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Adoptive Treg Cell Therapy in a Patient With SLE
Scientists have identified Treg cell therapy 
as having great potential in the treatment of 
autoimmune disease. In this issue, Dall’Era 
et al (p. 431) report the results of their inves-

tigation into whether adop-
tive transfer of autologous 
ex vivo–expanded Treg 

cells from patients with cutaneous lupus 
could be considered a reasonable treatment 
alternative. Due to clinical parameters and 
practical considerations, the investigators 
were able to enroll only 1 patient in the study. 
They treated the patient with the lowest 
proposed dose (1 × 108 cells) and focused 

their attention on tissue inflammation. Their 
report describes the first case of a patient with 
systemic lupus erythematosus (SLE) treated 
with autologous Treg cell therapy. 

The investigators used deuterium to 
track infused Treg cells and found that the 
cells were transiently present in periph-
eral blood, accompanied by increased 
percentages of highly activated Treg cells 
in diseased skin. Flow cytometric analysis 
and whole-transcriptome RNA sequencing 
results showed that Treg cell accumulation 
in the skin was associated with a marked 
attenuation of the interferon-ɣ pathway 

and a reciprocal augmentation of the inter-
leukin-17 (IL-17) pathway. Moreover, this 
pattern was more pronounced in the skin as 
opposed to the peripheral blood. 

The researchers validated these find-
ings in a murine model of skin inflam-
mation and found that Treg cell adoptive 
transfer resulted in a pronounced skewing 
away from Th1 immunity and toward IL-17 
production. These results suggest that this 
treatment leads not only to increased acti-
vated Treg cells in inflamed skin, but also a 
dynamic shift from a Th1 to a Th17 response 
in human autoimmune disease.

In this issue, Bakker et al (p. 382) report the results of their 
evaluation of repeated magnetic resonance imaging (MRI) of 
the sacroiliac (SI) joints in diagnosing patients with chronic back 
pain and in whom axial spondyloarthritis (SpA) is suspected.  

The investigators found that a minority of patients 
with chronic back pain and suspected SpA develop 
MRI-detected status changes in the SI joints. 

The 188 patients enrolled in the study had 
a mean ± SD age of 31.0 ± 8.2 years, a mean ± SD symptom 
duration of 13.2 ± 7.1 months, and approximately one-third 
were male. The majority (83.5%) had a negative MRI at baseline. 
Of the patients who had a positive MRI at baseline (n = 31), after 
3 months and after 1 year, 11.1% (3 of 27) and 37.9% (11 of 29) 
of the patients, respectively, had a change in MRI results from 
positive to negative. The investigators suggest that this change 
was attributable in part to the initiation of anti–tumor necrosis 
factor therapy. A smaller percentage of patients had a change 
from negative to positive: 4.3% (5 of 116) after 3 months and 
7.2% (10 of 138) after 1 year.  When the researchers looked for 
determinants of positive MRI findings in SI joints, they found that 
male sex and HLA–B27 positivity were important predictors of 
MRI positivity at any point in time.

If the baseline results were negative, the likelihood of a 
positive scan at follow-up was ≤7%, showing that MRI-detected 

axial SpA positivity at baseline strongly influenced the chance of 
positive SI joint MRI results in the future. These findings indicate 
that MRI scans conducted 3 months or 1 year after a patient 
has been diagnosed with suspected axial SpA do not perform a 
diagnostically useful role.

Repeated MRI Tests for Patients With Suspected 
Axial Spondyloarthritis

p. 382

p. 431

Figure 1. Likelihood of a positive MRI result at any time point (baseline, 3 
months, and 1 year) in chronic back pain patients investigated for axial SpA. 
HLA–B27 status and sex were used as variables.
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Bone Mineral Density and Fractures Predict Development 
of Knee and Hip Osteoarthritis
In this issue, Bergink et al (p. 361) report 
the results of their study designed to 
examine the longitudinal relationship 
between BMD and the incidence and 

progression of knee, hip, 
and hand osteoarthritis 
(OA) in elderly men and 

women in both Rotterdam Study popula-
tions (RS-I and RS-II). The authors also 
examined the relationship between prev-
alent vertebral and nonvertebral fractures 
and the incidence and progression of OA. 

After constructing age- and sex-
specific quartiles of baseline femoral 
neck BMD for 4,154 subjects in the 
Rotterdam Study, the investigators scored 
radiographs for incidence and progres-
sion of knee and hip OA, as well as for 
incidence of hand OA. They also scored 
prevalent vertebral fractures using the 
McCloskey/Kanis method and deter-
mined prevalent nonvertebral fractures 
from the baseline interview.

The resulting data confirm earlier find-
ings that high femoral neck BMD is a prog-
nostic risk factor for the development of 
radiographic knee and hip OA (ROA), but is 

not related to the progression of knee or hip 
ROA or the incidence of hand ROA. When 
the investigators analyzed RS-II findings (n 
= 1,149 patients), they did not see a statis-
tically significant association between the 
highest quartile of BMD and the incidence or 
progression of knee and hip ROA, possibly 

Evidence suggests that innate lymphoid cells (ILCs) play 
an important role in tissue/immune homeostasis as well as 
immunopathology.  These cells have functional and transcriptional 
profiles that overlap with those of Th subsets. Up until now, 

however, analysis of juvenile idiopathic arthritis 
(JIA) immune pathology has focused on the 
contributions of CD4+ T cells. For example, 

populations of CD4+ T cells and Th17 cells are known to be 
expanded within the synovial fluid of patients with JIA. Moreover, 
both human studies and animal models suggest a role for 
interleukin-17A (IL-17A) in JIA pathogenesis. 

In this issue, Rosser et al (p. 460) report on the extension of 
their investigation of the role of ILCs and other IL-17–producing 
cell subsets in the pathology of JIA. They began by using flow 
cytometry to identify ILC and CD3+ T cell subsets in peripheral 

blood mononuclear cells (PBMCs) from healthy adults, healthy 
children, and patients with JIA. They also identified synovial fluid 
mononuclear cells (SFMCs) from patients with JIA. They found 
that multiple lymphoid cell types determine the strength of the 
IL-17A signature in JIA SFMCs. When the investigators compared 
JIA SFMCs to PBMCs, they identified an increase in group 1 ILCs 
(ILC1s), NKp44– group 3 ILCs (natural cytotoxicity receptor–
negative [NCR–] ILC3s), and NKp44+ ILC3s (NCR+ ILC3s). This 
enrichment corresponded to an increase in transcripts for TBX21, 
IFNG, and IL17A. 

Of the different ILC subsets, the frequency of NCR– ILC3s in 
JIA SFMCs showed the strongest positive association with clinical 
measures. These cells included NCR– ILC3s and IL-17A+CD4+, 
IL-17A+CD8+, and IL-17A+ ɣδ T cells. These observations may have 
implications for the development of more specific therapeutics.

Innate Lymphoid Cells and T Cells Contribute to IL-17A 
Signature in Juvenile Idiopathic Arthritis

p.  460

p.  361

Figure 1. Characteristics of the subject populations in the previous study (Bergink, 2005) and the present study*

*Data are from the Rotterdam Study populations RS-1 and (in the present study only) RS-II. ROA = radiographic 
osteoarthritis.

due to the smaller number of patients in this 
subgroup. Although prevalent vertebral and 
nonvertebral fractures were not related to 
an increase in the incidence or progression 
of knee or hip ROA, the researchers found 
that vertebral fractures were a risk factor 
for incident hand ROA.
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Clinical Connections

SUMMARY 
The inflammatory cytokine interleukin-17A (IL-17A) is a key driver of inflammation in axial and peripheral 
spondyloarthritis (SpA); however, the cellular source of IL-17A remains largely unknown. Group 3 innate lymphoid 
cells (ILC3s) have been recently identified in the regulation of tissue homeostasis, repair, and inflammation and as 
producers of pro-inflammatory cytokines, including IL-17A and IL-22. Blijdorp et al conducted flow cytometric 
analysis of synovial tissue, synovial fluid, and peripheral blood from patients with SpA and found that ILCs, and 
particularly NKp44-positive ILC3s, are expanded in inflamed SpA joints. However, this disease feature is not SpA 
specific because similar frequencies of ILC3s occur in the blood and synovial tissue of patients with rheumatoid 
ar thritis (RA). Single-cell expression analysis demonstrated that synovial ILCs are clearly distinguishable from 
synovial T cells and from their peripheral blood counterparts. ILC2s, identified as a predominant ILC subpopulation 
in SpA patient peripheral blood, expressed IL4 and IL13 upon activation. Prominent expression of the Th17 
signature transcripts RORC, AHR, and IL23R was the hallmark of synovial ILC3s, and these cells showed inducible 
IL-22 and CSF2, but not IL-17A expression in response to in vitro restimulation. Fur ther work is needed to 
investigate alternative sources of IL-17A in the SpA joint.

KEY POINTS 

•  NKp44-positive ILC3s are enriched in the
inflamed SpA synovium but also occur in RA. 

•  High-resolution profiling at the single-
cell level revealed that synovial ILC3s
are capable of producing IL-22 and
granulocyte–macrophage colony-
stimulating factor in response to in vitro
restimulation.

•  Synovial ILC3s do not appear to be a
significant source of IL-17A in SpA.

•  The pathologic source of IL-17A in the
joint warrants further investigation.

Expansion of IL-22– and GM–CSF–Expressing, But 
Not IL-17A–Expressing, Group 3 Innate Lymphoid 
Cells in the Inflamed Joints of Patients With SpA
Blijdorp et al, Arthritis Rheumatol 2019;71:392–402.

CORRESPONDENCE
Nataliya G. Yeremenko, PhD:  n.g.yeremenko@amc.uva.nl
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Martucci et al, Arthritis Rheumatol 2019;71:441–450.

CORRESPONDENCE 
Katherine T. Martucci, PhD:  katherine.martucci@duke.edu

Altered Cervical Spinal Cord Resting-
State Activity in Fibromyalgia

SUMMARY  
Changes in the central and peripheral nervous systems converge within the spinal cord, combining descending 
influences from the brain, afferent influences from peripheral nerves, and local activity within the spinal cord. 
Therefore, understanding how spinal cord activity is altered in fibromyalgia (FM) can provide a more complete 
picture of nervous system contributors to symptoms. 

Using functional magnetic resonance imaging (fMRI) of the cervical spinal cord, Martucci et al demonstrate the 
differences in resting-state activity in individuals with FM (n = 15) as compared with healthy controls (n = 14). 

Specifically, the FM group showed greater amplitude of low-frequency fluctuations (ALFF), a measure of resting 
state activity, in the ventral spinal cord (i.e., spinothalamic tract region) and lesser ALFF in the dorsal spinal cord 
(i.e., medial lemniscus and dorsal horn). Mean ALFF values from the dorsal spinal cord in FM were correlated with 
fatigue, suggesting functional implications of these findings. While the resolution of spinal cord fMRI is limited and 
evolving, these results provide a first glimpse of how spinal cord activity may be altered at rest in individuals with FM.

KEY POINTS  
•  Functional MRI of the spinal 

cord is an evolving research 
imaging technique.  

•  In FM, greater activity is 
observed within ventral regions 
and lesser activity is observed 
within dorsal regions of the 
cervical spinal cord.

•  Group differences in spinal 
cord activity were not 
correlated with pain, but lesser 
dorsal spinal cord activity 
correlated with fatigue in FM.

•  No group differences in 
functional connectivity or 
graph metrics suggest relatively 
normal network relationships 
within the spinal cord in FM.
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E D I T O R I A L

Better Biomarkers for Lupus Disease Activity: Tools for 
Treating to Target
Susan A. Boackle

Sometimes new ideas come from old places. The central role 
of complement in the pathogenesis of systemic lupus erythema-
tosus (SLE) has been known for years, and a reduction in C3 and 
C4 levels is one of the strongest biomarkers for increased lupus 
disease activity. However, every rheumatologist knows that some 
patients with no symptoms of active lupus will present with low 
complement levels, whereas some patients with aggressive dis-
ease have levels that never budge from the “normal” range. How 
can we better utilize the biomarkers associated with the comple-
ment system to guide therapy in lupus—both to predict lupus 
flares, so that damage from unwanted inflammation can be pre-
vented, and to allow withdrawal of therapy after inflammation has 
resolved, so as to minimize harm from toxic immunosuppressants?

Measuring whole complement to monitor disease activity 
in lupus is problematic. First, since C3 and C4 are also acute- 
phase reactants (1), with their levels rising during active disease 
flares, an uneven balance between production and consumption 
as well as longitudinal measurement are often required to visual-
ize the declines that mark active disease. In addition, C4 levels 
are genetically determined, and therefore single- point analyses 
using this marker are particularly unreliable. For these reasons, 
much emphasis has been placed in recent years on identifying 
new complement biomarkers based on complement split prod-
ucts that are specifically generated when complement is activated 
as a result of lupus disease activity. Some of these, including cell- 
bound complement activation products (2), have already made it 
into the clinic and are currently being used to further characterize 
the disease state of individuals with lupus.

In this issue of Arthritis & Rheumatology, Kim and colleagues 
offer another solution, proposing an approach that is faster and 
more immediate, reflecting ongoing activation of complement (3). 
In their study, Kim et al measured iC3b, the direct breakdown prod-
uct of C3b that is derived from C3, the central complement protein 
in all 3 complement activation pathways, using a novel lateral flow 
assay (4). Since iC3b has a half- life of ~90 minutes (5), it is stable 
enough to be measured in the clinic while reflecting recent comple-

ment activation associated with active disease. By then correlating 
C3 breakdown (iC3b) with C3 production (C3) using the iC3b:C3 
ratio, a more accurate measure of complement activation can be 
utilized.

Theoretically, this approach has value, and the data pre-
sented by Kim et al (3) demonstrate that the iC3b:C3 ratio per-
forms either comparable to or, in some analyses, superior to the 
measurements of C3 that are currently obtained in the clinical care 
of lupus patients. Proceeding to larger studies in which iC3b:C3 
ratios are evaluated in combination with other measurements of 
cell- bound and soluble complement split products will be inform-
ative. However, the data procured by Kim et al, as shown in Figure 
1A in their report (3), gives one pause, since 76.4% of the patients 
with “inactive” SLE had ongoing complement activation that was 
measurable using the iC3b:C3 ratio even though C3 levels were 
normal (Figure 1C). Indeed, this finding was originally demon-
strated in 1986, at which time the conclusion was made that “in all 
SLE patients, irrespective of the disease stage, an increased C3 
consumption is found, which supports the concept that a chronic 
inflammatory process is constantly present” (6).

When one considers these data, additional questions 
involving iC3b:C3 ratios come to mind. Do individuals with per-
sistently low iC3b:C3 ratios have better outcomes? Presumably 
they would be at lower risk for end- stage renal disease from 
lupus nephritis, but do they also have a lower incidence of cor-
onary artery disease and avascular necrosis? Do patients with 
lupus who go into complete clinical remission experience nor-
malization of their iC3b:C3 ratios? Does earlier diagnosis and 
initiation of treatment increase the likelihood that they will? How 
might the iC3b:C3 ratio perform in clinical trials of newer, more 
targeted agents?

A Lupus Low Disease Activity State (LLDAS) was defined 
and validated in 2016 as a goal for the treatment of lupus (7). 
Data gathered over a mean period of 3.9 years suggested that 
outcomes were improved in SLE patients who spent more time 
in LLDAS (7). Although Kim and colleagues did not examine 
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iC3b:C3 ratios in individuals in LLDAS in their study, one won-
ders how many of the patients in the “inactive SLE” group who 
had an elevated iC3b:C3 ratio (as shown in Figure 1A of Kim 
et al) had disease activity that could be classified in this state. 
Further stratification of this group would be an important analy-
sis, as would characterization of this group in future biomarker 
studies involving iC3b:C3 ratios. Does an LLDAS in itself ensure 
better outcomes, or must it also be accompanied by low levels 
of systemic inflammation? It would be disappointing indeed if 
we find that achieving LLDAS only gave us a false sense of 
security, as was seen in the original management of rheumatoid 
arthritis, in which clinicians tolerated mild joint disease activity 
in patients for years while the patients’ joint damage continued 
unabated.

Therefore, when evaluating the findings presented by Kim 
et al (3), rather than focusing on what is there, it may be wiser to 
focus on what is not. Perhaps future studies will show that the 
iC3b:C3 ratio correlates well with what we know as lupus flares, 
rising and falling with changes in disease activity. Perhaps it will 
even serve to predict imminent flares, so that appropriate therapy 
can be initiated early. Even more exciting, perhaps the iC3b:C3 
ratio can be used to identify which healthy, antinuclear anti-
body–positive individuals are heading toward their first symptoms 
of lupus, so that preventative therapy can be introduced. Most 
importantly, this measure may give us a real target toward which 
treatment may be directed—not low disease activity, not a stable 
dose of maintenance immunosuppressants, not discontinuation of 
prednisone, but elimination of systemic inflammation as indicated 

by a normalization of the iC3b:C3 ratio. As a biomarker of disease 
activity in SLE, one could not ask for more.
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Specific Association of HLA–DRB1*03 With 
Anti–Carbamylated Protein Antibodies in Patients With 
Rheumatoid Arthritis
Cristina Regueiro,1 Luis Rodriguez-Rodriguez,2  Ana Triguero-Martinez,3 Laura Nuño,4  
Angel L. Castaño-Nuñez,5 Alejandro Villalva,4 Eva Perez-Pampin,1 Yolanda Lopez-Golan,1 Lydia Abasolo,2  
Ana M. Ortiz,3 Eva Herranz,2 Dora Pascual-Salcedo,4 Ana Martínez-Feito,4 María Dolores Boveda,1  
Juan J. Gomez-Reino,1 Javier Martín,6 María Francisca Gonzalez-Escribano,5 Benjamín Fernandez-Gutierrez,2 
Alejandro Balsa,4 Isidoro Gonzalez-Alvaro,3  and Antonio Gonzalez1

Objective. Recognition of a new type of rheumatoid arthritis (RA)–specific autoantibody, the anti–carbamylated 
protein antibodies (anti- CarP), has provided an opportunity to improve the management and understanding of RA. 
The current study was undertaken to assess the relationship between anti- CarP antibodies and HLA–DRB1 alleles 
in RA.

Methods. Serum samples were obtained from 3 different collections, comprising a total of 1,126 RA 
 patients. Serum reactivity against in vitro carbamylated fetal calf serum proteins was determined by enzyme- 
linked  immunosorbent assay. HLA–DRB1 alleles were determined using either hybridization techniques or 
 imputation from HLA- dense genotypes. Results of these analyses were combined in a meta- analysis with data 
from 3  previously reported cohorts. The carrier frequencies of the common HLA–DRB1 alleles were compared 
 between the antibody- positive RA subgroups and the double- negative subgroup of RA patients stratified by 
 anti– citrullinated protein antibody (ACPA)/anti- CarP antibody status, and also between the 4 RA patient strata 
and healthy  controls.

Results. Meta- analysis was conducted with 3,709 RA patients and 2,305 healthy control subjects. Results re-
vealed a significant increase in frequency of HLA–DRB1*03 carriers in the ACPA−/anti- CarP+ subgroup as compared 
to ACPA−/anti- CarP− RA patients and healthy controls; this was consistently found across the 6 sample collections. 
This association of HLA–DRB1*03 with ACPA−/anti- CarP+ RA was independent of the presence of the shared allele 
(SE) and any other confounders analyzed. No other allele was specifically associated with the ACPA−/anti- CarP+ RA 
patient subgroup. In contrast, frequency of the SE was significantly increased in the ACPA+/anti- CarP− and ACPA+/
anti- CarP+ RA patient subgroups, without a significant distinction between them. Furthermore, some alleles (includ-
ing HLA–DRB1*03) were associated with protection from ACPA+ RA.

Conclusion. These findings indicate a specific association of HLA–DRB1*03 with ACPA−/anti- CarP+ RA, sug-
gesting that preferential presentation of carbamylated peptides could be a new mechanism underlying the contribu-
tion of HLA alleles to RA susceptibility.
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INTRODUCTION

The current models of the pathogenesis of rheumatoid 
 arthritis (RA) are focused on anti–citrullinated protein antibody 
(ACPA)–positive disease, because most susceptibility loci and 
environmental risk factors are predominantly associated with this 
subset of RA (1–3). Among the genetic factors, the HLA–DRB1 
alleles grouped under the shared epitope (SE) denomination are 
specifically associated with ACPA+ RA (4,5). They explain most of 
the known RA heritability risk. In fact, the SE accounts for ~3 times 
the heritability explained by the other 100 known non- HLA RA loci 
together (1,6). The molecular basis for this strong association has 
been demonstrated in several successive studies (7–11). It lies in 
the preferential binding of citrullinated peptides, over their non-
citrullinated counterparts, by the SE molecules. Once the citrulli-
nated peptides are bound by the SE, the peptide–HLA complex 
is presented to specific autoreactive T cells as an initial step in the 
autoimmune process (8,9). In addition to this insight, recognition of 
ACPAs has allowed the exploration of the early pathogenic events 
leading to clinical RA, because these antibodies often precede the 
onset of synovitis by months to years (3). In this way, it has been 
possible to uncover a potential series of steps that may lead to RA 
pathogenesis. These steps appear to start with the triggering of 
autoimmunity, likely at the lungs or other mucosal tissue, and then 
proceed to the maturation and expansion of autoantibodies and 
focalization to the joints, followed by the onset of articular pain, 
inflammation, and bone damage (3). Notably, ACPAs have been 
shown to be critically involved in all of these processes.

The discovery of anti–carbamylated protein (anti- CarP) anti-
bodies, which are directed against a structurally related posttrans-
lational protein modification, raised expectations for extending the 
advances obtained with ACPAs (12). In effect, anti- CarP resem-
ble ACPAs in several respects that suggest their pathogenic rel-
evance, as their presence precedes RA clinical symptoms, and 
they have been found to be associated with disease severity and 
bone erosions (12–17). However, findings with regard to the risk 
factors behind the presence of anti- CarP antibodies have been 
surprising, because anti- CarP do not seem to share the same 
risk factors as those of ACPAs. They are not associated with the 
SE or the R620W PTPN22 polymorphism (17,18), nor are they 
associated with smoking (17–19). These results indicate that 
anti- CarP and ACPAs are etiologically 2 independent systems of 
 autoantibodies.

The first indication of an anti- CarP–specific risk factor has 
already been reported in a large study of RA patients (18). In that 
study, the HLA–DRB1*03 allele was found to be associated with 
the ACPA−/anti- CarP+ RA patient subset as compared to the 
healthy control group (18), but the findings also revealed a lack of 
difference in the HLA–DRB1*03 frequency between ACPA−/anti- 
CarP+ and ACPA−/ anti- CarP− RA strata, which raises ques-
tions about interpretation of these results (18). Further doubts 
were raised by the observed lack of association of anti- CarP 

antibodies with HLA–DRB1*03 in another study (17), and also 
by the observed association of HLA–DRB1*03 in the whole set 
of patients with ACPA− RA in a study that did not include the 
anti- CarP antibody status (20).

Herein we have addressed the standing question of HLA–
DRB1 association with anti- CarP antibodies by combining the 
data from 3 new RA serum sample collections with the data 
from 2 previously reported studies (17,18). The meta- analysis 
included 3,709 RA patients and 2,305 healthy subjects from a 
total of 6 cohorts. The results revealed a specific association of 
HLA–DRB1*03 with ACPA−/anti- CarP+ RA in comparison to 
both the ACPA−/anti- CarP− RA subset and healthy controls. 
These exciting findings open the path to continued exploration 
of the etiologic components of the anti- CarP+ subgroup of RA.

PATIENTS AND METHODS

Patients and serum samples. Patients with RA were from 
3 Spanish RA cohorts. Two of the cohorts comprised patients from 
prospective early arthritis clinics (EACs), and the other comprised 
an observational cohort of patients with established RA. The EAC 
patients were recruited from the Hospital Universitario La Paz (the 
IDIPAZ cohort) (21) and the Hospital Universitario La Princesa (the 
Princesa Early Arthritis Register Longitudinal [PEARL] cohort) (22). 
Entry criteria for these EAC patients were as follows: presence of 
≥2 swollen joints for less than 1 year, and absence of previous 
treatment with disease- modifying antirheumatic drugs. In addi-
tion, inclusion in this study required classification of RA according 
to the American College of Rheumatology (ACR) 1987 diagnostic 
criteria (23) at the end of the 2 years of follow- up, and available 
DNA and serum samples from the baseline visit (available from 
242 patients in the IDIPAZ cohort and 256 patients in the PEARL 
cohort). The collection of patients with established RA (also diag-
nosed according to the ACR 1987 classification criteria) was 
recruited from the Instituto de Investigacion Sanitaria San Carlos 
(IdISSC) (n = 628) (24).

All participating subjects granted their written informed con-
sent. The study was designed and conducted in accordance with 
the Declaration of Helsinki and the Belmont Report, and according 
to Spanish biomedical law (Spanish Law of Biomedical Research 
no. 14/2007). This included the approval of each EAC by the Eth-
ics Committee of Hospital Universitario La Paz, the Ethics Com-
mittee for Clinical Research of Hospital Universitario La Princesa 
(reference no. PI- 518), and the Ethics Committee of Hospital 
Clínico San Carlos, and approval of the study by the Autonomous 
Research Ethics Committee of Galicia (reference no. 2014/387).

Anti- CarP antibodies and other RA autoantibodies. 
Anti- CarP antibodies were assessed using a previously described 
method (12,17). Briefly, we used in vitro carbamylated fetal calf 
serum (FCS) (F- 7524; Sigma- Aldrich) as the antigen. In vitro 
 carbamylation was performed by incubating 4 mg/ml FCS with 
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1M KCNO at 37°C for 15 hours. The efficiency and percentage 
of carbamylation were corroborated by high- performance liquid 
chromatography, as previously described (17).

Anti- CarP IgG antibodies were quantified by enzyme- linked 
immunosorbent assay (ELISA). The cut off for positivity was set 
at a 98% specificity level (obtained in the 208 healthy controls). 
The other autoantibodies were evaluated as part of each patient’s 
routine care. IgM–rheumatoid factor (RF) was determined by 
nephelometry, whereas anti–cyclic citrullinated peptide (anti- CCP) 
antibodies were determined by ELISA. The anti- CCP antibodies 
were evaluated using an Immunoscan RA anti–CCP- 2 test (anti-
body positive defined as >50 units/ml) in all patients in the IDIPAZ 
and IdISSC cohorts, and in all patients in the PEARL cohort until 
October 2010 (both assays from Euro Diagnostica). Samples from 
the PEARL cohort after October 2010 were analyzed with an anti–
CCP- 3 test (antibody positive defined as >40 units/ml) (Quanta 
Lite CCP- 3 IgG and IgA assay; Inova Diagnostics).

HLA–DRB1 genotypes. All samples from the IDIPAZ and 
PEARL cohorts and 49 samples from the IdISSC cohort were 
genotyped with HLA–DRB1* medium resolution methods, using 
polymerase chain reaction (PCR) and sequence- specific oligonu-
cleotide probes (SSOPs). Specifically, the Luminex method with 
LABType SSO (One Lambda) was used for the IDIPAZ and PEARL 
samples, and the Lifecodes HLA- SSO kit (Terpenel- Diagnostics 
Ltd.) was used for the IdISSC samples. Briefly, target DNAs 
were PCR- amplified using HLA–DRB1* group- specific primers. 
The biotinylated PCR products were denatured and hybrid-
ized with specific probes bound to color- coded microspheres. 
Phycoerythrin- conjugated streptavidin was added in order to 
label and reveal the reactions. The reactions were run in a LAB-
Scan3D flow analyzer to determine the fluorescence intensity on 
each microsphere. Results were analyzed with HLA Fusion soft-
ware (version 4.1; One Lambda) to assign HLA–DRB1 genotypes. 
The HLA–DRB1 genotypes for the remaining 579 samples from 
the IdISSC cohort were obtained by imputation on ImmunoChip 
data, as described previously (25). The 22 alleles coding for the 
QKRAA, QRRAA, and RRRAA 70–74 amino acids of HLA–DRB1 
were considered to be carrying the SE (26).

Statistical analysis. Results from the different patient 
cohorts and those from previously reported cohorts were com-
bined by meta- analysis. In most analyses, the ACPA−/anti- CarP− 
RA patients were used as the reference, while other analyses used 
the healthy controls as the reference (as specifically indicated). In 
addition, we performed meta- analyses directly comparing other 
subgroups of patients in some instances of interest (as specifically 
indicated). By default, fixed- effects meta- analysis was applied, 
weighting the contribution of each population with the inverse var-
iance method. The random- effects method of DerSimonian and 
Laird was the preferred approach when heterogeneity of the data 
was notable (I2 > 60). Heterogeneity between populations was 

assessed with the inconsistency parameter I2. Logistic regression 
was used to test for independence of the association results from 
possible confounding variables. These variables were sex, age, 
time since disease onset, presence of the SE, and the interaction 
between the SE and HLA–DRB1*03.

Meta- analysis was done with the R package meta (27). 
Other statistical analyses were done with Statistica version 7.0 

Figure 1. Meta- analysis of the association of the shared epitope 
(SE) alleles with antibody- positive rheumatoid arthritis (RA) in each 
cohort. Anti–citrullinated protein antibody–negative (ACPA−)/anti–
carbamylated protein antibody–positive (anti- CarP+) RA patients 
(A), ACPA+/anti- CarP− RA patients (B), and ACPA+/anti- CarP+ 
RA patients (C) were compared with ACPA−/anti- Car− RA patients 
for the presence of SE alleles in each cohort. The data in C show 
significant heterogeneity (I2 = 72%). Forest plots depict the odds 
ratio (OR) with 95% confidence interval (95% CI) of each cohort. The 
OR with 95% CI of the summary statistic is shown as a diamond 
with vertical dashed line. The relative weight of each study in the 
meta-analysis is represented by the size of the squares. EIRA = 
Swedish Epidemiological Investigation of RA; EAC = Early Arthritis 
Clinic; PEARL = Princesa Early Arthritis Register Longitudinal; IDIPAZ 
= Instituto de Investigación Hospital Universitario La Paz; IdISSC = 
Instituto de Investigacion Sanitaria San Carlos; IDIS = Instituto de 
Investigacion Sanitaria—Hospital Clínico Universitario de Santiago.
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(StatSoft). P values less than 0.05 were considered statistically 
significant.

RESULTS

Patients and prevalence of autoantibodies. Three new 
cohorts of Spanish patients with RA were analyzed for anti- CarP 
autoantibodies. The study included a total of 1,126 RA patients, of 
whom 498 were recruited at the first visit to an EAC, and the remain-
ing 628 patients with established RA were recruited during routine 
care. The clinical characteristics of the patients varied to some 
extent between the cohorts (see Supplementary Table 1, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40738/abstract), with women comprising 
73.2–82.4% of each cohort, ever smokers comprising 43.9–47.5%, 
and a median age at RA onset of 53–59 years. The time since RA 
symptom onset differed markedly between the cohorts, averaging a 
few months in the EACs and several years in the cohort of patients 
with established RA (see Supplementary Table 1).

Regarding the distribution of RA autoantibodies, the percent-
age of RF+ RA patients was more uniform among the cohorts, 
at 64.2–69.8%, than was the percentage of ACPA+ patients, at 
49.0–70.3% (Supplementary Table 1). The determination of anti- 
CarP antibodies in the serum was performed at the Instituto de 
Investigacion Sanitaria de Santiago (IDIS) using carbamylated 
FCS as antigen. The fraction of anti- CarP+ RA patients ranged 
from 30.6% to 45.9% in the various cohorts. Stratification by 
ACPA and anti- CarP status showed that most of the anti- CarP+ 
patients were also ACPA+ (and most ACPA− patients were anti- 
CarP−), whereas the smallest strata comprised those with dis-

cordant antibody  status (see Supplementary Table 2, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40738/abstract). Particularly small 
was the ACPA−/anti- CarP+ stratum, a group representing merely 
4.5–7.1% of the total in each cohort. This distribution reflects the 
already known concordance between the 2 RA autoantibodies.

Meta- analysis of the association of anti-CarP with 
specific HLA–DRB1 alleles. The data from the 3 new Spanish 
cohorts were combined by meta- analysis with the data from 2 
previous EAC cohorts (18) and also from a cohort of patients with 
established RA (17). The 2 previous EAC cohorts were from Swe-
den (1,348 patients from the Swedish Epidemiological Investiga-
tion of RA [EIRA] study) and from The Netherlands (715 patients 
from the Leiden EAC), whereas the previous patients with estab-
lished RA were from the Instituto de Investigacion Sanitaria—
Hospital Clinico Universitario de Santiago collection (520 Spanish 
patients). In this way, a total of 6 sample collections with data from 
3,709 RA patients were available for meta- analysis.

The patients were separated into 4 strata according to 
their ACPA/anti- CarP antibody status to account for the known 
associations between ACPAs and HLA–DRB1 alleles. Spe-
cifically, the frequencies of patients carrying the HLA–DRB1 
alleles (at the level of 2- digit codes) in each of the 3 antibody 
mixed- positive or double- positive strata (ACPA−/anti- CarP+, 
ACPA+/anti- CarP−, and ACPA+/anti- CarP+) were compared 
to that in the double- negative stratum (ACPA−/anti- CarP−).

Initial results of the meta- analysis confirmed the lack of asso-
ciation of the SE with ACPA−/anti- CarP+ RA (P = 0.3, I2 = 0%) 
(Figure 1A), whereas a strong association of the SE was observed 

Table 1. Meta- analysis of the association of HLA–DRB1 alleles with rheumatoid arthritis antibody status* 

HLA–DRB1

ACPA−/anti-CarP+ ACPA+/anti-CarP− ACPA+/anti-CarP+

OR P† I2 OR P† I2 OR P† I2

*01 0.65 0.03 0 1.12 0.3 41 1.26 0.01 55
*04 1.31 0.12 26 3.84‡ 2.8×10−10 77 3.85 <<10−16 0
*10 1.18§ 0.7 0 2.23 0.0009 38 2.56 6.6×10−5 35
*03 1.57 0.006 0 0.50 1.0×10−7 0 0.46 1.1×10−14 53
*07 0.94 0.8 51 0.65 0.0003 45 0.75 0.008 0
*08 1.31§ 0.3 0 0.53 0.0005 0 0.40 6.4×10−7 34
*09 0.87¶ 0.8 0 1.86§ 0.015 51 1.6§ 0.058 44
*11 1.20 0.3 0 0.66 0.0005 49 0.50 1.8×10−8 23
*13 0.92 0.6 0 0.49 1.8×10−10 17 0.35‡ 6.9×10−5 77
*14 1.54§ 0.15 0 0.73 0.15 7 0.79 0.3 47
*15 0.79 0.3 0 1.01 0.9 7 0.93 0.5 0
*16 1.12¶ 0.8 0 1.66 0.07 0 1.30 0.4 43

* ACPA = anti–citrullinated protein antibody; anti- CarP = anti–carbamylated protein antibody. 
† P values less than 0.05 were considered significant. 
‡ The odds ratio (OR) and P value correspond to results from random- effects meta- analysis. All other results were obtained with fixed- effects 
meta- analysis. 
§ Data from the PEARL and IDIPAZ cohorts were considered together as a single study due to lack of any patients in one of the subsets. 
¶ Data from other studies in addition to PEARL and IDIPAZ were considered as a single study due to lack of any patients in one of the subsets. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40738/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40738/abstract
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with the 2 ACPA+ strata, ACPA+/anti- CarP− (P << 10−16, I2 = 
43%) (Figure 1B) and ACPA+/anti- CarP+ (P << 10−16, I2 = 72%; 
random- effects meta- analysis OR 3.6, P = 4.7 × 10−13, given 
the significant heterogeneity of the data) (Figure  1C). Although 
the OR for the association with the SE was nominally larger in 
the double- positive ACPA+/anti- CarP+ RA patients than in the 
ACPA+/anti- CarP− RA patients, the difference was not significant 
in a direct meta- analysis comparing the 2 subgroups (P > 0.05) 
(data not shown). Similarly, the meta- analysis of the common 
alleles included in the SE, HLA–DRB1*01, *04, and *10, showed 

no specific association with ACPA−/anti- CarP+ RA (Table 1).
Meta- analysis of the remaining HLA–DRB1 alleles was 

also performed (Table 1). Only carriers of the HLA–DRB1*03 

allele showed a specifically increased OR of association in the 
ACPA−/anti- CarP+ RA patients. This increase was consis-
tently observed across all 6 cohorts (P = 0.006, I2 = 0%) (Fig-
ure 2A). In contrast, a decreased risk of ACPA+/anti- CarP− RA 
(P = 1.0 × 10−7, I2 = 0%) (Figure 2B) and ACPA+/anti- CarP+ 
RA (P = 1.1 × 10−14, I2 = 53%) (Figure 2C) was observed in 
the carriers of HLA–DRB1*03. This protective effect was not 
significantly different between the 2 groups of ACPA+ patients   
(P = 0.2) when directly compared by meta- analysis. None of 
the other HLA–DRB1 alleles showed a significantly increased 
 frequency in any of the ACPA/anti- CarP antibody strata, 
although several alleles showed a significant decrease in 
 frequency in the ACPA+ subgroups (Table 1).

