction, and coagulopathy (6–8).

Before 2000, systemic JIA was treated with nonsteroidal 
antiinflammatory drugs, glucocorticoids, and methotrexate (1). 
Subsequently, the introduction of biologic drugs aimed at neu-
tralizing the activity of interleukin- 1 (IL- 1) (including anakinra and 
canakinumab) and IL- 6 (tocilizumab) markedly improved the 
long- term outcome of the disease and dramatically reduced the 
need for glucocorticoids (9–18). Surprisingly, improved control of 
systemic JIA did not protect against MAS, as the rates of mor-
tality remained similar (19–22).

Although acute pulmonary dysfunction can be seen 
in systemic JIA, particularly during acute MAS, reports of 
chronic parenchymal lung disease (LD) in systemic JIA (desig-
nated SJIA- LD) had been exceptionally rare and mild in North 
America prior to 2013 (23,24). Conversely, in recent years, 
children with systemic JIA have been increasingly found to 
have more severe and life- threatening LD. In 2013, 25 sys-
temic JIA patients were reported to have chronic pulmonary 
disease, including pulmonary alveolar hypertension, intersti-
tial lung disease (ILD), and pulmonary alveolar proteinosis 
(PAP) (25). PAP, which occurs in a diverse group of disor-
ders, leads to alveolar surfactant accumulation due to hered-
itary or autoimmune disruption of granulocyte–macrophage 
colony- stimulating factor (GM- CSF) signaling (primary PAP), 
impaired macrophage numbers or function (secondary PAP), 
or surfactant production disorders (congenital PAP) (26). 
The majority of patients with SJIA- LD were diagnosed after 
2000. These patients had refractory systemic disease with 
MAS and had been exposed to numerus synthetic and bio-
logic disease- modifying antirheumatic drugs. Kimura and col-
leagues suggested that these complications could be related 
to uncontrolled systemic JIA disease activity and/or to med-
ication exposure such as cytokine- directed biologics (25). A 
subsequent cohort of 61 new cases expanded this pheno-
type, and a mortality rate of 37% was observed (27). How-
ever, the immunopathologic basis of this chronic LD remains 
unclear.

At Cincinnati Children’s Hospital Medical Center (CCHMC), 
we have had a sustained increase in patients evaluated for 
SJIA- LD since 2014 (see Supplementary Figure 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41073/ abstract). The objective of this study was 
to describe the clinical characteristics of patients with SJIA- LD, 
define the inflammatory features of this condition, and identify 
candidate risk factors for its development. Taken together, our 
findings indicate that this entity has distinct clinical and immuno-
logic features, clearly distinguishable from other disorders includ-
ing known causes of PAP, and represents an uncharacterized 
inflammatory ILD. Some of the patients and results of these stud-
ies have been previously reported (27–30).

PATIENTS AND METHODS

Study population and design. The study was designed 
as a prospective cohort study. Patients were identified at the time 
of detection of LD or referral to CCHMC for consultation or sec-
ond opinion. The study was approved by the Institutional Review 
Board of CCHMC, and written informed consent was obtained 
from all patients and/or their legal guardians. Systemic JIA was 
diagnosed based on the International League of Associations for 
Rheumatology classification criteria (3). Patients were considered 
to have MAS based on the diagnosis provided by the treating phy-
sician and, if data were available, according to satisfaction of the 
2016 classification criteria for MAS (31). Patients were considered 
to have LD if they had objective findings on clinical examination 
or chest imaging. Patients were considered to have an adverse 
reaction to biologic therapy if it was listed in the electronic medical 
record as an allergy and/or led to change in therapy.

Patients were enrolled and peripheral blood samples were 
collected during routine clinic visits. Serum IL- 18 levels were 
determined at the time of detection of LD or initial consultation 
at CCHMC. Bronchoscopies with bronchoalveolar lavage (BAL) 
and/or open lung biopsies were performed through a standard-
ized protocol and as clinically indicated, based on the current 
American Thoracic Society (ATS) guidelines for ILD in children 
(32). Residual BAL fluid and leftover lung tissue were obtained for 
research. Chest imaging was reviewed by 2 experts in pediatric 
ILD and rare LD (AHS and CT). The images were scored for com-
mon radiographic patterns; disagreements (<15%) were jointly 
adjudicated. Lung biopsy samples were reviewed by an expert 
in pulmonary pathology (KAW- B), and electron micrographs were 
reviewed by an expert in PAP (BCT).

Children with SJIA- LD in our registry were matched 1:2 with 
control patients who had systemic JIA but were without clinically 
apparent LD; matching was done based on current age and sex. 
Further details regarding BAL fluid analysis and histopathology are 
provided in the Supplementary Methods (available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41073/ abstract). The overall outcome was a 

http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
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general measure of SJIA- LD disease activity as determined by the 
treating physicians (GSS, JH, EMM, TT, CT, and AAG).

Whole- exome sequencing. Whole- exome sequencing  
and sequence data analyses were performed as previously 
described (33) (further details are provided in the Supplementary 
Methods [http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ 
abstract]).

GM- CSF autoantibody measurement. In the serum of 
patients, the anti–GM- CSF antibody concentration was assessed 
using a GM- CSF antibody–specific enzyme- linked immuno-
sorbent assay (ELISA), as previously described (34).

GM- CSF signaling assessed by intracellular staining 
for STAT5 phosphorylation. Heparinized blood was incubated 
with or without 10 ng/ml of human GM- CSF (Leukine; Partner 
Therapeutics) for 30 minutes. Red blood cells were lysed and 
mononuclear cells were fixed with Phosflow Lyse/Fix Buffer (BD 
Biosciences). Cells were permeabilized, stained with Alexa Fluor 
647–conjugated mouse anti- STAT5 antibody (BD Biosciences), 
and evaluated via flow cytometry. Monocytes were gated based 
on forward scatter/side scatter patterns.

Cytokine measurements. Cytokine concentrations in 
BAL fluid were determined using Milliplex Multiplex kits (Milli-
poreSigma) (35), except for IL- 18, which was determined using 
specific ELISA kits obtained from MBL.

Gene expression analysis in lung biopsy tissue. Total 
RNA was extracted from formalin- fixed, paraffin- embedded 
(FFPE) sections of lung biopsy tissue obtained from patients with 
SJIA and control systemic JIA patients without LD, using an miR-
Neasy FFPE kit (Qiagen). Control lung samples represented tissue 
procured but deemed unsuitable for transplant. Gene expression 
analysis was performed using Nanostring Technologies. Raw 
count data were obtained and analyzed with nSolver (Nanostring 

Technologies) and AltAnalyze to determine differentially expressed 
genes (fold change in expression ≥2, false- discovery rate [FDR]–
corrected P < 0.05) and to perform pathway analysis (36). Qual-
ity control was performed using principal components analysis, 
analysis of variance relative to the mean normalized signal, and 
analysis of pairwise variation during housekeeping gene selection.

RESULTS

Clinical presentation. Since 2010, 18 children with 
SJIA- LD have been evaluated at CCHMC (see Supplementary 
Table 2 and Supplementary Figure 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41073/ abstract). Of these 18 children, 13 
received initial consultations and/or evaluations (second opinions) 
due to concerns of the SJIA- LD diagnosis, and 5 patients were 
diagnosed and treated at CCHMC prior to detection of the LD. 
Between 2010 and 2018, 74 patients with systemic JIA received 
their primary rheumatologic care at CCHMC, suggesting a prev-
alence of SJIA- LD as high as 6.8% (5 of 74). At the time of initial 
diagnosis of SJIA- LD, most patients had only subtle respiratory 
symptoms, such as mild resting tachypnea, with normal oxygen 
saturation; however, 78% (14 of 18) had digital clubbing (patients’ 
characteristics are listed in Supplementary Tables 2 and 3, avail-
able on the Arthritis & Rheumatology web site at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41073/ abstract). One patient 
(patient SLD3 in Supplementary Table 2) had evidence of pul-
monary hypertension on echocardiogram and required sildenafil 
therapy, but this patient improved over the course of treatment, 
with resolution of these symptoms. No patients had evidence of 
esophageal dysmotility, as determined by swallow studies, when 
available (n = 2), and none were found to exhibit autoantibody 
production, including myositis- associated antibodies such as 
anti- MDA5 (n = 1). Two patients had a history of clinically and 
radiographically diagnosed pneumonia; however, it is unclear 
whether this represented infectious pneumonia or early chronic 
LD.

Figure 1. High- resolution chest computed tomography images of the lungs of children with systemic juvenile idiopathic arthritis with lung 
disease. A, Focal areas of pleural thickening and bronchovascular centric tree- in- bud opacities in a mild case. B, More extensive pleural 
thickening with associated interlobular septal thickening in a moderately severe case. C, Ground- glass opacities with interlobular septal 
thickening and peripheral areas of consolidation in a severe case. Arrows indicate affected areas.
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In general, patients with SJIA- LD reported similar levels of 
pain, disability, and health- related quality of life as that in the con-
trols. There was a trend toward more reports of fever or rash, 
typical of systemic JIA, over the month prior to study inclusion in 
patients with SJIA- LD as compared to controls (see Supplemen-
tary Table 3 [http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ 
abstract]).

Patients with SJIA- LD were followed up for a median of 1 
year (range 0.5–13 years) after diagnosis (Supplementary Table 2 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ abstract]). All 
patients continued to receive biologic therapy after the detection 
of LD. Over this period, pulmonary disease was largely stable in 
9 patients (50%), while 4 patients showed overall worsening of 
their disease and 5 patients showed overall improvement. There 
were no clear differences between the age at disease onset, clini-
cal features, and radiographic or histopathologic findings between 
patients who improved and those who did not. However, all patients 
whose LD improved achieved excellent control of their underlying 
systemic JIA, based on both clinical and laboratory features.

High- resolution chest computed tomography (CT) 
findings. We performed a comprehensive review of the chest 
CT scans obtained from the 18 patients with SJIA- LD. Of these, 
16 patients demonstrated at least 1 of 7 key pulmonary fea-
tures: 1) pleural thickening (n = 11), 2) septal thickening (n = 10), 
3) bronchial wall or peribronchovascular thickening (n = 11), 4) 
“tree- in- bud” opacities (n = 2), 5) “ground- glass” opacities (n = 
8), 6) peripheral consolidation (n = 5), and 7) lymphadenopathy 
(n = 6) (Figures 1A–C and Supplementary Table 4, available on 
the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41073/ abstract). Four patients with SJIA- LD 
demonstrated at least 5 of the 7 features, and of these, LD wors-
ened in 1 patient and remained stable in 3 patients. Two patients, 1 
with small areas of air trapping and another with nodular opacities 
and mild bronchiectasis (patients SLD9 and SLD16, respectively, 
in Supplementary Table 4), did not have any of the key 6 pulmo-
nary features on chest CT. The disease in both of these patients 
remained stable over time. Three patients had evidence of pulmo-
nary artery enlargement on chest CT, including patient SLD3 who, 
as noted above, had clinically significant pulmonary hypertension 
(see Supplementary Table 4); the other 2 patients had no clinical or 
echocardiogram evidence of pulmonary hypertension.

Histopathologic findings. Open- lung biopsies were per-
formed on 8 patients with systemic JIA who were suspected of hav-
ing LD based on the current ATS guidelines, i.e., presence of clinical 
symptoms that were rapidly worsening or progressing despite cur-
rent therapy (32). Notably, patients who underwent lung biopsy 
had significantly more key pulmonary features on chest CT than 
those who did not undergo lung biopsy (median 4 features versus 
2 features; P = 0.014). All 8 lung biopsy tissue samples displayed 
histopathologic features that are within the endogenous lipoid 

pneumonia (ELP)/PAP spectrum (Figures 2A–I and Supplementary 
Tables 2 and 5, available on the Arthritis & Rheumatology web site 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ abstract). 
Histopathologic features included alveolar space and conduct-
ing airway luminal filling with eosinophilic proteinaceous material, 
foamy alveolar macrophages, and cholesterol clefts. Aggregates of 
cholesterol clefts associated with a granulomatous response and 
fibrosis, previously described as being pulmonary interstitial and 
intraalveolar cholesterol granulomas (37), were present.