Figure 2. Meta- analysis of the association of the HLA–DRB1*03 
allele with antibody- positive RA. ACPA−/anti- CarP+ RA patients 
(A), ACPA+/anti- CarP− RA patients (B), and ACPA+/anti- CarP+ RA 
patients (C) were compared with ACPA−/anti- CarP− RA patients 
for the presence of the HLA–DRB1*03 allele in each cohort. Forest 
plots depict the OR with 95% CI of each cohort. The OR with 95% 
CI of the summary statistic is shown as a diamond with vertical 
dashed line. The relative weight of each study in the meta-analysis is 
represented by the size of the squares. See Figure 1 for definitions.

Figure 3. Meta- analysis of the association of the HLA–DRB1*03 
allele with antibody- positive RA in the subset of patients lacking SE 
alleles. ACPA−/anti- CarP+ RA patients (A), ACPA+/anti- CarP− RA 
patients (B), and ACPA+/anti- CarP+ RA patients (C) were compared 
with ACPA−/anti- CarP− RA patients for the presence of the HLA–
DRB1*03 allele in each cohort. Forest plots depict the OR with 95% 
CI of each cohort. The OR with 95% CI of the summary statistic is 
shown as a diamond with vertical dashed line. The relative weight 
of each study in the meta-analysis is represented by the size of the 
squares. See Figure 1 for definitions.
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Detailed analysis of the HLA–DRB1*03 association 
with anti- CarP+ status. Additional statistical analyses were 
conducted to assess the association of HLA–DRB1*03 with the 
ACPA−/anti- CarP+ subgroup. The first point to consider was 
the effect of the imbalance in allele frequencies introduced by 
the known increased frequency of the SE in ACPA+ patients. To 
address this, the meta- analysis of the 6 cohorts was repeated 
after exclusion of SE allele carriers. Reassuringly, the increased 
frequency of HLA–DRB1*03 carriers persisted unchanged in the 
ACPA−/anti- CarP+ subgroup (P = 0.04, I2 = 0%) (Figure 3A). In 
contrast, the decreased frequency of HLA–DRB1*03 in ACPA+/

anti- CarP− RA patients (P = 0.07, I2 = 0%) (Figure  3B) and 
ACPA+/anti- CarP+ RA patients (P = 0.06, I2 = 17%) (Figure 3C) 
became weaker and nonsignificant.

Another source of possible bias to consider was the low 
frequency of ACPA+ patients in the IdISSC cohort (49.0%). 
However, this specific possibility was excluded by the observed 
nominal increase in the OR of association of HLA–DRB1*03 
with ACPA−/anti- CarP+ RA, from 1.57 (95% confidence interval 
[95% CI] 1.14–2.17; P = 0.006) to 1.66 (95% CI 1.17–2.37; P = 
0.005), in a meta- analysis that omitted the IdiSSC cohort.

Subsequently, logistic regression analysis was performed to 
assess the influence of 5 other variables (sex, age, time since 
disease onset, presence of the SE, and the interaction between 
the SE and HLA–DRB1*03). These variables were only available 
from patients in the 4 Spanish cohorts, with a consequent reduc-
tion in statistical power. Therefore, we focused this analysis on 
changes in the OR, which are not affected by sample size. The 
OR of the HLA–DRB1*03 association with ACPA−/anti- CarP+ 
RA was nominally increased, from 1.48 to 1.53, after adjusting 
for the 5 var iables, thus demonstrating their lack of influence in 
the results.

Finally, the reference group was changed from the ACPA−/
anti- CarP− RA subgroup to healthy controls. This implied the loss 
of 3 studies (IDIPAZ, PEARL, and IdiSSC) because they lacked 
matched controls. Even so, 2,583 RA patients and 2,305 healthy 
controls remained for this meta- analysis. The results showed sig-
nificantly increased frequencies of HLA–DRB1*03 carriers in the 
double- negative ACPA−/anti- CarP− RA subgroup (P = 0.0006,  
I2 = 8%) (Figure 4A) and the ACPA−/anti- CarP+ RA subgroup (P 
= 3.4 × 10−5, I2 = 0%) (Figure 4B). Direct meta- analysis comparing 
these 2 patient groups revealed that the association of the ACPA−/
anti- CarP+ RA subgroup with HLA–DRB1*03 was larger than that 
of the double- negative RA subgroup (P = 0.02). In contrast, a sig-
nificant decrease in HLA–DRB1*03 carriers was observed in the 
ACPA+/anti- CarP− RA subgroup (P = 0.002, I2 = 0%) (Figure 4C) 
and the ACPA+/anti- CarP+ RA subgroup (P = 9.6 × 10−6, I2 = 
41%) (Figure  4D), with no significant difference found between 
them (P = 0.2) when the 2 subgroups were directly compared.

DISCUSSION

Our main finding in this study was the observation of a spe-
cific association of HLA–DRB1*03 with increased frequency of 
ACPA−/anti- CarP+ RA. This association was observed both in 
comparison with ACPA−/anti- CarP− RA patients and in compar-
ison with healthy controls, and was consistently observed across 
the patient cohorts included in the meta- analysis. In addition, the 
HLA–DRB1*03 association was not affected by the strong rela-
tionship between the SE and ACPA+ RA, and was independent 
of other confounding factors. Therefore, we can hypothesize 
that the carbamylated proteins are processed and their pep-
tides are specifically presented to autoreactive T cells by the 

Figure 4. Meta- analysis of the association of the HLA–DRB1*03 
allele in antibody- stratified RA patients, including A, ACPA−/anti- 
CarP− RA patients, B, ACPA−/anti- CarP+ RA patients, C, ACPA+/
anti- CarP− RA patients, and D, ACPA+/anti- CarP+ RA patients. 
Healthy controls were used as the reference. Forest plots depict 
the OR with 95% CI of each cohort. The OR with 95% CI of the 
summary statistic is shown as a diamond with vertical dashed line. 
The relative weight of each study in the meta-analysis is represented 
by the size of the squares. See Figure 1 for definitions.
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HLA–DRB1*03 molecules. If verified, this hypothesis could help 
explain the etiology of a subgroup of ACPA− RA patients, and 
also could help clarify the association of HLA alleles with RA and 
increase the explained RA heritability.

An increased HLA–DRB1*03 frequency in ACPA−/anti- 
CarP+ RA patients in comparison with healthy controls was 
already observed in the prior study that included the EIRA and 
Leiden EAC cohorts (18). As mentioned, the interpretation of this 
finding was unclear, because the frequency of HLA–DRB1*03 
was not larger in the ACPA−/anti- CarP+ RA patients than in the 
ACPA−/anti- CarP− RA patients from that study (18). Fortunately, 
our meta- analysis was able to demonstrate a specific association 
with anti- CarP antibodies and to discriminate this association from 
the mere bystander association as part of the ACPA− subgroup of 
RA. This was made possible by the inclusion of 6 RA sample col-
lections. In meta- analyses of these data, we observed an excess 
of HLA–DRB1*03 carriers in ACPA−/anti- CarP+ RA patients rel-
ative to ACPA−/anti- CarP− RA patients, indicating a significant 
association with the ACPA−/anti- CarP+ RA subset. In addition, 
this result was also confirmed in the meta- analysis using healthy 
controls as the reference group. Therefore, our results permit us to 
identify the association of HLA–DRB1*03 with ACPA−/anti- CarP+ 
RA as truly attributable to this subgroup of patients, and different 
from that observed in the remaining ACPA− RA patients.

Further exploration showed that the HLA–DRB1*03 associa-
tion with ACPA−/anti- CarP+ RA fulfilled other plausibility require-
ments. The most notable was the independence from SE- induced 
HLA–DRB1 allele imbalance. This imbalance is known to cause 
spurious associations of non- SE alleles and has complicated the 
attempts to identify HLA–DRB1 alleles associated with protection 
from ACPA+ RA (28). However, studies in patients of other ethnic-
ities are desirable, because the variable distribution of HLA alleles 
in each ethnic group will further clarify the association of HLA–
DRB1 with the subgroups of patients with seropositive RA.

The previous results, taken together with the fact that HLA–
DRB1 alleles have been identified as the major causal factor 
within the HLA for both ACPA+ and ACPA− RA (20,29), support 
the attribution of causality to HLA–DRB1*03 as a risk factor for 
ACPA−/anti- CarP+ RA. Based on this attribution, we propose that 
 carbamylated peptides are specifically presented to autoreactive  
T cells in the context of the HLA–DRB1*03 molecule. This hypoth-
esis incorporates our knowledge about the access of endogenous 
peptides to class II HLA molecules mediated by autophagy (30), 
and the variable affinity for peptides due to polymorphic amino 
acids in the HLA–DR β- chain (31). However, more extensive stud-
ies will be necessary to unravel the molecular interactions, if any, 
between carbamylated peptides and HLA–DRB1*03, as has been 
required to demonstrate the specificity of the SE alleles for citrulli-
nated peptides (7–9).

In the case of anti- CarP antibodies, there is an addi-
tional limitation to these experiments, because the endog-
enous autoantigens are still unknown, although fibrinogen, 

α1- antitrypsin, and albumin have been proposed as potential 
autoantigens (32–34). If the HLA–DRB1 binding of carbam-
ylated peptides is demonstrated, less uncertainty will exist 
with regard to the next steps of this hypothesis—that is, 
the exposed side chains from the carbamylated peptide will 
 contribute to the molecular surface recognized by autoreac-
tive T cell clones, and this binding will trigger autoimmunity, 
provided that there is concurrence of other signals. Likely, 
the specific T cell clones have increased chances of escap-
ing from tolerance by deletion due to the local unavailability in 
the thymus of the carbamylated autoantigens. These mech-
anisms of tolerance evasion and T cell activation have also 
been proposed for citrullinated antigens, where autoreactive T 
cell clones have been demonstrated (8,9,11,35,36). However, 
other hypotheses that lack the strong support of autoantigen 
presentation have been proposed to explain the HLA–DRB1 
association with autoimmune diseases (37–39). These alter-
natives include a causal polymorphism in other genes showing 
up as HLA–DRB1 because of linkage disequilibrium (38), and 
the shaping of the T cell repertoire (39). They do not require 
the specific binding of carbamylated peptides to the HLA–
DRB1*03 molecule.

Our recognition of the independent contribution of the SE 
to ACPA+ RA and of HLA–DRB1*03 to ACPA−/anti- CarP+ RA 
broadens the spectrum of understanding with regard to HLA–
DRB1 alleles conferring RA risk. This characteristic amounts to 
allelic heterogeneity, which is very common in Mendelian dis-
eases and increasingly appreciated in complex diseases (40). 
The diversity of alleles at the same locus is frequently associated 
with differences in the phenotype, as found herein, and increases 
the fraction of heritability explained without enlarging the num-
ber of loci (41). This is conceptually relevant as a contribution to 
solve the missing heritability puzzle (42).

In summary, our results identify HLA–DRB1*03 as a risk 
factor for ACPA−/anti- CarP+ RA, consolidating the independ-
ence of anti- CarP as a separate autoantibody system with a 
hypothesized specific HLA restriction. Definition of the endog-
enous  carbamylated peptides and their molecular interactions 
with HLA–DRB1*03 awaits further studies. In the meantime, a 
specific step in the pathogenesis of a new subset of RA has 
been partially elucidated.
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Objective. Anti–citrullinated protein antibodies (ACPAs) are a hallmark of rheumatoid arthritis (RA). Aside from 
autoantibody production, the function of autoantigen- specific B cells remains poorly understood in the context of this 
disease. This study set out to elucidate autoantigen- specific B cell functions through the isolation and immortaliza-
tion of unique citrullinated protein/peptide (CP)–reactive B cell clones from RA patients.

Methods. B cell clones from either the blood or synovial fluid of cyclic citrullinated peptide 2 (CCP2) antibody–
positive RA patients were immortalized by genetic reprogramming with Bcl- 6 and Bcl- xL. Enzyme- linked immuno-
sorbent assay and flow cytometry were used to identify CCP2- reactive clones and to further characterize surface 
marker and cytokine expression as well as B cell receptor signaling competence. Global gene expression profiles 
were interrogated by RNA sequencing.

Results. Three unique CP- reactive memory B cell clones were generated from the blood or synovial fluid of 2 RA 
patients. CP- reactive memory B cells did not appear to be broadly cross- reactive, but rather had a fairly restricted 
epitope recognition profile. These clones were able to secrete both pro-  and antiinflammatory cytokines and had 
a unique surface profile of costimulatory molecules and receptors, including CD40 and C5a receptor type 1, when 
compared to non- CP–reactive clones from the same patient. In addition, CP- reactive clones bound citrullinated pro-
tein, but not native protein, and could mobilize calcium in response to antigen binding.

Conclusion. CP- reactive memory B cells comprise a rare, seemingly oligoclonal population with restricted epitope 
specificity and distinct phenotypic and molecular characteristics suggestive of antigen- presenting cells. Cloning by 
genetic reprogramming opens new avenues to study the function of autoreactive memory B cells, especially in terms 
of antigen processing, presentation, and subsequent T cell polarization.

INTRODUCTION

Rheumatoid arthritis (RA) is a highly prevalent and debili-
tating autoimmune disease that is characterized by inflamma-
tion of the synovial joints. Anti–citrullinated protein antibod-
ies (ACPAs) are found in ~70% of patients with full- blown RA 
(1), are highly specific, precede the onset of clinical disease 
by several years, and may identify a distinct subset of RA 

patients with specific genetic risk factors, pathophysiologic 
features, and response to treatment (2). Interestingly, whereas 
therapies designed to deplete B cells are effective in the treat-
ment of RA (3), they only modestly affect ACPA levels and 
have no effect on antibody levels in terms of recalling anti-
gens in the serum of treated patients (4). This suggests that 
these autoreactive B cells may contribute to the development 
and progression of RA in other ways aside from their terminal  
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differentiation into plasma cells and subsequent production of 
autoantibodies.

RA has long been thought to be B cell–dependent, because 
B cells are the precursor of plasma cells, which are the main 
cellular source of antibodies. However, B cells have a variety of 
immune functions, aside from differentiation into plasma cells, 
that may influence the shaping of the T cell response (5–8). B 
cell–specific expression or deletion of major histocompatibility  
complex class II molecules represents a key role of antigen 
presentation by B cells in animal models of B cell–dependent 
autoimmune disease, including systemic lupus erythematosus 
(SLE) (9) and multiple sclerosis (10). B cells are also a potent 
source of cytokines, with the capability of producing inflam-
matory mediators such as interferon- γ, interleukin- 6 (IL- 6), and 
tumor necrosis factor (TNF) (11), and yet conversely they can 
prevent arthritis through the secretion of IL- 10 (12).

Understanding the contribution of autoreactive B cells to 
human disease has been hampered by technical difficulties. For 
example, while animal models are crucial for understanding the 
etiology of disease, ACPAs are not a prominent feature of exper-
imental models of RA (13). Furthermore, while much attention 
has been given to understanding the role of autoantibodies in 
RA, the lack of effective measurement tools has long prevented 
the reliable identification of citrullinated protein/peptide (CP)–
reactive B cells directly ex vivo. Although a number of previous 
studies have identified the presence of ACPA- producing B cells 
in the peripheral blood (PB), synovial fluid (SF), and synovial 
tissue (14–17) of RA patients, these studies used ACPAs as a 
proxy for ACPA- producing B cells and did not identify the B cells 
themselves. Finally, the relatively low frequency of CP- reactive 
B cells and the small absolute number obtained from human 
tissue imposes a technical hurdle in the functional analyses of 
these cells. As a consequence, crucial aspects of B cell function, 
including cytokine expression and their ability to stimulate T cells, 
have not been well characterized in the context of this disease.

In this study, we aimed to overcome these hurdles by using 
a novel B cell immortalization technique (18) to generate CP- 
reactive B cell clones from the blood or SF of RA patients, allowing 
us to directly study, for the first time, the molecular and phenotypic 
features, as well as functions, of human autoreactive B cells in RA.

MATERIALS AND METHODS

B cell isolation. Mononuclear cells were prepared from the 
PB or SF of patients with RA by Ficoll separation, and IgG mem-
ory cells (CD19+CD3−CD27+IgM−IgA−), total CD19+ B cells, or 
CD19+ B cells positive for cyclic citrullinated peptide 2 (CCP2+) 
were sorted on a FACSAria flow cytometer (BD Biosciences). The 
use of these materials was approved by the Stockholm regional 
ethics review board (Regionala Etikprövningsnämnden Stock-
holm) and by the medical ethics committees of the Academic 
Medical Center of the University of Amsterdam and of Leiden 

University Medical Center, in accordance with the Declaration of 
Helsinki.

Retroviral transduction. The Bcl- 6/Bcl- xL retroviral con-
struct and virus packaging have been described previously (18), 
and the virus was produced using the Phoenix packaging cell line. 
Transduction was carried out using Retronectin (Takara), according 
to the manufacturer’s instructions. Sorted B cells were cultured for 
36 hours in the presence of 25 ng/ml recombinant mouse IL- 21 
(R&D Systems) and gamma- irradiated (50- Gy) mouse L cell fibro-
blasts stably expressing CD40L (referred to as CD40L L cells). B 
cells were resuspended in the virus solution containing the Bcl- 6/
Bcl- xL green fluorescent protein (GFP) construct, and then added 
to the Retronectin- coated plate. Plates were spun for 45 minutes 
at 500g and thereafter stored at 37°C. B cells were cultured with 
IL- 21 and CD40L L cells in the same manner as described above.

CCP2 tetramers and flow cytometry. Biotinylated CCP2 
peptide or its arginine control variant (CArgP2) were coupled to 
allophycocyanin- , Brilliant Violet 605–, or phycoerythrin- labeled 
streptavidin molecules (obtained from Life Technologies, Sigma, 
and BioLegend, respectively), as previously described (19). Cells 
were analyzed on an LSR Fortessa (BD Biosciences), and data 
output was analyzed with FlowJo software (Tree Star). Antibod-
ies used for flow cytometry were as follows: CD19 (SJ25C1; 
BD Biosciences), CD20 (L27; BD Biosciences), IgA (polyclonal; 
Dako), IgM (polyclonal; SouthernBiotech), CD27 (M- T271; BD 
Biosciences), C5a receptor type 1 (C5aR1)/CD88 (S5/1; Sony), 
CD40 (5C3; Beckman Coulter), IL- 7 receptor α (IL- 7Rα)/CD127 
(HIL- 7R- M21; BD Biosciences), phospho–ERK1/2 (MILAN8R; 
ThermoFisher Scientific), OX40L/CD134 (L106; BD Biosciences), 
and programmed death ligand 1 (PD- L1)/CD274 (MIH1; BD 
 Biosciences).

Enzyme- linked immunosorbent assay (ELISA) and 
ImmunoCAP solid- phase allergen chip (ISAC) peptide 
array. Supernatants from transduced B cells (diluted 1:2) were 
analyzed for CP reactivity using the commercial CCP2 or CCP3 
ELISAs, according to the manufacturer’s protocol (Euro Diag-
nostica). Autologous negative clones, yielding a negative CCP2 
ELISA result, were selected from the transduced B cells to be 
used as controls.

A custom- made multiplex peptide array, based on the ISAC 
microarray system (ThermoFisher Scientific), was used for the 
detailed analysis of CP reactivity of the CCP2- positive clones, as 
previously described (20).

Analysis of Ca2+ flux. Transduced B cells were loaded 
with 2 μM Indo- 1 AM reactive dye (Sigma). Fluorescence ratios 
of Indo- 1 emission at 405 nm and 485 nm were measured on 
an LSR Fortessa (BD Biosciences). Human IgG- specific F(ab)2 
(Jackson ImmunoResearch) or citrullinated fibrinogen was 
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added (1 mg/ml) to initiate Ca2+ flux. Ionomycin was used as a 
positive control for maximum flux.

RNA extraction and Sanger sequencing. RNA 
extraction and complementary DNA (cDNA) synthesis were 
performed using TriPure isolation reagent (Sigma- Aldrich) 
and SuperScript III reverse transcriptase (Life Technologies), 
respectively, according to the manufacturers’ instructions. 
Amplification of the B cell receptor (BCR) was performed by 
polymerase chain reaction (PCR), using a mix of forward prim-
ers covering all functional variable genes and a single reverse 
primer covering all functional junction genes or the constant 
region (21). The obtained amplicons were sequenced using 
a BigDye Terminator Cycle Sequencing kit (version 1.1) on a 
3730xl DNA analyzer (Applied Biosystems), following the man-
ufacturer’s instructions. Sequences were assembled using 
CodonCode Aligner software, and analyzed using the IMGT 
V- QUEST tool (see http://www.imgt.org).

RNA- sequencing (RNA- Seq) library generation and 
gene expression analyses. Libraries of cDNA were con-
structed with an Illumina TruSeq RNA sample preparation kit. 
The resulting cDNA libraries were paired- end sequenced on an 
Illumina HiSeq 4000 (Macrogen), thereby obtaining ~40 million 
reads per sample.

Artifacts (e.g., low quality reads, adaptor sequence, con-
taminant DNA, and PCR duplicates) were removed using Trim-
momatic version 0.32 (22). Trimmed reads were mapped to the 
reference human genome (UCSC hg19 assembly) with TopHat 
(version 2.0.13), using the Bowtie2 algorithm (version 2.2.3) (23), 
and then aggregated with htseq- count version 0.9.1 (24) to give 
total read counts for each of the 26,012 gene features.

Analyses of differentially expressed genes were performed 
with DESeq2 (25). Minimal prefiltering of the read count data 
was applied first, which excluded genes with sum counts 
of 0 or 1 across all samples. Library sizes were normalized 
using the relative log- expression method (26). Outlier genes 
were removed from the analysis using Cook’s distance, and 
low- expression genes were excluded automatically using an 
independent filtering procedure in DESeq2 workflow. Nega-
tive binomial generalized linear models for each gene were 
fitted, and Wald’s test was applied for significance testing. 
The obtained P values were adjusted using the Benjamini- 
Hochberg method to control for the false discovery rate. 
Genes showing significant differences in expression at an 
adjusted P value less than 0.01 were considered to be dif-
ferentially expressed genes. Data analysis of the differentially 
expressed genes was conducted at Biobelka Genomics (The 
Netherlands) in R version 3.3.3 (see http://www.r-project.org).

Cytokine analysis. Cells were stimulated with 100 ng/
ml phorbol myristate acetate (PMA) (Sigma) and 500 ng/ml ion-

omycin (Sigma) for 24 hours. Supernatants were harvested and 
analyzed using a human cytokine/chemokine multiplex panel (Mil-
lipore), following the manufacturer’s instructions. The plate was 
read on a Bio- Rad 100 instrument using Exponent version 3.2 
software.

Citrullination. Alexa Fluor 594 (Molecular Probes)–con-
jugated fibrinogen was diluted in peptidyl arginine deiminase 
(PAD) buffer (100 mM Tris, 10 mM CaCl2, 5 mM dithiothreitol 
[pH 7.6]) to a concentration of 1 mg/ml, and incubated for 2 
hours at 37°C in the presence of 2 units/mg of rabbit skele-
tal muscle PAD2. The reaction was stopped by adding 20 mM 
EDTA to calcium- free phosphate buffered saline (PBS) following 
dialysis.

Internalization assay. Transduced B cells were incubated 
with Alexa Fluor 594–conjugated citrullinated fibrinogen on ice at 
a concentration of 1 mg/ml in 1.5- ml microfuge tubes for 20 min-
utes. The cell pellets were then washed and resuspended in 0.5 
ml culture medium and returned to ice or incubated at 37°C for 5 
minutes. Reactions were stopped by the addition of fluorescence- 
activated cell sorting (FACS) buffer, and then fixed with PBS con-
taining 4% formaldehyde. Images were captured on an Amnis 
ImageStream.

RESULTS

Generation of memory B cell clones with anti-
gen receptor reactivity against citrullinated peptides. 
Hypothesizing that the frequency of CP- reactive B cells may 
be higher in the inflamed joints than in the PB, we isolated IgG 
memory B cells (CD19+IgM−IgA−) from the SF of patients with 
ACPA+ RA, in order to generate autoreactive B cell clones ex 
vivo. Isolated B cells were subsequently activated in the pres-
ence of CD40L and recombinant IL- 21, and immortalized by 
transduction with a retroviral vector expressing the antiapoptotic 
Bcl- xL and the follicular transcription factor Bcl- 6, which inhib-
its terminal differentiation of B cells into plasma cells (27). B cell 
clones were established by single- cell sorting of transduced B 
cells, which were marked by the presence of GFP. Since such 
immortalized human memory B cells express surface immuno-
globulin, but also secrete antibodies (18), supernatants from the 
cultures were tested for the presence of ACPAs using the clinical 
diagnostic CCP2 ELISA test, which has a cutoff for positivity of 
25 AU (Figure 1A).

In RA patient K1003, who was the first in whom we 
attempted this technique (thus being referred to as a “proto-
type” patient), 40 clones were generated using this method. Of 
these 40 clones, 5 tested positive for IgG ACPAs (Figure 1A) 
(a summary of all clones generated from the RA patients is 
available from the corresponding author upon request). How-
ever, after sequencing of the Ig heavy and light chains, we 

http://www.imgt.org
http://www.r-project.org
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found that these represented only 2 unique IgG1 clones, 
K1003.4 and K1003.5 (Table 1). We also generated a library 
of more than 300 B cell clones from the SF of 4 additional 
ACPA- positive RA patients. However, none of these additional 
clones were CP- reactive (data available from the correspond-

ing author upon request).
Considering the relatively low frequency of CP- specific 

memory B cells in circulation in vivo (19), we therefore sought 
to enrich for CP- reactive B cells in the RA PB or SF by employ-
ing CCP2 tetramers (19) before or after immortalizing the B 
cells. Using this enrichment approach, we sorted 73 cells 
that were CCP2 tetramer–positive from the PB of a prototype 

RA patient, patient L87. Cells originally sorted as tetramer- 
positive were cultured under proliferative conditions, resulting 
in a multiplication of clones from the sorted cells. From these 
CCP2- reactive B cells, we generated 89 CCP2- reactive clones 
(Figure 1B) that, upon Ig heavy-  and light- chain sequencing, 
appeared to share a single unique BCR sequence (Table  1) 
(see also results available from the corresponding author upon 
request). However, when we applied the same approach to 
4 other PB samples and 3 SF samples from individual RA 
patients, additional IgG- producing CP- reactive B cell clones 
could not be generated, despite the successful isolation of 
CCP2- tetramer–positive cells.

Figure 1. Isolation of B cell clones recognizing citrullinated antigens. A and B, Cyclic citrullinated peptide 2 (CCP2) antibody titers were 
measured from the culture supernatants of B cell clones derived from rheumatoid arthritis (RA) patient K1003 (A) or CCP2 tetramer–sorted B 
cells from RA patient L87 (B). Symbols represent individual clones; horizontal line with bars shows the mean ± SEM. C, Flow cytometry dot plots 
depict representative staining of IgG, CCP2 tetramers (tet), and arginine control tetramers on a CCP2− and CCP2+ B cell clone, as determined 
by enzyme- linked immunosorbent assay. D, Antibodies from the 3 CP- reactive B cell clones were assessed for fine specificities on ImmunoCAP 
solid- phase allergen chip peptide arrays. E, Anti- CCP3 titers were measured from the culture supernatants of CCP2+ B cell clones. Bars show 
the mean and SEM. GFP = green fluorescent protein; CEP- 1 = α- enolase peptide 1; Cit- Fib = citrullinated fibrinogen; cfc1- cyc = citrullinated
filaggrin; Cit- Vim = citrullinated vimentin; Pos ctrl = positive control; Neg ctrl = negative control.

Table 1. Sequence information from citrullinated protein/peptide–reactive B cell clones*

Clone VHVJ VH CDR3 Isotype VL VL CDR3 Fine specificity

K1003.4 V3- 49- *03, J4*02 CTRDLAPRAPRSFDYW IgG1 LV2.14- 1 CSSYTNNSTLFYVF Enolase
K1003.5 V3.33*01, J6*02 CTRGAGPYYALDVW IgG1 LV2.23- 2 CCSYAVKSTFDVVSSFYVVF ND
L87.100 V4.31- 4, J4*02 CARARGSAWQVWGYYFES IgG3 VK4- 1*01 CQQYYNTPALTF Fibrinogen

* CDR3 = third complementarity- determining region; ND = not determined.
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Collectively, these data indicate that our genetic reprogram-
ming approach does allow for the successful generation of auto-
reactive human memory B cell clones. Nevertheless, the success 
rate of this approach is relatively low, possibly because these cells 
are rare in the PB and SF of patients with RA.

Autoantigen fine specificity. We next confirmed that the 
generated B cell clones were specific for CP. All CP- reactive B cell 
clones generated with this method (n = 3 clones) showed uniform 
expression of surface Ig and bound the CCP2 tetramer, but not 
the arginine control variant (Figure 1C and results available from 
the corresponding author upon request).

In order to identify more specific epitopes recognized by the 
BCRs, supernatants of the 3 CCP2- reactive clones were tested 
on a multiplex peptide array containing citrullinated peptides 
and their arginine- containing versions (20). None of the clones 
showed reactivity against the arginine- containing peptides (data 
not shown). B cell clone K1003.4 showed strong binding to citrul-
linated α- enolase peptide 1 (CEP- 1). B cell clone L87.100 showed 
intermediate binding to cfc1- cyc, which is the CCP1 peptide 
derived from citrullinated filaggrin, and intermediate binding to a 
citrullinated fibrinogen peptide (Cit- Fibα580–600). Binding of L87.100 

to citrullinated fibrinogen, but not native fibrinogen, was confirmed 
by flow cytometry (results available from the corresponding author 
upon request). We did not detect any reactivity of B cell clone 
K1003.5 against any of the epitopes tested (Figure 1D).

The 3 CCP2+ clones were also tested in the CCP3 ELISA. 
Interestingly, K1003.4 was negative whereas K1003.5 and 
L87.100 were positive for reactivity to CCP3 (Figure 1E).

Cytokine production by CP- reactive B cell clones. 
We next studied the cytokine repertoire of our CP- reactive B cell 
clones and non- CP–reactive autologous controls in response to 
broad stimulation with PMA and ionomycin. Non- CP–reactive 
controls were generated from the same patients as those for our 
citrulline- reactive clones, but some of the controls did not stain 
for CCP2 tetramers or they tested negative in the CCP2 ELISA. 
Multiplex cytokine and chemokine analyses revealed that the CP- 
reactive B cell clones were able to produce various soluble fac-
tors, including soluble CD40L, IL- 2, IL- 8, IL- 10, IL- 16, RANTES, 
stromal cell–derived factor, TNF, and vascular endothelial growth 
factor, although the amounts produced were similar to those pro-
duced by the non- CP–reactive control clones (Figure 2).

Figure 2. Cytokine profiles of cyclic citrullinated peptide 2 (CCP2) antibody–reactive B cell clones. Cytokine production by unstimulated 
(unstim) CP- reactive or nonreactive B cell clones or those stimulated with phorbol myristate acetate (PMA)/ionomycin (I) was assessed by 
Luminex assay. Symbols represent individual clones; horizontal lines with bars show the mean ± SEM. IL- 2 = interleukin- 2; sCD40L = soluble 
CD40 ligand; SDF = stromal cell–derived factor; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor.
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Phenotypic characterization of CP- reactive B cell 
clones. Capitalizing on the availability of control memory B cell 
clones from the same patient, we next sought to character-
ize the phenotype of CP- reactive B cell clones, with particular 
focus on the expression of costimulatory molecules. Memory 
B cells immortalized with Bcl- 6/Bcl- xL were previously shown 
to express high levels of HLA–DR, CD80, and CD86 (18). In 
addition, PD- L1 and the TNF superfamily member OX40L were 
expressed by CP- reactive clones, but expression of these mole-
cules did not significantly differ from those in control B cell clones 
(Figure 3A). In contrast, CP- reactive clones displayed a 2- fold 
higher surface expression of CD40 compared to that displayed 
by non- CP–reactive clones from the same individual (Figure 3A).

To further investigate the up- regulation of CD40 by B cell 
clones in a more physiologic setting, we analyzed CP- reactive 
B cells from the PB of RA patients directly ex vivo with the use 
of CCP2 tetramers. In 7 of 9 RA patients tested, the expression 
of CD40, as measured by the mean fluorescence intensity (MFI), 
was higher on B cells that stained positively for CCP2 tetramers 
than on autologous B cells that were negative for CCP2 tetramers 
(Figure 3B). However, this difference remained modest and did not 
reach statistical significance.

Molecular characterization of CP- reactive B cell 
clones. To gain insight into the molecular networks that may be 
aberrantly regulated in autoreactive B cells, the global expres-

sion profiles were compared using RNA- Seq analysis between 
CP- reactive B cell clones and non- CP–reactive control B cell 
clones from the same patient. While expression of the major-
ity of the genes arrayed remained unchanged between CP- 
reactive and non- CP–reactive B cells, 3 genes were differentially 
expressed between the 2 groups under resting (nonstimulated) 
conditions, and 22 genes were differentially expressed between 
the 2 groups in stimulated conditions (stimulated with PMA and 
ionomycin).

Interestingly, 8 genes responded significantly differently to 
stimulation between CP- reactive B cell clones and autologous 
control B cell clones (i.e., they had a significantly different change 
in expression under resting and stimulated conditions). Of the 22 
genes that were differentially expressed following stimulation, 11 
showed at least a 2- fold up- regulation (log2 fold change ≥0.95, 
adjusted P [Padj] < 0.05) in CP- reactive clones as compared to 
their non- CP–reactive counterparts, and 1 gene showed a 2- fold 
down- regulation in CP- reactive clones following stimulation 
 (Figure 4A).

Among the genes that were up- regulated in CCP2- specific 
clones following stimulation were those encoding the IL- 7R 
gene and the C5aR1 gene. Although the up- regulation of IL7R 
did not quite reach statistical significance (Padj = 0.051), this 
target was interesting, because IL- 7/IL- 7R signaling is critical 
for the proliferation and survival of B cells during development 
(28), and IL- 7 stimulation of IL7Rα- expressing B cells has been

Figure 3. Costimulatory molecule profile of cyclic citrullinated peptide 2 (CCP2) antibody–reactive B cell clones. A, Expression of CD40, 
OX40L, and programmed death ligand L1 (PD- L1) by CCP2 tetramer–positive and autologous clones was assessed by fluorescence- activated 
cell sorter (FACS) analysis. Symbols represent individual clones; horizontal lines with bars show the mean ± SEM. Results are the mean 
fluorescence intensity (MFI). * = P < 0.05 by t- test. B, CD40 expression on CCP2 tetramer–positive CD19+ B cells was assessed by FACS 
analysis. Symbols with lines represent individual samples (n = 9), with results plotted as the MFI.
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demonstrated to induce proinflammatory properties in a mouse 
model of arthritis (29). C5aR1 has been likewise implicated in 
arthritis (30,31).

For validation of the findings from these gene expres-
sion analyses, surface expression of IL- 7Rα and C5aR1 was 
compared between CP- reactive clones and non- CP–reactive 
control clones from the same patient. We observed a signif-
icant increase in the MFI of C5aR1 protein expression, but 
not that of IL- 7Rα protein expression, on CP- reactive B cells 
(Figure 4B).

Again, to further investigate C5aR1 expression in a more 
physiologic setting, we utilized CCP2 tetramers to analyze C5aR1 
levels on primary B cells directly ex vivo. The expression of C5aR1 
protein was found to be higher on CCP2 tetramer–positive cells 
compared to that on the total population of B cells within a given 
patient (Figure 4C and results available from the corresponding 
author upon request).

We next tested whether the response to stimulation via 
C5aR1 was quantitatively different in CP- reactive clones com-
pared to non- CP–reactive controls. Consistent with the results 
of previous studies (32), up- regulation of phospho- ERK was 
observed in immortalized B cell clones following stimulation with 
C5aR1 (Figure 4D), but we were unable to detect significant dif-
ferences in the expression of phospho- ERK between CP- reactive 
and non- CP–reactive clones. Phospho- ERK levels tended to be 

higher following stimulation with C5aR1 in B cell clones derived 
from RA patients compared to that in control clones derived from 
healthy donors (Figure 4D).

Evidence of a signaling- competent BCR in CP- 
reactive B cell clones, and ability of the clones to 
internalize citrullinated autoantigens. As B cell clones 
against recall antigens generated by this method were previ-
ously demonstrated to have a signaling- competent BCR (18), 
we assessed Ca2+ flux upon BCR stimulation of CP- reactive B 
cell clones in comparison to that with nonspecific B cell clones 
from the same RA patient. The addition of IgG F(ab)2 antibody 
to Indo- 1–labeled B cells induced a rapid shift in the ratio of 
bound to unbound Indo- 1, indicating that BCR cross- linking 
on CP- reactive B cells could induce Ca2+ flux (Figure 5A).

Clone L87.100, which we had identified as being able to 
specifically recognize citrullinated fibrinogen (Table  1 and Fig-
ure 1D; see also results available from the corresponding author 
upon request), could also mobilize calcium upon stimulation with 
its specific citrullinated antigen, whereas the citrullinated fibrin-
ogen–nonspecific clone K1003.5 did not mobilize calcium (Fig-
ure 5B). All of the clones tested mobilized calcium in response 
to stimulation with the ionophore ionomycin (data not shown).

We additionally assessed the ability of CP- reactive clone 
L87.100 to internalize citrullinated fibrinogen. CP- reactive cells 

Figure 4. Gene expression profiles of cyclic citrullinated peptide 2 (CCP2) antibody–reactive B cell clones, as determined by RNA- sequencing 
analysis. A, The table lists the genes differentially expressed between CP- reactive B cell clones and non- CP–reactive controls following stimulation. 
Gene expression values are indicated as the “baseMean,” while log2FC indicates the log2 fold change in expression, with values close to 1 
indicating a 2- fold change in expression. Adjusted P (padj) values less than or equal to 0.05 were considered significant. B, Expression levels of 
C5a receptor type 1 (C5aR1) and interleukin- 7 receptor α (IL- 7Rα) proteins were assessed on CP- reactive clones and autologous controls by 
fluorescence- activated cell sorter (FACS) analysis. Symbols represent individual clones; horizontal lines with bars indicate the mean ± SEM. *** = 
P < 0.001 by t- test. C, C5aR1 expression on fresh CCP2 tetramer–positive CD19+ B cells was assessed by FACS analysis. Only individuals with 
>50 CCP2+ cells were included in the analysis. Symbols joined by lines represent individual clones. Values are the mean fluorescence intensity 
(MFI). * = P < 0.05 by paired t- test. D, Levels of phospho- ERK over time were determined in CP- reactive clones, autologous non- CP–reactive 
controls, and B cell clones from healthy donors (HD) following stimulation with C5aR1. Horizontal lines with bars show the mean ± SEM. Color 
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40739/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40739/abstract
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of this clone incubated with fluorescently labeled citrullinated 
fibrinogen on ice retained staining at the cell surface, consistent 
with the antigen binding to surface BCR, whereas incubation 
at 37°C produced a punctate patterning consistent with inter-
nalization (Figure  5C). Taken together, these data indicate the 
competence of CP- reactive B cells to signal through their BCR 
and internalize antigen.

DISCUSSION

Whereas the clinical and biologic aspects of ACPAs 
have been studied extensively over the last 2 decades (33), 
in depth studies on the biology of CP- reactive B cells have 
been hampered by their low frequency and the technical 
challenges related to isolating and characterizing these cells. 
Recent studies have started to circumvent these techni-
cal challenges by cloning the Ig sequence of joint- derived 
CD19+ cells and assessing their reactivity toward citrulli-
nated proteins (34,35). The limitation of this approach is that 
it allows cloning and expression of the BCR but does not 
permit study of the original autoreactive B cell itself. This 
was circumvented by using a double CCP2–tetramer sorting 
technique (19), which demonstrated that ~1 in 12,500 circu-
lating B cells is CP- reactive. Unfortunately, the low numbers 
of CP- reactive B cells and the inability to culture them over 
a long time have limited the functional study of these autore-
active B cells.

In the present study, we extend these observations by, 
for the first time, cloning CP- reactive, signaling- competent B 
cell clones from RA patients using genetic reprogramming by 
Bcl- 6/Bcl- XL transduction. We have previously shown that this 
approach enables the cloning and culture of antigen- specific 
B cells (18). Herein we provide a proof- of- concept that this 
technology could also be applied to autoimmune B cells, 
since we identified and cloned 3 CP- reactive IgG B cells and 
demonstrated that they could be used to study the pheno-
typic, molecular, and functional characteristics of autoreac-
tive memory B cells. One major advantage when studying 
the characteristics of these cells is that non- CP–reactive IgG 
clones obtained from the same donor during the same proce-
dure can be used as matched controls, allowing the determi-
nation of the features that are specific for autoreactive B cells. 
Considering that the frequency of circulating autoreactive B 
cells is very low in RA patients (19), it is advantageous that 
such characterization can now be performed on the clonal and 
antigen- specific level, as compared to the traditional approach 
of comparing total B cell populations between patients with 
autoimmune disease and healthy controls.

Beyond this proof- of- concept and technological advance, 
this study yielded a number of novel and important observations. 
First, despite generating many clones from 12 RA patients (from 
the PB and SF), we were able to stably immortalize and maintain 
only 3 CP- reactive clones derived from 2 RA patients. This could 
obviously be attributable to our cloning approach, as anergic B 

Figure 5. Cyclic citrullinated peptide 2 (CCP2) antibody–reactive B cell clones are responsive to B cell receptor stimulation. A, Calcium flux 
of CCP2+ B cell clones in response to anti- IgG stimulation was measured, shown as the ratio of bound versus unbound Indo- 1 over time. 
Arrow indicates the time at which anti- IgG was added. B, Calcium flux of CCP2+ B cell clones in response to citrullinated fibrinogen (cit- fib) 
was measured. The Indo- 1 response of a cit- fib–negative clone stimulated with cit- fib is shown as an antigen specificity control. Arrow indicates 
the time at which cit- fib was added. C, Transduced B cells (green) with antigen specificity to cit- fib were stained with Alexa Fluor 594 (AF594)–
conjugated cit- fib (red), and then washed and incubated on ice at 4°C or 37°C. Images were acquired on an Amnis ImageStream. GFP = green 
fluorescent protein.
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cells are likely less amenable to transduction and immortalization 
with this technique. Autoantigen- specific B cells found in vivo 
within an anergic pool could be excluded from our analysis (36). 
Conversely, autoreactive memory B cells activated in vivo by the 
persistent presence of antigen could rapidly terminally differentiate 
into plasma cells in vitro, thus precluding transduction.

Alternatively, the low number of CP- reactive clones identified 
in our study may be attributable to a growth disadvantage and 
gradual disappearance of CP- reactive clones versus nonautore-
active clones in vitro. However, it is unclear why a single clone 
would have a survival advantage over another in the absence of 
antigen- driven selective pressure, and the doubling time of the 
CP- reactive clones was not different from that of control clones 
(data not shown). Our findings indicate that CP- reactive memory 
B cells are rare in the RA PB, much more in the order of frequency 
described by Kerkman et al (19) than the frequency of 25–40% 
described using BCR sequencing of RA SF CD19+ cells (34,35). 
The latter technique, in contrast to our cloning technique that 
targets memory B cells, may have favored the identification of 
CD19+ plasma cells that are more frequent in the synovial com-
partment, express much higher levels of Ig messenger RNA, and 
are an important source of ACPAs in patients with RA (16,37).

The concept that the CP- reactive cells studied herein were 
fundamentally different from the cells from which the BCR was 
derived in previous studies (34,35) is further supported by the 
fact that they were not broadly cross- reactive to a range of cit-
rullinated epitopes but, in contrast, appeared to display a more 
restricted reactivity pattern with 1 or 2 dominant specificities. 
Whereas serum ACPAs are polyreactive to different citrullinated 
epitopes (38), our data indicate that the BCR expressed by CP- 
reactive memory B cells were characterized by a more restricted 
ACPA fine- specificity pattern. This finding supports that from other 
studies (39) indicating that CP- reactive memory B cells recognize 
citrulline within a specific amino acid context beyond the citrulline 
residue itself. The discrepancy between our results and others 
may be reflective of the bifurcation of developmental pathways 
leading to distinct cellular fates of plasma and memory B cells.

A second important and novel finding is that the CP- reactive 
B cell clones appeared to have a distinct molecular phenotype 
in comparison to non- CP–reactive control B cell clones from the 
same patient. RNA- Seq and/or FACS analyses revealed a number 
of differentially expressed molecules of interest, some of which 
have been related to autoimmunity in general or to RA in particu-
lar, such as CD40, IL- 7R, and C5aR1. For C5aR1, and potentially 
also for CD40, the differences in expression were similar, albeit 
smaller, on directly tetramer–isolated CP- reactive memory B cells 
compared to non- CP–reactive control cells, indicating that the dif-
ference is also present in vivo. It remains, however, to be deter-
mined if these differences have a functional impact, as small differ-
ences in receptor expression observed in the RA PB ex vivo may 
be magnified in germinal centers of inflamed tissue, as mimicked 
by our transduction method.

As to the function of the CP- reactive clones, we could 
demonstrate that they expressed a variety of costimulatory mol-
ecules and secreted various proinflammatory cytokines upon 
stimulation with PMA and ionomycin. Although the cytokine 
profile was not different between CP- reactive clones and their 
non- CP–reactive counterparts, further analysis should focus on 
autoantigen- specific stimulation to better define their functional 
properties. In this context, it is interesting that, using one of the 
citrullinated fibrinogen- reactive clones, we could demonstrate 
that CP- reactive clones can mobilize calcium and internalize 
antigen upon antigen- specific BCR stimulation. Taken together 
with their ability to secrete cytokines and their expression of 
HLA–DR and costimulatory molecules, this suggests that these 
CP- reactive cells are fully equipped for antigen presentation and 
T- cell activation and polarization. Similar to the use of immortal-
ized B cells for identification of novel neoantigen- specific CD8+ 
and CD4+ T cells in patients with melanoma (40), our system 
might be utilized for the identification of novel autoreactive T cells 
in patients with RA.

When interpreting the data from the present study, a 
number of inherent limitations need to be taken into account. 
First, the number of CP- reactive clones described herein 
remained small (n = 3), and confirmation in additional clones 
is thus warranted. Second, we cannot exclude the possibility 
that our cloning technique is amenable to only a few, nonan-
ergic autoreactive B cells, and thus these clones might not be 
representative of the full population of CP- reactive memory B 
cells in vivo, although this can be mitigated by confirming the 
findings on freshly tetramer–sorted CP- reactive B cells. Third, 
we can also not exclude the possibility that Bcl- 6/Bcl- xL 
transduction of the B cells induces phenotypic and functional 
changes in the clones that are not observed in vivo. Because 
one would then expect these changes to occur both in the 
CP- reactive clones and in the non- CP–reactive clones from 
the same donor, this argues for an approach that would focus 
on CP- specific alterations. Using these varied approaches 
in parallel is thus key to understanding the biology of CP- 
specific B cells.

Despite these limitations, the proof- of- concept provided 
in this study opens new avenues for deciphering the biology 
of CP- related autoimmunity in RA. Our CP- reactive clones 
comprise a unique tool to further define the molecular and 
functional traits exclusively found in autoimmune B cells in RA, 
including the study of the antigen- presenting function of these 
cells and their impact on the T cell repertoire and function. The 
large library of RA clones generated during this study will also 
allow screening for autoreactivity with other molecules, such 
as rheumatoid factor, which could be compared to that with 
the CP- reactive clones. Finally, this technology can be applied 
to other autoantibody- associated inflammatory diseases such 
as SLE, Sjögren’s syndrome, and anti–neutrophil cytoplasmic 
antibody–associated vasculitis.
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Identification of a 3′- Untranslated Genetic Variant of 
RARB Associated With Carotid Intima- Media Thickness in 
Rheumatoid Arthritis: A Genome- Wide Association Study
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Ricardo Blanco,1 Montserrat Robustillo-Villarino,6 Javier Rodríguez-Carrio,7 Mercedes Alperi-López,8 Juan J. Alegre-
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Objective. To investigate the genetic background influencing the development of cardiovascular (CV) disease in 
patients with rheumatoid arthritis (RA).

Methods. We performed a genome- wide association study (GWAS) in which, after quality control and im-
putation, a total of 6,308,944 polymorphisms across the whole genome were analyzed in 2,989 RA patients 
of European origin. Data on subclinical atherosclerosis, obtained through assessment of carotid intima- media 
thickness (CIMT) and presence/absence of carotid plaques by carotid ultrasonography, were available for 1,355 
individuals.

Results. A genetic variant of the RARB gene (rs116199914) was associated with CIMT values at the genome- wide 
level of significance (minor allele [G] β coefficient 0.142, P = 1.86 × 10−8). Interestingly, rs116199914 overlapped with
regulatory elements in tissues related to CV pathophysiology and immune cells. In addition, biologic pathway enrich-
ment and predictive protein–protein relationship analyses, including suggestive GWAS signals of potential relevance, 
revealed a functional enrichment of the collagen biosynthesis network related to the presence/absence of carotid 
plaques (Gene Ontology no. 0032964; false discovery rate–adjusted P = 4.01 × 10−3). Furthermore, our data suggest 
potential influences of the previously described candidate CV risk loci NFKB1, MSRA, and ZC3HC1 (P = 8.12 × 10−4,  
P = 5.94 × 10−4, and P = 2.46 × 10−4, respectively).

Conclusion. The present findings strongly suggest that genetic variation within RARB contributes to the develop-
ment of subclinical atherosclerosis in patients with RA.

INTRODUCTION

Cardiovascular (CV) disease is the most common cause of 
morbidity and mortality in patients with rheumatoid arthritis (RA) 

(1–3). In RA patients, CV disease may develop as a result of an 
accelerated atherosclerotic process (4). Surrogate markers for sub-
clinical atherosclerosis, i.e., increased carotid intima- media thick-
ness (CIMT) and presence of carotid plaques (5,6), are excellent  
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predictors of future CV events. Traditional CV risk factors and 
chronic inflammation do not fully explain the increased CV predis-
position observed in patients with RA, accounting for only ~70% 
of the population- attributable risk for CV disease outcomes (7). 
Cumulative knowledge clearly suggests that genetic factors may 
play a relevant role in this phenomenon (8), but the specific genetic 
component of CV disease in RA remains elusive.

Genome- wide association studies (GWAS) constitute a 
hypothesis- free approach in which millions of common genetic 
variations across the whole genome are interrogated (9). This 
strategy has been of great help in elucidating relevant inroads into 
the genetics of several complex human diseases (10). The use of 
this technology has substantially increased the number of estab-
lished RA susceptibility loci from 3 to >100 during the last decade 
(11). Nevertheless, there are currently no available GWAS data 
specifically focused on CV disease in patients with RA.

Taking into account all of these considerations, we undertook 
the first GWAS on the development of CV disease in RA. This 
multicenter study included a large number of patients with RA, in 
whom the presence/absence of CV events and subclinical ath-
erosclerosis were evaluated.

PATIENTS AND METHODS

Study population. A total of 3,433 unrelated Spanish 
patients of European ancestry, all of whom had RA accord-
ing to the 2010 American College of Rheumatology/Euro-
pean League Against Rheumatism classification criteria (12), 
were enrolled in the study. Centers involved in patient recruit-
ment included Hospital Universitario Lucus Augusti, Hospital  
Universitario Marqués de Valdecilla, Hospital Universitario de 
Basurto, Hospital Universitario Central de Asturias, Hospital 
Clínico Universitario de Santiago, Hospital Universitario de 
Bellvitge, Hospital Universitario San Cecilio, Hospital Universi-
tario Reina Sofía, Hospital Universitario de Canarias, Hospital 
Universitario Doctor Peset, Hospital General Universitario de 

Ciudad Real, Hospital Clínico San Carlos, Hospital Universitario 
La Paz, Hospital Universitario de la Princesa, Hospital General 
Universitario Gregorio Marañón, and Hospital Universitario 12 
de Octubre. Before being included in the study, all patients 
provided written informed consent according to the Declara-
tion of Helsinki. The procedures followed were in accordance 
with the standards and requirements of the human experimen-
tation ethics committees at all participating centers.

Genotyping and quality control. Genomic DNA was 
extracted from peripheral blood using standard procedures.  
Genotyping was conducted at the Human Genotyping Unit of the 
National Genotyping Center in Spain, using the GWAS platform 
Infinium HumanCore BeadChip in an iScan system, according to 
the protocol recommended by the manufacturer (Illumina). Single- 
nucleotide polymorphisms (SNPs) with a cluster separation of 
<0.4 were removed after the calling.

Raw data were subjected to stringent quality control filters 
using the software Plink (version 1.07) (13). Polymorphisms with 
call rates of <0.98 and minor allele frequencies of <0.01, as well as 
those that deviated from Hardy- Weinberg equilibrium (P < 0.001), 
were filtered out. Similarly, samples with <95% successfully called 
polymorphisms, and 1 subject per pair of first- degree relatives 
(identity by descent >0.4), were removed. Sex chromosomes 
were also excluded from the analysis.

To ensure reliability of the results, the associated SNP 
described below was re- genotyped using a predesigned TaqMan 
5′ SNP genotyping assay (C_154503570_10) in a 7900HT Fast 
Real- Time PCR System (Applied Biosystems), and the TaqMan 
types were compared with the corresponding imputed data.

Imputation methods. After application of the quality 
control filters, whole- genome SNP genotype imputation in auto-
somal chromosomes was carried out in the Michigan Imputation 
Server (MIS) (14), using ShapeIT16 software (version v2.r790) 
for haplotype reconstruction and the updated Haplotype Refer-
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ence Consortium data (version r1.1) as a reference panel, which 
combine sequencing data from a total of 32,470 individuals from 
multiple studies (including the 1000 Genomes Project) (15). The 
quality control filters mentioned above were also applied to the 
imputed data using Plink. In addition, singletons (r2 ≤ 0.2) were 
excluded. Finally, possible population substratification was con-
trolled by principal components (PC) analysis using Plink and 
gcta64 and R- base software under GNU Public license v2. The 
first 10 PCs for each individual were calculated and plotted to 
identify outliers, and those deviating from the cluster centroid by 
>4 SD were excluded.

After quality control, 6,308,944 SNPs and 2,989 RA patients 
remained for analysis in the final data set. Data on demographic, 
RA clinical, and CV disease–related characteristics are shown in 
Table 1. Information related to CV events was obtained from the 
medical records of each patient, with traditional CV risk factors and 
CV events defined as previously described (3,6). Briefly, individuals 
were considered to have ischemic heart disease (IHD) if any of the 
following criteria were satisfied: a recorded diagnosis of ischemic 
cardiopathy due to an acute coronary syndrome (acute myocardial 
infarction or unstable angina), abnormal Q waves seen on electro-
cardiography, and/or >50% stenosis of at least 1 coronary vessel 
seen on coronary images. A patient was considered to have heart 
failure based on the Framingham criteria. Cerebrovascular accident 
was recorded if patients had a stroke and/or transient ischemic 
attacks (TIAs). Strokes were classified according to their clinical 
features and were confirmed by computed tomography and/or 
magnetic resonance imaging. TIAs were diagnosed if the symp-
toms were self- limited in <24 hours, without residual neurologic 
damage. Finally, peripheral arterial disease was considered to be 

present if confirmed by Doppler imaging and arteriography (3,6).

Subclinical atherosclerosis examination. Informa-
tion on subclinical atherosclerosis was available for 1,355 RA 
patients from the filtered data sets. Subclinical atherosclerosis 
examination was assessed with a carotid ultrasound tech-
nique (evaluation of CIMT and presence/absence of carotid 
plaques). At the hospitals in Santander, Bilbao, Granada, 
Córdoba, Tenerife, Valencia, Ciudad Real, and Madrid, the 
ultrasound examination was performed using a commercial 
scanner (16,17). Patients from Lugo were assessed by high- 
resolution B- mode ultrasound (18). CIMT was measured at the 
far wall of the right and left common carotid arteries over the 
proximal 15- mm–long segment. CIMT was determined as the 
average of 3 measurements in each common carotid artery. 
Consistency of results between these 2 ultrasound methods 
was previously reported (19), supporting the fact that the use 
of 2 different instruments to collect CIMT data did not influence 
the results derived from this analysis. In addition, these studies 
were performed by experts with high intra-  and interobserver 
reliability, who have collaborated closely in the assessment of 
subclinical atherosclerosis in RA. Criteria for determining the 

presence of plaque in the accessible extracranial carotid tree 
were defined as described by Touboul et al (20).

Statistical analysis. Estimations for statistical power 
were obtained with CaTS Power Calculator for Genetic Stud-
ies software, which implements the methods described by 
Skol et  al (21) (Supplementary Tables 1–4, on the Arthritis 
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40734/abstract). All statistical analyses were 
conducted with Plink. First, we compared the genotype fre-
quencies of all SNPs according to a continuous CV disease 
outcome variable (CIMT values) by linear regression assum-
ing an additive model. The first 10 PCs, age at the time of 
the carotid ultrasound examination, and sex were included 
in the model as covariates. Subsequently, we compared the 
genotype frequencies of all SNPs according to binary CV 
disease outcome variables (presence/absence of CV events, 
IHD, and carotid plaques) by logistic regression on the  
best- guess genotypes assuming an additive model. The first 

Table 1. Demographic, clinical, and CV disease–related character-
istics of the 2,989 RA patients whose samples were included in the 
filtered data set* 

Demographic and RA characteristics
Age at the time of disease onset, 

mean ± SD years
49.8 ± 14.9

Follow- up time, mean ± SD years 11.7 ± 9.1
Women, % 74.7
RF positive† 1,585/2,432 (65.2)
ACPA positive 1,365/2,286 (59.7)
Erosions 1,125/2,148 (52.4)
Extraarticular manifestations‡ 575/1,994 (28.8)

Traditional CV risk factors 
Hypertension 1,018/2,585 (39.4)
Diabetes mellitus 318/2,585 (12.3)
Dyslipidemia 1,122/2,585 (43.4)
Obesity 605/2,585 (23.4)
Smoking 957/2,585 (37.0)

CV events 467/2,989 (15.6)
Ischemic heart disease 224/2,989 (7.5)
Heart failure 146/2,989 (4.9)
Cerebrovascular accident 125/2,989 (4.2)
Peripheral artery disease 60/2,989 (2.0)

* Except where indicated otherwise, values are the number of pa-
tients/number assessed (%). CV = cardiovascular; RA = rheumatoid 
arthritis; RF = rheumatoid factor; ACPA = anti–citrullinated protein 
antibody. 
† At least 2 determinations at different times were required for 
analysis of this result. 
‡ Patients were considered to have extraarticular manifestations if 
they experienced at least 1 of the following: nodular disease, Fel-
ty’s syndrome, pulmonary fibrosis, rheumatoid vasculitis, or sec-
ondary Sjögren’s syndrome (3). 

http://onlinelibrary.wiley.com/doi/10.1002/art.40734/abstract
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10 PCs, age at the time of RA diagnosis, and sex were included 
as covariates for the presence/absence of CV events and IHD 
analyses, and the first 10 PCs, age at the time of carotid ultra-
sound examination, and sex were included as covariates for 
the presence/absence of carotid plaque analysis. Finally, P val-
ues, beta coefficients, standard errors, odds ratios, and 95% 
confidence intervals were calculated. The statistical threshold 
was set at the genome- wide level of significance (P < 5 × 10−8).

Performance of functional annotations of the asso-
ciated variants. In a further step, we evaluated the putative 
functional implications of the identified CV risk signals by inte-
grating our data with functional annotation data available in public 
databases, using different bioinformatics approaches. For this pur-
pose, we first identified all of the potential polymorphisms in high 
linkage disequilibrium (LD; r2 > 0.8) of the associated signals of our 
GWAS, using the European populations from the 1000 Genomes 
Project and Plink. All of those potential polymorphism taggers 
would be considered equally as candidates for prioritizing cau-
sality or hypothesizing possible molecular causes of the observed 
associations in the subsequent bioinformatic approaches. Then, 
the online tools RegulomeDB (22), HaploReg (version 4.1) (23), 
and Capture HiC Plotter (CHi-CP) (24) were used to evaluate the 
possible regulatory effect of the associated signals and their pos-
sible implications in the clinical phenotypes analyzed.

Candidate genomic regions and pathway enrich-
ment analysis. Finally, we assessed the statistical significance 
in our GWAS of previously described CV risk–associated genomic 
regions (±100 kbp 3′ and 5′ of the reported gene) through can-

didate gene studies (8) and a recently published meta- analysis of 
ImmunoChip data (25). Regarding the HLA region, a more com-
prehensive analysis was conducted. We extracted the extended 
HLA region (29,000,000–34,000,000 bp in chromosome 6) and 
imputed SNPs, classic HLA alleles at 2-  and 4- digits, and poly-
morphic amino acid positions, as previously described (26–28).

Additionally, a biologic pathway enrichment analysis involving 
genes that showed suggestive P values in our study (P < 1 × 10−4) 
was performed by using the tool for that purpose from the Gene 
Ontology (GO) reference genome project (29,30), powered by the 
Protein Analysis Through Evolutionary Relationships Classification 
System (31). Moreover, we conducted a predictive protein–protein 
interaction analysis among these same markers, using the Search 
Tool for the Retrieval of Interacting Genes/Proteins database (32). 
P values less than 0.05 after correction for multiple testing were 
considered significant.

RESULTS

Testing for association with CV disease outcomes. 
Figure  1 and Supplementary Figure 1 (available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40734/abstract) summarize the overall results 
obtained for each CV disease outcome analysis performed. Inter-
estingly, a statistically significant signal at the genome- wide level 
of significance was associated with CIMT values (Figure 1). This 
signal corresponded with the genetic variant rs116199914, which 
maps to the 3′- untranslated region (3′- UTR) of the retinoic acid 
receptor β gene (RARB) (Table 2). The minor allele (G) of this SNP 
was significantly related to increased CIMT values (β = 0.142,  

Figure 1. Manhattan plot representation of the analysis of carotid intima- media thickness values as the cardiovascular disease outcome. 
The −log10 P values are plotted against their physical chromosomal position. The red line represents the genome- wide level of significance  
(P < 5 × 10−8).

http://onlinelibrary.wiley.com/doi/10.1002/art.40734/abstract
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P = 1.86 × 10−8) (Table 2). To rule out the possibility that bias due 
to incorrect genotyping or imputation could have affected these 
results, we obtained direct genotypes using TaqMan probes 
for rs116199914. The overall concordance reached after com-
paring TaqMan types with the corresponding imputed data was 
99.94%. Based on previous studies that demonstrated associ-
ation between anti–citrullinated protein antibody (ACPA) positivity 
and CV disease in RA (33,34), we evaluated the potential associ-
ation between the genetic variant rs116199914 and ACPA status. 
However, no statistically significant results were observed (data 
not shown). Several suggestive associations with CIMT values 
were also detected, although none of them reached the genome- 
wide level of statistical significance (Figure  1). Among them, 
intronic variants of both RARB and the positive regulatory domain 
zinc- finger protein 10 gene (PRDM10), as well as a disequilibrium 
block of intergenic polymorphisms at chromosome 12, had the 

most suggestive P values.
Likewise, several trends of association were observed 

when the presence/absence of CV events, IHD, and carotid 
plaques were analyzed (Table 2 and Supplementary Figure 1, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40734/abstract). 
Regarding the presence/absence of CV events, 2 intergenic 
variants in high LD at chromosome 1 exhibited the lowest P 
values. According to the presence/absence of IHD, an intronic 

variant of the kinesin family member 26B gene (KIF26B) and 
2 disequilibrium blocks of polymorphisms at chromosomes 1 
and 7 represented the strongest signals. Similarly, an intronic 
variant of the formin 2 gene (FMN2) and intergenic polymor-
phisms located at chromosomes 4, 9, and 17 exhibited the 
lowest P values regarding the presence/absence of carotid 
plaques.

Similar results were obtained when the analyses were 
also performed with traditional CV risk factors (smoking, dia-
betes mellitus, hypertension, obesity, and dyslipidemia) as 
covariates. In this regard, a statistically significant signal at 
the genome- wide level of significance that corresponded to 
RARB rs116199914 was associated with CIMT values (minor 
allele β = 0.137, P = 4.35 × 10−8). In addition, trends of asso-
ciation were again observed when the presence/absence of 
CV events, IHD, and carotid plaques were analyzed (data not 
shown).

Functional annotations of the associated variants. 
We evaluated the possible functional implications of the associ-
ated genetic variant rs116199914 by integrating our data with 
data from public databases. First, we searched for proxies (r2 > 
0.8) of rs116199914 in the 5 populations of European origin in the 
1000 Genomes Project (Iberian population in Spain, Utah residents 

Table 2. Index signals showing the lowest P values according to the different CV disease outcomes* 

CV disease 
outcome, 

Chr.

Position 
in Chr. 

(GRCh37) SNP ID
GENCODE 

gene Change
Minor 
allele MAF P

β [SE] or 
OR (95% CI)

CIMT values
3 25.638.355 rs116199914 RARB (3′- UTR) G<A G 0.012 1.86 × 10−8† 0.142 [0.025]
3 25.622.694 rs77388418 RARB (intronic) C<T C 0.014 2.07 × 10−7 0.124 [0.024]
12 63.337.536 rs1695024 8 kb 3′ of Y_RNA A<G A 0.230 2.64 × 10−7 0.031 [0.006]
11 129.852.180 rs111703287 PRDM10 (intronic) T<C T 0.014 3.90 × 10−7 0.119 [0.023]

CV events
1 166.485.891 rs6684311 27 kb 5′ of RP11-  

276E17.2
G<C G 0.189 2.85 × 10−7 1.68 (1.38–2.05)

IHD
1 245.338.976 rs112844193 KIF26B (intronic) T<C T 0.054 1.35 × 10−7 2.67 (1.85–3.85)
7 120.966.790 rs3779381 WNT16 (intronic) G<A G 0.283 2.09 × 10−7 1.77 (1.23–2.19)
1 156.057.417 rs112941217 LMNA (intronic) C<T C 0.030 4.67 × 10−7 4.81 (2.61–8.87)

Carotid 
plaques

17 15.008.430 rs8066891 123 bp 3′ of RP11-  
924A14.1

G<A G 0.171 4.47 × 10−6 0.58 (0.46–0.73)

9 29.148.449 rs12683261 259 kb 5′ of 
MIR873

A<G A 0.031 4.57 × 10−6 0.25 (0.14–0.45)

1 240.599.906 rs9727451 FMN2 (intronic) A<G A 0.087 4.69 × 10−6 2.13 (1.54–2.95)
4 166.579.647 rs2611206 26 kb 5′ of RP11- 

 340B18.1
A<G A 0.126 4.84 × 10−6 0.53 (0.41–0.69)

* CV = cardiovascular; Chr. = chromosome; SNP = single- nucleotide polymorphism; MAF = minor allele frequency; OR = odds ratio; 95% CI = 
95% confidence interval; CIMT = carotid intima- media thickness; 3′- UTR = 3′- untranslated region; IHD = ischemic heart disease. 
† Statistically significant at the genome- wide level of significance. 
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of North and Western European ancestry, British in England and 
Scotland, Toscani in Italy, and Finnish in Finland). Since no proxies 
were identified, we functionally annotated just the rs116199914 
polymorphism. As this SNP is located in the 3′- UTR of the RARB
gene, we used bioinformatic tools aimed at exploring annotations 
of the noncoding genome with putative regulatory effects on gene 
expression (including effect on regulatory motifs, chromatin state, 
and protein binding, as well as expression from expression quanti-
tative trait locus studies) in GEO, ENCODE, Roadmap Epigenom-
ics, and promoter CHi- C data sets, and published literature.

Interestingly, RegulomeDB results suggested that rs116199914 
may represent a DNA element with relevant regulatory effects 
(score 6). Additional functional implications were suggested with 
both HaploReg version 4.1. and CHi- C. In particular, overlapping 
with histone marks in tissues related to CV pathophysiology and 
cells of the immune system was observed (Figure 2). Specifically, 
rs116199914 was described to overlap with the enhancer histone 
mark H3K4me1 and the promoter histone mark H3K9ac in fetal 
heart, and with histone marks enriched at promoters and enhanc-
ers in immune cells (23). Furthermore, as derived from the CHi- C 
data sets, rs116199914 was reported to interact with, among 
others, NF- κB inhibitor–interacting Ras- like 1 gene (NKIRAS1) in
total CD4 Mycosis fungoides cells and total CD8 cells (35) (Sup-
plementary Figure 2, on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40734/abstract). 
In addition, rs116199914 was described to affect the sequence- 
specific binding for NFAT (23).

Candidate genes and pathway analysis. We also 
determined the statistical significance, in our GWAS, of previously 
described CV risk genes by candidate studies (8) and a recently 
published meta- analysis of ImmunoChip data (25). P values of 
<0.05 were observed across most of the evaluated loci (Sup-
plementary Table 5, http://onlinelibrary.wiley.com/doi/10.1002/
art.40734/abstract). Among them, the lowest P values were 
detected for associations of the NFKB1 and methionine sulfoxide 
reductase A gene (MSRA) regions with the presence of CV events 

(P = 8.12 × 10−4 and P = 5.94 × 10−4, respectively), as well as the 
zinc- finger C3HC- type containing 1 gene (ZC3HC1) region with 
CIMT values (P = 2.46 × 10−4). The association between NFKB1 
and CV events remained statistically significant after correction 
for multiple testing (rs227361, false discovery rate–adjusted P = 
4.50 × 10−2). Regarding the HLA system, no statistically significant 
results were observed across this genomic region (Supplementary 
Figure 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40734/
abstract).

In addition, analysis of possible biologic pathway enrich-
ments and predictive protein–protein relationships was performed 
for the gene products of loci that showed P values of potential 
relevance in our study (P < 1 × 10−4). In this regard, the molec-
ular network of the selected proteins related to the presence/
absence of carotid plaques had significantly more interactions 
than expected (number of nodes 51, number of edges 8, aver-
age node degree 0.314, clustering coefficient 0.235; expected 
number of edges 3, protein–protein interaction enrichment P = 
1.68 × 10−2) (Figure 3). In accordance with the functional enrich-
ments of the network, the most significantly associated GO term 
corresponded to “collagen biosynthetic process” (GO number 
0032964) (false discovery rate–adjusted P = 4.01 × 10−3). No 
statistically significant results were obtained when these analyses 
were performed according to CIMT values, presence/absence of 
CV events, or IHD.