The ELP/PAP findings were diffuse, patchy but extensive, 
or focal in a subpleural and peribronchovascular bundle distribu-
tion. The proportion of ELP features versus PAP features varied 
among the patients (Figures 2F–H), but the abundance of foamy 
macrophages and cholesterol clefts as well as the degree of 
inflammation and/or fibrosis were more prominent than is typically 
seen in autoimmune PAP (APAP) (characterized by autoantibody- 
mediated disruption of GM- CSF signaling) or hereditary PAP 
(HPAP) (characterized by mutations in the GM- CSF receptor 
chain) (26). Furthermore, whereas PAP features were present in all 
lung biopsy specimens, diagnostic PAP features were not present 
in the BAL fluid, with only rare or minimal eosinophilic material 
observed in 2 of 4 BAL fluid samples obtained concurrently with 
the biopsy tissue (see Supplementary Table 5 [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41073/ abstract]).

Lymphocyte- predominant inflammation was present in all 
lung biopsy tissue samples, along with evidence of ongoing and 
chronic lung injury exemplified by alveolar type II epithelial cell 
hyperplasia and collagenous fibrosis with lobular remodeling. Var-
iable, nonuniform arterial wall thickening was identified in all but 
1 case (patient SLD14 in Supplementary Table 4), and a marked 
vasculopathy involving both the arteries and veins was present in 
1 biopsy sample (patient SLD08 in Supplementary Table 4) (Fig-
ures 2D and E). The arterial abnormalities in this latter case con-
sisted of marked mural thickening of the small pulmonary arteries 
concomitant with medial hypertrophy, intimal hyperplasia, and 
mural fibrosis with severe luminal narrowing (Figure 2E), as well 
as muscularization of the arterioles. The pulmonary veins also had 
intimal hyperplasia with fibrosis and luminal narrowing (Figure 2C).

The degree of inflammation varied among the lung tissue 
samples, but was uniformly lymphocyte predominant. The lym-
phocyte population comprised predominantly CD3+ T cells, with 
fewer CD20+ B cells (Figures 3A–F and Supplementary Table 5 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ abstract]). 
Helper CD4+ T cells predominated over cytotoxic CD8+ T cells in 
all but 1 case, in whom similar numbers of CD4+ and CD8+ T cells 
were evident (Figures 3G–J).

Findings of an infectious process were not identified in any 
biopsy sample. No epithelioid granulomas or viral cytopathic 
changes were identified, and no fungal or acid- fast  microorganisms 
were identified by Grocott- Gomori methenamine- silver and acid- 
fast bacilli (AFB) stains, respectively. Four lung biopsy tissue sam-
ples were cultured, showing growth of very few Streptococcus 
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Figure 2. In systemic juvenile idiopathic arthritis with lung disease (SJIA- LD), the histopathologic features include features of endogenous 
lipoid pneumonia/pulmonary alveolar proteinosis (ELP/PAP), vasculopathy, chronic inflammation, and fibrosis. A, Gross focal lesions in SJIA- LD 
histologically comprise peribronchiovascular (single asterisk) and subpleural (double asterisk) airspace filling with an associated inflammatory 
infiltrate. B–E, The disease distribution in other SJIA- LD cases includes patchy but extensive regions of lung involvement with intervening areas 
of normal lung (B, arrow), and diffuse involvement with marked interstitial, pleural, and interlobular septal collagenous fibrosis (revealed by 
trichrome staining) (C, arrow). Vasculopathy includes intimal hyperplasia and fibrosis of the veins (C, arrowhead) and mild arterial medial and/
or intimal thickening (D, arrowhead and inset) (revealed by Movat pentachrome staining) to marked occlusive mural thickening of the small 
arteries (E, arrowhead and inset) (revealed by trichrome–Verhoeff–van Gieson staining). F–H, Features in the spectrum of ELP and PAP include 
airspace filling with foamy macrophages (F, inset and G, arrowhead) and eosinophilic proteinaceous material (G and H, single asterisk) 
with a variable abundance of cholesterol clefts (F–H, arrows), including cholesterol cleft aggregates associated with a granulomatous reaction 
and surrounding interstitial fibrosis (F and G, arrows). The ELP/PAP features are associated with type II alveolar epithelial cell hyperplasia (F, 
arrowhead) and a mild- to- marked lymphoplasmacytic infiltrate present in all cases. a = artery; b = bronchiole. Original magnification × 20 in 
A; × 40 in B and C; × 200 in D–H; × 400 in insets. I, With regard to the ultrastructural features of SJIA- ILD, the high- resolution view of lung 
biopsy tissue from a patient shows cholesterol clefts (double asterisks), collagen fibrils (arrowheads) comprising interstitial fibrosis, and an 
alveolar macrophage containing lipid droplets (single asterisks) and engorged with numerous intracytoplasmic lamellar structures typical of 
internalized surfactant (arrows). Stained with uranyl acetate–lead citrate. Original magnification × 6,000.
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viridans group in 1 sample, and no growth of anaerobic, acid- fast, 
or fungal organisms. BAL specimens from 4 patients grew only 
oropharyngeal flora and few Staphylococcus aureus species. No 
fungus, including Pneumocystis, was identified by special stains 

or culture, except for Candida albicans being isolated from 1 
BAL sample. Cultures were negative for Legionella species and 
AFB. A polymerase chain reaction panel for 15 viruses and Myco-
plasma pneumoniae was positive only for human herpesvirus 6 in 
2 patients and Epstein- Barr virus in 1 patient.

Electron microscopy examination of lung biopsy tissue from 
1 patient with SJIA- LD (patient SLD4 in Supplementary Table 4) 
revealed ultrastructural features of the lung parenchyma, including 
fibrosis, cholesterol clefts, and alveolar macrophages engorged 
with lamellar structures and occasional intracytoplasmic lipid 
droplets (Figure  2I). Lamellar bodies are typical of surfactant 
phagocytosed from the alveolar surface, but in this patient, they 
were more abundant than normal. Intracytoplasmic lipid drop-
lets are typical of cholesterol/cholesterol ester–rich inclusions 
and could typically be seen in small numbers. However, in this 
patient, droplets were much less numerous than is typically seen 
in APAP/HPAP, in which cholesterol export is reduced due to 
impaired GM- CSF signaling and such droplets fill the cell (38,39).

Clinical risk factors. The clinical risk factors present in 
the patients with SJIA- LD were identified by examining cases 
matched by age and sex to control systemic JIA patients in our 
patient registry without clinically apparent LD. Compared to con-
trols, patients with SJIA- LD were more likely to be diagnosed at 
age 2 years or younger (odds ratio [OR] 6.5, 95% confidence inter-
val [95% CI] 1.73–22.67; P = 0.007) (see Supplementary Figures 
2A and 3, available on the Arthritis & Rheumatology web site at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ abstract). 
In our cohort, we also observed a striking number of adverse 
events in response to cytokine- targeted biologics exposure (see 
Supplementary Table 6, available on the Arthritis & Rheumatology 
web site at http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ 
abstract). Most of these reactions were to tocilizumab, and were 
described variously, ranging from pain and feeling unwell to diffi-
culty breathing to “anaphylaxis.” Indeed, we found a statistically 
significant association between adverse events in response to 
cytokine- targeted biologics, including immune- mediated reac-
tions, and presence of SJIA- LD (OR 13.6, 95% CI 2.35–67.42;  
P = 0.0012) (see Supplementary Figure 2B [http://onlin elibr ary.
wiley.com/doi/10.1002/art.41073/ abstract]).

We also identified a statistically significant association with 
a history of MAS in patients with SJIA- LD when compared to 
controls (OR 14.5, 95% CI 3.35–47.21; P = 0.001) (see Supple-
mentary Figure 2C [http://onlin elibr ary.wiley.com/doi/10.1002/
art.41073/ abstract]).

Finally, we compared the serum levels of IL- 18, a biomarker 
of disease activity, between the groups. Patients with SJIA- LD 
had significantly higher total serum IL- 18 levels (median 27,612 
pg/ml, interquartile range [IQR] 10,391–62,972) when compared 
to control systemic JIA patients without LD (median 5,413 pg/
ml, IQR 310–31,303); P = 0.047) (see Supplementary Figure 2D 
[http://onlin elibr ary.wiley.com/doi/10.1002/art.41073/ abstract]).

Figure  3. Systemic juvenile idiopathic arthritis with lung 
disease (SJIA- LD) has a lymphocyte- predominant infiltrate with a 
predominance of CD4+ T helper cells. A and B, Hematoxylin and 
eosin (H&E) staining of lung biopsy tissue from 2 patients with 
SJIA- LD shows lymphocyte- predominant inflammation, distributed 
diffusely as single cells as well as aggregates, some with follicle 
formation (arrow in B). C–F, The inflammatory infiltrate is CD3+ T 
cell predominant (C and D) admixed with fewer CD20+ B cells (E 
and F). G–J, CD4+ T helper cells (G and H) predominate over CD8+ 
cytotoxic T cells (I and J). Original magnification × 200 (left panels) 
and × 100 (right panels).
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Other differences between SJIA- LD and primary 
PAP. Due to the shared histopathologic features between 
SJIA- LD and primary APAP/HPAP, we explored possible over-
lapping pathophysiologic mechanisms between these entities. 
We performed whole- exome sequencing on 6 patients with 
SJIA- LD, using our previously described discovery pathway 
(33). However, we did not find any pathogenic variants in the 
genes associated with primary HPAP or congenital PAP. Nota-
bly, we also did not identify known pathogenic variants in hemo-
phagocytic lymphohistiocytosis- related genes, which have been 
linked to MAS (40), although 1 patient did have a novel variant in 
UNC13D (c.358G>C, p.A120P), inherited from a healthy parent, 

which was of unknown  significance. Moreover, we also failed 
to identify high levels of APAP- associated neutralizing anti–GM- 
CSF autoantibodies in patients with SJIA- LD (Figure 4A).

Finally, to assess whether patients with SJIA- LD have 
uncharacterized dysfunction in the cellular response to GM- CSF, 
fresh whole blood from patients with SJIA- LD was stimulated 
with GM- CSF to assess downstream signaling. As shown in Fig-
ures 4B and C, blood monocytes demonstrated normal STAT5 
phosphorylation. These findings support the notion that GM- 
CSF signaling remains intact in patients with SJIA- LD.

In order to further define the alveolar pathology seen 
in patients with SJIA- LD, we compared samples of BAL fluid 

Figure 4. Patients with systemic juvenile idiopathic arthritis with lung disease (SJIA- LD) lack the characteristic features of pulmonary alveolar 
proteinosis (PAP). A, Serum titers of anti–granulocyte–macrophage colony- stimulating factor (anti–GM- CSF) antibodies were determined in 
patients with autoimmune PAP (APAP) (n = 5), hereditary PAP (HPAP) (n = 1), or SJIA- LD (n = 6). The horizontal broken line indicates the 
cutoff for an elevated titer. B, Representative flow cytometry plots show detection of phosphorylated STAT5 in monocytes from a control 
systemic JIA patient without LD (top) and patient with SJIA- LD (bottom) before and after simulation with GM- CSF. C, The dose response of 
phosphorylated STAT5 to GM- CSF stimulation was examined in monocytes from 4 control patients and 4 patients with SJIA- LD. Data are 
shown as the mean fluorescence index (MFI) (calculated as [MFI at 10 ng/ml divided by MFI at 0 ng/ml] × 100). D–F, Analysis of bronchoalveolar 
lavage (BAL) fluid obtained from patients with SJIA- LD (n = 6) and patients with APAP or HPAP (n = 7) shows the percentage of lipid- laden 
macrophages as detected by oil red O staining (D), BAL fluid differential cell count (E), and cytokine levels as determined by specific enzyme- 
linked immunosorbent assay or Luminex assay (F). Symbols represent individual patients; horizontal lines with bars show the mean ± SEM. 
IL- 18 = interleukin- 18; TNF = tumor necrosis factor.



SCHULERT ET AL 1950       |

between patients with SJIA- LD and patients with APAP/HPAP. 
As noted above and despite the presence of histologic features 
of alveolar filling, BAL fluid from children with SJIA- LD did not 
consistently show abundant lipid- laden macrophages. Although 
the proportion of lipid- laden macrophages was variable in 
patients with PAP, it was significantly higher than that seen in 
patients with SJIA- LD (mean 66.1% in patients with PAP versus 
10.5% in patients with SJIA- ILD; P < 0.001) (Figure  4D). The 
composition of the BAL fluid cells in patients with SJIA- LD was 
typically macrophage predominant (Figure 4E).