DISCUSSION

During the last decade, the genetic basis of the increased 
predisposition to CV disease observed in RA patients has been 
comprehensively investigated using a candidate gene strategy 
(8). However, not until the present study have GWAS data been 
 generated and analyzed. Therefore, the results presented here 
may represent a turning point for better understanding of the path-
ogenic mechanisms underlying this severe complication of RA.

A genetic marker of the RARB gene (rs116199914) was 
associated, at the genome- wide level of significance, with  

Figure 2. Regulatory chromatin annotations of RARB rs116199914 in tissues related to cardiovascular pathology and cells of the immune 
system, according to ENCODE data. The chromatin 15- state model was developed using 5 marks and 127 epigenomes from the Roadmap 
Epigenomics Project. G- CSF = granulocyte colony- stimulating factor; PMA- I = phorbol myristate acetate/ionomycin.
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subclinical atherosclerosis, assessed by CIMT. Interestingly, this 
signal overlaps with promoter and enhancer histone marks in 
fetal heart and immune cells. In addition, rs116199914 has been 
described to interact with the gene NKIRAS1. These data are 
striking, as NKIRAS1 encodes a crucial protein for the inhibition 
of NF- κB (36,37), which is one of the most relevant molecules 
involved in inflammation processes (38) and is considered to be 
a key regulator of several atherosclerosis genes (39). A previous 
candidate gene study demonstrated the influence of a promoter 
genetic variant in the NF- κB coding gene (NFKB1) on the risk of 
developing CV events among patients with RA (39). Additionally, 
the use of drugs that block cytokines of the NF- κB signaling path-
way has been described as a promising therapeutic strategy to 
attenuate the heightened CV risk in patients with RA (40,41) and 
to provide a beneficial effect on surrogate CV disease markers in 
those patients (42,43).

In addition, the associated variant identified in our study 
was shown to affect sequence- specific binding of NFAT, which 
regulates inducible gene transcription during the immune 
response (44–46). Originally, NFAT was described as being 
mainly expressed in activated T cells (46) and other immune 
cells (45). Currently, its regulatory roles in blood vessels and 
heart tissue are well established (47–49). Furthermore, a role 

of this molecule in angiogenic processes has been confirmed 
(48). Consistent with this, cumulative knowledge clearly demon-
strates that the chronic inflammation observed in patients with 
RA, critical for the development of atherosclerosis, is often 
accompanied by imbalanced angiogenesis (50). In accordance 
with that, increased serum levels of the angiogenic molecule 
angiopoietin 2 have been found to correlate with the develop-
ment of CV events in patients with RA (50).

Our results suggest a functional impact of the genetic variant 
RARB rs116199914. In this regard, it could be speculated that the 
interaction between this polymorphism and NKIRAS1 modulates 
the expression of the latter, affecting the inhibition of NF- κB. This 
may trigger the regulation of genes encoding proinflammatory 
cytokines, adhesion molecules, chemokines, and inducible nitric 
oxide synthase, thus contributing to endothelial damage and sub-
sequently to CV disease. Similarly, since RARB rs116199914 has 
been described to affect the sequence- specific binding of NFAT as 
noted above, it may be reasonable to consider that this phenom-
enon modulates the expression of genes related to angiogenic  
processes in atherosclerosis.

Additional suggestive signals of potential relevance were 
observed when both the presence/absence of CV events  
(including IHD) and subclinical atherosclerosis were tested. 

Figure 3. Interaction network formed by the encoded proteins of genes showing P values of potential relevance in our study (P < 1 × 10−4), 
according to the presence/absence of carotid plaques. The width of the gray lines indicates the reliability of each interaction. Proteins of the 
collagen biosynthetic process pathway (GO number 0032964) are highlighted in red.
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However, those signals did not reach the genome- wide level 
of significance, probably due to insufficient statistical power 
to detect risk variants with low- to- moderate effects. Biologic 
pathway enrichment and protein–protein interaction analyses 
revealed a functional enrichment of the collagen biosynthesis 
network according to the presence/absence of carotid plaques. 
This result is consistent with the fact that collagen constitutes 
the main component of the fibrous cap of the carotid plaque 
and contributes to its structural integrity and vulnerability (51). 
Indeed, a recent Metabochip analysis performed in American 
patients with RA revealed a suggestive association between 
a genetic variant in the Colα1(IV) gene (COL4A1) and carotid
plaques (52).

Finally, our results support the implication of the previously 
reported candidate CV risk gene NFKB1 and suggest a potential 
influence of both MSRA and ZC3HC1 in the development of CV 
disease in RA. In contrast, a relevant influence of the HLA region in 
this process, though suggested previously by others (8), was not 
supported by our data.

There is evidence that current CV risk screening and man-
agement strategies underestimate the actual degree of predis-
position to CV in patients with RA. In this context, genetic mark-
ers related to the development of CV disease in patients with 
RA may be used as additional tools to identify those patients 
at high CV risk, who may definitively benefit from active therapy 
to prevent CV events. Accordingly, the results of our study may 
help in the design of efficient tools to identify RA patients who 
are more likely to develop CV disease based on their genetic 
background.

A potential major limitation of the present study is the 
lack of replication of the discovery findings in an independent 
cohort of patients with RA. In addition, the study could have 
been underpowered to detect associations with small effect 
size. Further investigations to confirm our results are needed. 
Interestingly, Karpouzas et al reported that the frequency of 
unstable, noncalcified plaques is increased among patients 
with RA (53). Unstable plaques are very dangerous since they 
are particularly susceptible to disruption. Vulnerable plaques 
are generally characterized as those having a thin inflamed 
fibrous cap over a very large lipid core. Since the conven-
tional carotid ultrasound technique performed in our study 
did not allow us to identify the presence of unstable plaques, 
we believe further investigations aimed at identifying a poten-
tial role of the genetic variant RARB rs116199914 in the risk 
of unstable plaques should be conducted.

In conclusion, through a whole- genome screening of com-
mon genetic variation, we have identified RARB rs116199914 
as the main genetic variant associated with CIMT values 
in patients with RA. This finding could potentially lead to an 
improved ability to predict and screen for this condition and 
initiate treatment to prevent life- threatening CV events in RA 
patients.
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Corrigendum

In the article by Chong et al in the September 2013 issue of Arthritis & Rheumatism (now Arthritis & Rheumatology) 
(Fibroblast Growth Factor 2 Drives Changes in Gene Expression Following Injury to Murine Cartilage In Vitro and In 
Vivo) [page 2346–2355]), there was an error in Figure 1B (lower row: Midzone): the same image appears for “Control 
(24h)” and “Control (0 mins).” This did not affect the study results or conclusions reported in the article. A corrected 
Figure 1B is shown below.

The authors regret the error.
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Are Bone Mineral Density and Fractures Related to the 
Incidence and Progression of Radiographic Osteoarthritis 
of the Knee, Hip, and Hand in Elderly Men and Women?  
The Rotterdam Study
Arjan P. Bergink,1 Fernando Rivadeneira,2 Sita M. Bierma-Zeinstra,2 M. Carola Zillikens,2 M. Arfan Ikram,2  
André G. Uitterlinden,2 and Joyce B. J. van Meurs2

Objective. To examine the longitudinal relationship between bone mineral density (BMD) and the incidence and 
progression of knee, hip, and hand osteoarthritis (OA), and to examine the relationship between prevalent vertebral 
and nonvertebral fractures and the incidence and progression of OA in elderly men and women in the Rotterdam 
Study.

Methods. Age-  and sex- specific quartiles of baseline femoral neck BMD data were constructed for 4,154 sub-
jects. Radiographs were scored for incidence and progression of knee and hip OA, and for incidence of hand OA. 
Prevalent vertebral fractures were scored using the McCloskey/Kanis method, and prevalent nonvertebral fractures 
were reported by baseline interview.

Results. Subjects in the highest quartile of femoral neck BMD had an increased risk of incident radiographic knee 
OA (ROA) (odds ratio [OR] 1.58 [95% confidence interval (95% CI) 1.14–2.18]), and an increased risk of incident hip 
ROA (OR 1.57 [95% CI 1.06–2.32]), compared to the lowest quartile. No significant relationship was found between 
high femoral neck BMD and progression of knee or hip ROA or the incidence of hand ROA. Prevalent vertebral and 
nonvertebral fractures were not related to an increase in the incidence or progression of knee or hip ROA. However, 
vertebral fractures were associated with incident hand ROA (OR 1.74 [95% CI 1.02–2.98]).

Conclusion. Results from the present study confirm earlier findings and thus provide strong evidence that high 
femoral neck BMD is a prognostic risk factor for the development of knee and hip ROA. Vertebral fractures were 
found to be a risk factor for incident hand ROA.

INTRODUCTION

The inverse relationship between osteoporosis (OP) and 
osteoarthritis (OA) has been extensively described (1,2). How-
ever, whether high bone mineral density (BMD) is the cause or 
consequence of OA is unclear. A number of prospective studies 
(3–7) have indicated that high BMD at baseline is associated 
with an increased risk of incident knee OA. Two of these studies 
showed a protective effect of high BMD on progression of knee 

OA (4,5), while Nevitt et al found that progression was not signif-
icantly related to BMD (7).

However, almost no data are available on the relationship 
between BMD and incidence or progression of hip and hand 
OA. In a previous review, it was concluded that the relationship 
between OA and OP is elusive and that longitudinal studies in 
particular have shown no clear relationship between the two (8).

We previously studied the associations of baseline BMD 
and of prevalent vertebral and nonvertebral fractures with 
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 incidence and progression of radiographic OA (ROA) of the 
knee in 1,403 men and women (9). We found that high base-
line BMD was associated with an increased incidence of knee 
OA and that subjects with a prevalent vertebral fracture had a 
lower risk of incident or progressive knee OA. Since our ear-
lier publication, few longitudinal studies have been undertaken 
to further examine the influence of BMD on the development 
of OA. A recent review summarized all available published 
data on the relationship between BMD and development 
and course of OA, drawing from data on 4,942 individuals 
(including 1,403 subjects from our own study), and showed 
an increased risk of the development of knee OA in subjects 
with high baseline BMD (10).

Regarding the development of hip ROA, even fewer lon-
gitudinal studies are available. Hochberg described a dose- 
response relationship between the quartile of baseline BMD 
and the incidence of hip ROA in the Study of Osteoporotic 
Fractures (11), while Barbour et al recently found no associa-
tion between high BMD and hip ROA in the Johnston County 
Osteoarthritis Project (12).

To our knowledge, only one longitudinal study on baseline 
BMD and incident hand OA has been conducted, showing no 
association between the two factors (3). Hand OA is especially 
interesting in this respect, since the development of hand OA 
(especially in the distal interphalangeal joints) is thought to be 
caused by systemic influences such as adiposity (13), sex hor-
mone levels (14), and genetics (15), rather than local (mechan-
ical) loading.

In the current study, we aimed to investigate the associ-
ation between baseline BMD and the development of hip and 
hand ROA, and the association between prevalent vertebral 
and nonvertebral fractures and the risk of ROA. In addition, we 
wanted to verify the positive association between high BMD 
and the development of knee ROA that we previously found, 
in an expanded population from the Rotterdam Study.

PATIENTS AND METHODS

Subjects. Our study population consisted of subjects in 
the Rotterdam Study I (RS- I) and the Rotterdam Study II (RS- II). 
The rationale and design of the Rotterdam Study were previously 
described (16,17). Our study population included a total of 4,154 
subjects: 3,005 from RS- I (55.8% women) and 1,149 from RS- II 
(54.4% women) (Figure 1). Subject selection was based on the 
availability of radiographs of the knees, hips, and hands at base-
line and follow- up examinations, and data on BMD, prevalent 
vertebral and nonvertebral fractures, and potentially confounding 
factors at baseline.

Radiographic OA. Radiographs of knees, hips, and hands 
were obtained at 3 time points for RS- I participants: at baseline 
(between 1989 and 1993), at visit 2 (between 1997 and 1999, 
mean follow- up time 6.5 years), and at visit 3 (between 2002 and 
2004, mean follow up time 11.9 years) (Figure 1). For RS- II par-
ticipants, radiographs were obtained at 2 time points: at baseline 
(between 2000 and 2001) and at visit 2 (between 2004 and 2005, 
mean follow- up time 4.1 years). The overall mean ± SD follow- up 
time was 8.4 ± 2.2 years (range 3.7–13.6) for subjects in RS- I and 
4.1 ± 0.6 years (range 1.1–5.8) for subjects in RS- II.

Prevalence, incidence, and progression of ROA were 
scored by the Kellgren/Lawrence (K/L) grading system (18), as 
previously described (9,19,20). Briefly, prevalence of ROA of the 
knee or hip was defined by a K/L score of ≥2 at baseline in 1 
or both knees/hips. Prevalence of hand ROA was defined by a 
K/L score of ≥2 in ≥2 of 3 hand joint groups in 1 or both hands. 
Incident ROA was recorded when a subject had no prevalent 
ROA (K/L score <2) in both knees, both hips, or both hands at 
baseline but had a K/L score of ≥2 at follow- up in ≥1 knee, ≥1 
hip, or ≥1 hand. Progressive ROA was defined by an increase 
in K/L score in subjects with prevalent ROA of that same joint. 
Thus, incident ROA can only occur in subjects without prevalent 

Figure 1. Rotterdam Study cohort populations (RS- I and RS- II) by visit date ranges.
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ROA in both the left and right joint, and progression of ROA can 
only occur in subjects with prevalent ROA at 1 or both joints. 
A third measure used was incidence or progression of ROA, 
recorded if the subject showed either incident ROA or progres-
sion of ROA. This measure was created to compare data to find-
ings from our previous study (9) and to provide statistical power 
in analyses performed after stratification of our current study 
population. Subjects who had received a total joint replacement 
by the time of follow- up were excluded from the analysis of that 
joint group. The radiographs in RS- I and RS- II were obtained 
using the same protocol and were scored by doctoral students 
trained by a radiologist. Interobserver agreement was 0.71 for 
RS- I and 0.68 for RS- II (20). Data on the incidence of hand OA 
were available for 2,118 subjects.

Fracture assessment. Prevalent nonvertebral fractures. 
Between 1989 and 1993, extensive baseline home interviews 
on medical history and risk factors for chronic diseases were 
performed by trained interviewers. Data on nonvertebral fracture 
history at ≥50 years old was obtained as previously described 
(9,16).

Prevalent vertebral fractures. Both at baseline (between 
1989 and 1993) and at visit 2 (between 1997 and 1999), radio-
graphs of the thoracolumbar spine were available for 2,920 indi-
viduals in RS- I. The thoracolumbar spine radiographs from this 
follow- up visit were scored for the presence of vertebral fracture 
using the McCloskey/Kanis method, as previously described 

(21). If vertebral fractures were detected, the baseline radiograph 
was also evaluated. If the vertebral fracture was already present 
at baseline, the fracture was defined as prevalent. If it was not 
present at baseline, the fracture was defined as incident.

Bone mineral density measurement. BMD measure-
ments of the femoral neck were performed at baseline using 
dual x- ray absorptiometry (Lunar DPX- L densitometer). Stand-
ard positioning was used with anteroposterior scans of the right 
proximal femur unless there was a history of hip fracture or pros-
thesis implantation. In the latter case, the left side was scanned 
(9,22).

Other variables. Data on age, sex, height, weight, body 
mass index (BMI), and other potentially confounding variables 
(e.g., use of a walking aid, lower limb disability, and smoking) were 
obtained as previously described (9,16).

Statistical analysis. Femoral neck BMD data on indi-
viduals in RS- I and RS- II were organized into quartiles by age 
groups (per 5-year intervals) and by sex. The significance of the 
differences in height, weight, and BMI among these quartiles 
was calculated using a linear regression model. Odds ratios 
(ORs) with 95% confidence intervals (95% CIs) were calculated 
to determine the association between femoral neck BMD and 
ROA and were adjusted for baseline age, sex, BMI, study pop-
ulation, follow- up time, and corresponding baseline K/L sum 

Table 1. Baseline characteristics of the Rotterdam Study populations (RS- I and RS- II) by age-  and sex- specific quartiles of femoral neck BMD*

Femoral neck 
BMD, mean 

(range) gm/cm2
No. of 

subjects Women, %

Age, 
mean ± SD 

years
Height, 

mean ± SD cm
Weight, 

mean ± SD kg

BMI, 
mean ± SD 

kg/m2

RS- I
Quartile 1 0.74 (0.49–0.88) 755 55.6 65.4 ± 6.6 167.4 ± 9.5 69.4 ± 11.0 24.7 ± 3.1
Quartile 2 0.84 (0.70–0.96) 757 55.9 65.3 ± 6.4 167.9 ± 9.3 73.5 ± 10.8 26.1 ± 3.4
Quartile 3 0.92 (0.76–1.05) 752 55.6 65.3 ± 6.6 168.7 ± 8.8 76.5 ± 10.7 26.9 ± 3.3
Quartile 4 1.05 (0.83–1.49) 741 56.3 65.2 ± 6.5 169.6 ± 8.9 78.8 ± 11.5 27.4 ± 3.6
Combined 0.89 (0.49–1.49) 3,005 55.8 65.3 ± 6.5 168.4 ± 9.1 74.5 ± 11.5 26.3 ± 3.5

 P for trend 
(adjusted)

– – – – 1.0 × 10−6 1.2 × 10−64 3.0 × 10−57

RS- II
Quartile 1 0.78 (0.48–0.93) 287 54.4 63.3 ± 6.6 167.8 ± 9.2 71.4 ± 12.4 25.3 ± 3.3
Quartile 2 0.89 (0.67–1.00) 290 54.5 63.1 ± 6.4 168.9 ± 8.7 76.0 ± 12.4 26.6 ± 3.5
Quartile 3 0.97 (0.77–1.09) 290 54.5 62.8 ± 6.4 169.0 ± 9.1 78.9 ± 12.5 27.6 ± 3.9
Quartile 4 1.10 (0.85–1.46) 282 54.3 62.8 ± 6.4 169.8 ± 8.6 82.2 ± 12.8 28.5 ± 4.0
Combined 0.93 (0.48–1.46) 1,149 54.4 63.1 ± 6.4 168.8 ± 8.9 77.1 ± 13.1 27.0 ± 3.9

 P for trend 
(adjusted)

– – – – 0.9 × 10−2 4.3 × 10−25 2.7 × 10−26

* Femoral neck bone mineral density (BMD) data on individuals in RS- I and RS- II were organized into quartiles by age group and by sex; data
from these subgroups were then recombined into 4 quartiles. BMI = body mass index. 
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score. This sum was calculated by adding up the K/L scores 
(0–4) of both knees, both hips, or both hand joints, creating 
scores for each joint group. This was done in order to adjust 
for the potential confounding effect of mild OA at baseline (K/L 
score of 1 in 1 or both joints) on the incidence of ROA, and of 
the severity of OA at baseline on the progression of ROA.

Standard deviation values of femoral neck BMD were 
calculated with stratification by sex and study population. 
ORs for the association between SD increase in femoral 
neck BMD and ROA were calculated using logistic regres-
sion modeling and were adjusted for baseline age, sex, 
BMI, study population, follow- up time, and corresponding 
baseline K/L sum score. ORs for the association between 
the incidence or progression of knee, hip, and hand ROA 
and prevalent vertebral and nonvertebral fractures in RS- I 
were calculated in the same manner and were adjusted for 
baseline age, sex, BMI, femoral neck BMD, use of walking 
aid, lower limb disability, fall tendency, and corresponding 
baseline K/L sum score. We used IBM SPSS version 22 for 
all analyses.

RESULTS

In Table  1, the baseline characteristics of the RS- I and 
RS- II study populations (by age-  and sex- specific quartiles of 

femoral neck BMD) are shown. The mean height, weight, and 
BMI were significantly higher as femoral neck BMD increased. 
Subjects in RS- II were on average 2 years younger than those 
in RS- I and had significantly higher weight and BMI. RS- I 
included 389 incident knee ROA cases, 236 progressive knee 
ROA cases, 221 incident hip ROA cases, 116 progressive hip 
ROA cases, and 320 incident hand ROA cases. RS- II included 
65 incident knee ROA cases, 51 progressive knee ROA cases, 
32 incident hip ROA cases, 21 progressive hip ROA cases, 

and 96 incident hand ROA cases.

Bone mineral density. Table 2 shows the association 
between the age-  and sex- adjusted quartiles of femoral neck 
BMD and the incidence of knee and hip ROA, the progres-
sion of knee and hip ROA, and the combined measure of 
incidence or progression. An increase in incident knee ROA 
was seen with high femoral neck BMD: subjects in the highest 
BMD quartile had a 58% increased risk of incident knee ROA 
compared to subjects in the lowest quartile (OR 1.58 [95% CI 
1.14–2.18]). The effect on progression of knee ROA was not 
significant (OR 1.07 [95% CI 0.64–1.78]), though there was a 
42% increase in the risk of incidence or progression of knee 
ROA (OR 1.42 [95% CI 1.09–1.86]). The risk of incident knee 
ROA increased 15% with each SD increase in femoral neck 
BMD (OR 1.15 [95% CI 1.04–1.28]). No significant progression 

Table 2. Association of age-  and sex- adjusted quartiles of femoral neck BMD with incident and progressive knee and hip ROA* 

Incidence, 
cases/total 
subjects (%) OR (95% CI)†

Progression, 
cases/total 
 subjects (%) OR (95% CI)†

Incidence or  
progression, cases/total 

subjects (%) OR (95% CI)†

Knee ROA‡ 
Quartile 1 90/933 (9.6) 1 (reference) 42/109 (38.5) 1 (reference) 132/1,042 (12.7) 1 (reference)
Quartile 2 112/902 (12.4) 1.29 

(0.93–1.78)
70/145 (48.3) 1.39 

(0.82–2.38)
182/1,047 (17.4) 1.34 

(1.02–1.75)
Quartile 3 116/868 (13.4) 1.28 

(0.92–1.78)
78/174 (44.8) 1.09 

(0.65–1.84)
194/1,042 (18.6) 1.23 

(0.94–1.61)
Quartile 4 136/811 (16.8) 1.58 

(1.14–2.18)
97/212 (45.8) 1.07 

(0.64–1.78)
233/1,023 (22.8) 1.42 

(1.09–1.86)
Hip ROA§

Quartile 1 49/992 (4.9) 1 (reference) 21/50 (42.0) 1 (reference) 70/1,042 (6.7) 1 (reference)
Quartile 2 59/991 (6.0) 1.01 

(0.68–1.52)
30/56 (53.6) 1.71 

(0.74–3.96)
89/1,047 (8.5) 1.17 

(0.81–1.68)
Quartile 3 59/986 (6.0) 1.04 

(0.69–1.56)
30/56 (53.6) 1.61 

(0.70–3.75)
89/1,042 (8.5) 1.17 

(0.81–1.70)
Quartile 4 86/930 (9.2) 1.57 

(1.06–2.32)
56/93 (60.2) 2.17 

(0.99–4.79)
142/1,023 (13.9) 1.82 

(1.28–2.59)

* Data are from the Rotterdam Study populations RS- I and RS- II. BMD = bone mineral density. 
† Odds ratios (ORs) with 95% confidence intervals (95% CIs) were adjusted for age, sex, body mass index, study population, follow- up time, 
and radiographic knee or hip osteoarthritis (ROA) sum score at baseline. 
‡ OR (95% CI) per SD increase in BMD was 1.15 (1.04–1.28) for incidence of knee ROA, 0.89 (0.77–1.03) for progression of knee ROA, and 1.06 
(0.97–1.15) for incidence or progression of knee ROA. 
§ OR (95% CI) per SD increase in BMD was 1.07 (0.95–1.22) for incidence of hip ROA, 1.32 (1.04–1.66) for progression of hip ROA, and 1.16 
(1.05–1.29) for incidence or progression of hip ROA. 
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of ROA per SD increase in femoral neck BMD was observed 

(OR 0.89 [95% CI 0.77–1.03]).
Subjects in the highest BMD quartile had a 57% 

increased risk of incident hip ROA compared to the lowest 
quartile (OR 1.57 [95% CI 1.06–2.32]). The elevated risk of 
progression of hip ROA was not significant (OR 2.17 [95% 
CI 0.99–4.79]), while an 82% increased risk of incidence or 
progression of hip ROA (OR 1.82 [95% CI 1.28–2.59]) was 
observed. The increased risk of incidence or progression of 
hip ROA per SD increase in BMD was 16% (OR 1.16 [95% 
CI 1.05–1.29]); in contrast to knee ROA, this association was 
driven by the progression of hip ROA, with a 32% increased 
risk of progression of hip ROA per SD increase in BMD (OR 
1.32 [95% CI 1.04–1.66]). The increased risk of incident hip 
ROA per SD increase in BMD was not significant (OR 1.07 
[95% CI 0.95–1.22]).

No significant association between high femoral neck BMD 
and the incidence of hand ROA was found, as shown in Table 3. 

Additional adjustment for potentially confounding variables (e.g., 
the use of a walking aid, lower limb disability, and smoking) in RS- I 
subjects did not change the risk estimates for knee, hip, or hand 
ROA (data not shown).

In Supplementary Table 1, data on the incidence and pro-
gression of ROA, organized by quartiles of femoral neck BMD 
and divided according to study population (RS- I and RS- II), 
are shown (available on the Arthritis & Rheumatology web 
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40735/
abstract). For subjects in RS- II, the rates of incidence or pro-
gression of knee and hip ROA were only 50% compared to 
those recorded in RS- I, in each respective quartile. In general, 
the incidence or progression of knee and hip ROA increased 
with each ascending quartile in both RS- I and RS- II. A 36% 
increased risk of incident or progressive knee ROA was 
observed in the highest quartile RS- I subjects compared to 
those in the lowest quartile (OR 1.36 [95% CI 1.01–1.84]), 
and an 84% increased risk of hip ROA was observed in the 
same population (OR 1.84 [95% CI 1.26–2.70]). In RS- II, risk 
increases in the highest quartile failed to reach significance. 
However, a 30% increased risk of the incidence or progres-
sion of knee ROA per SD increase in BMD was observed in 
RS- II.

In RS- I, the percentage of subjects with incident hand ROA 
tended to increase in the higher BMD quartiles, with a signifi-
cantly increased risk of 52% for subjects in quartile 3 (OR 1.52 
[95% CI 1.03–2.23]), but no significant association was seen in 
quartile 4 (OR 1.18 [95% CI 0.79–1.76]) (Supplementary Table 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract). 
In RS- II, no significant association between femoral neck BMD 
and incident hand ROA was found.

Prevalent fractures. Table  4 shows the association 
between prevalent vertebral and nonvertebral fractures and 

Table 3. Association of age-  and sex- adjusted quartiles of femoral 
BMD with incident hand ROA*

Incidence, cases/
total subjects (%) OR (95% CI)†

Quartile 1 103/565 (18.2) 1 (reference)
Quartile 2 98/532 (18.4) 1.01 (0.73–1.40) 
Quartile 3 112/520 (21.5) 1.22 (0.88–1.69) 
Quartile 4 103/501 (20.6) 1.03 (0.74–1.44) 

* Data were collected from the Rotterdam Study populations RS- I
and RS- II. 
† Odds ratios (ORs) with 95% confidence intervals (95% CIs) were 
adjusted for age, sex, body mass index, study population, follow- 
up time, and radiographic hand osteoarthritis (ROA) sum score 
at baseline. OR (95% CI) per SD increase in bone mineral density 
(BMD) was 1.01 (0.90–1.13) for incident hand ROA. 

Table 4. Associations of knee, hip, and hand ROA with prevalent vertebral and nonvertebral fractures*

Prevalent 
 fracture type

Knee ROA Hip ROA Hand ROA

Incidence or pro-
gression, cases/
total  subjects (%) OR (95% CI)†

Incidence or pro-
gression, cases/
total  subjects (%) OR (95% CI)†

Incidence, 
cases/total 
 subjects (%) OR (95% CI)†

Vertebral 
fracture

Absent 541/2,597 (20.8) 1 (reference) 306/2,710 (11.3) 1 (reference) 304/1,229 (24.7) 1 (reference)
Present 38/211 (18.0) 0.72 (0.48–1.09) 25/210 (11.9) 0.96 (0.57–1.61) 24/74 (32.4) 1.74 (1.02–2.98)
Nonvertebral 

fracture
Absent 516/2,596 (19.9) 1 (reference) 290/2,686 (10.8) 1 (reference) 310/1,228 (25.2) 1 (reference)
Present 148/579 (25.1) 1.21 (0.96–1.53) 84/596 (14.1) 1.25 (0.92–1.68) 55/250 (22.0) 0.77 (0.54–1.10)

* Data were collected from the Rotterdam Study population RS- I.
† Odds ratios (ORs) with 95% confidence intervals (95% CIs) were adjusted for age, sex, body mass index, femoral neck bone mineral density, 
use of walking aid, lower limb disability, fall tendency, and corresponding radiographic osteoarthritis (ROA) sum score at baseline. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
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the combined measure of incidence or progression of knee 
or hip ROA, and the association between these fractures and 
the incidence of hand ROA. No significant associations were 
found between either type of fracture and knee or hip ROA, 
or between nonvertebral fractures and the incidence of hand 
ROA. Subjects with a vertebral fracture at baseline, however, 
had a 74% increased risk of incident hand ROA (OR 1.74 
[95% CI 1.02–2.98]) after adjustment for possible confounding 

factors.

DISCUSSION

The results of this study provide strong evidence that high 
BMD is a significant risk factor for the development of subse-
quent knee and hip OA. High baseline femoral neck BMD is sig-
nificantly related to the incidence of knee and hip ROA, but not 
to the incidence of hand ROA. Furthermore, high baseline BMD 
is not associated with the progression of knee ROA. The associ-
ation between high BMD and the progression of hip ROA is not 
significant, but there is a significant increase in risk of progres-
sive hip ROA per SD increase in femoral neck BMD. Prevalent 
vertebral fractures are associated with incidence of hand ROA, 
but not with any of the measures of knee and hip ROA. Nonver-
tebral fractures are not associated with incidence or progression 
of knee, hip, or hand ROA.

These results on the relationship between BMD and the 
incidence of knee ROA confirm conclusions from earlier stud-
ies (3–7) and strengthen the body of evidence that high femoral 
neck BMD is an important risk factor for subsequent develop-
ment of knee ROA. In contrast to knee ROA, almost no data 
were previously available on the association between high BMD 
and incident hip ROA. The current study provides evidence that 
high BMD is also a significant risk factor for incident hip ROA. 
This finding is con sistent with the results described by Hoch-
berg, who concluded that, in elderly white women, higher BMD 
increases the risk of hip ROA development when the diagnosis 
of OA is based on osteophytosis, but not when the diagnosis is 
based on the development of joint space narrowing alone (11). 
However, no numbers, percentages, or ORs were presented in 
that article. Conflicting results were reported by Barbour et  al 
(12), which might be explained by the limited number of subjects 
in their study.

In the present study, we observed that in the smaller 
subgroup RS- II, the association between the highest quar-
tile of BMD and the incidence or progression of knee and hip 
ROA failed to reach significance, likely due to lack of power 
(Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40735/abstract). However, the increase in risk of incident 
or progressive knee ROA per SD increase in BMD was signif-
icant in this group. This may be due to the increased power 
generated by analyzing SD increases in BMD instead of ana-

lyzing data by quartile. No association between high BMD and 
progression of knee ROA was observed in this study, which 
is consistent with previous findings (7) and might be due to 
collider bias (23) or lack of power, since the number of cases 
of progressive knee OA was low.

Comparing the results regarding knee ROA in the present 
study to results reported by us in 2005 (9), it can be concluded 
that high BMD at baseline is associated with an increased risk 
of incident knee OA during follow- up (Table  5). The present 
study confirms previous results and provides stronger evi-
dence of this conclusion. However, the increased risk of inci-
dent knee ROA per SD increase in BMD in the 2005 study 
was 50% (OR 1.5 [95% CI 1.1–1.9]), while the present study 
showed an increased risk of only 15% (OR 1.15 [95% CI 1.04–
1.28]). Looking at the results from RS- I and RS- II separately, 
it can be concluded that the increased risk per SD increase in 
BMD is higher in RS- II than in RS- I (OR 1.30 [95% CI 1.08–
1.58] versus OR 1.00 [95% CI 0.90–1.10]) (Supplementary 
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.40735/
abstract). A possible explanation for the higher OR in RS- II 
(which is closer to the OR in the 2005 study) is that the mean 
age of the RS- II population in the present study (similar to that 
of RS- I in 2005) is relatively low and that the risk attenuates 
with extended follow- up time and participant aging. In younger 
patients, the development of subsequent ROA may be caused 
by systemic effects associated with high BMD and, to a lesser 

extent, environmental influences.
Ours is the first prospective study to provide consistent evi-

dence of the relationship between high baseline BMD and incident 
hip ROA. The risk of incident hip ROA and incident knee ROA 
was similar. Additionally, a significant increased risk of progression 
of hip ROA per SD increase in BMD was found, which led to an 
increased risk of incidence or progression in hip ROA compared 
to knee ROA. Conversely, the risk of progression of hip ROA alone 
was not significantly increased for subjects in the highest BMD 
quartile.

Unlike knee and hip ROA, no associations were found 
between BMD and the incidence of hand ROA; instead, it 

Table 5. Characteristics of the subject populations in the previous 
study (9) and the present study*

2005 study, 
RS- I

Present study

RS- I RS- II

No. of patients 1,403 3,005 1,149
Follow- up time, 

mean years
6.5 8.4 4.1

No. of incident knee 
ROA cases

74 389 65

No. of progressive 
knee ROA cases

25 236 51

* Data are from the Rotterdam Study populations RS- I and (in the
present study only) RS- II. ROA = radiographic osteoarthritis. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40735/abstract
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appears that the positive association between BMD and ROA 
was strongest in weight- bearing joints. This might be due to 
local mechanical influences. Repetitive forces on subchondral 
bone with altered bone characteristics, such as increased stiff-
ness of cortical bone, may lead to an increased deterioration 
of overlying cartilage. Consequently, this deterioration was more 
pronounced in weight- bearing joints.

The presence of osteophytes around the femoral head 
may result in an increase of BMD measured at the femoral 
neck; therefore, it is possible that osteophytes can confound 
the association between BMD and hip OA. However, previ-
ous studies that used data from the Rotterdam Study showed 
that hypertrophic hip OA was associated with elevated BMD 
measured at remote sites such as the skull (24). Discrimina-
tion between atrophic and hypertrophic ROA seems impor-
tant, since atrophic OA is associated with decreased BMD and 
hypertrophic OA with increased BMD (24). In the present study, 
ROA was classified using the K/L scoring system, in which the 
formation of osteophytes, in addition to joint space narrow-
ing, determined the severity of OA. Consequently, we focused 
on the incidence and progression of hypertrophic (rather than 
atrophic) OA. Since atrophic OA is considered to be a different 
disease type than hypertrophic OA (25,26) and is associated 
with different risk factors (24,27), the present results cannot be 
applied to all types of OA (particularly atrophic OA).

Our previous research indicated that prevalent vertebral 
fractures had a significant protective effect on the risk of inci-
dence and progression of knee ROA. These results were not 
confirmed by the present study. Although a decreased risk of 
incident and progressive knee ROA was observed, the asso-
ciation was not significant (OR 0.72 [95% CI 0.48–1.09]). The 
present study does, however, provide evidence of an increased 
risk of hand ROA in subjects with prevalent vertebral fractures 
(OR 1.74 [95% CI 1.02–2.98]). It is likely that a common risk fac-
tor influences both the incidence of OA in non–weight- bearing 
joints and vertebral fracture risk. Stronger correlations between 
genetic factors and OA are seen in hand OA compared to knee 
or hip OA (15,28). Likewise, recent studies show that vertebral 
fracture risk is influenced by genetic factors (29,30). It is plausi-
ble that a common (heritable) bone characteristic affects both 
vertebral fracture risk and the risk of incidence of hand OA. 
Another possible explanation for this observation might be that 
subjects with a prevalent vertebral fracture are more dependent 
on the use of a walking aid, leading to an increased risk of hand 
OA (31).