However, examination of the cytokines and chemokines 
present in BAL fluid showed that children with SJIA- LD had sig-
nificantly higher IL- 18 levels than were seen in patients with PAP 
(P = 0.017) (Figure 4F). Recent work has highlighted the role of IL- 
18 in systemic JIA and, particularly, in the development of MAS, 
including through IFNγ induction pathways (41–43). Interestingly, 

we found that some children with SJIA- LD (albeit not many) had 
very high BAL fluid concentrations of the  IFN- induced chemok-
ines CXCL9 and CXCL10, the levels of which were not elevated in 
patients with PAP (Figure 4F). The cytokine and chemokine levels 
in BAL fluid were not normalized, but notably these findings do 
not reflect a global change in inflammatory mediators, since the 
levels of IL- 6, IL- 8, and tumor necrosis factor were comparable 
between patients with SJIA- LD and patients with PAP (Figure 4F). 
Taken together, SJIA- LD has features of a novel inflammatory LD 
distinct from well- characterized forms of primary PAP.

Gene expression in lung tissue. Given the findings show-
ing significant pulmonary inflammation in SJIA- LD and an associ-
ation with MAS, we utilized the Nanostring NCounter platform to 
define transcriptional responses in the lung tissue. The nCounter 
platform has been shown to have excellent correlation between 

Figure 5. The interferon- γ (IFNγ) response and expression of T cell activation genes are up- regulated in the lungs of patients with systemic 
juvenile idiopathic arthritis with lung disease (SJIA- LD). A, Unsupervised clustering analysis of lung tissue samples reveals genes differentially 
expressed between SJIA- LD patients and controls (corrected P < 0.05). B, Significantly up- regulated genes, including HLA–D, IFNγ response 
pathway, and T cell activation genes, were identified according to their log2 relative expression in patients with SJIA-LD compared to controls. 
Values are shown as box plots, where lines inside the boxes represent the mean and boxes represent the SEM. C, Principal components (PC) 
analysis shows gene expression data obtained using Nanostring. D, Hematoxylin and eosin–stained lung sections simultaneously obtained from 
the lung biopsy tissue of 2 patients with SJIA-LD show radiographically and grossly affected and unaffected regions of the lungs assessed for 
SJIA- LD–associated transcriptomes. Original magnification × 40.
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FFPE and freshly frozen lung tissue sections (44). We examined 
8 lung tissue samples from 5 patients with SJIA- LD; 3 of the 
patients had 2 lung regions biopsied simultaneously. The lung tis-
sue sections from these patients were compared to 3 control lung 
tissue samples that had been donated but deemed unsuitable 
for transplant. Samples were analyzed using the Human Autoim-
mune Panel, which targets 750 genes related to inflammation and 
autoimmunity. We identified 37 differentially expressed genes (fold 
change ≥2, corrected P < 0.05), of which 36 showed increased 
expression in patients with SJIA- LD and 1 (PADI4) showed 
decreased expression (Figure  5A and Supplementary Table 7, 
available on the Arthritis & Rheumatology web site at http://onlin 
elibr ary.wiley.com/doi/10.1002/art.41073/ abstract).

Many of the up- regulated targets are in gene pathways 
related to the IFNγ response, including HLA–D family members 
and other IFN- related genes (Figure 5B). Two of the most highly 
up- regulated non- HLA genes were CXCL10 (9- fold increase) and 
CXCL9 (7- fold increase), which are IFN- induced chemokines 
whose serum levels are strongly associated with MAS (45,46). 
Indeed, pathway analysis of the larger group of genes that showed 
differential expression at an uncorrected P value of <0.05 identi-
fied a transcription factor network that included STAT1 (see Sup-
plementary Figure 4, available on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.41073/
abstract). In addition, some significantly up- regulated genes 
(CD27, CD276, CTLA4, IL2RG, and SLAMF7; FDR- corrected P 
< 0.05) were reflective of T cell  activation (Figure 5B).

The most significantly down- regulated gene, PADI4, has been 
shown to modulate immune responses in lupus, and to be associ-
ated with risk for ILD in rheumatoid arthritis (47). Critically, 2 patient 
lung biopsy sections from radiographically and grossly unaffected 
areas of the lung tissue had much less severe histopathologic 
features, with only focal areas of inflammation. However, these 
samples clustered with other SJIA- LD samples, and were with-
out clear differences in inflammatory gene expression levels com-
pared to affected samples (Figures 5C and D), suggesting that 
this signature precedes and may even drive the pathologic devel-
opment of LD. Taken together, the results of our gene expression 
analysis support the notion that significant IFNγ- induced pulmo-
nary inflammation is present in children with SJIA- LD.

DISCUSSION

In the present study, we have described 18 patients with sys-
temic JIA and severe, chronic LD. Despite having mild clinical fea-
tures, these children had striking findings on chest CT, including 
pleural and septal thickening, “tree- in- bud” and “ground- glass” 
opacities, and peripheral consolidation. Histologically, the LD 
was characterized by features that are in the ELP/PAP spectrum 
but were associated with lymphocyte- predominant inflamma-
tion, variable vasculopathy, and evidence of ongoing and chronic 
lung injury. The patients lacked genetic, serologic, or functional 

 evidence of primary or congenital PAP. In contrast, both BAL fluid 
cytokine analysis and gene expression profiling of the lung tissue 
revealed substantial inflammation, including elevated serum levels 
of IL- 18, IFNγ pathway activation, and activated T cell function. 
Taken together, these findings characterize a disorder with dis-
tinct clinical and immunologic features, representing a previously 
uncharacterized inflammatory LD, herein designated SJIA- LD.

In the past, there were rare reports of children with systemic 
JIA and chronic pulmonary manifestations, but the LD was rela-
tively mild. For example, in 1980, describing the largest cohort of 
these patients, Athreya and colleagues noted that patients with 
parenchymal LD typically had only minimal abnormalities in pul-
monary function (24). More recently, however, we and others have 
observed increasing numbers of systemic JIA patients with severe 
persistent LD that has been associated with high mortality (25,27), 
suggesting that this is a new entity. Based on the observations in 
our cohort, the prevalence of this emerging LD may exceed 5% of 
all systemic JIA patients.

The histopathologic pattern observed in patients with 
SJIA- LD was different from the nonspecific interstitial  pneumonitis 
that has been previously reported in patients with systemic JIA 
and adult- onset Still’s disease, supporting the idea that this LD is 
a distinct entity (24,48). The lipoproteinaceous material and lipid- 
laden macrophages in children with SJIA- LD are features shared 
with PAP, where dysfunction of alveolar macrophages leads to 
accumulation of pulmonary surfactant in alveolar spaces (26). 
These patterns resemble that seen in patients with prior biologics 
exposure in a large international patient registry, which includes 
9 of the patients reported herein (27) (see ref. 49 for a recent 
report describing this case series). We failed to identify genetic 
causes of primary HPAP or congenital surfactant disorders, and 
patients lacked autoantibodies associated with primary APAP. 
As such, SJIA- LD could be considered among the secondary 
causes of PAP. However, the clinical and histopathologic features 
of SJIA- LD differed from PAP, which supports a distinct pathologic 
mechanism. Digital clubbing was a key presenting manifestation 
of SJIA- LD, but is not usually seen in PAP (26). In addition, the 
lung biopsy tissue from patients with SJIA- LD had moderate- to- 
marked fibrosis with lobular remodeling, in contrast to the typically 
well- preserved alveolar architecture characteristic of PAP (50).

Clinically, patients with SJIA- LD presented with a striking 
dissociation between relatively subtle clinical features, including 
mild tachypnea, dyspnea, chronic cough, and clubbing, and the 
severity of the inflammatory process in the lungs based on chest 
CT and biopsy. In addition, BAL fluid often did not contain protein-
aceous material or a predominance of lipid- laden macrophages, 
and as such, BAL would be insufficient to exclude a diagnosis of 
SJIA- LD. This may also suggest that approaches such as whole- 
lung lavage may be less beneficial in SJIA- LD. Thus, there is an 
urgent need to define patients at risk for this LD as well as strate-
gies to screen for early onset. Based on our cohort of patients with 
systemic JIA, the risk factors for development of SJIA- LD include 

http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41073/abstract
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1) age <2 years at disease onset, 2) recurrent MAS, 3) adverse 
reactions to tocilizumab, which may or may not be immune- 
mediated, and 4) prominently elevated serum IL- 18 levels. Indeed, 
strikingly high serum levels of IL- 18 distinguish patients at risk for 
MAS (41–43), and this cytokine has been recently identified as a 
potential therapeutic target in MAS (51). Children with this clinical 
pattern should be carefully monitored for signs of SJIA- LD using 
noninvasive testing, such as the 6- minute walk test or pulmonary 
function testing for the lung diffusing capacity for carbon monox-
ide, and should have a low threshold for obtaining high- resolution 
chest CT findings with any suspicious signs or symptoms.

Our histologic and immunologic findings may provide the basis 
to understand the underlying mechanism of SJIA- LD. Our data sug-
gest that although PAP- like features are indicative of macrophage 
dysfunction, it is not likely to be caused by intrinsic macrophage 
defects as in primary PAP. Alternatively, alveolar macrophage func-
tion may be altered by the external inflammatory milieu of systemic 
JIA and MAS, promoting the deviation of macrophage differenti-
ation away from the phenotype required for surfactant recycling. 
Lymphocytic infiltration with T cell predominance characterizes 
inflammatory lesions in both SJIA- LD and MAS (45). Several trans-
lational studies have implicated IFNγ as a pivotal cytokine in MAS 
(46,52), and our gene expression profiling in lung biopsy tissue from 

patients with SJIA- LD similarly identified a strong IFN- induced gene 
signature. It is important to note that there is significant overlap in 
genes induced by type I and type II IFNs, and as such, the relative 
involvement of these pathways is unclear. However, these obser-
vations suggest overlapping pathophysiologic pathways between 
MAS and SJIA- LD, in which the inflammatory cytokine milieu that 
drives MAS also promotes alveolar macrophage dysfunction (Fig-
ure 6). Consistent with this hypothesis, mice with T cell–restricted 
overexpression of T- bet driving IFNγ production demonstrated 
both dysfunction of bone marrow macrophages, resulting in eryth-
rophagocytosis, and dysfunction of alveolar macrophages with 
development of PAP- like lung pathology (53).

A critical outstanding question to address would be, what is 
the role of biologic therapy in SJIA- LD? Kimura et al noted that the 
emergence of chronic LD in systemic JIA coincided with the intro-
duction of IL- 1– and IL- 6–blocking biologic agents and decreasing 
use of glucocorticoids (25), suggesting a potential contribution of 
drug exposure. In our study, we reported a similar dramatic increase 
in SJIA- LD recognition, and 94% (17 of 18 patients) developed 
LD after exposure to at least 1 biologic drug. However, biologic 
treatment has become near universal for patients with systemic 
JIA (54), making such epidemiologic comparisons challenging. In 
addition, SJIA- LD has not been reported in patients with unrelated 

Figure 6. Proposed mechanism of systemic juvenile idiopathic arthritis (SJIA) with lung disease. The cytokine storm during acute macrophage 
activation syndrome (MAS), in which interferon- γ (IFNγ) and interleukin- 18 (IL- 18) play a pivotal role, activates resident immune cells in the 
lungs, including macrophages (Mɸ). These cells subsequently release chemokines, which may include CXCL9 and CXCL10, and initiate 
recruitment of Th1 cells into the lung interstitium. Accumulation of immune cells then promotes a persistent and self- sustained inflammatory 
response. The inflammatory milieu associated with this response deviates polarization of macrophages away from the phenotype necessary for 
recycling surfactant, leading to the emergence of pulmonary alveolar proteinosis (PAP)–like features. The role of biologic therapy and/or other 
environmental and genetic factors in this process remains unclear. GM- CSF = granulocyte–macrophage colony- stimulating factor; TNF = tumor 
necrosis factor; BAL = bronchoalveolar lavage.
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 inflammatory diseases who are also treated with these biologics, 
including those with hereditary periodic fever syndromes, rheumatoid 
arthritis, and inflammatory bowel disease, and seems to be rare in 
Southern Europe, where the utilization of biologics is comparable to 
that in the US (De Benedetti F and Ravelli A: personal communica-
tions). It is also notable that in our cohort, all patients continued to 
receive biologic therapy, and LD substantially improved in at least 3 
patients while they continued receiving IL- 1– and IL- 6–blocking biolog-
ics. Taken together, these observations regarding the characteristics 
of SJIA- ILD underscore the critical need for well- designed multicenter 
epidemiologic studies that would include different geographic areas 
with different patterns of medication utilization, to define risk factors 
and support strategies to prevent development of this disorder.
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Rapid and Sustained Long- Term Efficacy and Safety of 
Canakinumab in Patients With Cryopyrin- Associated 
Periodic Syndrome Ages Five Years and Younger
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Objective. To assess long- term efficacy and safety of canakinumab and the response to vaccination in children 
ages ≤5 years with cryopyrin- associated periodic syndrome (CAPS).