In the present study, the incidence and progression of ROA 
were combined in a composite measure (“incidence or progres-
sion”) in order to compare our current results to those of our pre-
vious study (9) and to decrease multiple testing when analyzing 
RS- I and RS- II separately and when analyzing the association 
between prevalent fractures and ROA. Moreover, we view this as 
a valid approach considering that the development and worsening 

of OA is a continuous process, and the distinction between inci-
dent and progressive OA remains artificial. We constructed quar-
tiles to compare subjects with low BMD to those with high BMD, 
and we analyzed SD increases in BMD to evaluate the effect of a 
BMD change on incidence or progression of OA in the total study 
population, thereby increasing power. To avoid multiple testing 
and the profound confounding effect of lumbar spine osteophytes 
on BMD measurements, analyses were performed with femoral 
neck BMD and not with lumbar spine BMD.

Participants were included based on the availability of fol-
low- up radiographs. This introduces a possible selection bias, 
since these subjects survived the follow- up period and were 
healthy enough to visit the research center. Furthermore, since the 
selection of the study population was based on the availability of 
data on both exposure (BMD) and outcome (incidence or progres-
sion of OA), collider bias may be introduced (23). A possible asso-
ciation between baseline BMD and progressive knee or hip OA, in 
particular, could be obscured by this type of bias, since subjects 
with progressive OA are less likely to return to the research center 
for follow- up examinations.

In order to account for both the potential confounding effect of 
mild OA at baseline (K/L score of 1 in 1 or both joints) on the inci-
dence of ROA and for the potential confounding effect of the sever-
ity of OA at baseline on the progression of ROA, we adjusted for 
site- specific K/L sum score. However, if mild OA at baseline does 
not confound the possible association between baseline BMD 
and incidence or progression of OA but is independently associ-
ated with exposure (BMD) and outcome (incidence or progressive 
OA), adjusting for it could lead to collider bias (23,32). Therefore 
we performed additional analyses without adjustment for baseline 
site- specific K/L sum score. The ORs without adjustment for the 
baseline sum score were marginally higher than with adjustment 
for the baseline sum score, which suggests that there was no 
collider bias.

Finally, we excluded subjects with joint replacements in the 
analyses reported here, as the replacement surgeries were an 
indication not merely of worsening of OA but also (and perhaps 
mainly) of pain experience and burden on daily life. This could 
weaken an association between baseline BMD and ROA. In the 
RS- I subgroup, 21 patients received total knee replacements 
and 46 subjects received total hip replacements during a mean 
 follow- up time of 8.4 years. Including subjects who had  undergone 
replacement surgeries in the analyses resulted in slightly increased 
ORs for incident knee and hip OA among subjects in the highest 
baseline BMD quartiles, compared to those in the lowest baseline 
BMD quartiles (data not shown).

In conclusion, the findings of this large longitudinal study con-
firm results of earlier studies and thus provide strong evidence that 
high femoral neck BMD is a prognostic risk factor for the subse-
quent development of knee and hip ROA. There was no evidence 
to suggest that high BMD was a prognostic risk factor for the 
progression of knee or hip ROA or for the incidence of hand ROA. 
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However, a significant higher risk of the progression of hip ROA 
was found with each SD increase in BMD. We could not confirm 
the protective effect of vertebral fractures on the incidence or pro-
gression of knee ROA, but we found that vertebral fractures were 
a risk factor for the incidence of hand ROA.
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Evidence for Genetic Contribution to Variation in 
Posttraumatic Osteoarthritis in Mice
Nobuaki Chinzei,1 Muhammad Farooq Rai,1  Shingo Hashimoto,2 Eric J. Schmidt,3 Ken Takebe,4  
James M. Cheverud,5 and Linda J. Sandell1

Objective. Recombinant inbred mouse strains generated from an LG/J and SM/J intercross offer a unique  resource 
to study complex genetic traits such as osteoarthritis (OA). We undertook this study to determine the susceptibility 
of 14 strains to various phenotypes characteristic of posttraumatic OA. We hypothesized that phenotypic variability 
is associated with genetic variability.

Methods. Ten- week- old male mice underwent surgical destabilization of the medial meniscus (DMM) to induce 
posttraumatic OA. Mice were killed 8 weeks after surgery, and knee joints were processed for histology to score 
cartilage degeneration and synovitis. Micro–computed tomography was used to analyze trabecular bone parameters 
including subchondral bone plate thickness and synovial ectopic calcifications. Gene expression in the knees was 
assessed using a QuantiGene Plex assay.

Results. Broad- sense heritability ranged from 0.18 to 0.58, which suggested that the responses to surgery were moder-
ately heritable. The LGXSM- 33, LGXSM- 5, LGXSM- 46, and SM/J strains were highly susceptible to OA, while the LGXSM- 
131b, LGXSM- 163, LGXSM- 35, LGXSM- 128a, LGXSM-6, and LG/J strains were relatively OA resistant. This study was 
the first to accomplish measurement of genetic correlations of phenotypes that are characteristic of posttraumatic OA. 
Cartilage degeneration was significantly positively associated with synovitis (r = 0.83–0.92), and subchondral bone plate 
thickness was negatively correlated with ectopic calcifications (r = −0.59). Moreover, we showed that 40 of the 78 genes 
tested were significantly correlated with various OA phenotypes. However, unlike the OA phenotypes, there was no evi-
dence for genetic variation in differences in gene expression levels between DMM- operated and sham- operated knees.

Conclusion. For these mouse strains, various characteristics of posttraumatic OA varied with genetic compo-
sition, which demonstrated a genetic basis for susceptibility to posttraumatic OA. The heritability of posttraumatic 
OA was established. Phenotypes exhibited various degrees of correlations; cartilage degeneration was positively 
correlated with synovitis, but not with the formation of ectopic calcifications. Further investigation of the genome 
regions that contain genes implicated in OA, as well as further investigation of gene expression data, will be useful 
for studying mechanisms of OA and identifying therapeutic targets.

INTRODUCTION

Osteoarthritis (OA) is a complex genetic disease with 
poorly defined etiopathogenesis. As a complex polygenic dis-
ease, OA has a considerable hereditary component, with a 
genetic contribution accounting for 39–78% of OA variation 
(1). Numerous other risk factors, such as aging, obesity, female 

sex, and joint trauma, influence OA development and progres-
sion (2). At least 12% of the overall prevalence of OA is attrib-
utable to posttraumatic OA (3) that stems from intraarticular 
injuries such as cartilage damage and ligament and meniscus 
tears over a time course of 10–15 years (4). Clinical evidence 
suggests that 50% of individuals with ligament and/or menis-
cus tears are protected from developing  posttraumatic OA, 
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while 50% are susceptible to it (5). This suggests that genet-
ics is one of the possible variations in susceptibility to post-
traumatic OA. There could also be other currently unknown 
variables at the time of or subsequent to joint injury, such as 
intraarticular bleeding and inflammation.

Major difficulties affect genetic studies of OA in human 
populations. First, OA is a complex disease affected by many 
genes of small effect, so that large numbers of participants are 
required for genome- wide association studies with sufficient 
power to detect significant effects. Second, OA patients are 
not often compared to a similar number of control, non- OA 
patients; therefore, protective alleles may be missed. Third, the 
history of trauma is unreliable; therefore, patients with previ-
ous trauma are included with patients without trauma. Recent 
 progress has been made using large databases to identify 
genetic loci for high body mass index as a potential cause of 
OA (6). However, in spite of the progress and availability of 
genome screening tools, specific genetic polymorphisms caus-
ing OA and/or protecting individuals from OA remain elusive 
(1). Therefore, we began to elucidate alleles that are involved 
in posttraumatic OA susceptibility by turning to a population 
genetics approach in recombinant inbred (RI) mouse crosses.

Individual mice within RI strains are genetically identical, 
but each strain is a different recombination of the parental 
 ge notypes; therefore, any between- strain phenotypic differ-
ences would indicate potentially mappable genetic differences. 
The within- strain variation is “environmental.” It is not possible 
to know what environmental factors affect phenotypic varia-
tions. Unraveling the genetic contribution to susceptibility to 
or protection from OA in mice will improve our understanding 
of OA pathogenesis and help identify patients who are at risk 
of developing OA as well as provide personalized treatment 
options. While mice are not the same as humans, they pro-
vide an excellent and much used experimental system, espe-
cially for obtaining data not available in humans. While specific 
murine and human populations are not likely to segregate at 
all the same loci, if a gene affects traumatic OA response in 
humans, it will also likely do so in mice. Murine studies can be 
used to identify genes participating in the human disease pro-
cess, even if that gene is not a cause of disease in any specific 
human population.

Genetic variability in response to injury and posttraumatic OA 
has been described in a number of mouse strains. MRL/MpJ, a 
super- healer mouse, along with its close relative, the LG/J mouse, 
possesses remarkable ability to regenerate a wide range of body 
tissues (7–9). In contrast, the C57BL/6J and SM/J mouse strains 
bear much less healing potential. The RI cross generated from 
LG/J (healer) and SM/J (non- healer) strains shows variation in a 
number of phenotypes (ear wound, cartilage healing, and OA) 
depending on the genetic contribution derived from the paren-
tal strains (10–13). Unlike unrelated mouse strains, RI strains can 
be used to measure and map the genetic variations that confer 

OA resistance such as in the MRL/MpJ and LG/J mouse strains. 
Based on early findings in unrelated strains and 2 RI strains, we 
expanded our research using a population genetics approach to 
screen additional RI strains for their susceptibility to posttraumatic 
OA by investigating a number of phenotypes often associated 
with the development of OA, including cartilage degeneration, 
synovitis, and bone changes.

MATERIALS AND METHODS

Mice. The Washington University Animal Care and Use 
Committee approved this study. Parent mice (LG/J, SM/J) and 
their intercross mice were housed in individually ventilated 
cages under pathogen- free conditions with ad libitum access 
to  standard mouse chow and water and a 12:12 hour light:dark 
cycle. All mice were housed in groups in cages (5 mice/cage). As 
some sexual dimorphism has been reported for these strains (10), 
only male mice were used. In total, we included 3–10 mice from 
each strain as shown in Supplementary Table 1, available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40730/abstract.

Surgical destabilization of the medial meniscus 
(DMM). Posttraumatic OA was induced in 10- week- old mice 
by surgical DMM as described previously (13,14). Briefly, mice 
were anesthetized using an intraperitoneal injection of ketamine 
(100 mg/kg), xylazine (20 mg/kg), and acepromazine (10 mg/kg). 
No other medication was given to the mice during DMM surgery. 
The joint capsule immediately medial to the patellar tendon was 
opened, and the anterior attachment of medial meniscotibial lig-
ament (MMTL) was transected with microsurgical tools. Joints 
were closed with 6- 0 absorbable polypropylene sutures (Ethicon) 
and skin was closed by Vetclose skin- glue (Henry Schein). The left 
knee was sham operated—the capsular incision was made but 
the MMTL was left intact. Mice were killed 8 weeks after surgery 
by CO2 asphyxiation. Mice from each strain were evaluated at the 
same time over the course of the experiments, and all surgeries 
were performed by the same person (SH). Although factors such 
as time or season may influence the potential variation in post-
traumatic OA, it was difficult to completely match these conditions 
because our RI strains were obtained by repeated brother–sister 
mating. Therefore, because all surgeries were performed in the 
well- controlled animal room to keep the same conditions during 
surgery, and all mice were housed in an animal facility with con-
trolled lighting hours and temperature before and after surgery, we 
believed that we could exclude such seasonal factors successfully.

Knee joints were decalcified using 12% formic acid and 
then embedded in paraffin. Eight coronal sections (5- μm thick) 
were taken from each joint at 8 levels separated by 80- μm inter-
vals. From each level we stained 3 sections with toluidine blue 
to  perform scoring for cartilage degeneration and synovitis (15). 
In each mouse, the same number and depth of sections were 
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evaluated. Briefly, slides were immersed for 5 minutes in 0.04% 
toluidine blue solution prepared in 0.1M sodium acetate (pH 4.0). 
After washing 3 times with running tap water, twice with absolute 
ethanol, and twice with xylene, slides were coverslipped. We used 
the Osteoarthritis Research Society International (OARSI) scoring 
system (16,17) to semiquantitatively evaluate cartilage damage. 
Cartilage damage was measured and scored in all 4 quadrants 
of the joint (lateral and medial femoral condyles and lateral and 
medial tibial plateaus) at all sectioned levels (16). Summed OARSI 
scores representing whole joint changes and maximum OARSI 
scores representing the highest score within all sectioned levels of 
the knee (13,15,16) were recorded. Synovial pathology (synovitis) 
was measured from all 4 quadrants by examining the enlargement 
of the synovial lining cell layer and density of the cells using a pre-
viously established scoring system (15,18). Two scorers (NC,SH) 
blinded with regard to sample identity scored all sections from all 
strains independently, and sections from different RI strains were 
ran domized to make sure that differences in posttraumatic OA 
were not due to systematic interobserver differences in scoring.

Micro–computed tomography (micro- CT). Prior to 
decalcification, joints were scanned using a vivaCT 40 in vivo 
micro- CT scanner (Scanco Medical) to analyze the 3- dimensional 
(3- D) structure of bone using several parameters as reported pre-
viously (13,15,19,20). The following American Society for Bone 
and Mineral Research morphometric parameters (21) of the tibial 
bone were assessed for trabecular compartments: bone volume 
fraction (BV/TV), trabecular number (TbN), trabecular thickness 
(TbTh), trabecular separation (TbSp), structure model index (SMI), 
and connectivity density index (CDI). Subchondral bone plate 
thickness was outlined separately from trabecular bone at the 
tibial side using contouring methods on the cortical regions as 
described elsewhere (15).

Ectopic calcifications. We have recently shown that mice 
develop ectopic calcifications (i.e., calcified nodules in and around 
the synovium) after surgical DMM (22) or mechanical loading 
(18,23). In the present study, we quantified these nodules after 
joints were scanned by micro- CT scanner as described previously 
(23). Briefly, after visualization by generating 3- D images in Osi-
riX imaging software version 7, these nodules were counted by 
including all mineralized areas in and around the joint space except 
for the patella, anterior horns of the menisci, and sesamoid bones.

Gene expression. We examined the expression pattern of 
78 genes (Supplementary Table 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40730/abstract) that were considered candi-
dates because of previous quantitative trait locus (QTL) mapping 
of OA phenotypes in the LGXSM advanced intercross of LG/J 
mice with SM/J mice. Gene expression in the formalin- fixed 
paraffin- embedded sections was measured as described previ-
ously using an Affymetrix QuantiGene Plex assay (22,24). Briefly, 

tissue homogenates were prepared by macrodissecting the whole 
joint area (subchondral bone, cartilage, meniscus, growth plate, 
joint capsule, and synovium) using an Affymetrix QuantiGene Plex 
sample processing kit (Panomics). We used 25 sections per knee 
from 3–5 mice per strain. The messenger RNA (mRNA) expres-
sion level of each candidate gene in the sample of mouse strains 
was normalized by regressing log- transformed raw mRNA values 
against those of the Gapdh and Hprt1 housekeeping genes as 
independent variables to control for variation in tissue amounts. 
Residuals from the regression were averaged for each individual 
mouse’s pair of knees. For each mouse, the residual expression 
level of the DMM- operated knee was then subtracted from that 
of the sham- operated knee to obtain a relative mRNA expres-
sion level reflecting response to medial meniscus destabilization. 
Details for generating gene expression data are in Rai et al (22).

Statistical analysis. Data are presented as the mean and 
95% confidence interval unless indicated otherwise. With the 
design that we have used, we can detect effects of 0.865 within- 
group SDs at 80% power and most of our tests were significant, 
so this sample size proved sufficient.

Analysis of phenotypes. Each individual was scored for a 
DMM- operated knee and a contralateral sham- operated knee. 
Hence, the basic unit of analysis is the individual, for each indi-
vidual and trait we analyze (sham operated minus DMM operat-
ed). By pairing the sham- operated and DMM- operated knees 
from the same individuals, we realize increased statistical power 
to detect the effects of DMM surgery and the effect of genotype 
(RI strain) on response to DMM surgery. There were 14 strains 
included in the analysis represented by ~4 individuals each. Uni-
variate tests used the F statistic, while multivariate tests used the 
F statistic associated with Wilks’ λ.

We first assessed the effects of DMM surgery by testing 
whether the sham operated–DMM operated difference was signif-
icantly greater or less than zero. The direction of the 1- tailed test 
was based on expectations for the effects of DMM surgery. We 
expected positive values for maximum OARSI, summed OARSI, 
and synovitis scores, subchondral bone plate thickness, and num-
ber of ectopic calcifications. Trabecular architecture traits should 
show decreased bone in the DMM- operated knees, with nega-
tive differences for BV/TV, CDI, TbN, and TbTh and positive dif-
ferences for SMI and TbSp. Analyses of variance (ANOVAs) and 
paired t- tests assume that the data are normally distributed. We 
tested for normality with the Lillefors test. All pairwise differences 
between sham- operated and DMM- operated knees fit a normal 
distribution except for summed OARSI and synovitis scores, which 
were slightly skewed left. For these 2 traits, we also tested for sta-
tistical significance with nonparametric rank order  tests—Mann- 
Whitney U tests for differences in means and Kruskal- Wallis tests 
for  nonparametric  ANOVAs. In all instances, differences reported 
as significant using the parametric paired t- tests and ANOVAs were 
confirmed at the 0.05 level with the appropriate nonparametric test.

http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
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The effects of genotype were tested with a series of multi-
variate ANOVAs (MANOVAs) or ANOVAs where appropriate with 
the difference between DMM and sham surgeries as the depen-
dent variable and RI strain as the independent variable. RI strain 
is a random effect, so we estimated the genetic variance [V(G); 
between strains], the environmental variance [V(E); residual vari-
ance within strains], and broad- sense heritability (H2) [V(G)/(V(G) 
+ V(E))]. The genetic variance is the magnitude of differences 
between mice due to differences in their genes. The environmen-
tal variance is the magnitude of differences between mice due 
to all other causes of differences between animals. Furthermore, 
within- strain variance is the residual variance in the analysis, so it 
includes all kinds of factors, such as measurement error, variations 
in surgical preparations, etc. If we had a measured environment, 
it could be included. RI strains are especially good for measur-
ing specific environmental effects as we get identical genotypes 
expressed under different conditions (25,26).

The broad- sense heritability is the proportion of all dif-
ferences between animals attributed to differences in their 
genes. It is standardized, varying between 0.0 and 1.0 to com-
pare between traits and populations with different variances. 
A higher heritability indicates that most of the differences 
between animals in the trait specified are due to genetic differ-
ences than would be the case for traits with lower heritability. 
These estimates are specific to the LGXSM cross population (if 
one crossed different substrains of C57BL/6 from the JAX divi-
sion of The Jackson Laboratory [C57BL/6J] and the National 
Institutes of Health [C57BL/6N], one would be likely to observe 
much lower heritabilities because the substrains have many, 
many fewer genetic polymorphisms but the same amount of 
“environmental” differences). They are also affected by differ-
ences in environments between laboratories. When data from 
multiple laboratories are combined, the greater environmental 
variation leads to lower heritability. For heritability, Type I error 
was controlled by using multivariate tests (MANOVAs) of the 
null hypothesis. This test accounts for intertrait correlations. 
There were 3 such tests, so the Bonferroni correction places 
the 5% significance level at 0.016. The probabilities of all 3 
tests are lower than this threshold.

Genetic correlations were calculated from the between- 
strain and within- strain variance/covariance matrices for trait 
sets analyzed as MANOVAs (maximum OARSI, summed 
OARSI, and synovitis scores; BV/TV, CDI, SMI, TbN, TbTh, and 
TbSp; and subchondral bone plate thickness and number of 
ectopic calcifications). For the 11 paired t- tests, the Bonferroni- 
corrected 5% significance level is 0.0045. All significant differ-
ences reported herein are lower than the threshold. Genetic cor-
relations between these sets were calculated as correlations of 
strain means. The number of dependent variables included in 
the MANOVA is limited to 5 by the sample sizes. Correlations 
between strain means within these sets are very similar to those 
obtained through MANOVA with a slight negative bias for the 

correlations of strain means. Significance tests were congruent 
between the 2 methods.

Analysis of gene expression. Gene expression level dif-
ferences between DMM- operated and sham- operated knees 
(sham operated minus DMM operated) were analyzed as for the 
phenotypes except that a 2- tailed probability was obtained as 
we did not have a priori expectations for the direction of differ-
ences between the DMM- operated and sham- operated knees. 
Heritabilities were also calculated as above, but none of the dif-
ferences in gene expression between paired DMM- operated and 
sham- operated knees were significantly heritable. Sample sizes 
for these tests were 45. It was not possible to obtain reliable 
estimates of genetic correlations between differences in gene 
expression levels and phenotypes either from MANOVA or by 
correlating strain means because of the lack of heritability for 
the differences in gene expression levels. Therefore, phenotypic 
correlations were analyzed. Because of missing data for some of 
the phenotypes for animals in which gene expression was ana-
lyzed, the sample size for these correlations was 39.

The 78 genes provided 33 degrees of freedom in a multi-
variate test. There were too many genes for our sample size, but 
this is almost universal for gene expression studies. The fact is 
that heritability is low for gene expression traits, lower than for the 
skeletal phenotypes. We had sufficient power for the skeletal traits 
but not enough for low heritability traits (e.g., gene expression 
traits). Heritabilities had to be >20% to be statistically significant 
given our design. These heritability estimates for gene expression 
levels are low, whether they are statistically significant or not. If 
the heritability is that low, genetic differences make only a minor 
contribution to differences between individuals.

RESULTS

Genetic variation in the response to surgery. 
DMM- operated knees had increased cartilage degeneration 
(as evidenced by loss of staining, cartilage fibrillation, etc.) 
compared to sham- operated knees, with changes mainly con-
fined to the medial compartment (Figures 1A–C). Synovitis was 
measured from all 4 quadrants of the knee joint (Figure 1D). 
We observed increased synovitis in DMM- operated knees 
compared to sham- operated knees. Representative images 
of synovitis are shown in Figure 1E. Synovial ectopic calcifi-
cations were present in DMM- operated knees and less so in 
sham- operated knees (Figures 1F and G).

Nearly all traits tested were significantly different from zero 
in the expected direction and survived Bonferroni correction 
 (threshold = 0.05/11 = 0.0045). Cartilage damage, synovitis, and 
trabecular bone measures varied in the expected directions. Only 
TbTh and subchondral bone plate thickness failed to show a sig-
nificant difference between DMM and sham surgeries (see Sup-
plementary Table 3, http://onlinelibrary.wiley.com/doi/10.1002/
art.40730/abstract).

http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
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We observed that RI strains LGXSM- 33, LGXSM- 5, 
 LGXSM- 46, and SM/J were all highly susceptible to OA as a 
result of DMM surgery, while LGXSM- 131b, LGXSM- 163, LGX-
SM- 35, LGXSM- 128a, LGXSM-6, and LG/J were relatively OA 
resistant (Figures 2A and B). The 2 parent strains had opposite 
responses to DMM surgery; however, there was transgressive 
segregation in that the most extreme susceptible and resistant 
strains were more extreme than the parent strains. This sug-
gests that each parent strain contains a mixture of susceptible 
and resistant alleles. The parent strains did not differ in syno-
vitis scores in response to DMM surgery, but LGXSM- 46 and 
LGXSM- 5 were relatively susceptible to synovitis in response 

to DMM surgery while LGXSM- 131b and LGXSM- 163 were 
relatively resistant (Figure  2C). For subchondral bone plate 
thickness, LGXSM- 33 and LGXSM- 122b were relatively sus-
ceptible to DMM surgery while LGXSM- 6 and LGXSM- 19 
were resistant to these effects (Figure 2D). With regard to the 
amount of trabecular bone, RI strains LGXSM- 5, LGXSM- 6, 
LGXSM- 19, and LGXSM- 128a were relatively resistant to bone 
loss while LGXSM- 35, LGXSM- 131, LGXSM- 46, and SM/J 
were relatively sensitive to bone loss due to DMM surgery. 
Strain means for all parameters studied are shown in Supple-
mentary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/
art.40730/abstract.

Figure 1. Recombinant inbred (RI) strain differences in cartilage degeneration, synovitis, and ectopic calcifications. A and B, Representative 
images of the investigated area (squares), showing cartilage degeneration on the medial tibial plateau both in knees that underwent surgical 
destabilization of the medial meniscus (DMM) (A) and in sham- operated (SHAM) knees (B). C, Representative images showing cartilage 
degeneration (arrows) on the medial tibial plateau in various mouse strains. D, Synovitis in all 4 quadrants of the knee joint (squares), measured 
in a blinded manner by examining the enlargement of the synovial lining cell layer and the density of the cells using a previously established 
scoring system in both sham-operated and DMM-operated knees. E, Representative images showing synovitis (arrows) among RI strains. F 
and G, Representative micro–computed tomography images of DMM- operated and sham- operated knee joints without ectopic calcifications 
(F) and with ectopic calcifications (G). Bars = 100 μm. MFC = medial femoral condyle; LFC = lateral femoral condyle; MTP = medial tibial 
plateau; LTP = lateral tibial plateau; LM = lateral meniscus; MM = medial meniscus.

http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
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Broad- sense heritabilities. Broad- sense H2 ranged 
from 0.18 to 0.58, which suggested that the responses to sur-
gery were moderately heritable. Only CDI and the number of 
ectopic calcifications failed to be statistically significantly her-
itable at the 5% level, although both traits did show marginally 
significant results (P < 0.10). These results show that there are 
genetic differences segregating in the LG/J- by- SM/J cross that 

affect response to posttraumatic OA (Table 1).

Genetic and phenotypic correlation. Genetic corre-
lations between phenotypes were strong and nearly universally 
significant within groups analyzed by MANOVA. The average R2 
within the OARSI score and synovitis group was 0.83, within 
the trabecular architecture group it was 0.69, and between 
subchondral bone plate thickness and the number of ectopic 
calcifications it was 0.35. Only one of these correlations, 
between TbTh and SMI, was not significant at the 5% level. In 
sharp contrast, the average R2 for all of the between- group val-
ues was 0.10, and only the correlations between subchondral 

bone plate thickness and CDI and between the number of 
ectopic calcifications and SMI were significantly different from 
zero at the 5% level. Raw correlation coefficients are shown in 
Table 2. In the description above, we used average R2 values 
rather than average raw correlation values to prevent natural 
positive correlations, like BV/TV with CDI, and negative relation-
ships, like BV/TV with SMI, from cancelling out when calculating 

a group mean.

Findings of gene expression analysis. In order to 
examine strain- specific gene expression in response to DMM 
surgery, we used material from the histology slides to probe a 
panel of 78 candidate genes compiled previously for our work 
on ectopic calcifications (22) and cartilage repair (24). The list of 
candidate genes is in Supplementary Table 2, http://onlinelibrary.
wiley.com/doi/10.1002/art.40730/abstract. Seventeen of the 78 
gene expression traits were significantly different between paired 
DMM- operated and sham- operated knees (Table 3). Sixteen of 
these genes showed higher expression levels in knees altered by 

Figure 2. Recombinant inbred (RI) strain mean values for maximum Osteoarthritis Research Society International (OARSI) score (A), summed 
OARSI score (B), synovitis score (C), and subchondral bone plate thickness (D). A and B, RI strains LGXSM- 33, LGXSM- 5, LGXSM- 46, and 
SM/J (SM) were all highly susceptible to osteoarthritis (OA) as a result of surgical destabilization of the medial meniscus (DMM), while RI strains 
LGXSM- 131b, LGXSM- 163, LGXSM- 35, LGXSM- 128a, and LG/J (LG) were relatively OA resistant. C, LG/J and SM/J did not differ in synovitis 
score in response to DMM surgery, but RI strains LGXSM- 46 and LGXSM- 5 were relatively susceptible to synovitis in response to DMM surgery, 
while RI strains LGXSM- 131b and LGXSM- 163 were relatively resistant. D, For subchondral bone plate thickness, RI strains LGXSM- 33 and 
LGXSM- 122b were relatively susceptible to DMM surgery, while RI strains LGXSM- 6 and LGXSM- 19 were resistant to these effects. Values are 
the mean and 95% confidence interval. Note that values on y- axes represent sham operated minus DMM operated, and therefore they are on 
a negative scale. Thus, a higher score represents a resistant strain and a lower score represents a susceptible strain.

http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40730/abstract
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DMM surgery (Copz2, Col2a1, Col1a1, Timp3, Acan, Wnt16, Igf1, 
Tgfb2, Comp, Sgce, Bcl3, Ank, Bmp2, Postn, Myo1e, and Aff3), 
while one gene, Pcna, showed significantly lower expression levels 
in DMM- operated knees. Only one gene, Comp, had significantly 
different expression between DMM- operated and sham- operated 
knees at the Bonferroni- corrected 5% level (P < 0.000641), but 
the number of genes with significantly different expression at the 

uncorrected 5% level (n = 17) was much higher than the number 

expected by chance (n = 4).
Heritabilities were calculated for all 78 gene expression differ-

ence traits. Heritability estimates varied from 0.00 to 0.24 and none 
were significantly different from zero. Unlike the OA phenotypes, 
there was no evidence for genetic variation in differences in gene 
expression levels in DMM- operated and sham- operated knees.

Table 1. Genetic variances and broad- sense heritabilities* 

Trait V(G) V(E) H2 P†

OARSI and synovitis scores  
Maximum OARSI score 0.962 1.589 0.38 0.002
Summed OARSI score 38.917 58.765 0.40 0.001
Synovitis score 0.094 0.207 0.31 0.009
Multivariate 0.003

Trabecular architecture  
BV/TV 0.001 0.001 0.58 7.2 × 10−6

CDI 163.620 607.321 0.21 0.0518
SMI 0.174 0.165 0.51 7.6 × 10−5

TbN 0.076 0.105 0.42 0.001
TbTh 0.00001 0.00001 0.37 0.003
TbSp 0.0002 0.0001 0.57 1.0 × 10−5

Multivariate 2.2 × 10−8

Trabecular bone parameters  
Subchondral bone plate thickness 296.363 636.668 0.32 0.008
No. of ectopic calcifications 1.733 7.985 0.18 0.078
Multivariate 0.004

* V(G) = genetic variance (between strains); V(E) = environmental variance (within strains); OARSI = Osteoarthritis Research Society Inter-
national; BV/TV = bone volume fraction; CDI = connectivity density index; SMI = structure model index; TbN = trabecular number; TbTh = 
trabecular thickness; TbSp = trabecular separation. 
† For broad-sense heritability (H2). 

Table 2. Genetic correlations between values (sham- operated minus DMM- operated) for various phenotypes* 

Trait

Maximum 
OARSI 
score

Summed 
OARSI 
score

Synovitis 
score BV/TV CDI SMI TbN TbTh TbSp SCB

No. of 
 ectopic 

 calcifications

Maximum 
OARSI score

1.00

Summed 
OARSI score

0.98† 1.00

Synovitis score 0.83† 0.92† 1.00
BV/TV −0.11 0.07 −0.35 1.00
CDI −0.13 −0.02 −0.48 0.91† 1.00
SMI 0.17 −0.03 0.23 −0.93† −0.85† 1.00
TbN −0.19 −0.03 −0.30 0.99† 0.72† −0.99† 1.00
TbTh 0.04 0.16 −0.12 0.73† 0.76† −0.39 0.59† 1.00
TbSp 0.24 0.13 0.39 −0.97† −0.83† 0.99† −0.99† −0.59† 1.00
SCB 0.41 0.38 −0.08 0.47 0.53† −0.42 0.44 0.26 −0.42 1.00
No. of ectopic 

calcifications
0.30 0.10 0.31 −0.49 −0.19 0.55† −0.49 −0.24 0.37 −0.59† 1.00

* Correlations between sets of traits are between strain means. DMM = destabilization of the medial meniscus; OARSI = Osteoarthritis Re-
search Society International; BV/TV = bone volume fraction; CDI = connectivity density index; SMI = structure model index; TbN = trabecular 
number; TbTh = trabecular thickness; TbSp = trabecular separation; SCB = subchondral bone plate thickness. 
† Significantly different from zero at P < 0.05. 
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Correlation between gene expression and pheno-
types. Since there was no heritability for gene expression dif-
ferences between DMM- operated and sham- operated knees, 
it was not possible to estimate genetic correlations between 

 posttraumatic OA phenotypes and gene expression level differ-
ences. However, we could present phenotypic correlations with 
gene expression. Table 4 lists gene expression level differences 
that were significantly correlated with differences in OA pheno-

Table 3. Gene expression differences between DMM- operated and paired sham- operated knees* 

Gene Mean (95% CI) P† Gene Mean (95% CI) P†

Copz2 17.43 (4.66, 30.19) 0.0104‡ Fam63b −13.73 (−42.95, 15.49) 0.3622
Csmd1 0.06 (−1.98, 2.10) 0.9562 Bcl3 15.70 (1.82, 29.58) 0.0318‡
Axin2 −1.73 (−20.20, 16.74) 0.8551 Fam81a 0.39 (−1.48, 2.26) 0.6834
Kif26b 0.95 (−1.04, 2.95) 0.3536 Ihh 0.16 (−0.73, 1.05) 0.7310
Vegfa 28.68 (0.05, 57.32) 0.0560§ Htr1a −0.52 (−2.16, 1.12) 0.5369
Rasl11b −0.85 (−5.58, 3.87) 0.7253 Scfd2 1.28 (−3.26, 5.82) 0.5826
Pnpo −56.31 (−161.78, 49.16) 0.3011 Gmds 3.19 (−0.34, 6.72) 0.0836
Snx11 −0.68 (−4.97, 3.62) 0.7588 Fam105b 0.06 (−7.39, 7.51) 0.9869
Col2a1 856.13 (172.89, 1,539.38) 0.0181‡ Lnx1 4.72 (0.08, 9.35) 0.0523§
Col1a1 2,443.09 (630.69, 4,255.49) 0.0114‡ Casd1 2.07 (−4.01, 8.15) 0.5078
Gdf5 0.65 (−0.71, 2.01) 0.3554 Pon1 0.30 (−0.85, 1.45) 0.6074
Rrp15 −0.86 (−3.52, 1.80) 0.5279 Smyd3 0.18 (−0.91, 1.27) 0.7490
Lrrc46 −0.63 (−2.01, 0.75) 0.3734 Fip1l1 −1.03 (−6.16, 4.10) 0.6949
Timp3 88.83 (35.44, 142.21) 0.0021‡ Oxgr1 −7.30 (−20.25, 5.64) 0.2748
Acan 52.50 (21.19, 83.81) 0.0020‡ Scrn2 −0.16 (−1.11, 0.80) 0.7473
Wnt16 3.17 (0.66, 5.68) 0.0172‡ Il1r2 1.43 (−6.87, 9.73) 0.7367
Spata17 0.30 (−1.15, 1.75) 0.6897 Sp6 −1.48 (−5.35, 2.40) 0.4584
G0s2 −11.25 (−31.16, 8.66) 0.2740 Fam105a 5.10 (−9.02, 19.22) 0.4831
Skap1 −0.53 (−1.87, 0.82) 0.4470 Hs6st3 −0.14 (−1.69, 1.41) 0.8611
Igf1 13.18 (4.89, 21.48) 0.0032‡ Tle3 −0.39 (−5.95, 5.16) 0.8901
D1pas1 −0.56 (−1.78, 0.66) 0.3708 Ank 33.47 (7.46, 59.49) 0.0153‡
Teddm1 −0.36 (−6.54, 5.83) 0.9106 Cdk5rap3 3.77 (−5.89, 13.43) 0.4486
Cbx1 −0.30 (−9.71, 9.11) 0.9497 Zfp648 −0.39 (−2.11, 1.34) 0.6617
Mrpl10 1.30 (−3.64, 6.24) 0.6088 Gpatch2 3.97 (−3.14, 11.07) 0.2799
Casp3 0.60 (−14.62, 15.83) 0.9386 Map4k4 33.98 (−22.75, 90.72) 0.2467
Grid2 0.14 (−1.91, 2.19) 0.8945 Bmp2 11.34 (2.82, 19.87) 0.0124‡
Trpm3 0.76 (−1.16, 2.68) 0.4402 Tgfb1 0.54 (−20.94, 22.02) 0.9611
Tbx21 −0.88 (−1.89, 0.14) 0.0971§ Il1rl2 0.79 (−2.98, 4.55) 0.6844
Mtor 6.03 (−0.77, 12.83) 0.0892§ Sp2 −4.68 (−13.39, 4.02) 0.2976
Nfe2l1 17.66 (−4.78, 40.10) 0.1302 Postn 120.21 (8.70, 231.71) 0.0403‡
Stab2 −10.92 (−23.92, 2.07) 0.1067 Ppp1r9a −0.57 (−2.15, 1.01) 0.4854
Hoxb9 0.51 (−0.52, 1.55) 0.3380 Ulk1 −1.85 (−5.40, 1.71) 0.3141
Pon2 −1.09 (−6.76, 4.58) 0.7075 Sorcs1 −0.37 (−2.53, 1.78) 0.7364
Tgfb2 12.04 (4.29, 19.80) 0.0039‡ Xrcc2 −1.37 (−4.49, 1.75) 0.3938
Syn3 0.00 (−1.08, 1.07) 0.9942 Myo1e 11.51 (2.86, 20.16) 0.0124‡
Comp 758.90 (382.73, 1,135.06) 0.0003‡ Aff3 5.76 (1.94, 9.58) 0.0050‡
Pcna −91.91 (−168.16, −15.66) 0.0226‡ Tmem2 9.72 (−0.69, 20.12) 0.0739§
Sgce 4.60 (1.79, 7.41) 0.0025‡ Uaca 23.48 (−3.95, 50.92) 0.1005
Gda −13.97 (−52.99, 25.04) 0.4864 Adam10 −31.61 (−71.11, 7.88) 0.1239

* DMM = destabilization of the medial meniscus; 95% CI = 95% confidence interval.
† Two- tailed. 
‡ Statistically significant expression difference. 
§ Borderline significant expression difference.
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types. We would expect to see 4 statistically significant correla-
tions between sham operated–DMM operated differences for 
each posttraumatic OA phenotype and the 78 gene expression 
level differences at the 5% level even when there is actually no 

such association.
Posttraumatic OA phenotype differences in TbN, TbSp, 

and subchondral bone plate thickness showed 4 or fewer 
significant correlations with gene expression differences, as 
expected when there are truly no associations. Maximum 
OARSI score (11 associations), summed OARSI score (20 
associations), synovitis score (27 associations), BV/TV (20 
associations), CDI (9 associations), TbTh (19 associations), 
and number of ectopic calcifications (8 associations) all had at 
least double the number of significant associations expected 
under the null hypothesis of no associations. For most sig-
nificant gene level differences, the DMM surgery increased 
gene expression levels relative to the sham surgery. Genes 
overexpressed in DMM surgery–induced OA included Copz2, 
Rasl11b, Col1a1, Wnt16, Igf1, Tgfb2, Sgce, Cdk5rap3, 
Gpatch2, Postn, Myo1e, Aff3, and Uaca. Genes for which OA 
development led to lower expression included Pcna, G0s2, 
and Xrcc2. The number of ectopic calcifications was positively 
associated with Col2a1, Col1a1, Timp3, Acan, Wnt16, Comp, 
and Ank and negatively associated with Stab2. Note that 

many of these same genes showed differences in expression 
between DMM- operated and sham- operated knees.

DISCUSSION

This is the first reported study to screen a large number of 
genetically related mouse strains for their susceptibility to post-
traumatic OA. Specifically, 12 RI strains generated from LGXSM 
intercross were used in a population genetics approach to demon-
strate that the phenotypic differences among them depend on their 
genetic composition. LG/J and SM/J strains and RI strains gener-
ated from their intercross have been widely used to investigate the 
role of genetics in the pathogenesis of a number of conditions such 
as fatty liver disease, diabetes mellitus, obesity, and osteoporosis 
(25,27–29). In a previous study, we found that LGXSM- 6 exhibited 
greater protection from posttraumatic OA compared to  LGXSM- 33 
(12,13). The current study establishes heritability for posttraumatic 
OA phenotypes, that is, these phenotypic traits show significant 
genetic variation between strains in the population of RI strains: 
cartilage degeneration (maximum and summed OARSI scores), 
synovitis, and various bone parameters. Importantly, our study 
allows, for the first time, the mea surement of genetic correla-
tions of phenotypes that are characteristic of posttraumatic OA. 
For instance, cartilage degeneration was significantly positively 

Table 4. Significant associations between differences in gene expression levels and differences in phenotypes between DMM- operated and 
sham- operated knees* 

Trait Positive association with disease Negative association with disease

Maximum OARSI score Copz2, Csmd1, Col1a1, Wnt16, Casp3, Ank, Postn, Uaca Rrp15, G0s2, Skap1
Summed OARSI score Copz2, Csmd1, Kif26b, Col1a1, Wnt16, Tgfb2, Sgce, Bcl3, 

Scfd2, Lnx1, Ank, Cdk5rap3, Gpatch2, Postn, Myo1e, Uaca
Rrp15, G0s2, Skap1, Stab2

Synovitis score Copz2, Csmd1, Kif26b, Col1a1, Timp3, Wnt16, Igf1, Trpm3, 
Nfe2l1, Tgfb2, Comp, Sgce, Bcl3, Scfd2, Gmds, Lnx1, Ank, 
Cdk5rap3, Gpatch2, Il1rl2, Postn, Myo1e, Aff3, Tmem2, 
Uaca

G0s2, Pcna

BV/TV Copz2, Rasl11b, Col1a1, Timp3, Acan, Wnt16, Igf1, Mrpl10, 
Nfe2l1, Tgfb2, Comp, Sgce, Cdk5rap3, Gpatch2, Postn, 
Myo1e, Aff3

Pcna, Ulk1, Xrcc2

CDI Copz2, Rasl11b, Col1a1, Tgfb2, Myo1e, Aff3 Pon2, Pcna, Ulk1
SMI Copz2, Rasl11b, Col2a1, Col1a1, Timp3, Acan, Igf1, Tgfb2, 

Comp, Sgce, Cdk5rap3, Postn, Myo1e, Aff3
Tbx21, Pcna, Xrcc2

TbN Rasl11b, Mrpl10 Xrcc2
TbTh Copz2, Rasl11b, Col1a1, Timp3, Wnt16, Igf1, Mrpl10, Nfe2l1, 

Tgfb2, Sgce, Fip1l1, Cdk5rap3, Gpatch2, Postn, Myo1e, 
Uaca

Tbx21, Ulk1, Xrcc2

TbSp Rasl11b, Myo1e, Aff3 Xrcc2
Subchondral bone plate 

thickness
None None

No. of ectopic 
calcifications

Col2a1, Col1a1, Timp3, Acan, Wnt16, Comp, Ank Stab2

* For the trabecular architecture traits bone volume fraction (BV/TV), connectivity density index (CDI), trabecular number (TbN), and tra-
becular thickness (TbTh), positive associations with disease are numerically negative associations as destabilization of the medial meniscus 
(DMM) is expected to reduce bone in trabeculae under the DMM- operated knee. OARSI = Osteoarthritis Research Society International;  
SMI = structure model index; TbSp = trabecular separation. 
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associated with synovitis (r = 0.92 with summed OARSI score;  
r = 0.83 with maximum OARSI score), and subchondral bone plate 
thickness was negatively correlated with ectopic calcifications (r = 
−0.59). Moreover, we show that 40 of the 78 genes tested were 
significantly correlated with various OA phenotypes.

This study is a logical extension of our previous work, in which 
we studied susceptibility to cartilage degeneration using only 2 RI 
strains (13), which suggested genetic differences. Now, using 14 
strains and additional analyses of features such as synovitis, ectopic 
calcifications, and gene expression, this study does provide new 
information; that is, while our prior analyses in the 2 strains sug-
gested differences, using 14 strains statistically defined the genetic 
differences and the correlation with other phenotypes, namely, syn-
ovitis and ectopic bone formation. Thus, we established the contri-
bution of genetics to the variation in response to injury.

We did not map these strains because mapping only 14 
strains could result in “ghost QTLs” (29), parts of the genome 
remote from the locus of the actual genetic effect, which would 
make interpretation difficult by placing a single effect in multi-
ple genetic locations, usually on different chromosomes. Future 
studies using even more RI strains or advanced intercross strains 
could further explore underlying genetics.

We imply that these mouse strains could be used to map the 
genetic differences, as it is their relatedness that allows mapping. 
There are 4 times more recombination events in an RI strain set 
than in a standard F2 intercross mapping population. However, 
this is still a fairly large level of linkage disequilibrium (LD) com-
pared to human historically based LD. There are certainly long 
stretches of LD across chromosomes (but less than in an F2 
intercross mapping population). It is LD among unlinked loci that 
causes a problem in mapping. This is due to too few strains, not to 
lack of recombination, and an investigator in our group has used 
related strains to map and narrow causal loci (29).

For the first time, we report the degree of synovitis and its her-
itability in RI strains following DMM surgery. Cartilage degeneration 
and synovitis were strongly coupled (30–32) across strains, although 
the correlations were not absolute. Clinically, it is reported that syno-
vitis is related to the severity of pain in OA (2,33). However, the sever-
ity of pain does not have a strong correlation with structural changes 
in the joint (34). In addition, we performed sham surgery on the con-
tralateral knee in all mice to match the condition between RI strains. 
We did not find high levels of inflammation in sham- operated knees 
compared to DMM- operated knees, consistent with findings as 
reviewed elsewhere (35). It has been reported that ~40% of patients 
with severe radiographic changes in knee joints are symptom- free 
(36), which indicates the mismatch between severity of synovitis and 
degree of radiographic findings. In the present study, we found sig-
nificant correlations of synovitis with summed and maximum OARSI 
scores, which suggests that significant variance is shared between 
cartilage degeneration and synovitis. In contrast, some clinical data 
show a weaker correlation between these 2 phenotypes (36). This 
similarity between mouse and human data indicate that DMM- 

induced posttraumatic OA in mice can generally serve as a model 
for posttraumatic OA in humans.

We found variability in the development of synovial ectopic 
calcifications. Previously, using an advanced intercross of LG/J 
and SM/J mice, we established QTLs for ectopic calcifications 
that strongly implicate variants of genes such as Aff3 and Ank. 
In the present study, we confirmed variability in synovial ectopic 
calcifications across RI strains, which strengthens our previous 
results. In humans, 2 other genes have been associated with 
calcifications. Osteoprotegerin caused OA with chondrocalci-
nosis in 2 families with familial generalized OA (37), and the cal-
cification inhibitor matrix Gla protein was associated with hand 
OA (38). A weak negative correlation between OARSI scores 
and ectopic calcifications and between synovitis and ectopic 
calcifications suggests that ectopic calcifications occur inde-
pendently of severity of cartilage damage. A recent examination 
of the relationship between synovitis and chondrocalcinosis in 
humans showed no differences in synovitis scores at baseline 
and at 4 years between the chondrocalcinosis and control 
groups (39), which suggests that synovitis and chondrocalcino-
sis are independent.

Our data revealed that 40 of the 78 genes tested were sig-
nificantly correlated with various phenotypes associated with 
OA. Postn was significantly correlated with OARSI score, syn-
ovitis, and a couple of bone parameters (e.g., SMI and TbTh). 
Postn influences matrix homeostasis, bone remodeling, and OA 
development (40,41). Wnt16 and Comp also showed significant 
correlations with many phenotypes, which is in keeping with their 
known role in OA development (22,24,42–47). The Wnt path-
way is involved in bone and cartilage homeostasis, and Wnt16 
expression is high in OA cartilage and barely detectable in pre-
served cartilage (47). Comp is an essential component of the 
cartilage extracellular matrix with roles in cellular proliferation and 
apoptosis in cartilaginous tissue (47,48). Types of transforming 
growth factor β are well known to be associated with bone and 
cartilage homeostasis and are involved in OA development (49); 
in the present study, they were also correlated with OARSI score, 
synovitis, and several bone parameters. We previously reported 
that the expression of 4 genes that represent pathways of DNA 
repair (Xrcc2, Pcna) and Wnt signaling (Axin2, Wnt16) was sig-
nificantly correlated with both ear wound and cartilage healing, 
which suggests a common genetic basis for these 2 regenera-
tive phenotypes. Continued genetic and molecular investigation 
with the wide variety of LGXSM mouse resources used in our 
study represent important tools for further revealing not only the 
mechanism of OA but also the mechanism of tissue regeneration 
in humans.

This study has some limitations. The mice used in this 
study were only 10 weeks old at the time of DMM surgery, 
which is standard in the field. The differences among the 
strains in severity of cartilage damage (OARSI score) could 
have been due to differences in maturation. Although some 
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authors consider mice to have skeletal maturity at age ≥12 
weeks (50), others have recommended a minimum age of 
10 weeks for preclinical models of OA to obtain the most 
meaningful insights into human OA (51). Previous work 
examining long bone growth and trabecular architecture in 
these and other strains has been performed at 10 weeks, 
when epiphyses have fused with skeletal maturation. 
Although growth in length continues indefinitely even to 5 or 
6 months (52,53), not all growth plates close completely. On 
the other hand, work by Zhang et al (54) has demonstrated 
very early degenerative changes in the intervertebral discs 
of these mice. If we waited too long to operate on the ani-
mals, they might also show lower variability in the presence 
of disease.

Another limitation is the use of the contralateral limb as sham 
operated, because this approach may confuse the interpretation 
of strain differences, especially when RI strains have differences 
in pain perception that might change load- bearing and pose 
issues such as gait modification and movement- provoked pain. 
Yet another limitation was that only male mice were included in 
our study. Thus, the similarity between mouse and human data 
indicates that DMM- induced posttraumatic OA in mice can gen-
erally serve as a model for OA in at least 50% of humans. Finally, 
we used only 3 mice for some strains; although this sample size 
appeared small, most of our tests were significant.

In conclusion, we identified a number of new mouse strains 
that are either protected from or susceptible to OA, and we estab-
lished the heritability of OA. Given the recombinant inbred nature 
of these strains, this variability in response to meniscus destabili-
zation is caused by their genetic composition. Further investigation 
into the particular genomic regions that orchestrate these changes 
combined with molecular mechanisms underlying these changes 
will help predict the individuals who are at risk of developing OA.
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Is it Useful to Repeat Magnetic Resonance Imaging of 
the Sacroiliac Joints After Three Months or One Year in 
the Diagnosis of Patients With Chronic Back Pain and 
Suspected Axial Spondyloarthritis?
P. A. C. Bakker,1 S. Ramiro,1  Z. Ez-Zaitouni,1 M. van Lunteren,1 I. J. Berg,2 R. Landewé,3 R. Ramonda,4  
M. van Oosterhout,5 M. Reijnierse,1 F. A. van Gaalen,1 and D. van der Heijde1

Objective. To investigate the value of repeated magnetic resonance imaging (MRI) of the sacroiliac (SI) joints in 
diagnosing chronic back pain patients in whom axial spondyloarthritis (SpA) is suspected and to examine determi-
nants of positive MRI findings in SI joints.

Methods. Patients with chronic back pain (duration 3 months–2 years, age ≥16 years, age at onset <45 years) 
with ≥1 SpA feature who were included in the Spondyloarthritis Caught Early cohort underwent visits at baseline, at 3 
months, and at 1 year. Visits included an evaluation of all SpA features and repeated MRI of SI joints. MRI- detected 
axial SpA positivity (according to the definition from the Assessment of SpondyloArthritis international Society) was 
evaluated by 2 or 3 well- trained readers who were blinded with regard to clinical information. The likelihood of a 
positive MRI finding at follow- up visits (taking into consideration contributing factors) was calculated by generalized 
estimating equation analysis.

Results. Of the 188 patients, 38.3% were male, the mean ± SD age was 31.0 ± 8.2 years, and the mean ± SD 
symptom duration was 13.2 ± 7.1 months. Thirty- one patients (16.5%) had positive MRI findings in the SI joints at 
baseline. After 3 months and after 1 year, the MRI results had changed from positive to negative in 3 of 27 patients 
(11.1%) and 11 of 29 patients (37.9%), respectively, which was attributable in part to the initiation of anti–tumor ne-
crosis factor therapy. Status changes from negative to positive were seen in 5 of 116 patients (4.3%) after 3 months 
and in 10 of 138 patients (7.2%) after 1 year. HLA–B27 positivity and male sex were independent determinants of 
the likelihood of a positive MRI scan at any time point (42% in HLA–B27+ men and 6% in HLA–B27− women). If the 
baseline results were negative, the likelihood of a positive scan at follow- up was very low (≤7%).

Conclusion. MRI- detected status changes in the SI joints were seen in a minority of the patients, and both male 
sex and HLA–B27 positivity were important predictors of MRI positivity. Our findings indicate that conducting MRI 
scans after 3 months or after 1 year in patients with suspected early axial SpA is not diagnostically useful.

INTRODUCTION

Sacroiliac (SI) joint imaging plays a pivotal role in the process 
of diagnosing axial spondyloarthritis (SpA) (1). Conventional radi-
ography has been and remains the most commonly used method 
to detect sacroiliitis. However, radiographic abnormalities evolve 
over several years, which contributes to a reported delay in diag-

nosis of 8–9 years (2,3). This substantial delay is problematic, 
because effective treatments are available for patients with axial 
SpA (4–6). Over the last decade, magnetic resonance imaging 
(MRI) rapidly gained ground and proved to be an important imag-
ing technique in the diagnosis of (nonradiographic) axial SpA (7). 
MRI enables the detection of inflammatory sacroiliitis at an early 
stage, months to years before structural damage can be detected 
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by conventional radiography (8,9). Besides the fact that MRI has 
substantial advantages over radiography in terms of sensitivity, 
it has the benefit of providing information on both activity and 
structural damage through the use of only one imaging modality 
(10–12).

Axial SpA should be considered in patients with chronic back 
pain who have an age at onset of <45 years. Regrettably, no for-
mal diagnostic criteria exist, and there is no single SpA feature 
with sufficient specificity to establish the diagnosis. The modified 
Berlin algorithm (1) is a helpful tool for rheumatologists in estab-
lishing an early diagnosis of axial SpA with greater confidence. 
According to this algorithm, MRI of the SI joints should be per-
formed in some patients after obtaining conventional radiographs 
and HLA–B27 testing (13). The most recently published European 
League Against Rheumatism recommendations on imaging in 
SpA even state that for certain patients, such as young patients 
and those with short symptom duration periods, MRI of the SI 
joints is an alternative primary imaging method (14).

Although inflammation detected by MRI is now widely con-
sidered to be an important manifestation in early axial SpA, not 
much evidence is available on how inflammatory lesions develop 
over time (outside of clinical trials) (15,16). However, with the 
increased interest in MRI in the early diagnosis of axial SpA, exam-
ining this manifestation is important. We know that inflammatory 
lesions (e.g., bone marrow edema [BME]) can change over rela-
tively short periods of time in patients diagnosed as having SpA, 
but in patients with chronic back pain and in whom axial SpA is 
suspected, it is unclear if BME lesions newly develop or fluctu-
ate both in number and in size over time. Therefore, a relevant 
clinical question is: if an MRI scan is normal but there is still a 
clinical suspicion of axial SpA, should the MRI be repeated, and 
if so, after what period of follow- up? Or does this not impact the 
diagnostic process? The Spondyloarthritis Caught Early (SPACE) 
cohort is an ideal cohort to investigate this research question, as it 
includes a population of patients with back pain of short duration 
who were referred to rheumatologists with a suspicion of SpA, but 
without the mandatory presence of single or multiple SpA features. 
In the present study, we aimed to investigate the evolution of MRI- 
detected lesions at 3- month and 1- year time points in the SPACE 
cohort.

PATIENTS AND METHODS

Study design and patient population. SPACE is a multi-
national ongoing cohort study that began in January 2009. Across 
5 participating centers in Europe, patients with chronic back pain 
(duration 3 months–2 years, age ≥16 years, age at onset <45 
years) are included. Before the start of the study, approval was 
obtained by local medical ethics committees. Before inclusion, 
written informed consent was obtained from all patients in accor-
dance with the Declaration of Helsinki. A detailed description of 
the SPACE cohort has been published elsewhere (17). All patients 

underwent a diagnostic evaluation at baseline, which included a 
physical examination, MRI and radiographs of the SI joints, HLA–
B27 testing, and an examination for all other SpA features (13,18). 
Patients fulfilling the Assessment of SpondyloArthritis international 
Society (ASAS) axial SpA criteria at baseline or patients with pos-
sible axial SpA (i.e., the evidence of SpA features [though not to a 
sufficient degree to be classified as axial SpA, defined as the pres-
ence of ≥1 SpA feature]) were included for follow- up visits. At the 
3- month and 1- year follow- up visits, clinical and laboratory data 
were collected, and another MRI of the SI joints was performed. 
Three- month MRI data on patients enrolled in the cohort after July 
2012 were not included, because it was decided that 3- month 
data on ~150 patients were sufficient to make valid conclusions 
regarding lesion change. 

Imaging and scoring methodology. MRI of the SI joints 
was performed using a 1.5T scanner at baseline and follow- up. 
Coronal oblique MRI images were obtained, with a slice thick-
ness of 4 mm. Both short tau inversion recovery (STIR) and T1- 
weighted turbo spin- echo (T1WSE) sequences were acquired 
and evaluated in the scoring process. At baseline, conventional 
radiography of the pelvis (i.e., SI joints) in anteroposterior view 
was performed. MRI scans and radiographs of the SI joints were 
scored independently by 2 trained and well-calibrated readers 
who were blinded with regard to patient characteristics, clinical 
data, time sequence, and data from the other imaging modality. In 
the case of score discrepancies, a third reader scored the images.

Radiographs were marked positive for sacroiliitis according 
to the modified New York criteria (19) (i.e., the presence of bilat-
eral grade 2–4 sacroiliitis and/or unilateral grade 3–4 sacroiliitis). 
According to the ASAS definition, an MRI scan of the SI joints was 
recorded as positive if ≥1 BME lesion highly suggestive of SpA 
was present on ≥2 consecutive slices or if several BME lesions 
highly suggestive of SpA were visible on a single slice (7,18). 
MRI scans were also scored according to the Spondyloarthritis 
Research Consortium of Canada (SPARCC) system, which mea-
sures inflammation on a continuous scale (0–72) (20). According 
to the SPARCC score, the presence of an increased signal cor-
responding to BME lesions is marked on 6 consecutive slices in 
an SI joint MRI scan. The maximum score for 2 SI joints on each 
slice is 8. In addition to these 8 points, a score for intensity (addi-
tional 1 point) may be assigned to each SI joint if an “intense” 
signal (20) is detected in any quadrant within the slice. The signal 
from presacral blood vessels defined a lesion that is scored as 
intense. Furthermore, a score for depth (additional 1 point) may 
be assigned to each SI joint if a homogeneous and unequivocal 
increase in signal extends over a depth of ≥1 cm from the articular 
surface on each slice, resulting in a maximum score of 12 points 
per slice. For the assessment using both the ASAS definition 
and the SPARCC score on the STIR sequence, readers took into 
account the findings on the T1WSE sequences, looking at both 
sequences  simultaneously.
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In the case of disagreement between the 2 readers regarding 
the presence of radiographic sacroiliitis (based on the modified New 
York criteria) or a positive MRI result (based on the ASAS definition), 
a third reader served as adjudicator, and the 2 scores in agreement 
were considered to be the final score. The positive MRI SPARCC 
scores from the 2 in agreement were used for further analysis.

Statistical analysis. Disease characteristics of patients 
were recorded using descriptive statistics. We described 
the MRI scans of SI joints (using the ASAS definition of axial 
SpA) in different ways. First, we depicted the course of MRI- 
detected status (positive or negative readings in the SI joints) 
at the (2 or 3) available time points, and second, we used a 2 × 
2 table to reflect changes in MRI- detected status. Agreement 
on the absence or presence of MRI- detected inflammation 
was assessed by cross- tabulation and expressed as Cohen’s 
kappa. Cumulative probability plots were used to visualize 
baseline and 1- year SPARCC scores, in which patients were 
grouped according to either positivity or negativity according 
to the ASAS definition. Subsequently, patients of special inter-
est (i.e., those who had MRI scans that reflected a change 
in axial SpA status at the 3- month or 1- year follow- up) were 
described phenotypically (according to the presence of SpA 
features and other disease characteristics).

Thereafter, we investigated the likelihood of having a pos-
itive MRI result at any time point during follow- up and identi-
fied which factors determine ASAS- defined and MRI- detected 
axial SpA positivity in the SI joints. After the analysis of the 
whole patient group, we repeated this analysis in the subset 
of patients with inflammatory back pain (IBP) according to the 
ASAS definition (21). We then looked at the likelihood of having 
a positive MRI at the 2 follow- up time points (in all patients and 
in the subgroup of patients with IBP), taking into account the 
baseline MRI- detected status. This was done by using gener-
alized estimating equation (GEE) analysis for binomial outcome 
variables; MRI- detected axial SpA was used as the depen-
dent variable, and HLA–B27 status and sex were used as 
independent explanatory variables. C- reactive protein (CRP) 
level was added to the model as a covariate in order to assess 
the contribution of CRP levels in explaining a positive MRI. 
The likelihood of a positive MRI result (at 3- month or 1- year 
time points) if the baseline scan was either positive or negative 
was calculated, taking into account HLA–B27 status and sex. 
Odds ratios (ORs) from the model were converted into prob-
abilities (likelihood) (22), and 95% confidence intervals (95% 
CIs) were calculated. Data analysis was performed using Stata 
version 14 software (StataCorp).

RESULTS

Patient characteristics. In total, 188 patients were 
included in the current study. Baseline characteristics are 

described in Table 1. The mean ± SD age of the patients was 
31.0 ± 8.2 years, and 38.3% were male. The mean ± SD duration 
of back pain was 13.2 ± 7.1 months, and 139 patients (74.3%) 
had ASAS- defined IBP. Almost half of the patients (48.4%) were 

HLA–B27 positive.

MRI findings. Agreement between the 2 readers regard-
ing the designation of an ASAS- defined, axial SpA–positive MRI 
finding was good (κ = 0.85). In 8 of 188 cases (4.3%), adjudica-
tion from a third reader was needed, as reader 1 and reader 2 
were in disagreement on axial SpA status.

Table 2 describes the course of MRI- detected axial SpA pos-
itivity over time. For 122 of the 188 patients (65%), MRI data from 
all 3 time points were available. For 66 of the 188 patients (35%), 
MRI was performed at only 2 time points: at baseline and at 3 
months for 21 of the 66 patients (32%), and at baseline and at 1 
year for 45 patients (68%). In these 3 scenarios, the vast majority 
of patients (77.1%) had a negative MRI finding at baseline, which 
had not changed at the follow- up time point(s). Of the 122 patients 
who had MRI data available from all 3 time points, persistence of a 
positive MRI finding was seen in 15 (12.3%), and MRI status fluctu-

Table 1. Baseline patient characteristics* 

Age at enrollment, mean ± SD 
years

31.0 ± 8.2

Male sex 72 (38.3)
Symptom duration at first visit, 

mean ± SD months
13.2 ± 7.1

Good response to NSAIDs 76 (41.3)
IBP 139 (74.3)
Family history of SpA 96 (51.3)
Peripheral arthritis 34 (18.2)
Dactylitis 15 (8.0)
Enthesitis 41 (21.9)
Uveitis 16 (8.6)
IBD 17 (9.1)
Psoriasis 25 (13.4)
Elevated CRP level 35 (18.9)
HLA–B27 positive 91 (48.4)
Radiographically detected 

sacroiliitis
19 (11.1)

MRI- detected positive result for 
axial SpA†

31 (16.5)

Axial SpA diagnosis‡ 74 (39.6)

* Except where indicated otherwise, values are the number (%) of 
patients. NSAIDs = nonsteroidal antiinflammatory drugs; IBP = in-
flammatory back pain; SpA = spondyloarthritis; IBD = inflammatory 
bowel disease; CRP = C- reactive protein; MRI = magnetic resonance 
imaging. 
† Based on Assessment of SpondyloArthritis international Society 
axial SpA criteria. 
‡ According to rheumatologist, with a confidence level of ≥7 (rating 
scale 0–10). 
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ations were seen in 21 (17.2%) over time (i.e., negative–negative–

positive results, or positive–positive–negative results, etc.).
Changes in MRI- detected axial SpA positivity over time are 

depicted in Table 3. In contrast to Table 2, data are clustered and 
shown independently of whether there were available data from a 
third time point. In 8 of 143 patients (5.6%), a change in axial SpA 
status was seen at the 3- month follow- up. At the 1- year follow- up, 
this proportion was slightly higher at 12.6%. The MRI results in 
10 of 138 patients (7.2%) changed from negative at baseline to 
positive at the 1- year follow- up (compared to 5 of 116 patients 
[4.3%] who had a positive result at the 3- month follow- up), and 
11 of 29 patients (37.9%) with a positive MRI finding at baseline 
had a negative finding at the 1- year follow- up (compared to 3 of 
27 patients [11.1%] who had a negative result at the 3- month 
follow- up). Thus, patients were more likely to have a negative MRI 
finding following a positive baseline finding than they were to have 
a positive finding following a negative baseline finding. Cumulative 
probability plots (for each of the readers) of baseline and 1- year 
SPARCC scores, in which patients were grouped according to 
either ASAS- defined axial SpA positivity or negativity, were com-
pleted (see Supplementary Figure 1, on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/

art.40718/abstract).
We reviewed with special interest the disease characteristics 

of patients who showed changes in MRI- detected axial SpA sta-

tus (Table 4). Of the 5 patients whose SpA status changed from 
negative at baseline to positive at 3 months, 3 patients (60%) were 
male, and 3 patients (60%) were HLA–B27 positive. One of these 
patients had radiographically detected sacroiliitis (using the mod-
ified New York criteria) at baseline. At 3 months, 2 patients devel-
oped a new SpA feature, namely responsiveness to NSAIDs. One 
patient took NSAIDs at baseline, while 3 patients (60%) took them 
at 3 months. The 3 patients who had an axial SpA–positive MRI at 
baseline but had a negative result at the 3- month follow- up were 
HLA–B27–positive men who had been receiving NSAID treatment 

since baseline (Table 4).
Of the 10 patients who were newly MRI- positive for axial SpA 

at the 1- year follow- up, 5 (50%) were male, and 8 (80%) were 
HLA–B27 positive. Radiographically detected sacroiliitis was pres-
ent in 3 patients (30%). At the 1- year time point, 2 of these 10 
patients had developed new SpA features that were not present 
at baseline (patient 10: NSAID responsiveness; patient 16: NSAID 
responsiveness, inflammatory back pain, and dactylitis) (Table 4). 
All 10 patients were taking NSAIDs at the 1- year follow- up 
(versus 50% at baseline), and there were no patients receiving 
anti- TNF treatment in this group. Of the 11 patients that had a 
positive baseline MRI result followed by a negative result at the 
1- year follow- up, the majority were male (64%), HLA–B27 positive 
(73%), and had developed new SpA features (55%). In this group, 
between baseline and the 1- year follow- up, anti- TNF therapy had 
been added to the treatment regimen of 4 patients, and an NSAID 
had been added for 1 patient.

Overall, when comparing SPARCC scores assigned by 
the 2 readers, only modest differences were observed, sug-
gesting a high level of agreement (Table 4). Approximately half 
of the patients who had negative MRI results for axial SpA and 
later had positive results (either at 3 months or 1 year) also had 
marginally positive SPARCC scores at the same time point, 
while the remaining patients had evidently positive SPARCC 
scores (as high as 18 in 1 patient). Patients who were initially 
ASAS positive but became negative after 1 year had mostly 

Table 2. Course of positive MRI results in sacroiliac joints over 1 
year* 

MRI results over time No. of patients

Patients with available MRI results 
at baseline/3 months/1 year

122

−/−/− 86
+/+/+ 15
−/−/+ 7
+/+/− 7
−/+/+ 3
+/−/− 2
+/−/+ 1
−/+/− 1

Patients with available MRI results 
at baseline/3 months

21

−/− 18
+/+ 2
−/+ 1

Patients with available MRI results 
at baseline/1 year

45

−/− 41
+/+ 2
+/− 2

* Positive magnetic resonance imaging (MRI) results for axial spon-
dyloarthritis are represented by +, and negative results by −. 

Table  3. Changes in MRI- detected axial spondyloarthritis status 
over 3 months and 1 year*

MRI ASAS 
positive

MRI ASAS 
negative Total

3- month status
MRI baseline positive 24 3 27
MRI baseline negative 5 111 116
Total 29 114 143

1- year status
MRI baseline positive 18 11 29
MRI baseline negative 10 128 138
Total 28 139 167

* MRI = magnetic resonance imaging; ASAS = Assessment of Spon-
dyloArthritis international Society. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40718/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40718/abstract
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low SPARCC scores at baseline, with a few exceptions. Four 
patients from this group had started receiving anti- TNF ther-
apy by the 1- year follow- up, at which time all 4 showed a nota-
ble decrease in SPARCC scores.

Factors determining a positive MRI. According to 
the GEE analysis, both HLA–B27 positivity (OR 2.36 [95% 
CI 1.09–5.12], P = 0.029) and male sex (OR 5.63 [95% CI 
2.58–12.27], P < 0.001) were independent determinants of the 
likelihood of a positive MRI at any time point. Figure 1 displays 
the effects of HLA–B27 and sex in an absolute manner. The 
likelihood of an axial SpA–positive MRI finding in HLA–B27–
negative women with chronic back pain was only 7%, whereas 
in HLA–B27–positive men it was 43% (HLA–B27–positive 
women 6%, HLA–B27–negative men 14%). In men, HLA–B27 
status had a significant impact on the likelihood of having a 
positive MRI at any time point (OR 4.54 [95% CI 1.50–13.79], 
P = 0.008), whereas this impact was not observed in women 
(OR 0.84 [95% CI 0.23–3.12], P = 0.800). The influence of 
CRP levels on axial SpA status was investigated in all models, 
but correcting for CRP levels produced only minor changes, 
and therefore only uncorrected data are shown. Only minor 
differences were seen between patients with chronic back 
pain and those with IBP according to the ASAS definition (data 
not shown).

Likelihood of a positive MRI during follow- up. The 
likelihood of an MRI- detected axial SpA positive result at 3 months 
or 1 year, according to the baseline MRI status, was considered. 
Both HLA–B27 status (OR 2.41 [95% CI 0.94–6.18], P = 0.067) 
and baseline MRI status (OR 43.89 [95% CI 17.59–109.52], P 
< 0.001) independently contributed to the likelihood of a positive 

MRI at follow- up. Other factors contributing to a positive MRI over 
time included male sex (OR 2.54 [95% CI 1.01–6.39], P = 0.048) 
and baseline MRI positivity (OR 36.04 [95% CI 14.42–90.08], P < 
0.001). Once again, only minor (not significant) differences were 
observed between chronic back pain patients and IBP patients 
(data not shown).

In Figure 2, the likelihood of a positive MRI in relation to base-
line MRI and HLA–B27 status and sex is depicted. In an HLA–
B27–negative patient with a negative baseline MRI, the likelihood 
of a positive MRI at follow- up was negligible (1.5%) (Figure 2A). 
On the contrary, in an HLA–B27–positive patient with a positive 
baseline MRI, the likelihood was 73%. In patients with a positive 
baseline MRI, HLA–B27 status did not influence the likelihood of a 
positive MRI at any follow- up time point (OR 0.65 [95% CI 0.14–
2.96], P = 0.582). However, in patients with a negative baseline 

Figure  1. Likelihood of a positive magnetic resonance imaging 
result at any time point (baseline, 3 months, and 1 year) in chronic 
back pain patients investigated for axial spondyloarthritis. HLA–B27 
status and sex were used as variables.