Methods. CAPS patients (ages ≤5 years) received 2 mg/kg canakinumab subcutaneously every 8 weeks; patients 
with neonatal- onset multisystem inflammatory disease (NOMID) received a starting dose of 4 mg/kg in this open- label 
trial. Efficacy was evaluated using physician global assessment of disease activity and serum levels of C- reactive 
protein (CRP) and amyloid A (SAA). Adverse events (AEs) were recorded. Vaccination response was evaluated using 
postvaccination antibody titers at 4 and 8 weeks after immunization.

Results. Of the 17 patients enrolled, 12 (71%) had Muckle- Wells syndrome, 4 (24%) had NOMID, and 1 (6%) had 
familial cold autoinflammatory syndrome. All 17 patients had a complete response to canakinumab. Disease activity 
improved according to the physician global assessment, and for 65% of the patients autoinflammatory disease was 
characterized as “absent” at the end of the study. Median CRP levels decreased over time. No such change was evi-
dent in SAA levels. During the extension study, postvaccination antibody titers increased above protective levels in 16 
(94%) of 17 assessable vaccinations. Ten of the patients (59%) had AEs suspected to be related to canakinumab; 8 
(47%) experienced at least 1 serious AE (SAE). None of the AEs or SAEs required interruption of canakinumab therapy.

Conclusion. Our findings indicate that canakinumab effectively maintains efficacy through 152 weeks and appears 
to have no effect on the ability to produce antibodies against standard childhood non- live vaccines. The safety profile of 
canakinumab was consistent with previous studies, supporting long- term use of canakinumab for CAPS in children ≤5 
years of age.
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INTRODUCTION

Cryopyrin- associated periodic syndrome (CAPS) is a rare 
autosomal- dominant autoinflammatory disorder that includes a 
group of 3 overlapping inflammatory disorders: familial cold auto-
inflammatory syndrome (FCAS), Muckle- Wells syndrome (MWS), 
and chronic infantile neurologic, cutaneous, articular (CINCA) 
syndrome/neonatal- onset multisystem inflammatory disease 
(NOMID) (hereafter referred to as NOMID) (1). CAPS is caused 
by gain- of- function mutations in the NLRP3 gene, which lead to 
increased production of interleukin- 1β (IL- 1β) (2–4). The clinical 
manifestations of CAPS include characteristic urticaria- like rash, 
recurrent fever episodes, ocular inflammation, musculoskeletal 
manifestations, and central nervous system (CNS) involvement 
(5).The milder symptoms include repeated episodes of fever and 
chills with malaise, intense fatigue, headaches, conjunctivitis, 
diffuse urticaria- like rash, and generalized limb pain (6). These 
symptoms, when considered separately, often lead to a diagnos-
tic delay of CAPS, which compromises quality of life and exposes 
patients to the risk of neurologic complications (including deaf-
ness) and, in the longer term, renal failure from secondary AA 
amyloidosis (7–9).

Early diagnosis of autoinflammatory diseases and effective 
treatment to control inflammation and prevent irreversible dam-
age, such as deafness, severe joint deformity, growth retardation, 
and AA amyloidosis, are critical (10). With the well- established effi-
cacy of IL- 1 blockade and the widespread availability of genetic 
testing (helpful in atypical or complex cases), patients with CAPS 
are increasingly being diagnosed and treated in early life (5). 
Although the later- stage manifestations related to NOMID, such 
as bony overgrowth and bone deformities, are not reversible, 
most CAPS- specific symptoms may be reversible if patients are 
treated early. Growth retardation, CNS inflammation, and hearing 
loss have been reported to improve in some patients if treatment 
is provided in a timely manner (10–12). Early detection and con-
sequent treatment for CAPS patients are critical to improve the 
patient’s quality of life.

Current data on treatment in infants and children <2 years of 
age are limited and largely based on case reports (13,14). Prior to 
the widespread use of biologic agents, basic treatments to relieve 
the symptoms of CAPS consisted of nonsteroidal antiinflamma-
tory drugs, glucocorticoids, and immunosuppressants, which 
were partially successful at best (15). Agents targeting IL- 1β are 
now the standard of care (2,16,17). IL- 1 blockers, such as anak-
inra, rilonacept, and canakinumab, are currently licensed for ther-
apy for CAPS in different parts of the world and have been shown 
to induce prompt and stable disease remission (18–20).

Canakinumab, a selective, human anti–IL- 1β monoclonal 
antibody, has been proven to be efficacious in patients with CAPS 
≥2 years of age (21–23) but long- term follow- up data for this age 
group have not previously been published. Canakinumab has also 
been reported to not affect the induction or persistence of anti-

body responses after immunization with unadjuvanted influenza 
or alum- adjuvanted meningococcal vaccines in healthy subjects 
ages 18–45 years (24). Recently and unexpectedly, pneumococ-
cal vaccines were reported to trigger severe local and systemic 
inflammation in some patients with CAPS (25).

This report summarizes the long- term efficacy and safety 
of canakinumab in pediatric patients with CAPS ≤5 years of 
age, including 6 patients ≤2 years of age, with follow- up of  
3 years, including the core study (ClinicalTrials.gov identifier: 
NCT01302860) and extension study (ClinicalTrials.gov identi-
fier: NCT01576367), with an emphasis on response to vacci-
nation. In particular, infection risk and the effectiveness of and 
risk of reactions to immunizations with inactivated vaccines were 
assessed.

PATIENTS AND METHODS

Study design. The core study was a 56- week, multicenter, 
open- label, phase III trial, conducted in 7 countries (Germany, 
Belgium, Spain, France, Switzerland, the UK, and Canada). 
Patients who completed the core study entered the long- term 
extension study, with a minimum treatment duration of 6 months 
and a maximum treatment duration of 24 months, until 152 
weeks (see Supplementary Figure 1, available on the Arthri-
tis & Rheumatology web site at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41004/ abstract). Patients received 2 mg/kg  
canakinumab subcutaneously every 8 weeks for the entire study 
period (including the core and extension studies). Patients in 
whom a complete response was not achieved after the first dose 
of canakinumab, and those who experienced a relapse before 
the next scheduled dose, were eligible for a stepwise dose up- 
titration (4 to 6 to 8 mg/kg). For patients previously treated with 
an anti–IL- 1 agent and for NOMID patients, a starting dose of 4 
mg/kg was administered to mitigate against the risk of rebound 
flares anecdotally observed following withdrawal of IL- 1 block-
ade in CAPS patients, and since more severe CAPS phenotypes 
have previously been observed to require higher doses of IL- 1 
blockade, respectively (22,26). The study protocol was reviewed 
by the independent ethics committee or institutional review board 
of each center, and the study was conducted according to the 
ethics principles of the Declaration of Helsinki. Written informed 
consent was obtained from each patient’s legal guardian before 
randomization.

Patients. Inclusion criteria. Patients with CAPS ages 28 days 
to 60 months, with confirmed NLRP3 mutations and a body weight 
of ≥2.5 kg, were included in the core study. If patients were receiv-
ing the anti–IL- 1 agents anakinra or rilonacept before enrollment, 
these were discontinued prior to the baseline visit and the patients 
had to demonstrate active disease prior to enrollment. Patients 
who completed the core study with no major protocol deviations 
and were ≥1 year of age were rolled over to the extension study.

http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
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Exclusion criteria. Preterm neonates, patients with a his-
tory of recurrent infections and/or evidence of active infections 
or latent tuberculosis infection, patients with neutropenia, and 
those who had been treated with immunosuppressive drugs or 
received live vaccinations up to 3 months before screening were 
excluded.

Assessment of treatment response. The main objec-
tive of the core study was to assess the efficacy of canakinumab 
with respect to treatment response (Table 1). The extension study 
assessed the long- term efficacy of canakinumab with respect to 
relapse in patients who completed the core study. Complete 
response was defined as a physician global assessment of auto-
inflammatory disease activity as less than or equal to “minimal” 
(on a 5- point scale of absent, minimal, mild, moderate, and 
severe) and assessment of skin disease as less than or equal to 
“minimal” (on a 5- point scale of absent, minimal, mild, moderate, 
and severe) and serologic response indicated by serum C- reac-
tive protein (CRP) <15 mg/liter or serum amyloid A protein (SAA) 
<10 mg/liter (21). Relapse was defined for complete responders 
based on clinical features (physician global assessment greater 
than “minimal” or physician global assessment greater than or 
equal to “minimal” and assessment of skin disease greater than 
“minimal”) and serologic features (serum CRP >30 mg/liter or 

SAA >30 mg/liter).
Physician global assessment of autoinflammatory disease 

activity. For the physician global assessment, the following 8 
features were each graded on a 5- point scale (ranging from 
absent to severe): skin disease (urticaria- like skin rash), ar-
thralgia, myalgia, headache/migraine, conjunctivitis, fatigue/
malaise, other symptoms related to autoinflammatory syn-
drome, and symptoms not related to autoinflammatory syn-
drome.

Evaluation of markers of inflammation. Serum levels of the 
inflammation markers CRP and SAA were determined in a cen-
tral laboratory for all patients, regardless of age. The normal 

ranges for CRP and SAA levels were 0–6 mg/liter and 0–6.7 mg/
liter, respectively.

Safety assessment. Safety of canakinumab was assessed 
in terms of adverse events (AEs) and serious AEs (SAEs) accord-
ing to Medical Dictionary for Regulatory Activities (MedDRA; ver-
sion 17.1) reporting criteria for clinical trials.

Immunogenicity assessment. Anticanakinumab anti-
body concentrations were assessed in serum, and their poten-
tial correlation with any AEs or SAEs and/or loss of efficacy was 
analyzed.

Assessment of antibody titers against vaccine 
 antigen. The ability to attain or maintain protective anti-
body levels was assessed for inactivated vaccines, which the 
patients received as part of national vaccination programs, 
and thus potentially included the following antigens for the 
core study: Corynebacterium diphtheriae, Bordetella pertussis, 
Neisseria meningitidis, Clostridium tetani, influenza A (H1N1 
and H3N2), influenza B, Haemophilus influenzae B, Strepto-
coccus pneumoniae, and hepatitis B. The extension study 
included assessment of antibody titers against diphtheria, 
pertussis, Meningococcus, tetanus, Haemophilus influenzae 
B (polysaccharide or conjugate), influenza, Streptococcus 
pneumoniae, and hepatitis A and B. No live vaccinations were 
allowed throughout the course of the study or up to 3 months 
after the last canakinumab dose.

Assessment of vaccination response. Patients were 
assessed for vaccination response if antibody titer was measured 
0–14 days after vaccination (referred to as the “predose assess-
ment”), and on at least 1 subsequent occasion (at 4 weeks and/
or 8 weeks after vaccination). Patients were not assessed for a 
vaccination response if the antibody titer was already sufficient 
before dosing and maintained during the study.

Assessment of neurologic, ophthalmologic, and 
auditory features. At screening and week 24, magnetic 
resonance imaging (MRI) of the brain and inner ear was per-
formed, and neurologic, ophthalmologic, and auditory brainstem 
responses were assessed. A final assessment was performed for 
all evaluations at the end- of- study visits in the core and extension 
studies.

Evaluation of pharmacokinetics/pharmacodynamics. 
Canakinumab concentration data were collected and analyzed. A 
pharmacokinetics- binding model was applied to estimate pharma-
cokinetics parameters such as clearance, apparent volume of dis-
tribution, and first- order absorption rate constant for canakinumab 
in CAPS patients.

Table 1. Assessment of response to canakinumab in patients with 
cryopyrin- associated periodic syndrome*

Definition of complete response
PGA of autoinflammatory disease activity less than or equal to 

“minimal” AND
Skin assessment score less than or equal to “minimal” AND
CRP <15 mg/liter OR SAA <10 mg/liter

Definition of relapse†
PGA of autoinflammatory disease activity greater than “minimal” 

OR PGA of autoinflammatory disease activity greater than or 
equal to “minimal” and skin assessment score greater than 
“minimal” AND

Serum CRP AND/OR SAA >30 mg/liter
* Physician global assessment (PGA) of autoinflammatory disease ac-
tivity and skin assessment scores were summarized by severity code 
(absent, minimal, mild, moderate, severe). CRP = C- reactive protein; 
SAA = serum amyloid A. 
† In patients in whom a complete response had been achieved. 
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Statistical analysis. No inferential analyses were per-
formed, and categorical variables are presented as absolute fre-
quencies and percentages. Continuous variables are presented 
as the mean ± SD; median, minimum, maximum; and number 
of nonmissing data points. Tests were nonparametric. “End of 
study” refers to the end of the extension study.

AEs were coded using the MedDRA version 17.1. The 
number and percentage of patients with AEs were summarized, 
regardless of relationship to the study drug. Patients who experi-
enced multiple events for a given term were counted once. Data 
are presented as rounded values.

RESULTS

Patient disposition and baseline clinical char-
acteristics. Seventeen patients (with a median age of 31 
months [range 1−59 months]) with CAPS were enrolled in the 
core study. Six of the patients were younger than 2 years of 
age. All enrolled patients completed the core study and entered 
the extension study. Most patients (14 of 17 [82%]) completed 
the extension study; of the 3 patients who discontinued dur-
ing the extension study, 2 discontinued owing to unsatisfactory 
therapeutic effect (and were thus managed outside the clinical 
protocol as per local standard of care) and 1 had no reason 
for discontinuation recorded (and data were also subsequently 
unavailable). Screening for NLRP3 mutations was performed 
by routine genetic sequencing as part of regular clinical care 
for all patients. The mean time from diagnosis to study entry 
was 2.6 years. All 17 patients had at least 1 confirmed patho-
logic NLRP3 mutation (Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41004/ abstract). An additional TNFRS1 
variant (p.R121Q, also referred to as the R92Q variant) was 
observed in 1 MWS patient. Of the 17 patients enrolled, 12 
(71%) had MWS, 4 (24%) had NOMID (based on neurologic 
involvement in 4, on papilledema in 3, and overall severity of 
the phenotype in all 4 as judged by the local investigator), and 1 
(6%) had FCAS (Table 2). Median baseline CRP and SAA levels 

were abnormal (7.0 mg/liter for CRP and 9.1 mg/liter for SAA).

Dosage. Patients with the FCAS or MWS phenotype 
received a starting dose of 2 mg/kg of canakinumab every 8 
weeks, with the exception of 3 MWS patients who received 
a starting dose of 4 mg/kg due to prior exposure to anti–IL- 1 
agents. Patients with NOMID received a starting dose of 4 mg/kg 
due to clinical concern about severe phenotype, with the excep-

Table 2. Baseline characteristics of the 17 patients with cryopyrin- 
associated periodic syndrome treated with canakinumab*
Age, median (range) months 31 (1–59)
Sex, no. (%) male 12 (71)
Race, no. (%)

Caucasian 16 (94)
Asian 1 (6)

Weight, no. (%)
<15 kg 14 (82)
≥15 kg 3 (18)

Molecular diagnosis of NLRP3 
mutation, no. (%)

17 (100)

Phenotype, no. (%)
FCAS 1 (6)
MWS 12 (71)
NOMID 4 (24)

Time from diagnosis to study entry, 
mean ± SD years

2.6 ± 1.5

Serum markers of inflammation, 
median (range)†

CRP, mg/liter‡ 7 (0–165)
SAA, mg/liter§ 9 (0–861)

* FCAS = familial cold autoinflammatory syndrome; MWS = Muckle- 
Wells syndrome; NOMID = neonatal- onset multisystem inflammato-
ry disease; CRP = C- reactive protein; SAA = serum amyloid A. 
† Data were available for 16 patients. 
‡ Normal range 0–6 mg/liter. 
§ Normal range 0–6.7 mg/liter. 

Figure 1. Canakinumab dosing at baseline, the end of the core study, and the end of the extension study (final dose) in patients with familial 
cold autoinflammatory syndrome (FCAS), Muckle- Wells syndrome (MWS), and neonatal- onset multisystem inflammatory disease (NOMID). 
Doses are rounded up to the nearest whole number. Values in the >4 mg/kg category at the end of the core study and for the final dose are the 
median (range). See Supplementary Table 1, available on the Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.com/doi/10.1002/
art.41004/ abstract for exact doses in individual patients.

http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
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tion of 1 patient who received a starting dose of 6 mg/kg as an a 
priori agreed protocol deviation, again based on clinical concern 
regarding particularly severe phenotype (Supplementary Table 
1, available on the Arthritis & Rheumatology web site at http://
onlin elibr ary.wiley.com/doi/10.1002/art.41004/ abstract). A total 
of 9 (53%) of 17 patients did not require any dose up- titration 
during the core study. Three of 4 NOMID patients and 5 of 12 
MWS patients required dose up- titration. During the extension 
study, 7 (41%) of the 17 patients did not require any dose up- 
titration, whereas 10 patients (6 with MWS, 3 with NOMID, and 
1 with FCAS) did require dose up- titration (Figure 1).

Pharmacokinetics/pharmacodynamics. Data relating 
to pharmacokinetics and pharmacodynamics evaluation were 
analyzed and will be reported separately. Comparison of dose- 
normalized drug concentrations among patients who received 
a consistent canakinumab dose demonstrated that exposure to 
canakinumab in patients ages 2 years or younger (n = 5) was sim-
ilar to that observed in patients older than 2 years (n = 4).

Efficacy. Treatment responses. Overall, a complete response 
was achieved in 16 (94%) of the 17 patients by the end of the core 
study (week 56). In the extension study, a complete response was 
achieved in 100% of the patients within 72 weeks from the start 
of the study (Figure 2A), and no new relapses occurred after week 
96 (Figure 2B).

Physician global assessment of disease activity. The physi-
cian global assessment of autoinflammatory disease activity in 
the overall population decreased from baseline to the end of the 
study (Figure 3). The proportion of patients without autoinflam-
matory disease (absent) increased from 24% (4 of 17 patients) at 
baseline in the core study to 65% (11 of 17 patients) at the end of 
the study. The proportion of patients with mild and moderate au-
toinflammatory disease decreased from 47% (8 of 17 patients) at 
baseline to 6% (1 of 17 patients) at the end of the study and from 
24% (4 of 17 patients) to 0% at the end of the study, respectively. 
There was 1 report of severe autoinflammatory disease flare at 
week 72, but none from week 80 to the end of the study.

Assessment of skin disease. The proportion of patients 
without skin disease (absent) increased from 29% (5 of 17 pa-
tients) at baseline in the core study to 94% (16 of 17 patients) at 
the end of the study. The proportion of patients with moderate 
skin disease decreased from 29% (5 of 17 patients) at baseline 
to 0% at the end of the study. Severe skin disease was reported 
for 6% (1 of 17 patients) at baseline and was not reported for any 
patient at any visit thereafter.

Change in levels of serum markers of inflammation (CRP 
and SAA). The median CRP level (normal range 0–6 mg/liter)  
decreased from 7.0 mg/liter at baseline (precanakinumab) (range 
0.0–165.0) to 1.0 mg/liter at the end of the core study (range 
0.0–22.0) and 3.0 mg/liter at the end of the study (range 0.0–
47.0). The median SAA level (normal range 0–6.7 mg/liter) de-
creased from 9.1 mg/liter at baseline (range 0.0–861.0) to 2.2 

mg/liter at the end of the core study (range 0.0–331.0). However, 
the median SAA level increased to 9.0 mg/liter at the end of the 
study (range 0.0–173.0).

Immunogenicity. Antibodies against canakinumab were 
not detected in any of the patients in the core or extension studies.

Findings of vaccination assessments. In the core 
study, 7 (41%) of the 17 patients (ages 5–59 months) received 
10 types of inactivated vaccines. These 7 patients received 
a total of 31 vaccinations, 18 of which were assessable for a 
vaccination response. For the remaining 13 vaccinations, no 
predose antibody titer was available and, therefore, response 
was not assessed. All assessable patient vaccination cases 
showed a positive response (antibody titers increased above 
protective level) (Supplementary Table 2, available on the 
Arthritis & Rheumatology web site at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41004/ abstract). For all 31 patient vac-
cinations, including those without a predose antibody titer, a 

Figure  2. Percentage of patients with a complete response to 
treatment in the entire study period (152 weeks). A, Kaplan- Meier 
estimate of the time to first response. Complete response was defined 
as physician global assessment of autoinflammatory disease activity as 
less than or equal to “minimal” (on a 5- point scale of absent, minimal, 
mild, moderate, and severe) and assessment of skin disease as less 
than or equal to “minimal” (on a 5- point scale of absent, minimal, mild, 
moderate, and severe) and serologic response indicated by serum C- 
reactive protein (CRP) <15 mg/liter or serum amyloid A protein (SAA) <10 
mg/liter. B, Kaplan- Meier estimate of the time to first relapse. Relapse 
was defined for complete responders as a physician global assessment 
of autoinflammatory disease greater than “minimal,” or physician global 
assessment greater than or equal to “minimal” and assessment of skin 
disease greater than “minimal,”and serum CRP >30 mg/liter or SAA >30 
mg/liter. Color figure can be viewed in the online issue, which is available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract
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protective antibody titer level was observed during the core 
study, which was maintained throughout the trial. In the exten-
sion study, 4 (24%) of the 17 patients (ages 0–5 years) received 
8 types of inactivated vaccines. These 4 patients received a 
total of 20 vaccinations, and 17 of these unique patient vac-
cinations were assessable for response; 16 (94%) showed a 
positive response, with antibody titers increasing above the 
protective level (Supplementary Table 2, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41004/abstract). Fur-
thermore, in 19 patient vaccination cases, including those 
without a predose antibody titer, a protective antibody titer 
level was observed during the study, which was maintained 
throughout the extension study, as seen in the core study. 
Predose antibody titers and the last measured antibody titer 
for each patient and corresponding vaccinations during the 
extension study are shown in Supplementary Table 2.

In one patient who received a Tetravac formulation (diphthe-
ria, tetanus, acellular pertussis, and inactivated polio combination), 
a positive response to Bordetella pertussis and Corynebacterium 
diphtheriae was achieved, but not to Clostridium tetani; the val-
ues provided from the laboratory represented optical density 
rather than antibody concentrations and hence were considered  
nonevaluable. This patient had no AEs associated with this vacci-
nation, nor lymphopenia or neutropenia at the time of last vacci-
nation and antibody titer assessments. There was no disease flare 
induced by vaccination.

Neurologic, ophthalmologic, and auditory find-
ings. Three patients had clinically significant audiometry 
abnormalities at baseline and were also classified as having 

abnormalities during the extension study. The hearing loss 
reported for 1 NOMID patient continued to worsen during the 
extension study.

On neurologic assessment, 4 patients were found to have 
the following abnormalities: delay in motor function and coordi-
nation and language delay in 1 NOMID patient, gap of acquisi-
tions in 1 MWS patient, intention tremors in 1 MWS patient, and 
lack of responsiveness in 1 MWS patient. The ophthalmologic 
assessment showed abnormal findings in 2 NOMID patients 
who had clinically significant abnormalities during the extension 
study. One patient had uveitis in the right eye, and the second 
patient had a swollen and thick- ended retinal fiber layer in the left 
eye, which was recorded as a clinically insignificant abnormality 
on days 946 and 1,125.

All but 1 patient underwent brain MRI. The findings were 
interpreted as normal for all of the patients, except for 1 patient 
with NOMID who had dilatation of ventricles, bilateral T2 hyper-
signal in parietal white matter, and delay of myelination on day 
579 of the extension study. (At a later assessment, on day 629, 
this finding was recorded as a clinically insignificant abnormality.)

Safety. Overall, the mean exposure was 951 days 
per patient with a total of 44 patient- years for the core and 
extension study periods, which comprised a mean exposure 
of 429 days per patient and 20 patient- years for the core 
study and 546 days per patient and 25 patient- years for the 
extension study. In the core study, all 17 patients exposed to 
 canakinumab experienced at least 1 AE. The most common 
AEs were nasopharyngitis (in 7 [41%] of the17 patients) and 
upper respiratory tract infection (in 7 [41%]) (Table 3). Overall, 

Figure 3. Physician global assessment of autoinflammatory disease in patients with cryopyrin- associated periodic syndrome. Values are the 
percentage of patients in each category at the indicated week. EOS = end of study.