Figure  2. Likelihood of a positive magnetic resonance imaging 
result at 3- month or 1- year follow- up in chronic back pain patients 
investigated for axial spondyloarthritis. A, Baseline MRI result and 
HLA–B27 status were used as variables. B, Baseline MRI result and 
sex were used as variables.
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MRI, HLA–B27 positivity had a significant effect on the likelihood 
of a positive MRI at follow- up (OR 8.12 [95% CI 1.65–40.11],  
P = 0.010).

For a male or female patient with a positive baseline MRI, the 
likelihood of having a positive MRI at 3 months or 1 year was 75%; 
however, the likelihood was only 2.8% for a female patient with a 
negative baseline MRI and 12% for a male patient with a negative 
baseline MRI (Figure 2B). In patients with a negative baseline MRI, 
sex significantly affected the likelihood of having a positive MRI 
at follow- up (OR 4.67 [95% CI 1.41–15.44], P = 0.01), though 
this was not true for patients with a positive baseline MRI (OR 
0.96 [95% CI 0.20–4.54], P = 0.959). MRI scans of SI joints in 
patients with axial SpA status changes over 1 year are shown in 
Supplementary Figure 2 (available on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40718/
abstract).

DISCUSSION

In the present study, 83.5% of patients (157 of 188) with 
chronic back pain and in whom axial SpA was suspected had a 
negative MRI at baseline. Only 7.6% of these patients (12 of 157) 
had a positive MRI at either follow- up time point. Twelve of the 
31 patients (38.7%) with a positive MRI at baseline had a nega-
tive MRI at follow- up. Although reversals in axial SpA status are 
apparent in both directions, relatively more patients who had a 
positive baseline MRI result later had a negative MRI result (11.1% 
at 3 months and 37.9% at 1 year) than those who had a negative 
baseline MRI result and later had a positive MRI result (4.3% at 3 
months and 7.2% at 1 year). Nevertheless, it is important to note 
that 36% of the patients who had negative findings after 1 year 
had begun anti- TNF therapy, which is known to decrease visible 
inflammation in the SI joints (16).

This study showed that MRI- detected axial SpA positivity 
at baseline appears to strongly influence the chance of posi-
tive SI joint MRI results in the future. If the baseline MRI result 
was positive, the likelihood that the MRI result would be pos-
itive again at 3 months or 1 year was very high (75%). The 
usefulness of repeated negative MRI in terms of diagnostic 
yield is low, but there are different risks related to sex and 
HLA–B27 status.

In patients who had a negative baseline MRI result, HLA–
B27 status had a significant effect on the likelihood of a positive 
MRI at follow- up. In HLA–B27–negative patients with a negative 
MRI result at baseline, sacroiliitis at follow- up could be excluded 
with a high level of confidence: the likelihood of a positive MRI 
result at follow- up was only 1.5%. In HLA–B27–positive patients 
with a negative MRI result at baseline, the likelihood of a positive 
MRI result at 3 months or 1 year was still low, though somewhat 
higher (11%). Of course, we can debate the clinical relevance of 
this small difference in terms of percentage and, in general, the 
chances of MRI positivity at follow- up were very low when the 

baseline MRI result was negative. However, if a clinical suspicion 
of axial SpA remains (i.e., if a patient develops other SpA fea-
tures), it may be worthwhile to consider repeating an MRI scan 
in HLA–B27–positive patients. Likewise, there was a statistically 
significant difference between male and female patients who had 
a negative baseline MRI result, specifically that male patients 
more frequently had a positive MRI result at follow- up (12% of 
men versus 3% of women). Interpretation of MRI findings should 
always be made in the context of all clinical and laboratory results 
(e.g., other SpA features that enhance diagnostic confidence) and 
other available imaging parameters. Additionally, other MRI find-
ings (e.g., the presence of structural lesions) can be supportive 
in the diagnostic process. However, in this group of patients with 
short symptom duration, the frequency of structural changes in 
SI joints was relatively low and discriminated between patients 
with and without axial SpA only if ≥5 structural lesions (especially 
erosions and fatty lesions) were present (11). This suggests that 
at this phase of the disease, BME is the feature with the best 
predictive value.

Van Onna et al performed a 2- year follow- up study (23), in 
which they recorded MRI status changes in 15% of their patients 
with recent- onset IBP. These findings were similar to our own, 
although follow- up time was considerably shorter in our study. On 
the other hand, our study included substantially more patients, 
and we used 2 validated scoring methods. Also in accordance 
with our results, their data showed that more patients had a neg-
ative follow- up result after a positive baseline result, compared to 
patients who developed a positive result after a negative base-
line result (30% versus 15%, respectively, based on 1- year or 
2- year follow- up MRI). Additionally, they found that male sex and 
HLA–B27 positivity were predictive of a positive MRI result at fol-
low- up, which is consistent with our finding that these factors 
independently determine the likelihood of a positive MRI result 
at any time point. HLA–B27–positive male patients with chronic 
back pain have the highest chance of a positive MRI result at any 
time.

Other studies have investigated the natural history of MRI- 
detected BME in individuals with suspected axial SpA. Sengupta 
et al concluded that repeated MRI scans within a 12- week period 
should be considered only for HLA–B27–positive men who ful-
fill the ASAS IBP criteria, since there were no HLA–B27–negative 
patients in their study who had a negative MRI result followed by 
a positive MRI result (24). Although their study included a con-
siderably smaller group of patients, the data are consistent with 
our findings that HLA–B27 positivity determines the likelihood of 
a positive MRI result. Marzo- Ortega et al also reported a higher 
chance of a positive MRI result at 1 year in untreated patients with 
early IBP who were HLA–B27 positive (25).

Regarding sex differences, ankylosing spondylitis (AS) has 
historically been considered a predominantly male disease, but 
it has been reported that 46% of patients diagnosed since 1990 
were female, compared to 10% in 1960 (26). This suggests 
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that perceived male predominance in AS and axial SpA may be 
caused (at least in part) by a missed AS diagnosis among women 
(especially prior to 1990); data now suggest that the percent-
age of female patients with nonradiographic axial SpA and AS 
is substantial. Another reason for the higher male:female ratio in 
AS may be that men develop radiographic sacroiliitis at a higher 
rate than women. This is also in accordance with our findings that 
male patients are more likely to have a positive MRI result at any 
time point, which is a predictor of development of radiographic 
 sacroiliitis (9).

Another issue we considered in our study is timing, specif-
ically at what time point to repeat an MRI scan in the case of 
persistent suspected axial SpA. We looked at the 3- month and 
1- year follow- ups, and at both time points the additional value is 
very limited. Given the low diagnostic yield (and taking into account 
costs and feasibility), MRI should not be routinely repeated after 
3 months or 1 year. Two- year data on the SPACE cohort will be 
available in the future and will provide information on a longer 
period of time. 

In general, MRI has become an important tool in the eval-
uation of patients who have (or may have) axial SpA. Relevant 
improvements in the field have taken place as a result, such as the 
standardization of imaging protocols and the development and 
validation of standardized descriptions of lesions. These descrip-
tions pertain not only to inflammatory lesions but to structural 
lesions (e.g., fatty lesions, erosions, sclerosis, and ankylosis). MRI 
has the unique benefit of providing visualization of both inflamma-
tory and structural lesions via one imaging technique. Addition-
ally, it is hypothesized that assessment for structural lesions could 
enhance sensitivity and/or specificity, which might be helpful when 
a diagnosis is initially unclear. Research on the incremental value 
of including structural lesions is ongoing.

In terms of methodology, the fact that we repeated MRI in 
all patients irrespective of diagnosis is an important strength 
of our study, compared to studies that conducted scans in a 
select population within their patient groups. Moreover, our 
follow- up was quite comprehensive and avoided the unin-
tentional bias that could occur by excluding patients with a 
low likelihood of axial SpA. Another strength of our study is 
our scoring process that involved 2 readers and adjudication 
from a third reader in the case of discrepancy, which adds 
to the credibility of the findings. Moreover, the fact that we 
used 2 well- validated scoring methods (ASAS criteria and 
SPARCC scoring system) provides additional insight. On the 
other hand, limitations of the current study include the rela-
tively short duration of follow- up and the fact that we could 
not compare these findings to an external standard. Diagno-
sis of axial SpA was influenced by MRI findings and could 
lead to circular reasoning. Moreover, we lacked validation 
from another imaging technique such as low- dose computed 
tomography or from histology. Prospective evaluation over a 
sufficient time frame with a longer follow- up should enhance 

confidence in the diagnosis of this sometimes slow- to- evolve 
disease.

In conclusion, ASAS- defined, MRI- detected axial SpA 
status changes were seen in a minority of the patients in the 
SPACE cohort, and both changes from negative to positive 
and from positive to negative occurred. A very small per-
centage of patients had a positive MRI result at follow- up 
after having a negative result at baseline (4.3% at 3 months 
and 7.2% at 1 year), which indicates that the diagnostic use-
fulness of repeating an MRI of the SI joints at 3 months or 1 
year is very limited. Relatively more patients had a negative 
MRI result after having a positive result at baseline (37.9% 
after 1 year), and the resolution of inflammation was partly 
caused by the use of anti- TNF therapy. Male sex and HLA–
B27 positivity independently determined the likelihood of a 
positive MRI result at any time point, while MRI- detected 
axial SpA status at baseline strongly predicted status at fol-
low- up.
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Expansion of Interleukin- 22– and Granulocyte–Macrophage 
Colony- Stimulating Factor–Expressing, but Not  
Interleukin- 17A–Expressing, Group 3 Innate Lymphoid Cells 
in the Inflamed Joints of Patients With Spondyloarthritis
Iris C. J. Blijdorp,1 Silvia Menegatti,2 Leonike J. J. van Mens,1 Marleen G. H. van de Sande,1 Sijia Chen,1  
Hulda S. Hreggvidsdottir,1 Troy Noordenbos,1 Talia E. Latuhihin,1 Jochem H. Bernink,1 Hergen Spits,3 
Lars Rogge,2 Dominique L. P. Baeten,4 and Nataliya G. Yeremenko1

Objective. Clinical trials of the anti–interleukin- 17A (anti–IL- 17A) antibody secukinumab have demonstrated a 
crucial role of the cytokine IL- 17A in the pathogenesis of spondyloarthritis (SpA); however, its cellular source in this 
condition remains a matter of controversy. Group 3 innate lymphoid cells (ILC3s) have been recently identified as po-
tent producers of proinflammatory cytokines, including IL- 17A and IL- 22, in a number of different tissues. This study 
was undertaken to characterize the presence and composition of ILCs, and investigate whether these cells are an 
important source of IL- 17A, in the synovial tissue (ST) of patients with SpA.

Methods. Matched ST, synovial fluid, and peripheral blood (PB) samples were obtained from SpA patients with 
actively inflamed knee joints. ILC subsets were characterized by flow cytometry. Gene expression analysis at the 
single- cell level was performed directly ex vivo and after in vitro activation. An IL- 17A enzyme- linked immunospot 
assay was used to detect IL- 17A–secreting cells.

Results. ILCs, and particularly NKp44+ ILC3s, were expanded in inflamed arthritic joints. Single- cell expression 
analysis demonstrated that ST ILCs were clearly distinguishable from ST T cells and from their PB counterparts. 
Expression of the Th17 signature transcripts RORC, AHR, and IL23R was detected in a large proportion of ST ILC3s. 
These cells were capable of inducing expression of IL22 and CSF2, but not IL17A, in response to in vitro restimulation.

Conclusion. Our findings demonstrate that absolute and relative numbers of ILC3s are enriched in the synovial 
joints of patients with SpA. However, these cells are not a significant source of IL- 17A in this disease.

INTRODUCTION

Spondyloarthritis (SpA) is a major form of chronic inflamma-
tory arthritis characterized by inflammation of axial and peripheral 
joints and extraarticular manifestations such as psoriasis and 
inflammatory bowel disease (IBD), including Crohn’s disease and 
ulcerative colitis. Interleukin- 17A (IL- 17A) has been demonstrated 
to be a key driver of inflammation in axial SpA (1,2) and peripheral 

SpA (3,4); however, the cellular source of IL- 17A in this condition 
remains largely unknown and has been a matter of debate. In the 
peripheral blood (PB) of patients with ankylosing spondylitis (AS), 
CD4+ T cells (5–7) and γδ T cells (8) have been demonstrated
to be the major producers of IL- 17A upon ex vivo stimulation. In 
contrast, direct analysis of synovial membrane, psoriatic skin, and 
enthesis has identified CD8+ T cells (9), mast cells and neutrophils 
(10–14), and CD4−CD8– double- negative “innate- like” T cells 
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(15), suggesting that the role of innate immune cells is more pro-
nounced than that of canonical Th17 cells in the inflamed target 
tissues in SpA.

Innate lymphoid cells (ILCs) are a relatively newly discovered 
heterogeneous population of innate immune lymphocytes that are 
strategically positioned at barrier surfaces and regulate immunity, 
inflammation, and tissue homeostasis (16). ILCs mirror the pheno-
type and function of T cells and therefore are divided into 3 sub-
sets: the group 1 ILCs express the transcription factor T- bet and 
secrete the Th1- related cytokines interferon- γ and tumor necrosis 
factor (TNF). The group 2 ILCs express GATA- 3 and chemoat-
tractant receptor–like molecule expressed on Th2 cells (CRTH2) 
and produce the Th2- related cytokines IL- 4, IL- 5, IL- 9, and IL- 13. 
The group 3 ILCs depend on the transcription factor retinoic acid 
receptor–related orphan nuclear receptor γt (RORγt) and include 
lymphoid tissue inducer cells and ILC3s.

In humans, almost all ILC3s express CCR6 and CD117, and 
can be subdivided into NKp44+ and NKp44− subsets. In adult 
humans NKp44+ ILC3s reside in tonsil and intestine and repre-
sent an important source of IL- 22 (17–20), while IL- 17–produc-
ing NKp44− ILC3s have been described only in fetal developing 
lymph nodes (21,22). In contrast to basic science studies, recent 
translational rheumatology studies demonstrated the presence 
of IL- 17–producing NKp44+ ILC3s in the gut (23) and synovial 
fluid (SF) (24) of patients with SpA, in the intestine of patients with 
Crohn’s disease (25), and in the normal enthesis (26), but not in 
the synovial membrane (27), the primary site of inflammation in 
SpA. The reason for this apparent discrepancy remains to be clar-
ified; however, lack of stringent ILC phenotyping, high functional 
plasticity of ILCs, and potential contamination with T cells during 
isolation may play an important role.

In this study we assessed whether ILCs are a significant 
source of IL- 17A in SpA. Using a combination of 2 unique 
approaches, rigorous analysis at the individual cell level and 
examination of directly ex vivo isolated ILCs from SpA ST, we 
unambiguously demonstrated that ILC3s do not contribute to IL- 
17A production, but are a source of IL- 22 and granulocyte–mac-
rophage colony- stimulating factor (GM- CSF), in the synovium of 
patients with SpA.

PATIENTS AND METHODS

Patients and synovial tissue biopsies. This study 
included 26 patients with peripheral SpA according to the 
Assessment of SpondyloArthritis international Society criteria 
(28) and 11 patients with rheumatoid arthritis (RA) according 
to the American College of Rheumatology 1987 classification 
criteria (29). Before enrollment, all patients provided written 
informed consent to participate in the study as approved 
by the local medical ethics committee of Academic Medical 
Center, University of Amsterdam. Patient characteristics are 
presented in Table  1. ST biopsy specimens were obtained 

from clinically inflamed knee or ankle joints and processed as 

described earlier (30).

Isolation of cells. Mononuclear cells were isolated from 
heparinized PB and from SF by density- gradient centrifugation 
using Lymphoprep Ficoll- Isopaque according to the instructions 
of the manufacturer (Axis- Shield). To obtain cell suspensions, ST 
was cut into small pieces and digested for 60 minutes at 37°C 
with Liberase TM (125 μg/ml) and DNase I (200 μg/ml) (both from 
Roche) containing Dulbecco’s modified Eagle’s medium (Gibco). 
Cell suspensions were filtered through a 70- μm nylon mesh, and 
ST mononuclear cells were directly stained for fluorescence- 
activated cell sorting (FACS) analysis.

Flow cytometric analysis. The following antibodies 
to human proteins were used for flow cytometry: fluorescein 
isothiocyanate (FITC)–conjugated anti- CD1a (clone HI149), 

Table 1. Demographic and clinical characteristics of the patients* 

SpA (n = 26) RA (n = 11)

Age, mean ± SD 
years

44.9 ± 12.7 53.4 ± 15.3

No. male/female 20/6 4/7
Disease dura-

tion, median 
(range) years

6 (1–16.7) 3.7 (0.4–11.5)

DAS28, mean ± 
SD

3.9 ± 1.1 NA

CRP, mean ± SD 
mg/liter

33.1 ± 52.4 21.9 ± 31.9

ESR, mean ± SD 
mm/hour

33.2 ± 34.7 18.3 ± 16.6

TJC28 3.5 ± 2.8 2.8 ± 1.8
SJC28 1.9 ± 1.6 1.2 ± 0.6
RF positive,  

no. (%)
NA 4 (36.4)

ACPA positive, 
no. (%)

NA 2 (18.2)

Psoriatic 
arthritis,  
no. (%)

17 (65.4) NA

Previous DMARD 
or prednisone 
therapy,  
no. (%)

10 (38.5) 9 (81,8)

Previous biologic 
therapy, no. 
(%)†

10 (38.5) 2 (18.2)

* SpA = spondyloarthritis; RA = rheumatoid arthritis; DAS28 = 
Disease Activity Score in 28 joints; NA = data not available; CRP = 
C- reactive protein; ESR = erythrocyte sedimentation rate; TJC28 = 
tender joint count of 28 joints; SJC28 = swollen joint count of 28 
joints; RF = rheumatoid factor; ACPA = anti–cyclic citrullinated pep-
tide antibody; DMARD = disease- modifying antirheumatic drug. 
† All patients underwent a washout period of at least 3 months 
before participation in the study. 
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anti- CD3 (clone OKT3), anti- CD94 (clone DX22), anti- CD123 
(clone 6H6), anti- CD16 (clone 3G8), anti- CD19 (clone HIB19), 
anti- CD4 (clone RPA- T4), anti–Fcε receptor 1 (clone AER- 37 
[CRA- 1]), BV421- conjugated anti- CD161 (clone HP- 3G10), 
phycoerythrin (PE)–conjugated anti- NKp44 (clone P44- 
8) (all from BioLegend); FITC- conjugated anti- CD8 (SK1),
anti- CD14 (MϕP9), anti- CD16 (3G8), anti- CD34 (clone 8G12),
anti–T cell receptor (anti- TCR) αβ (clone T10B9), anti- TCRγδ
(clone 11F2), Alexa Fluor 647–conjugated anti- CRTH2 (clone 
BM16), PE–Cy7–conjugated anti- CD127 (clone R34.34), PE–
Cy5.5–conjugated CD117 (clone 104D2D1) (all from Becton 
Dickinson); Alexa Fluor 700–conjugated anti- CD3 (clone 
UCHT1; eBioscience); and FITC- conjugated anti- BDCA2 
(clone AC144; Miltenyi Biotec). For phenotypic analysis and 
sorting by flow cytometry, data were collected with a FACSAria 
III cell sorter (BD Biosciences) and analyzed with FlowJo soft-
ware (Tree Star).

Single- cell gene expression analysis. Single- cell quanti-
tative polymerase chain reaction (qPCR) analysis was performed 
on ILCs isolated from synovial joints of 6 patients with SpA (spe-
cifically, from ex vivo unstimulated SF [1 patient] and ST [1 patient], 
phorbol myristate acetate [PMA]/ionomycin–stimulated SF [2 
patients], and PMA/ionomycin-  or IL- 1/IL- 23–stimulated ST [2 
patients]). For analysis of ILCs from ST, ILCs from matched PB as 
well as T cells from both compartments from the same SpA donor 
were assessed. Single cells were directly sorted into 96- well PCR 
plates containing lysis buffer. Index sorting during FACS was used 
to identify the cell surface marker profiles of sorted individual cells.

Quantitative reverse transcription–PCR was performed using 
a Two- Step Protocol with SuperScript Vilo cDNA Synthesis kit 
(Invitrogen) for reverse transcription reaction and TaqMan PreAmp 
Master Mix (Applied Biosystems) for specific target amplifica-
tion. Gene expression profiling was performed using a Biomark 
48.48 Dynamic Array (Fluidigm) with EvaGreen Supermix (Bio- 
Rad) according to the manufacturers’ protocols. The primers 
used (from Fluidigm) are listed in Supplementary Table 1, on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40736/abstract. Mean and SD Ct values from 
housekeeping genes (B2M, ACTB, and GAPDH) for all cells were 
calculated. Cells with housekeeping gene Ct values exceeding the 
SD by >2- fold were eliminated from the analysis.

Freshly isolated single ILCs and single T cells from peripheral 
blood, synovial fluid, and synovial tissue were analyzed ex vivo 
or stimulated with PMA (10 ng/ml) and ionomycin (1 μg/ml) (both 
from Sigma) for 4 hours before analysis. Alternatively, cells were 
cultured with IL- 1β (50 ng/ml), IL- 23 (50 ng/ml), and IL- 2 (20 units/
ml) (all from R&D Systems) for 36 hours and then restimulated with 
PMA/ionomycin for 4 hours. The frequency of expression of each 
gene was calculated based on the number of cells with detectable 
signal (Ct ≤38) from the total number of cells in each group. ILCs 
with expression of CD3 and T cells without expression of CD3 

were omitted from analysis. Expression levels were analyzed with 
GraphPad Prism version 7. The t- distributed stochastic neigh-
bor embedding technique for dimensionality reduction (31) was 
applied to present single- cell qPCR data in 2- dimensional space 
with the Rtsne package and visualized with ggplot2 in Rstudio 
(www.rstudio.com) for R 3.4.2 (www.r-project.org).

IL- 17A enzyme- linked immunospot (ELISpot) assay. 
For IL- 17A ELISpot assay, the PVDF membrane of the culture 
plates (Millipore) was treated with 70% ethanol and rinsed with 
phosphate buffered saline. Diluted anti–IL- 17A antibody (eBio-
64CAP17; eBioscience) was loaded into wells and incubated 
overnight at 4°C. Lin−CD3−CD127+CD161+ ILCs and CD3+ T 
cells were sorted from SpA SF, and a total of 2 × 103 cells of 
each population in 100 μl RPMI medium (Gibco) were seeded into 
anti–IL- 17A–coated wells and stimulated with PMA/ionomycin 
overnight at 37°C with 5% CO2 in 96% humidity. After incubation, 
the cells were washed from the wells and the presence of IL- 17A–
producing cells was revealed by incubation of membrane with a 
biotinylated anti–IL- 17A antibody (eBio64DEC17; eBioscience) for 
1 hour at 37°C, followed by incubation with γ-aminobutyric acid–
conjugated streptavidin (U-Cytech Biosciences) to develop silver 
spots at places where cells secreted IL-17A. After the wells were 
dried, positive reactions (identified as black spots) were analyzed 
by counting spots on an ELISpot reader (CTL) and read as the 
number of spots per well.

Statistical analysis. Median and interquartile range (IQR) 
values for the experimental results were calculated, and the statis-
tical significance of differences between groups was determined 
by Kruskal- Wallis test with Dunn’s nonparametric post hoc com-
parison, Wilcoxon’s test, or Mann- Whitney U test. P values less 
than 0.05 were considered significant. All data were analyzed with 
GraphPad Prism version 7.

RESULTS

Enrichment of ILC3s in the inflamed ST of patients 
with SpA. In order to assess whether ILCs are present in the 
inflamed synovial joint of patients with SpA, we performed a strin-
gent phenotypic analysis of ILC subsets using a previously estab-
lished gating strategy (32) (Figure 1A). According to the proposed 
ILC nomenclature (33), all human ILC subsets are lineage marker–
negative lymphocytes, which express the cytokine receptor sub-
unit IL- 7Rα (CD127) and the natural killer cell receptor CD161.
Analysis of matched PB, SF, and ST samples revealed that the fre-
quency of ILCs was higher in the inflamed ST of patients with SpA 
(median 0.27% of the lymphocyte population [IQR 0.22–0.62%]) 
than in corresponding PB (median 0.04% [IQR 0.03–0.08%]) (P = 
0.018) (Figure 1B).

Immunophenotyping of ILC subsets showed a significant 
increase in the frequency of NKp44+ ILC3s in ST (median 37.5% 
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of the total ILCs [IQR 5.6–64.6%]) and in SF (median 42% [IQR 
28.5–55%]) versus PB (median 7.6% [IQR 3.9–15.5%]) (P = 
0.015 and P = 0.0002, respectively). This increase was inde-
pendent of SpA phenotype (psoriatic versus nonpsoriatic) (Sup-
plementary Figure 1, on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract). 
The second most prominent ILC subset in the joint was NKp44− 
ILC3, composing 26% of the total ILCs, but this population was 
present in SF and PB compartments at similar frequencies. ILC1 
and ILC2 populations were observed in sy novium at low fre-
quencies. ILC2 was the predominant population in PB (median 
49.8% [IQR 29.3–66.1%]), versus median 7.6% (IQR 3.7–12.8%) 

in the SF (P = 0.0004) and median 6.6% (IQR 5.2–8.6%) in the 
ST (P < 0.0001). Frequencies of ILC1 were rather low (<10% of 
total ILCs), and similar in all compartments (Figure 1B).

As we observed an absolute and relative enrichment of 
NKp44+ ILC3s in the ST of patients with SpA, we next sought to 
determine whether these cells were also expanded in the PB of 
these patients as compared to healthy controls. While the total 
frequency of ILCs in PB was similar between healthy controls 
and patients with SpA (Figure 1C), NKp44+ ILC3s were signif-
icantly increased in the PB of patients with SpA compared to 
that of healthy controls (median 7.6% [IQR 3.9–15.5%] versus 
median 0.5% [IQR 0.2–1.6%]; P < 0.0001) (Figure 1C). NKp44− 

Figure  1. Increased numbers of group 3 innate lymphoid cells (ILC3s) in the inflamed synovial joint. A, Gating strategy for flow 
cytometric detection of ILCs in spondyloarthritis (SpA) patient synovial fluid (SF), with ILCs defined as negative for lineage markers 
(CD1a−CD3−CD4−CD8−CD14−CD16−CD19−CD34−CD94−CD123−BDCA- 2−FcεR1α−TCRαβ−TCRγδ−) and CD45+CD127+CD161+. B,
Frequencies of ILCs in peripheral blood (PB), SF, and synovial tissue (ST) (paired samples from 8 patients) (left) and ILC subsets in PB (n = 
20), SF (n = 12), and ST (n = 12) (right) from patients with SpA. C, Frequencies of ILCs in PB from healthy controls (HC) (n = 14) and patients 
with SpA (n = 20), shown as total ILCs (left) and by ILC subset (right). D, Frequencies of ILCs in PB (n = 20), SF (n = 12), and ST (n = 12) from 
patients with SpA and in PB (n = 11), SF (n = 7), and ST (n = 5) from patients with rheumatoid arthritis (RA), shown as total ILCs (left) and by 
ILC subset (right). Symbols represent individual subjects; bars show the median and interquartile range. * = P < 0.05; *** = P < 0.001; **** = P 
< 0.0001. CRTH2 = chemoattractant receptor–like molecule expressed on Th2 cells; BDCA- 2 = blood dendritic cell antigen 2; FcεR1α = Fcε 
receptor 1α; TCRαβ = T cell receptor αβ.
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ILC3s were decreased in PB of SpA patients compared to 
healthy controls (median 24.6% [IQR 15.9–42.5%] versus 52.7% 
[IQR 34.2–65.3%]; P = 0.03).

Increase in the NKp44+ ILC3 subset in the synovium 
and blood of SpA patients is not disease specific. To deter-
mine whether the increase in NKp44+ ILC3s in the ST and PB 
is specific to SpA, we analyzed the frequency and phenotype of 
ILCs in PB, SF, and ST of patients with RA as an inflammatory 
arthritis–matched control group. We found that frequencies of 
total ILCs in the joint and blood were similar between patients 
with SpA and those with RA (Figure 1D). Furthermore, there were 
no differences between SpA and RA patients in ILC subset distri-
bution in the PB, SF, or ST (Figure 1D). There was a trend toward 
a higher percentage of NKp44+ ILC3s in the ST of patients with 
SpA (median 37.5% [IQR 5.6–64.6%]) compared to the ST of 
patients with RA (median 3.5% [IQR 0.8–25.6%]); however, this 
difference did not reach statistical significance (P = 0.13). Also, 
no difference was detected in the frequencies of NKp44+ ILC3s 
in the PB of SpA and RA patients, suggesting that the observed 
increase in NKp44+ ILC3s in the PB of SpA patients as compared 

to healthy controls is related to chronic inflammation rather than to 
SpA- specific pathogenesis.

Presence of IL- 22– and CSF2–expressing, but not IL- 
17A–expressing, ILCs in SpA SF. Having identified ILC3 as a pre-
dominant ILC population in the SpA synovial joint, we next explored 
whether these cells are an important source of IL- 17A. To avoid 
contamination with T cells as much as possible and to assess het-
erogeneity of ILCs, we sorted 14 single Lin−CD3−CD127+CD161+ 
ILCs from SpA SF (obtained from 1 patient) and analyzed expres-
sion of a selected set of transcripts directly ex vivo, using Biomark 
arrays. Targets included transcription factors, cytokines, chemok-
ines, cell surface proteins, and cytokine receptors, which charac-
terize the phenotype and function of ILCs (Supplementary Table 1, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract).

Expression analysis (Figure 2A) demonstrated that SF ILCs 
did not express TBX21, which encodes the transcription factor 
T- bet and is known to be expressed by conventional ILC1s. The 
majority of SF ILCs (79%) expressed GATA3, which encodes 
the transcription factor GATA- 3 that is essential for development 
and function of the ILC2 subset. When examining expression of 

Figure 2. Single- cell expression profiling for transcripts specific for Th1, Th2, and Th17 signature genes in innate lymphoid cells isolated from 
spondyloarthritis patient synovial fluid (SF) directly ex vivo (n = 1) (A) or stimulated with phorbol myristate acetate/ionomycin (n = 2) (B). Symbols 
represent single cells; in B, cells from the first patient are represented by circles, and cells from the second patient by triangles. Frequencies 
of expression were calculated according to the number of cells with detectable signal (Ct ≤38) from the total cells in each group. ND = not 
detectable.
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transcription factors important for the ILC3 subset we found that 
RORC, which encodes the transcription factor RORγt, was pres-
ent in a subset of SF ILCs (21%). In contrast, expression of AHR, 
which encodes another transcription factor associated with ILC3 
biology, was detected in the majority of SF ILCs (93%) (Supple-
mentary Figure 2A, on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract). 
When analyzing cytokine expression we detected IFNG, TNF, and 
IL29 transcripts (Figure 2A and Supplementary Figure 2A). Fur-
thermore, we found that freshly isolated SF ILCs expressed genes 
that encode the chemokine receptors CXCR3, CXCR4, CXCR5, 
and CCR6 (Supplementary Figure 2A).

As we were not able to detect expression of most of the 
cytokines assessed, including IL- 17A, directly ex vivo, we exam-
ined transcripts of 77 single ILCs in SF from 2 different SpA 
patients following restimulation with PMA/ionomycin. In general, 
transcription profiling of stimulated SF ILCs revealed expression 
patterns very similar to those observed with unstimulated SF 
ILCs (Figure 2 and Supplementary Figure 2). Again we detected 
substantial populations of RORC- expressing, GATA3-expressing, 
and AHR-expressing ILCs (26%, 50%, and 80%, respectively). 
Similar to the findings with ILCs analyzed ex vivo, we detected 

expression of TNF, IL29, CXCR3, CXCR4, CXCR5, and CCR6 
transcripts after PMA/ionomycin stimulation. Of interest, expres-
sion of some transcripts, such as CCL20 and ICOS, was dra-
matically increased after activation of ILCs (Supplementary Figure 
2B). Although we observed expression of TBX21 in 30% of SF 
ILCs, only 1% of these cells were able to induce expression of 
IFNG after stimulation with PMA/ionomycin. Expression of Th2 
signature cytokines was detected in a fraction of PMA/ionomycin- 
activated ILCs (15% for IL4, 5% for IL5, 5% for IL9, and 32% for 
IL13).

Expression of IL17A and IL17F transcripts was detected in 
only 1% and 4% of stimulated SF ILCs, respectively. In contrast, 
we observed expression of IL22 and CSF2 transcripts, encoding 
IL- 22 and GM- CSF cytokines, in prominent fractions of restimu-
lated SF ILCs (35% and 61%, respectively) (Figure 2B).

Presence of IL- 22–expressing, but not IL- 17A–
expressing, ILC3s in SpA ST. Since we were unable to 
detect IL17A- expressing ILCs in SpA SF either directly ex vivo 
or after in vitro restimulation, we hypothesized that this tissue- 
resident cell population could be present exclusively in SpA 
ST. In order to test this hypothesis, we assessed expression of 

Figure 3. Single- cell expression profiling for transcripts specific for Th1, Th2, and Th17 signature genes in innate lymphoid cells isolated from 
spondyloarthritis patient synovial tissue (A) and matched peripheral blood (B) directly ex vivo (n = 1). Symbols represent single cells. ND = not 
detectable.
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a selected set of genes at the single- cell level in 17 ILCs sorted 
from ST from 1 patient (and as a control, in 13 ILCs sorted 
from matched PB) directly ex vivo. This analysis revealed that 
ST ILCs did not express TBX21, 76% expressed GATA3, 23% 
expressed RORC, and 35% expressed IL23R, while PB ILCs 
uniformly expressed GATA3 and were negative for IL3R, with 
expression of TBX21 and RORC detected in minor fractions 
of these cells (8% and 15%, respectively) (Figure 3A). Expres-
sion of TNF, IL29, GRZB, CXCR3, CXCR4, and CXCR5 was 
detectable in ILCs from both locations. Of note, we detected 
a small population of IL22- expressing cells (11.8% of ST ILCs 
and 7.7% of PB ILCs) (Figure 3). Expression of other cytokines, 
including IL17A, was not detectable in SpA ST or PB ILCs 
ex vivo without restimulation (Figure  3 and Supplementary 
Figure 3, on the Arthritis & Rheumatology web site at http:  
//onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract).

Next, to assess the intrinsic capacity of ST ILCs to express 
IL17A, we sorted single ILC1 cells (0 cells from ST and 4 cells from 
PB), ILC2 cells (10 cells from ST and 26 cells from PB), NKp44− 
ILC3 cells (58 cells from ST and 9 cells from PB), and NKp44+ 
ILC3 cells (3 cells from ST and 0 cells from PB), and, as a control, 
CD3+ T cells (47 cells from ST and 34 cells from PB) from 2 SpA 
donors and analyzed their gene expression profile after activation 
with PMA and ionomycin. Unbiased clustering analysis revealed 
4 distinct populations corresponding to ST ILCs, PB ILCs, ST T 
cells, and PB T cells (Figure 4 and Supplementary Figure 4, http://
onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract), demon-
strating clear differences in their expression profiles (Figure 5 and 
Supplementary Figures 5 and 6, http://onlinelibrary.wiley.com/
doi/10.1002/art.40736/abstract). No single ILC expressed CD3 
transcript, which encodes the pan–T cell marker CD3, whereas 
all T cells expressed this gene. All ILCs expressed KLRB1, which 
encodes CD161, the pan marker for all human ILCs (Supplemen-
tary Figure 4). Seventy- one percent of PB- derived and 36% of 
ST- derived T cells expressed TBX21. Accordingly, a significant 
population of T cells from both locations (67% and 50% from PB 
and ST, respectively) were able to express IFNG upon stimula-
tion. In contrast, activated ILCs failed to express this Th1 signa-
ture cytokine, despite the expression of TBX21 in a substantial 
proportion of ILC2s (58%) and NKp44− ILC3s (21%) in the ST 
(Figure 5A).