CANAKINUMAB TREATMENT IN PATIENTS WITH CAPS |      1961

in the core study 9 (53%) of the 17 patients had AEs that were 
suspected to be related to the study drug, with 2 cases each 
of bronchitis and molluscum contagiosum; all other drug- 
related AEs were reported as single cases. In the extension 
study, 16 patients experienced at least 1 AE, and 10 (59%) of 
the 17 patients had AEs that were suspected to be related to 
the study drug, with the most common (observed in at least 
3 of the patients) being diarrhea, pneumonia, rhinitis, pyrexia, 

and cough.
In the core study, 4 (24%) of the 17 patients experienced 

at least 1 SAE; routine hospitalization for operative correction 
of congenital cryptorchidism (complicated by staphylococ-
cal wound infection), diarrhea, vomiting, femur fracture, flare 
of CAPS disease activity, influenza, and lung infection were 
reported. None of the SAEs were reported for more than 1 
patient. In the extension study, 8 (47%) of the patients experi-
enced at least 1 SAE. Pneumonia was reported in 2 patients 
(12%), while all other SAEs were reported in 1 patient each. The 
proportion of patients with SAEs during the extension study is 

depicted in Table 3. There were no deaths or discontinuations 
due to AEs or SAEs during the entire study.

DISCUSSION

CAPS is a rare autoinflammatory disease, caused by 
mutations in the NLRP3 gene, and is often challenging to 
diagnose due to unfamiliarity among many physicians, the rar-
ity of the disease, overlapping symptoms with other diseases 
(27), and the presence of low- penetrance genetic variants 
and poly-morphisms (28). This study assessed the long- term 
efficacy and safety of canakinumab in pediatric patients with 
CAPS ≤5 years of age across 7 countries and demonstrated 
clinical efficacy over a 3- year period.

Overall, at least one complete response was achieved in 
the majority of the patients (9 of 10 patients <2 years of age 
and 7 of 7 patients >2 years of age) over the 56 weeks of the 
core study, and complete response was achieved in all patients 
by the end of the study. During the core study, no discontin-
uations were observed. In the extension study no patient dis-
continued due to AEs, but 2 patients discontinued due to an 
unsatisfactory therapeutic effect. These results are consistent 
with the findings of various studies demonstrating sustained 
efficacy of subcutaneous canakinumab administered every 8 
weeks (21,29). Another phase III study (22) demonstrated clin-
ically and serologically inactive disease in 30% of patients after 
2 months and 60% of patients after 6 months of canakinumab 
treatment. In our study, 75% of the NOMID patients (3 of 4) and 
42% of the MWS patients (5 of 12) required dose up- titration, 
emphasizing the need for higher doses in severely affected 
patients. In addition, the improvement in disease activity, as 
measured by physician global assessment of disease activity, 
that was observed during the core study was sustained until 
the end of the study. This improvement was also reflected in 
the assessment of skin disease (urticaria- like skin rash).

Although CRP levels decreased over time until the end of the 
study, such a pattern of change was not evident in SAA levels. This 
was due to the fact that although all patients had clinically active 
disease, several patients had low prestudy SAA levels. Addition-
ally, underpowering and missing data probably contributed to this 
seemingly discrepant SAA response to treatment. In periodic fever 
syndromes such as CAPS, pretreatment SAA levels do not always 
capture systemic inflammation, even when patients have clinically 
active disease, as previously observed in other studies of children 
with CAPS (22).

No new safety signals were observed, and the safety profile 
was consistent with that reported in previous canakinumab stud-
ies (21). No deaths were reported during the study. There were 
few clinically significant findings on audiograms or neurologic or 
ophthalmologic assessments. In this study, all but 1 of the patients 
underwent MRI of the brain and inner ear, and all MRI findings 
were reported as normal. This is consistent with the results of 

Table 3. AEs and SAEs experienced by patients with CAPS treated 
with canakinumab in the core and extension studies*

Core study Extension study
Exposure, mean ± SD 

days† 
428.6 ± 46 546.1 ± 210

Total AEs, no. (%) 17 (100) 16 (94)
Total SAEs, no. (%) 4 (23) 8 (47)
Common AEs, no. (%)‡

Nasopharyngitis 7 (41) 7 (41)
Upper respiratory 

tract infection
7 (41) 0 (0)

Diarrhea 0 (0) 7 (41)
Pyrexia 6 (35) 6 (35)
Rhinitis 6 (35) 0 (0)
Vomiting 0 (0) 6 (35)
Headache 0 (0) 6 (35)

SAEs
CAPS 1 (5.9) 0 (0)
Cryptorchidism 1 (5.9) 0 (0)
Diarrhea 1 (5.9) 0 (0)
Vomiting 1 (5.9) 1 (5.9)
Influenza 1 (5.9) 0 (0)
Lung infection 1 (5.9) 0 (0)
Wound infection 

(staphylococcal)
1 (5.9) 0 (0)

Femur fracture 1 (5.9) 0 (0)
Conductive deafness 0 (0) 1 (5.9)
Abdominal pain 0 (0) 1 (5.9)
Papillitis 0 (0) 1 (5.9)
Pneumonia 0 (0) 2 (11.8)
Bronchitis 0 (0) 1 (5.9)
Meningitis aseptic 0 (0) 1 (5.9)
Limb injury 0 (0) 1 (5.9)
Hematoma 0 (0) 1 (5.9)

* Except where indicated otherwise, values are the number (%) of 
patients. AEs = adverse events; SAEs = serious AEs; CAPS = cryopyrin- 
associated periodic syndrome. 
† Since study enrollment. 
‡ Experienced by at least 6 patients (>35%). 
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 previous studies of the effect of canakinumab treatment on neu-
rologic symptoms in CAPS patients (21,30). Although it has been 
suggested that anakinra may have superior efficacy for the ame-
lioration of inflammatory cerebrospinal fluid (CSF) biomarkers in 
patients with NOMID based on observations in a small number of 
patients who underwent serial CSF examination while sequentially 
receiving anakinra or canakinumab (31), there are no hard data 
to suggest that this translates into worse neurologic outcomes 
for NOMID patients treated with canakinumab compared to 
those treated with anakinra. This is clearly an area that will require 
ongoing surveillance in the longer term. As compared with the 
β- Confident Registry (32) (which assessed 288 patients across 13 
countries and different age groups, all treated with canakinumab), 
the frequency of AEs and SAEs was significantly lower in the 
present study of very young pediatric patients; however, it is likely 
explained by small patient numbers in our study (and hence wider 
confidence limits regarding this observation) compared with the 
β- Confident Registry data.

In our study, canakinumab did not show any negative impact 
on postvaccination antibody production following the administra-
tion of non- live vaccines in 9 pediatric patients. Recent studies have 
suggested that pneumococcal vaccines can trigger severe local and 
systemic inflammation (25) in CAPS patients, who are genetically 
prone to overactivation of inflammasomes (32). Hence, the poten-
tial benefits of pneumococcal immunization need to be assessed 
against safety signals. Of the 3 patients who received pneumococ-
cal vaccine in this study, none developed an inflammatory flare. This 
study excluded inoculation with live attenuated vaccines because 
the current consensus is that these vaccines are contraindicated in 
patients treated with biologic agents. Interestingly, a 4- month- old 
patient with CAPS (NOMID) treated with canakinumab was recently 
reported to have been immunized with live attenuated vaccines 
(measles, rubella, varicella, and mumps) and achieved sufficient 
antibody titer without any complications (33).

Given the rarity of CAPS and the vulnerable nature of this 
young pediatric patient population, this was a nonrandomized and 
nonblinded study of a pragmatically small sample size. Although an 
extension study was included, the follow- up period was still very 
limited for what is likely to be lifelong treatment. We acknowledge 
that the long- term impact of canakinumab treatment on hearing 
loss and other potential late sequelae remains uncertain. Ultimately, 
much longer phase IV registry type studies may provide more data 
on the impact of canakinumab over decades of treatment.

Overall, our results demonstrate that canakinumab is an 
effective treatment for patients with CAPS ≤5 years of age. 
Canakinumab appears to have no effect on the ability to pro-
duce antibodies against standard childhood non- live vaccines, 
and no vaccine- associated disease flares were observed. The 
safety profile of canakinumab was thus acceptable and similar 
in this very young pediatric cohort to that observed in previous 
studies of older patients.
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Humoral response against LL- 37 in psoriatic disease: 
comment on the article by Yuan et al

To the Editor:
Psoriatic disease is a chronic inflammatory syndrome char-

acterized by skin, joint, and spine involvement leading to abnor-

mal keratinocyte proliferation and/or arthritis with enthesitis (1,2). 
The immune response against self DNA is thought to be central 
in psoriasis pathogenesis (3,4), while the mechanisms leading to 
the eventual development of psoriatic arthritis (PsA) are less clear.

LL- 37 is an antimicrobial peptide overexpressed in psoriasis- 
affected skin that binds self DNA and enters dendritic cells, thus 

Figure 1. Higher B cell activation (A), T cell activation (B), and CD154 (costimulatory molecule CD40L) expression on CD4 T cells (E) in a psoriatic 
arthritis (PsA) patient with anti-LL37 positivity after 24 hour-stimulation with LL37 peptide compared to a PsA patient without anti-LL37 positivity 
(C, D, and F).
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activating a potent interferon- mediated response. Moreover, LL- 
37 can also act as self antigen, activating HLA–C*06:02- restricted 
autoreactive T cells, mainly CD8 cells (3) as well as B cells (by a 
lesser- known mechanism). Recent data suggest that the humoral 
response against LL- 37 characterizes PsA development in sub-
jects with psoriasis (4,5). Lande and colleagues demonstrated 
levels of anti–native LL- 37 in PsA synovial fluid correlated with 
disease activity (4); a humoral response against citrullinated and 
carbamylated LL- 37 was more prevalent in PsA sera. Testing a 
large panel of putative self- antigens, Yuan and colleagues found 
an autoimmune- like autoantibody profile in psoriasis (5); more 
interestingly, levels of anti–native LL- 37 antibodies were able to 
discriminate patients with PsA versus those without PsA.

We analyzed serum samples from 38 patients with psoriasis 
and PsA who fulfilled the Classification of Psoriatic Arthritis Study 
Group criteria for PsA (1) (55% female, median age 50 years 
[interquartile range 42–55], 50% with a disease duration of >5 
years, and 13% with axial involvement), 8 patients with psoria-
sis only (75% female, median age 45 years [interquartile range 
28–72 years]), and 41 healthy subjects (71% female, median age 
50 years [interquartile range 43–64 years]). Anti–LL- 37 IgG anti-
bodies were detected by indirect enzyme- linked immunosorbent 
assay developed in- house using recombinant LL- 37 (Biosynte-
sis). Sera were considered positive for anti–LL- 37 IgG if levels 
were >0.7314 (2 SD above the mean in healthy subjects). Periph-
eral blood mononuclear cells (PBMCs) from 2 patients with PsA 
(1 positive and 1 negative for anti–LL- 37 antibodies) were cultured 
with 10 ng/ml of interleukin- 2 (IL- 2), 50 ng/ml of IL- 21, and 100 
ng/ml of BAFF (Miltenyi) in the presence of 10 μg/ml of LL- 37 or 
nonspecific T and B cell stimulators (50 ng/ml of phorbol myristate 
acetate, 1 μg/ml of ionomycin [Sigma Aldrich], and 1 μg/ml of 
CD40L [Miltenyi]). PBMCs were harvested after 1 day and 7 days 
of culture and stained with BV650- conjugated CD3 (BioLegend), 
phycoerythrin (PE)–Cy7–conjugated CD69 (BD Biosciences), 
allophycocyanin–conjugated CD154 (BD Biosciences), BV570- 
conjugated CD19 (BioLegend), and PE- CF594–conjugated CD86 
(BD Biosciences). Cellular populations were acquired on Fortessa 
BD flow cytometer, and results were analyzed with FlowJo.

Anti–LL- 37 antibodies were detected in 8 of 38 PsA serum 
samples (21%) compared to none of the healthy subjects  
(P < 0.01 by Mann- Whitney test) or patients with psoriasis only  
(P = 0.004 by Mann- Whitney test). Regardless of anti–LL- 37 pres-
ence, significant B cell activation (Figures 1A and C) and T cell 
activation (Figures 1B and D) was noted at 24 hours after LL- 37 
stimulation in PsA patients. However, in the patient with anti–LL- 
37 positivity, B cell activation (Figure 1A) and T cell activation (Fig-
ure 1B) was more pronounced together with increased expression 
of the costimulatory molecule CD154 (CD40L) on CD4 T cells 
(Figure 1E) compared to the patient without anti–LL-37 positiv-
ity (Figures 1C, 1D, and 1F), which supports the notion of a T 
cell–dependent mechanism of humoral response in PsA, similar to 
what is observed in classic autoimmune diseases. Taken together, 

our data support the importance of LL- 37 in the pathogenesis of 
PsA and suggest that this effect may go beyond serum antibody 
status and be based on a T cell–dependent process.
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Failure of etanercept and methotrexate combination 
therapy to surpass etanercept monotherapy in psoriatic 
arthritis—what about the joint counts? Comment on 
the article by Mease et al

To the Editor:
We read with interest the article by Mease and colleagues in 

which they reported on their investigation of the efficacy of etan-
ercept as monotherapy relative to methotrexate monotherapy 
or in combination in the treatment of psoriatic arthritis (PsA) (1). 
The failure of the combination therapy group to achieve better 
outcomes than the etanercept monotherapy group was a sur-
prising result. Certain clarifications may help us understand this  
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outcome, specifically regarding the key components of the  
composite scores.

The primary, key secondary, secondary, and additional end 
points all had a significant component of subjective assessment 
by both patient- reported measures (e.g., patient global assess-
ment, patient pain assessment, Health Assessment Question-
naire) and physician- reported measures. Although we do not 
dispute the importance of patient- reported measures, it should 
be noted that these assessments can be affected by factors 
independent of active synovitis in patients with PsA (2). Indeed, 
active enthesitis and axial disease, which often accompany PsA 
(and may be less affected by methotrexate) (3), may continue 
to drive higher composite scores by contributing to patient pain 
and patient global assessment of disease despite improve-
ment in joint counts. Further, women have a higher frequency 
of depression and anxiety, which are prevalent in PsA (9–37%), 
as well as higher baseline tender and swollen joint counts (4). 
In the study by Mease et al, the methotrexate- only group had 
more female patients than the etanercept- only group and the 
combination therapy group (56.3% versus 46.8% and 49.1%, 
respectively) as well as higher tender and swollen joint counts 
at baseline (1), which may be a confounding factor in the afore-
mentioned context.

Theoretically, it is possible that despite no significant differ-
ence between the composite scores (such as the Modification 
of the Psoriatic Arthritis Disease Activity Score or American 
College of Rheumatology composite scores) obtained with 
combination etanercept and methotrexate versus etanercept 
monotherapy, joint count improvement may indeed be higher 
in the combination therapy group. Thus, it would be of interest 
to have data on separate components, specifically the ten-
der and swollen joint counts or a composite score without the 
patient- reported outcomes, like the 3- variable Disease Activity 
Score (5). Furthermore, any data regarding axial involvement, 
or the proportion of patients with back pain (or the severity of 
back pain), may further help in the clarification of the study 
results.
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Xanthine oxidase inhibitor withdrawal syndrome? 
Comment on the article by Choi et al

To the Editor:
Along with many researchers and physicians, we were 

concerned about reported excess cardiovascular (CV) deaths 
among patients treated with febuxostat versus allopurinol, that 
were described in the Cardiovascular Safety of Febuxostat and 
Allopurinol in Patients with Gout and Cardiovascular Morbidities 
(CARES) trial report (1) and at a subsequent Food and Drug Admin-
istration (FDA) Arthritis Advisory Committee meeting (https :// 
www.fda.gov/advis ory-commi ttees/ advis ory-commi ttee-calen 
dar/janua ry-11-2019-joint-meeti ng-arthr itis-advis ory-commi ttee-
and-drug-safety-and-risk-manag ement ), and the FDA’s recent 
decision to apply a black- box warning to the febuxostat label. 
While the key issue for the meeting was the slightly higher CV 
death rates with febuxostat versus allopurinol, the meeting’s 
briefing information raised another interesting observation: an 
increased rate of major adverse CV events (MACEs) with both 
drugs after treatment discontinuation (subject went “off- drug”). 
This situation was also pointed out in a recent letter to the editor 
by Bubb (2), in reference to an article by Choi et al in which they 
reviewed implications of the data from the CARES trial (3).

Through analysis of the meeting briefing information, we 
also found that with febuxostat and allopurinol, respectively, the 
mean percent CV deaths among patients at risk were 0.17% per 
month and 0.085% per month during the study period (extracted 
from Takeda slide CS- 27) and increased 18.7- fold and 18.4- fold 
to 2.19% per month and 1.56% per month, respectively, dur-
ing the first 30 days after treatment discontinuation (from FDA 
slide 27). Inflated event rates were also found in subsequent time 
periods through 180 days after drug discontinuation (increases 
above the mean percent CV deaths per month during study 
treatment 6.72- fold during days 31–60, 3.84- fold during days 
61–90, and 3.68- fold during days 91–180 with febuxostat; and 
8.18- fold during days 31–60, 7.50- fold during days 61–90, and 
4.77- fold during days 91–180 with allopurinol).

What is the reason for the increased rate of MACEs after dis-
continuation of treatment with xanthine oxidase inhibitors (XOIs)? 
Various studies provide clues, including a randomized control trial 
of the effects of allopurinol in patients with stable chronic angina 
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pectoris, which demonstrated significant beneficial effects on 
angina with only 6 weeks of XOI treatment (4). Also, many studies, 
including analyses of Medicare data (5), indicated that allopurinol 
had beneficial effects on the heart, including reduced mortality in 
long- term studies. In patients such as those in the CARES trial, who 
are at increased risk of CV events, one could expect that drug dis-
continuation would remove such beneficial effects, thereby increas-
ing what was a lowered state of risk during the treatment period. 
Such an “XOI withdrawal syndrome” is similar to withdrawal effects 
reported with CV risk–reducing drugs such as beta- blockers (6). 
Proposed mechanisms for the benefit of XOIs on CV event risk have 
included inhibition of the harmful effects of reactive oxygen species 
or hyperuricemia, or exertion of the advantageous effect of increas-
ing ATP (7). However, the former two mechanisms would explain 
neither the appearance of the favorable outcomes observed within 
6 weeks of starting treatment in the study by Noman et al (4) nor 
the deleterious consequences seen shortly after drug withdrawal 
in the CARES study since their influence should have lasted for 
long periods of time, while XOI therapy only temporarily inhibits the 
accumulation of the detrimental effects (Figure 1). Conversely, the 
beneficial effect of increasing ATP should be  evident within a short 
time period, and its removal by withdrawal of the drug should be 
quickly apparent (7). This essentially would result in avoided deaths 
during the treatment period, but upon XOI withdrawal, the avoided 
deaths would reappear due to decreased ATP, which impacts the 
heart and leads to increased death in at- risk individuals (Figure 1).
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Reply

To the Editor:
We appreciate Dr. Johnson and colleagues’ inferences on 

potential biologic mechanisms to explain the increased mor-
tality shortly after discontinuation of febuxostat or allopurinol 
in the CARES trial. We also note that the findings could be 
methodologically explained by “sick- stopper” and “healthy- 
adherer” effects. Gravely or fatally ill individuals are more likely 
to discontinue preventive treatments for largely asymptomatic 
nonfatal conditions. Prominent examples have included lipid- 
lowering agents, antihypertensives, and treatments to prevent 
osteoporosis; urate- lowering therapy to eventually prevent 
gout flares would fall in the same territory. Conversely, health-
ier patients are more likely to continue such therapies. This 
phenomenon has been observed in randomized trials, as well 
as observational study settings (1–3).

Figure 1. Comparison of effect modes of xanthine oxidase inhibitor 
(XOI) therapy according to different theories. Schematic drawings 
show the time courses of the detrimental effects of both reactive 
oxygen species (ROS) and urate and the beneficial effect of ATP, 
before, during, and after treatment with an XOI. XOI therapy should 
suppress the accumulation of the detrimental effects of ROS and 
urate, while it should enhance the beneficial effect of ATP.
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Questions regarding the relationship between serum 
S100A8/A9 and S100A12 levels, and the maintenance 
of clinically inactive disease in juvenile idiopathic 
arthritis: comment on the article by Hinze et al

To the Editor:
We read with interest the recent article by Hinze et  al (1), 

describing their study in which they did not find that assay of either 
S100A8/A9 or S100A12 would predict the evolution of polyarticu-

lar juvenile idiopathic arthritis (JIA) in patients with clinical remission 
achieved with anti–tumor necrosis factor (anti- TNF) therapy. The 
authors observed a strong correlation between serum levels of 
S100A8/A9 and S100A12 at a given time in a given patient, but 
saw great variability over time in a given patient. They postulated 
that the delay between anti- TNF administration and blood sam-
pling should explain part of this variability.

Disease symptoms in JIA are known to follow observed cir-
cadian rhythms, and cytokine production in human blood shows 
a circadian rhythmic pattern, especially for TNF, interferon- γ, and 
interleukin- 6 (2). However, the issue of whether S100A8/A9 has a 
diurnal rhythm has never been addressed. We performed half- day 
sequential blood sampling in 12 patients with nonsystemic JIA to 
measure S100A8/A9 levels (Table 1). Venous blood samples col-
lected in EDTA vacutainer tubes (Becton Dickinson) were obtained 
at rest and fasting in the morning at 7:30 am, 9:30 am, and 12:00 
pm, and in the afternoon at 3:00 pm and 5:30 pm. After collection, 
the blood samples were immediately centrifuged at 3,000g for 
10 minutes at 4°C and stored at −80°C until analysis. Plasma 
S100A8/A9 levels were measured using a commercially available 
MRP8/14 calprotectin enzyme- linked immunosorbent assay kit 

(Bühlmann Laboratories) (3).
A longitudinal analysis performed using a random- effects 

model showed a significant increase in calprotectin levels at 3:00 
pm (P < 0.01), with a moderate intraclass correlation coefficient 
associated with within- patient variability of 0.68. More precisely, 
the correlation coefficients between the first evaluation and other 
time point evaluations could vary by up to 2 times (between 0.41 
and 0.85).

One study showed that a cutoff serum S100A8/A9 value 
of ≥690 ng/ml could be predictive of an increasing risk of 
relapse after discontinuing methotrexate (MTX) treatment (4). 
Another study showed that patients with a baseline serum level 

Table 1. Demographics, clinical characteristics, and laboratory findings in 12 patients with nonsystemic juvenile idiopathic arthritis*

Age, 
years/

sex
BMI, kg/

m² Z score
Tanner 
stage

JIA  
subtype

Disease 
duration, 
months

Disease 
status†

Concomitant 
DMARDs

hsCRP, 
mg/liter 
(normal 

<3.0)

S100A8/
A9 at 

7:30 am, 
ng/ml

S100A8/
A9 at 

3:00 pm, 
ng/ml

11/F 14.8 −1.4 I–II Psoriatic 16.8 Inactive MTX 0.24 742.3 1,278.1
10/M 18.1 +0.6 I–II ERA 14.1 Inactive SSZ <0.16 1,247.2 1,820.0
8/F 21.7 +1.8 I–II RF− pJIA 4.9 Active MTX 1.4 1,298.9 1,617.9
9/M 15.5 −0.4 I–II ERA 35.6 Inactive MTX <0.16 868.3 5,845.8
14/F 19.7 +0.2 III–IV RF− pJIA 9.0 Inactive MTX <0.16 313.5 1,652.7
14/M 20.1 +0.3 III–IV Psoriatic 40.1 Inactive IFX + LEF 0.33 3,548.1 4,178.9
16/F 21.1 +0.2 III–IV ERA 25.8 Inactive NSAIDs 0.53 880.5 647.7
9/M 21.3 +1.7 I–II oJIA 55.2 Inactive NSAIDs <0.16 3,794.3 4,861.7
15/F 23.1 +0.9 III–IV ERA 20.7 Inactive NSAIDs <0.16 780.8 724.2
13/F 19.4 +0.2 III–IV RF+ pJIA 23.0 Active MTX + ETN <0.16 1,551.4 844.8
12/F 16.9 −0.5 I–II Undifferentiated 67 Inactive None <0.16 3,527.8 4,439.3
16/F 24.4 +1.0 III–IV Undifferentiated 20.5 Inactive ETN 0.22 769.3 1,179.8

* BMI = body mass index; JIA = juvenile idiopathic arthritis; DMARDs = disease- modifying antirheumatic drugs; hsCRP = high- sensitivity C- reactive 
protein; MTX = methotrexate; ERA = enthesitis- related arthritis; SSZ = sulfasalazine; RF = rheumatoid factor; pJIA = polyarticular JIA; IFX = inflix-
imab; LEF = leflunomide; NSAIDs = nonsteroidal antiinflammatory drugs; oJIA = oligoarticular JIA; ETN = etanercept. 
† Determined according to the American College of Rheumatology provisional criteria (6). 
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of S100A8/A9 of >3,000 ng/ml were more likely to respond to 
MTX (odds ratio 16.07 [95% confidence interval 2.00–129.3]) 
(5). Hence, depending on studies, the blood level of S100A8/A9 
appears very variable, and the clinical significance of an elevated 
blood level is uncertain. We hypothesize that these discordant 
results could be due, in part, to a lack of awareness of the phys-
iologic diurnal rhythm. However, none of these reports specified 
the time of day when the samples were collected.

Therefore, it appears that blood calprotectin levels can be 
highly variable throughout the day, perhaps reflecting the circa-
dian variation in cortisol. We suggest that any study addressing 
the value of calprotectin should note, and indicate in the report, 
the hour of blood sampling.

Emmanuelle Rochette, PhD
Bruno Pereira, PhD
Etienne Merlin, MD, PhD
Centre Hospitalier Universitaire de Clermont-Ferrand
Clermont-Ferrand, France
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Reply

To the Editor:
We thank Dr. Rochette and colleagues for their interest in our 

study on the relationship between serum levels of S100A8/A9 and 
S100A12 in patients with polyarticular forms of JIA and the risk of 
disease flare following withdrawal of anti- TNF therapy. Rochette 
et al assessed plasma levels of S100A8/A9 in 12 patients with 
various forms of JIA at 5 different time points throughout the day, 

and, via a longitudinal analysis, established that there was sub-
stantial circadian variation. Furthermore, they suggest that differ-
ent conclusions or threshold levels in previous studies may be the 
result of a lack of homogeneity in the preanalytical conditions of 
the assay, and that in future studies, the hour of blood sampling 
should be noted.

Rochette and colleagues raise very important points con-
cerning the measurement of S100 protein levels; however, we 
would like to point out some caveats in their conclusions. First, 
while they assessed plasma S100A8/A9 levels using a commer-
cial enzyme- linked immunosorbent assay (ELISA) kit, we mea-
sured serum S100A8/A9 and S100A12 levels using experimental 
ELISAs for research purposes. Plasma and serum S100 protein 
levels may differ substantially, with plasma levels typically being 
below the serum levels (1). In addition, providers should be keenly 
aware that measured levels from the same samples may differ 
substantially among the available assays, as demonstrated by 
Rothmund and colleagues (2). As another example, whereas the 
assay- specific upper limit of normal for the Bühlmann S100A8/
A9 ELISA has been reported as 3,000 ng/ml, it was 420 ng/ml for 
the reported experimental ELISA. A similar variation can be seen 
with S100A12 assays. Therefore, published cutoff levels may not 
be directly translated into patient care when different analytical 
platforms, which provide results in other concentration ranges, 
are used.

Second, the argument concerning the presence of circadian 
rhythmicity of S100A8/A9 production is well taken since the kinet-
ics of S100 proteins, including their biologic half- lives, are indeed 
poorly defined. As discussed by Rochette and colleagues, a cir-
cadian pattern has been reported for other inflammatory markers 
as well, including interleukin- 6 and C- reactive protein, presum -
ably due to an association with circadian cortisol secretion and a 
short half- life of the respective biomarkers (3,4). However, in those 
studies a contrasting pattern was seen, with a morning peak 
and an afternoon nadir. Furthermore, inflammatory biomarkers 
are influenced by many factors. For example, in addition to time 
of day, exercise, infection, and injury may have a very prominent 
impact on short- term variation of S100 protein levels (5–7). In this 
respect, the intervention of a study with repeated blood sampling 
over a day may itself have an impact that is difficult to quantify. 
Even though biologic variability is a major weakness of biomarker 
studies, we believe it will unfortunately be unrealistic to account for 
all of these factors in these studies.

Third, the patient cohort studied by Rochette and colleagues 
is substantially different from our patient cohort. For example, our 
cohort included only patients with extended oligoarthritis, sero-
negative polyarthritis, and seropositive polyarthritis who had clin-
ically inactive disease after treatment with anti- TNF, whereas of 
the 12 patients reported by Rochette and colleagues, 8 patients 
had psoriatic, enthesitis- related, or undifferentiated arthritis; only 
3 were treated with anti- TNF; and 10 were tested during clinically 
inactive disease. The biology of S100 protein secretion may differ 
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of S100A8/A9 of >3,000 ng/ml were more likely to respond to 
MTX (odds ratio 16.07 [95% confidence interval 2.00–129.3]) 
(5). Hence, depending on studies, the blood level of S100A8/A9 
appears very variable, and the clinical significance of an elevated 
blood level is uncertain. We hypothesize that these discordant 
results could be due, in part, to a lack of awareness of the phys-
iologic diurnal rhythm. However, none of these reports specified 
the time of day when the samples were collected.

Therefore, it appears that blood calprotectin levels can be 
highly variable throughout the day, perhaps reflecting the circa-
dian variation in cortisol. We suggest that any study addressing 
the value of calprotectin should note, and indicate in the report, 
the hour of blood sampling.
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To the Editor:
We thank Dr. Rochette and colleagues for their interest in our 

study on the relationship between serum levels of S100A8/A9 and 
S100A12 in patients with polyarticular forms of JIA and the risk of 
disease flare following withdrawal of anti- TNF therapy. Rochette 
et al assessed plasma levels of S100A8/A9 in 12 patients with 
various forms of JIA at 5 different time points throughout the day, 

and, via a longitudinal analysis, established that there was sub-
stantial circadian variation. Furthermore, they suggest that differ-
ent conclusions or threshold levels in previous studies may be the 
result of a lack of homogeneity in the preanalytical conditions of 
the assay, and that in future studies, the hour of blood sampling 
should be noted.

Rochette and colleagues raise very important points con-
cerning the measurement of S100 protein levels; however, we 
would like to point out some caveats in their conclusions. First, 
while they assessed plasma S100A8/A9 levels using a commer-
cial enzyme- linked immunosorbent assay (ELISA) kit, we mea-
sured serum S100A8/A9 and S100A12 levels using experimental 
ELISAs for research purposes. Plasma and serum S100 protein 
levels may differ substantially, with plasma levels typically being 
below the serum levels (1). In addition, providers should be keenly 
aware that measured levels from the same samples may differ 
substantially among the available assays, as demonstrated by 
Rothmund and colleagues (2). As another example, whereas the 
assay- specific upper limit of normal for the Bühlmann S100A8/
A9 ELISA has been reported as 3,000 ng/ml, it was 420 ng/ml for 
the reported experimental ELISA. A similar variation can be seen 
with S100A12 assays. Therefore, published cutoff levels may not 
be directly translated into patient care when different analytical 
platforms, which provide results in other concentration ranges, 
are used.

Second, the argument concerning the presence of circadian 
rhythmicity of S100A8/A9 production is well taken since the kinet-
ics of S100 proteins, including their biologic half- lives, are indeed 
poorly defined. As discussed by Rochette and colleagues, a cir-
cadian pattern has been reported for other inflammatory markers 
as well, including interleukin- 6 and C- reactive protein, presum -
ably due to an association with circadian cortisol secretion and a 
short half- life of the respective biomarkers (3,4). However, in those 
studies a contrasting pattern was seen, with a morning peak 
and an afternoon nadir. Furthermore, inflammatory biomarkers 
are influenced by many factors. For example, in addition to time 
of day, exercise, infection, and injury may have a very prominent 
impact on short- term variation of S100 protein levels (5–7). In this 
respect, the intervention of a study with repeated blood sampling 
over a day may itself have an impact that is difficult to quantify. 
Even though biologic variability is a major weakness of biomarker 
studies, we believe it will unfortunately be unrealistic to account for 
all of these factors in these studies.

Third, the patient cohort studied by Rochette and colleagues 
is substantially different from our patient cohort. For example, our 
cohort included only patients with extended oligoarthritis, sero-
negative polyarthritis, and seropositive polyarthritis who had clin-
ically inactive disease after treatment with anti- TNF, whereas of 
the 12 patients reported by Rochette and colleagues, 8 patients 
had psoriatic, enthesitis- related, or undifferentiated arthritis; only 
3 were treated with anti- TNF; and 10 were tested during clinically 
inactive disease. The biology of S100 protein secretion may differ 
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substantially under these circumstances, so that the variability 
seen may not be directly comparable.
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Dr. Daniel H. Solomon to Become Arthritis & Rheuma-
tology Editor-in-Chief

Arthritis & Rheumatology welcomes Daniel H. Solomon, MD, 

MPH as incoming Editor-in-Chief. Dr. Solomon is Professor of Med-

icine at Harvard Medical School and Chief of the Section of Clinical 

Sciences in the Division of Rheumatology at Brigham and Women’s 

Hospital. His editorial board will consist of experts in clinical, trans-

lational, and basic research spanning all assets of rheumatology and 

related disciplines, including Deputy Editors Richard Bucala, MD, PhD 

(Professor, Yale), Mariana Kaplan, MD (Chief, Systemic Autoimmunity 

Branch, National Institute of Arthritis and Musculoskeletal and Skin 

Diseases, NIH), and Peter Nigrovic, MD (Associate Professor, Harvard 

Medical School and Brigham and Women’s Hospital). Dr. Solomon 

plans to encourage submission of video abstracts, graphical ab-

stracts, and interactive clinical scenarios to accompany articles and 

is interested in including applied immunology reviews, perspectives 

and opinions, and clinical challenges in Arthritis & Rheumatology. His 

5-year term as Editor-in-Chief begins July 1, 2020.

Download the ACR Publications App
Search “ACR Publications” in the Apple Store or the Google 

Store to download the ACR Publications Mobile App. Members can log 

into the ACR Publications app for complete access to full text of all arti-

cles published in Arthritis & Rheumatology (A&R) and Arthritis Care & Re-

search (AC&R). In addition, both members and nonmembers can access 

A&R and AC&R article abstracts, full text of articles published more than 

one year ago, select open-access articles published  recently, as well as 

all issues of ACR Open Rheumatology (ACROR) and The Rheumatolo-

gist. Save your favorite articles for quick and easy access, including of-

fl ine, share articles with colleagues or students, and utilize the full-screen 

fi gure and table viewer. The ACR Publications app offers an entirely new 

browsing and reading experience and the opportunity to better keep up-

to-date with the most important developments in rheumatology research 

and practice.

Follow the ACR Journals on Twitter
On Twitter, follow @ACR_Journals, the offi cial social media 

feed of A&R, AC&R, and ACROR, to engage with authors and other 

rheumatology professionals about current research, enjoy special 

features and updates about the fi eld of rheumatology and related 

disciplines, and stay up-to-date with fi rst looks at recently accepted 

content in A&R, AC&R, and ACROR. 

Education Programs
6th Systemic Sclerosis World Congress. March 5–7, 

2020, Prague, Czech Republic. The Systemic Sclerosis World 

Congress boasts an eclectic mix of interactive opportunities for 

attendees, including hands-on workshops; lectures, and discus-

sions between physicians, medical staff, and patients; oral pres-

entations; and satellite sessions. Lectures will be given in English 

but will be translated into major audience languages, and some 

topics will be covered in different languages in smaller groups. 

The broad scope of the Congress includes, among other topics, 

developments in scleroderma treatments, an update on major 

research projects, and how to treat pain in digital ulcers. Small-

er groups will examine more specific topics, including juvenile 

scleroderma and the impact of scleroderma on sexual life. Regis-

tration fees are €700 (early; until December 2), €760 (December 

3–February 17), and €830 (February 18–onsite) for physicians; 

€240 (early; until December 2), €300 (December 3–February 17), 

and €365 (February 18–onsite) for fellows, basic scientists, and 

health professionals, and €120 (early; until December 2), €180 

(December 3–February 17), and €240 (February 18–onsite) for 

students. For additional information, e-mail worldscleroderma-

foundation@gmail.com or visit the web site http://worldsclero-

found.org/systemic-sclerosis-world-congress/.
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