Expression of GATA3 was detected in a majority of PB and 
ST ILCs (Figure 5B). Correspondingly, a large proportion of stim-
ulated ILC2s were shown to express IL4 (58% of PB cells and 
42% of ST cells) and IL13 (69% of PB cells and 83% of ST cells) 
(Figure 5B). In contrast to ILCs and despite substantial population 
of GATA3-expressing cells, PB T cells did not express Th2 signa-
ture cytokines in response to activation, and the frequencies of 
IL4-  and IL13- expressing ST T cells were low (4–5%) (Figure 5B).

Analysis of Th17- associated genes revealed expression of 
RORC and IL23R in a small fraction of in vitro–stimulated ST T 
cells (8% and 7%, respectively), which was concordant with a 

low frequency of IL17A- expressing ST T cells (4%) (Figure 5C). 
In contrast, expression of RORC and IL23R was found in 38% 
and 85% of NKp44+ ILC3s, respectively, and in ~34% and 38% 
of NKp44− ST ILC3s, respectively. However, strikingly, only 1% 
of the NKp44− ILC3s and none of NKp44+ ILC3s in ST were 
able to express IL17A upon stimulation with PMA/ionomycin. We 
detected IL17A transcript in 17% of ILC2s (2 of 12 cells analyzed); 
however, these cells did not coexpress RORC or IL23R. No sin-
gle IL17F- expressing ILC was detected after PMA/ ionomycin 
 stimulation (Figure  5C). In sharp contrast, a marked fraction of 
ILC3s induced expression of IL22 (39% of NKp44− and 62% 
NKp44+ cells) and CSF2 (41% of NKp44− and 27% of NKp44+ 
cells) in response to in vitro stimulation.

With regard to expression of other transcripts, the majority of 
restimulated ST ILCs, similarly to ex vivo isolated cells, expressed 
genes that encode subunits of the IL- 1, IL- 2, and IL- 10 recep-
tors, CD161 receptor, the chemokine receptors CXCR3, CXCR4, 
CXCR5, and CCR6, the transcription factors aryl hydrocarbon 
receptor and RUNX, and the inducible costimulator and granzyme 
B proteins. However, expression of some transcripts, such as IL2, 
CCL20, CD40L, IL12RB2, and PRF1, was detectable in these 
cells only after in vitro activation (Supplementary Figures 5 and 
6, on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40736/abstract).

As we did not detect IL17A expression in a significant pro-
portion of synovial ILCs and as an IL- 1β and IL- 23 cytokine cock-
tail has been demonstrated to potentiate IL- 17A production from 
innate cells including ILCs (26,33,34), we next examined changes 
in the expression pattern of IL7A after activation of ILCs with these 
cytokines. We analyzed 3 ILC1s, 2 ILC2s, 29 NKp44− and 10 
NKp44+ ILC3s, and 27 T cells. Single- cell transcription analysis 
of IL- 1β/IL- 23–stimulated ST ILCs revealed no IL17A-  or IL17F- 
expressing cells, yet these cells expressed IL23R and RORC and 
responded to the stimulation by an increase in expression of IL22 
transcript (Figure 5C). In order to confirm these data at the pro-
tein level, the total number of IL- 17A–producing ILCs and T cells 
in SpA SF was analyzed by ELISpot assay. This revealed that a 
median of ~0.9% (IQR 0.8–1.3%) of total ILCs and 2.3% (IQR 
1.1–3.3%) of total T cells from SpA SF were able secret IL- 17A in 
response to PMA/ionomycin stimulation (Figure 5D).

DISCUSSION

ILC3s play an important role in the regulation of tissue 
homeostasis, repair, and inflammation (20) and, similar to their 
Th17 cell counterparts, have been proposed to produce IL- 
17A, IL- 22, and GM- CSF (16). Recent studies have suggested 
that IL- 17–producing ILC3s are amplified in the inflamed tissue 
of patients with SpA (23–25). However, whether ILC3s consti-
tute an important source of IL- 17A in SpA synovitis remains 
an open question. A major concern is the absence of stringent 
ILC phenotyping criteria. Due to the lack of exclusive markers, 
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 during flow cytometric analysis of ILCs a combination of lineage 
markers is usually used to exclude other immune cells. Differ-
ent research groups have used nonidentical sets of antibodies 
to define their lineage, which may have introduced variability in 
the results. Further, it is plausible to assume that the scarcity of 
ILCs together with the relatively high number of T cells, which, 
depending on their activation status, might express different 
levels of CD3, may yield an ILC population contaminated with   
T cells. Results obtained from such contaminated ILC popula-
tions will be biased since T cells may contribute to the IL- 17A lev-
els detected. Another crucial factor is the analysis of tissues that 
are not relevant to the disease. Reports from recent translational 
rheumatology studies described IL- 17–producing ILCs in the gut 
of patients with AS- associated IBD (23), in the SF of patients with 
psoriatic arthritis (PsA) (24), in the skin of patients with psoriasis 
(35), and in normal enthesis samples obtained from donors with-

out systemic inflammatory disease (26), but not in the inflamed 
synovium, enthesis, or spine, the key target tissues in SpA.

In the current study we reassessed whether ILC3s contribute 
significantly to the cellular source of IL- 17A in SpA, attempting 
to overcome these hurdles. First, we focused our research on 
peripheral synovitis in SpA as this allowed us to study ILCs directly 
in the inflamed target tissue. We evaluated the distribution of ILCs 
in SpA ST using stringent phenotyping criteria according to pro-
posed ILC nomenclature (33). In order to minimize contamination 
with T cells during phenotypic analysis, we included 2 different 
anti- CD3 antibodies in a sequential gating strategy: one in the 
“dump” channel for lineage markers and the other in the separate 
fluorescent channel. Finally, using a unique single- cell approach, 
which allows profiling of individual cells, we assessed heteroge-
neity of ST ILCs and their capacity to express Th17 signature 
cytokines either directly ex vivo or after in vitro restimulation.

Figure 4. Two- dimensional t- distributed stochastic neighbor embedding (tSNE) representation of expression of transcripts specific for Th1, 
Th2, and Th17 signature genes in phorbol myristate acetate/ionomycin–stimulated innate lymphoid cells (ILCs) and T cells isolated from 
spondyloarthritis patient peripheral blood (PB) and synovial tissue (ST). Data are representative of 2 independent experiments with 1 donor 
each. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract.
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Figure 5. A–C, Single- cell expression profiling for transcripts specific for Th1 (A), Th2 (B), and Th17 (C) signature genes in phorbol myristate 
acetate (PMA)/ionomycin–stimulated innate lymphoid cells (ILCs) (ILC1, ILC2, and NKp44− and NKp44+ ILC3) and T cells isolated from 
spondyloarthritis (SpA) patient peripheral blood (n = 1) and synovial tissue (n = 2). Symbols represent single cells; cells from the first patient are 
represented by circles, and cells from the second patient by triangles. Open symbols represent cells stimulated with PMA/ionomycin alone; 
closed symbols represent cells stimulated with an interleukin- 1β (IL- 1β)/IL- 23 cytokine cocktail prior to stimulation with PMA/ionomycin. D, IL- 
17A protein produced by PMA/ionomycin–stimulated ILCs and T cells isolated from SpA patient synovial fluid (n = 3) and analyzed by enzyme- 
linked immunospot assay. Values are the median and interquartile range. ND = not detectable. Color figure can be viewed in the online issue, 
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40736/abstract.
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We observed an absolute and relative enrichment of NKp44+ 
ILC3s in the inflamed SpA synovium. A similar increase was 
described previously in SF (24) and in ST of patients with end- stage 
SpA (27), although the latter study did not include an anti- CRTH2 
antibody, crucial for proper definition of the ILC2 subset in the 
phenotyping panel. Furthermore, analysis of the PB  compartment 
revealed that NKp44+ ILC3s are significantly increased in patients 
with SpA compared to age- matched healthy controls, similar to 
findings reported previously in psoriasis (35,36), AS (23), and PsA 
(24). Yet this expansion does not seem to be specific for SpA, as 
we found comparable frequencies of ILC3s in the PB and ST of 
patients with RA. We did not detect any IL17A- expressing ILCs 
isolated ex vivo from SpA patient SF and ST, despite adequate 
expression of other proinflammatory mediators such as TNF and 
IL- 29. Moreover, even after in vitro activation with potent stimuli, 
IL7A was either absent or expressed by only a miniscule popula-
tion, even if a notable fraction of synovial ILC3s expressed Th17 
signature transcripts RORC, IL23R, AHR, and IL22.

There were some important limitations to this study. Although 
we did not detect IL17A transcripts in ILCs directly ex vivo or after 
PMA/ionomycin or IL- 1β/IL- 23 stimulation, we cannot entirely
rule out the possibility that these cells would express IL17A in 
response to other stimuli. Furthermore, detection of rare cell pop-
ulations can be challenging when the analysis includes a limited 
number of cells from a limited number of patients. But the unique 
strength of the present study relies on the single- cell approach. 
This high- resolution technique operates at the level of individual 
cells, which circumvents the averaging of artifacts associated with 
traditional bulk population data.

Our study revealed that ILC3s express IL22 and CSF2 but 
do not contribute significantly to the production of IL- 17A in the 
inflamed SpA joint. This is consistent with the results of a recently 
reported study describing GM- CSF–producing, but not IL- 17–pro-
ducing, ILCs isolated from synovial tissue of patients with SpA (27).

The pathologic source of IL- 17A in the joint warrants further 
investigation. The most obvious candidates are T cells since 
they comprise up to 50% of all immune cells in the inflamed 
synovial tissue and various T cell subsets are able to pro-
duce IL- 17A; however, directly ex vivo, we did not detect any 
expression of IL- 17A in T cells. The results of RNA sequencing 
analysis of SpA patient ST confirm that very little IL- 17A is pro-
duced locally, in contrast to other proinflammatory cytokines 
such as TNF, IL- 8, and IL- 6 (Yeremenko NG, et al: unpublished 
observations). Furthermore, consistent with these data, none 
of the IL- 17A–producing T cells or ILCs can be detected by 
immunostaining for IL- 17A protein in the sy novi um (37). We 
have previously reported that IL- 17A protein is found exclu-
sively inside mast cells and neutrophils; however, these cells 
intercept this cytokine rather than producing it (37). Overall, 
the observation of only low levels of IL- 17A messenger RNA 
provides evidence against de novo synthesis locally in the syn-
ovial tissue. Further work is needed to investigate alternative 

hypotheses, including production of IL- 17A in other tissues of 
the joint (e.g., in bone) or at distant sites (e.g., in the gut), and/
or abnormal sensitivity of joint cells to IL- 17A.

Finally, our study revealed other interesting features of syno-
vial ILCs, beyond the IL- 17 pathway. For example, we observed 
that upon activation, these cells have the ability to induce expres-
sion of PRF1 and GZMB genes, encoding the lytic enzymes per-
forin and granzyme B. This finding suggests that investigation of 
their cytotoxic effector functions in the pathophysiology of SpA 
is warranted.
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All-CauseandCause-SpecificMortalityTrendsofEnd-Stage
RenalDiseaseDuetoLupusNephritisFrom1995to2014
April Jorge,1 Zachary S. Wallace,1 Yuqing Zhang,1 Na Lu,1 Karen H. Costenbader,2 and Hyon K. Choi1

Objective. A prior study showed that premature mortality among patients with end- stage renal disease 
(ESRD) due to lupus nephritis (LN) persisted in the US between 1995 and 2006. The present study was under-
taken to extend this analysis through 2014 to examine more recent trends, including key cause- specific mortality 
trends.

Methods. Using the national registry of patients with ESRD, we identified all patients with incident ESRD due to 
LN between January 1, 1995 and December 31, 2014, divided into four 5- year cohorts of ESRD onset by calendar 
year (1995–1999, 2000–2004, 2005–2009, 2010–2014). We assessed mortality within each cohort. Temporal trends in 
all- cause mortality and cause- specific mortality were examined, adjusting for covariates.

Results. We identified 20,974 individuals with incident ESRD due to LN from 1995 through 2014. The mortality 
rate per 100 patient- years declined from 11.1 (95% confidence interval [95% CI] 10.4–11.8) in 1995–1999 to 6.7 
(95% CI 6.2–7.2) in 2010–2014 (P for trend < 0.01). Adjusted mortality hazard ratios in 2010–2014, compared with 
1995–1999, were 0.68 (95% CI 0.58–0.78) for white patients, 0.67 (95% CI 0.57–0.78) for African American patients, 
and 0.51 (95% CI 0.38–0.69) for Hispanic patients. Deaths from cardiovascular disease (CVD) and infection declined 
by 44% and 63%, respectively, from 1995–1999 to 2010–2014 (P for trend < 0.01 for both).

Conclusion. In the more recent years of the period 1995–2014, there was a considerable reduction in all- cause 
mortality among white, African American, and Hispanic patients, with reduced risk of death from CVD and infection. 
Collectively, these trends provide an important benchmark of improving care in this high- risk population.

INTRODUCTION

Systemic lupus erythematosus (SLE) is associated with mul-
tiple morbidities and premature mortality (1–5). Lupus nephritis 
(LN) affects ~50% of adults with SLE, and despite the introduc-
tion of improved, lower- toxicity treatments in the past 15 years, 
including mycophenolate and low- dose cyclophosphamide reg-
imens (6–8), up to 30% of patients with LN develop end- stage 
renal disease (ESRD) (9). Mortality among patients with SLE is 
highest among this subgroup (10). Compared with white patients, 
African American patients with ESRD due to LN have increased 
mortality (11), mediated in part by socioeconomic  factors (12).

The premature mortality among patients with ESRD due to 
LN persisted in the US between 1995 and 2006 (13), but it is 

unknown whether there has since been a significant change in 
survival. To address this important gap in knowledge, we exam-
ined temporal mortality trends, including key cause- specific mor-
tality trends, among patients with LN- associated ESRD in the US 
from 1995 to 2014 using the national ESRD registry.

PATIENTS AND METHODS

Data source and study population. We identified 
all patients with SLE (International Classification of Diseases, 
Ninth Revision [ICD- 9] code 710.0) indicated as the attributed 
cause of ESRD (i.e., ESRD due to LN) who were registered 
in the United States Renal Data System (USRDS) between 
January 1, 1995 and December 31, 2014 (14). The USRDS is 
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the national registry of ESRD patients, representing >94% of 
all patients who receive renal replacement therapy (15). As a 
requirement for enrollment in Medicare, which pays for ESRD 
therapy for all US patients eligible for Social Security, attending 
nephrologists must submit a Centers for Medicare and Med-
icaid Services (CMS) Medical Evidence Report (CMS 2728), 
which includes the cause of ESRD according to ICD- 9 codes, 
within 45 days of a patient starting ESRD treatment. The accu-
racy of coding of SLE as the primary cause of ESRD in the 
USRDS has been previously studied and had 93% positive 
predictive value (PPV) (14).

Patients with incident ESRD due to LN were divided into 
four 5- year subcohorts based on the year of ESRD onset 
(1995–1999, 2000–2004, 2005–2009, and 2010–2014). We 
determined the date of ESRD onset as the dialysis start date or 
date of kidney transplant, whichever was the earliest. From the 
USRDS, we also obtained demographic information (i.e., age, 
sex, and race/ethnicity), body mass index (BMI) at enrollment, 
US Census Bureau region of residence (i.e., Northeast, Mid-
west, South, and West), relevant baseline comorbidities (i.e., 
diabetes, hypertension, and coronary artery disease [CAD]), 
initial ESRD therapy modality (i.e., renal transplant, hemodial-

Table 1. Characteristics of patients with ESRD due to LN in the US from 1995 to 2014* 

Year of ESRD onset

1995–1999 2000–2004 2005–2009 2010–2014

No. of cases 4,861 5,413 5,540 5,160
Annual incidence (95% CI)† 3.6 (3.4–3.8) 3.8 (3.6–4.0) 3.7 (3.5–3.9) 3.3 (3.1–3.5)
Demographics 

Age, mean ± SD years 40.1 ± 15.3 39.9 ± 15.5 39.4 ± 15.4 40.5 ± 15.7
Sex, female 81.9 81.6 81.8 81.7
Race 

White 42.4 41.8 41.8 43.3
African American 45.9 48.0 50.1 48.6
Asian 3.5 3.3 5.1 5.8
Other 8.4 6.9 3 2.3
Hispanic 15.9 17.8 19.6 19.4

BMI, mean ± SD kg/m2 24.8 ± 6.7 26.1 ± 7.0 26.8 ± 7.4 27.3 ± 7.8
Region‡

Northeast 13.8 13.5 13.0 13.4
Midwest 19.2 18.8 17.8 17.1
South 41.6 43.0 45.6 44.6
West 20.1 19.9 19.1 20.7

Comorbidity
Diabetes 5.9 3.9 9.4 9.7
Hypertension 69.9 75.9 82.7 85.7
Coronary artery disease 6.8 7.3 5.2 4.8
Congestive heart failure 16.3 15.2 13.8 13.7
Peripheral vascular disease 3.0 3.5 3.2 2.6
Stroke or TIA 5.0 5.3 5.2 5.2
Current smoking 3.7 4.0 4.2 4.3
History of malignancy 1.3 1.5 1.5 2.0

Initial ESRD treatment
Transplant 2.2 3.0 3.8 4.4
Hemodialysis 83.3 86.4 86.3 82.6
Peritoneal dialysis 14.5 10.6 9.9 12.9

* Except where indicated otherwise, values are the % of patients. ESRD = end- stage renal disease; LN = lupus nephritis; 95% 
CI = 95% confidence interval; BMI = body mass index; TIA = transient ischemic attack. 
† Per 1,000,000 US population. 
‡ These 4 regions include all US patients. Patients from Puerto Rico, other US territories, and foreign countries were exclud-
ed from these analyses since US population Census estimates do not include these individuals. 
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ysis, or peritoneal dialysis), death, and cause of death. Race 
(white, African American, Asian/Pacific Islander, other) and 
ethnicity (Hispanic, non- Hispanic) categories are not mutu-
ally exclusive. Data on deaths were obtained using the CMS 
ESRD Death Notification Form (CMS- 2746), also mandatory 
for attending nephrologists to complete. Annual US population 
estimates were obtained from the US Census Bureau (16).

Statistical analysis. Baseline characteristics of individ-
uals in the four 5- year subcohorts were compared. The annual 
incidence rates (IRs) of ESRD due to LN per million individuals in 
the US population and 95% confidence intervals (95% CIs) were 
calculated for each 5- year period. We calculated mortality rates 
per 100 patient- years for each 5- year subcohort using Poisson 
regression. Patient- years of follow- up for each subject were cal-
culated as the amount of time from the index date (i.e., date of 
ESRD treatment initiation) until either death or censoring at the 
end of their 5- year subcohort period (i.e., December 31, 1999 for 
the first subcohort) to ensure comparable follow- up time across 
subcohorts (5,17,18). We compared all- cause mortality for each 
subcohort, with the 1995–1999 subcohort as the reference group, 
using Cox proportional hazards models. Adjustments were made 
for age, sex, and BMI in partially adjusted models. Additionally, we 
adjusted for smoking status, comorbidities at time of ESRD treat-
ment initiation (i.e., diabetes, hypertension, CAD, congestive heart 
failure [CHF], and cerebrovascular accident [CVA]), geographic 
region, and first ESRD treatment modality in a fully adjusted model. 
We performed subgroup analyses stratified by race and ethnicity. 
Patients with missing data on covariates were excluded from all 
models.

Trends in mortality from CVD, infection, and other/unknown 
causes, as listed on form CMS- 2746, were assessed. Cardio-
vascular deaths included acute myocardial infarction, pericardi-
tis/tamponade, atherosclerotic heart disease, cardiomyopathy, 
cardiac arrhythmia, cardiac arrest (with unknown cause), valvular 
heart disease, CHF, CVA, and pulmonary embolism. Infection- 

related deaths included septicemia due to internal vascular 
access/vascular access catheter, peritoneal access infectious 
complication (bacterial or fungal), peritonitis, central nervous 
system infection, septicemia due to peripheral vascular disease/
gangrene, other septicemia, endocarditis, pulmonary infection, 
abdominal infection, and genitourinary infection. Adjustments 
were made for the competing risk of death due to other causes in 
cause- specific death analyses, using the Fine and Gray method 
(19). All P values were 2- sided, and P values less than 0.05 were 
considered significant. Statistical analyses were performed using 
SAS 9.4 software.

Data use agreement and institutional review. 
The data reported herein were supplied by the USRDS under 
an approved data use agreement. The interpretation and 

Table 2. Temporal trends in risk of death among persons with ESRD due to LN from 1995 to 2014* 

Year of 
ESRD onset n

Follow- 
up time, 
person- 
years†

No. of 
deaths†

Incidence of 
death/100 per-

son years 
(95% CI)

Unadjusted HR 
(95% CI)

Age- , sex-adjusted 
HR (95% CI)

Multivariate-  
adjusted HR 

(95% CI)‡

1995–1999 4,861 9,763 1,081 11.1 (10.4–11.8) 1.0 (referent) 1.0 (referent) 1.0 (referent)
2000–2004 5,413 11,001 1,209 11.0 (10.4–11.6) 1.03 (0.94–1.13) 1.04 (0.95–1.14) 1.08 (0.99–1.18)
2005–2009 5,540 11,958 1,062 8.9 (8.4–9.4) 0.83 (0.76–0.91) 0.85 (0.78–0.94) 0.90 (0.82–0.99)
2010–2014 5,160 11,640 779 6.7 (6.2–7.2) 0.63 (0.57–0.70) 0.63 (0.57–0.69) 0.68 (0.61–0.75)
P for trend <0.001 <0.001 <0.001 <0.001

* LN = lupus nephritis; 95% CI = 95% confidence interval; HR = hazard ratio.
† Total follow-up and number of deaths determined using the end of the subcohort (e.g., December 31, 1999 for the 1995–1999 subcohort) 
as the censoring date. 
‡ Adjusted for age, sex, body mass index, diabetes, hypertension, smoking status, coronary artery disease, congestive heart failure, cerebro-
vascular accident, region, and first end- stage renal disease (ESRD) treatment modality. 

Figure  1. Cumulative incidence function estimates for all- cause 
mortality by period of end- stage renal disease (ESRD) onset among 
patients with ESRD due to lupus nephritis in the US, 1995–2014.
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 reporting of these data are the responsibility of the authors 
and should not be seen as official policy or interpretation of 
the US government. This study was exempted from review by 
the Partners HealthCare Institutional Review Board.

RESULTS

Baseline characteristics. Between 1995 and 2014, 
20,974 individuals developed ESRD due to LN in the US 
(Table 1). The mean age at ESRD onset was 40 years, and 82% 
of subjects were female. African Americans comprised 48% of 
all subjects. Mean ± SD BMI increased from 24.8 ± 6.7 kg/m2 in 
1995–1999 to 27.3 ± 7.8 kg/m2 in 2010–2014. The incidence 
of comorbid diabetes and hypertension increased from 5.9% 
to 9.7% and from 69.9% to 85.7%, respectively, in more recent 
subcohorts, while the incidence of CHF slightly decreased 
(16.3% to 13.7%). Hemodialysis was the most frequent initial 
ESRD treatment administered throughout the study period (83–
86%). The frequency of preemptive renal transplant as the initial 

ESRD modality increased from 2.2% in 1995–1999 to 4.4% 
in 2010–2014. Of the subjects studied, 1,025 (4.9%) were 

excluded from all models due to missing data on  covariates.

Incidence of ESRD due to LN. The overall incidence rate 
of LN- associated ESRD per million US population remained sta-
ble from 3.6 (95% CI 3.4–3.8) in the first subcohort (1995–1999) 
to 3.7 (95% CI 3.5–3.9) in the third subcohort (2005–2009), and 
then declined to 3.3 (95% CI 3.1–3.5) in the most recent subco-
hort (2010–2014) (P for trend = 0.01).

Renal transplantation. The frequency of undergoing 
renal transplantation, either as the initial modality or later receiving 
a renal transplant during each 5- year period, remained stable over 
the study period (20.6% in 1995–1999, 20.4% in 2000–2004, 
21.9% in 2005–2009, and 19.8% in 2010–2014 [P for trend = 
0.74]). The mean ± SD duration of time between entering the 
USRDS and the time of renal transplantation among the recipients 
declined over the study period (1.29 ± 1.06 years in 1995–1999, 

Table 3. Temporal trends in risk of death among persons with ESRD due to LN from 1995 to 2014, stratified by race/ethnicity* 

Year of ESRD 
onset n

Follow- up time, 
person- years

No. of 
deaths

Unadjusted  
HR (95% CI)

Age- , sex- , BMI- adjusted 
HR (95% CI)

Multivariate- adjusted 
HR (95% CI)†

White
1995–1999 2,063 4,090 490 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 2,265 4,521 548 1.02 (0.90–1.17) 1.04 (0.91–1.19) 1.08 (0.95–1.23)
2005–2009 2,317 5,008 452 0.77 (0.67–0.89) 0.80 (0.70–0.92) 0.93 (0.80–1.06)
2010–2014 2,236 4,948 356 0.62 (0.54–0.72) 0.62 (0.53–0.72) 0.68 (0.58–0.78)

 P for trend <0.001 <0.001 <0.001
African American

1995–1999 2,231 4,402 497 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 2,599 5,197 573 1.03 (0.90–1.17) 1.03 (0.90- 1.17) 1.07 (0.94–1.23)
2005–2009 2,777 5,879 555 0.88 (0.77–0.99) 0.88 (0.77–0.99) 0.87 (0.76–1.00)
2010–2014 2,505 5,683 380 0.63 (0.55–0.73) 0.62 (0.54- 0.72) 0.67 (0.57–0.78)

 P for trend <0.001 <0.001 <0.001
Asian

1995–1999 170 397 24 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 177 408 22 0.88 (0.46–1.68) 0.97 (0.51–1.86) 1.22 (0.63–2.37)
2005–2009 285 671 33 0.87 (0.49–1.57) 0.94 (0.52–1.69) 1.08 (0.59–1.99)
2010–2014 301 717 29 0.72 (0.40–1.32) 0.75 (0.41–1.37) 0.90 (0.48–1.68)

 P for trend 0.20 0.31 0.56
Hispanic

1995–1999 773 1,632 126 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 965 2,131 152 0.93 (0.72–1.20) 0.96 (0.75–1.24) 0.99 (0.76–1.28)
2005–2009 1,085 2,493 128 0.70 (0.52–0.88) 0.69 (0.53–0.89) 0.69 (0.52–0.90)
2010–2014 1,003 2,431 89 0.48 (0.36–0.64) 0.47 (0.35–0.63) 0.51 (0.38–0.69)

 P for trend <0.001 <0.001 <0.001

* HR = hazard ratio; 95% CI = 95% confidence interval. 
† Adjusted for age, sex, body mass index (BMI), diabetes, hypertension, smoking status, coronary artery disease, congestive heart failure, 
cerebrovascular accident, region, and first end- stage renal disease (ESRD) treatment modality. 
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1.25 ± 1.14 years in 2000–2004, 1.27 ± 1.17 years in 2005–2009, 
and 1.07 ± 1.12 years in 2010–2014 [P for trend < 0.01]).

Mortality trends. A total of 4,131 patients with ESRD 
due to LN died during study follow- up (19.7%). The mortality 
rates per 100 patient- years were similar in the first 2 subcohorts, 
1995–1999 and 2000–2004 (11.1 [95% CI 10.4–11.8] and 11.0 
[95% CI 10.4–11.6], respectively), but declined significantly in 
the last 2 subcohorts, 2005–2009 and 2010–2014 (8.9 [95% 
CI 8.4–9.4] and 6.7 [95% CI 6.2–7.2], respectively; P for trend 
< 0.001) (Table 2 and Figure 1). The fully adjusted hazard ratio 

(HR) for all- cause mortality in 2010–2014 was 0.68 (95% CI 

0.61–0.75) compared with the 1995–1999 subcohort (Table 2).
When patients were analyzed by race and ethnicity, the mor-

tality rates showed similar trends across the 5- year subcohort 
periods (Table 3). African American and white patients had similar 
reductions in mortality risk over time, with fully adjusted HRs of 
0.67 (95% CI 0.57–0.78) and 0.68 (95% CI 0.58–0.78), respec-
tively, in the final subcohort (2010–2014) compared with the first 
subcohort (1995–1999). The corresponding adjusted mortality HR 
was 0.51 (95% CI 0.38–0.69) in Hispanic patients. Survival among 
Asian patients with ESRD due to LN did not significantly improve 
over time; however, the number of Asian patients  analyzed was 

small (less than one- third that of the Hispanic group) (Table 3).

Cause-specific mortality trends. Cardiovascular dis-
ease (CVD) and infection were the first and second leading 
causes of death, respectively, among all patients with incident 
LN- associated ESRD. The rates of death due to CVD and infec-
tion both declined over the study period (Figure 2), similar to the 
all- cause mortality trend. The risk of death due to CVD declined 
by 44% in the latest subcohort compared with the first subco-
hort (adjusted HR 0.56 [95% CI 0.48–0.67]) (Table 4). The risk of 
death due to infection also declined over the study period, with a 
63% reduction in the most recent subcohort compared with the 
first subcohort (adjusted HR 0.37 [95% CI 0.29–0.47]) (Table 4). 

The cause of death was unknown in 826 patients (20% overall).

DISCUSSION

In this study of nearly all patients with incident ESRD due 
to LN in the US over the past 2 decades, we observed a 32% 
reduction in mortality. Our findings expanded on those in previous 
studies that showed no change in mortality rates from 1995 to 
2006 and nonsignificant improvement from 1995 to 2010 among 
patients with incident LN- associated ESRD in the US (13,20). Sim-
ilarly, we discovered a stable trend among patients with ESRD due 
to LN during the first 10 years (1995–2004). However, a clear trend 
of improvement in mortality emerged across the latest  decade 
(2005–2014). These trends persisted after adjusting for age, sex, 
BMI, smoking status, comorbidities, and other potential confound-
ers across the subcohorts. We observed a similar improved mor-
tality rate among African American, Hispanic, and white patients. 
Finally, we observed a 44% lower risk of cardiovascular deaths 
and 63% lower risk of infection- related deaths during the study 
period, contributing to the declining overall mortality trend.

This improved survival among patients with ESRD due to 
LN may be explained by a combination of improvements in 
the management of ESRD and of underlying SLE. The mor-
tality trends observed among patients with ESRD due to LN 
are consistent with a 28% reduction in all- cause mortality 
among patients with all- cause ESRD from 2001 to 2015 in the 
USRDS (21). Our findings may also be related to the reduced 

Figure 2. Cumulative incidence function estimates for cause- specific 
mortality by period of end- stage renal disease (ESRD) onset among 
patients with ESRD due to lupus nephritis in the US, 1995–2014. A, 
Mortality due to cardiovascular disease. B, Mortality due to infection. 
Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40729/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40729/abstract


JORGE ET AL 408       |

use of intensive immunosuppression treatment following the 
transition to ESRD for patients with LN, compared with prior 
treatment patterns (9). Reductions in cumulative corticosteroid 
exposure may also explain a portion of the decline in deaths 
due to CVD in this population, which also could have con-
tributed to improved survival in recent years. Improved man-
agement of comorbidities, including CVD, may have also been 
a factor in improved survival. The rate of preemptive renal 
transplantation increased slightly over this time period, and 
transplantation has been shown to reduce mortality relative to 
treatment with hemodialysis in the general ESRD population 
(9,22), although this remained infrequent (<5%) even in the 
final period. The rate of undergoing eventual renal transplan-
tation (as the initial modality or later switching to renal trans-
plantation) did not change across subcohorts. However, there 
was a modest reduction in duration of time prior to receiving a 
renal transplant in the most recent subcohort, which may have 
contributed to the observed survival trends. Further studies 
are needed to clarify the role of recent trends in access to 
renal transplantation and the impact of renal transplantation 
on survival among patients with ESRD due to LN.

Previous studies have shown a higher risk of premature 
death in African American patients with LN- associated ESRD than 
in white patients (11,12). We found that among African Amer-

ican patients with ESRD due to LN, the level of improvement in 
 all- cause mortality over time was similar to—and not better than—  
the level of improvement over time among white patients, suggest-
ing that the mortality disparity did not change. Multiple factors have 
been proposed to contribute to worse outcomes among African 
American patients with LN- associated ESRD, including differences 
in socioeconomic status (12) and genetic predisposition to renal dis-
ease progression, such as the APOL1 mutation (23,24). Historically, 
African American patients generally had a lower rate of renal trans-
plantation (particularly preemptive renal transplantation) than white 
patients with ESRD, although this may be improving in recent years 
(25). While improved care for African American patients with LN is 
likely still needed, our study indicates that the mortality gap has not 
worsened for African American patients with ESRD in recent years.

Our study has several strengths, but also limitations. As 
it was established by CMS for the enrollment of patients with 
 new- onset ESRD into Medicare, the USRDS contains data on 
nearly all new cases of ESRD in the US population, and these 
findings are highly generalizable. Furthermore, temporal mortal-
ity trend data according to race/ethnicity and cause of death in 
patients with ESRD due to LN are additional strengths compared 
with previous studies (13,20). The accuracy of the LN- associated 
ESRD diagnosis has been previously verified in this database, 
with a 93% PPV.

Table 4. Temporal trends in cause- specific risk of death among persons with ESRD due to LN from 1995 to 2014* 

Year of ESRD 
onset n No. of deaths

Unadjusted 
HR (95% CI)

Age- , sex- , BMI- adjusted 
HR (95% CI)

Multivariate- adjusted 
HR (95% CI)†

Cardiovascular 
disease

1995–1999 4,861 475 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 5,413 501 0.95 (0.83–1.08) 0.96 (0.84–1.09) 1.01 (0.88–1.17)
2005–2009 5,540 414 0.76 (0.66–0.87) 0.77 (0.68–0.89) 0.82 (0.71–0.95)
2010–2014 5,160 279 0.53 (0.45–0.61) 0.53 (0.45–0.61) 0.56 (0.48–0.67)

 P for trend <0.001 <0.001 <0.001
Infection

1995–1999 4,861 218 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 5,413 227 0.91 (0.75–1.10) 0.91 (0.75–1.11) 0.91 (0.74–1.12)
2005–2009 5,540 152 0.57 (0.46–0.70) 0.58 (0.47–0.72) 0.58 (0.46–0.72)
2010–2014 5,160 91 0.37 (0.29–0.47) 0.37 (0.29–0.47) 0.37 (0.28–0.48)

 P for trend 0.001 <0.001 <0.001
Other

1995–1999 4,861 378 1.00 (referent) 1.00 (referent) 1.00 (referent)
2000–2004 5,413 458 1.05 (0.92–1.21) 1.07 (0.93–1.23) 1.15 (0.99–1.34)
2005–2009 5,540 474 1.05 (0.91–1.20) 1.09 (0.94–1.25) 1.16 (1.00–1.35)
2010–2014 5,160 390 0.91 (0.79–1.06) 0.92 (0.80–1.07) 1.01 (0.86–1.18)

 P for trend NS NS NS

* HR = hazard ratio; 95% CI = 95% confidence interval; NS = not significant.
† Adjusted for age, sex, body mass index (BMI), diabetes, hypertension, smoking status, coronary artery disease, congestive heart failure, 
cerebrovascular accident, region, and first end- stage renal disease (ESRD) treatment modality. 
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The USRDS does not include, however, individuals who 
are not eligible for Social Security and Medicare, thus exclud-
ing those who are not legal residents of the US, an under-
served and vulnerable population at increased risk of poor 
outcomes from SLE (14). Furthermore, we did not have data 
regarding clinical SLE disease activity measures, prior SLE 
treatment regimens, or cumulative corticosteroid exposure 
in order to assess the impact of these features on survival. 
We did not assess trends in the rate of progression to LN- 
associated ESRD among an identifiable number of patients 
with SLE. Therefore, potential variation in the progression to 
ESRD may have affected the results of the observed trend. 
However, our adjustment for major baseline comorbidities 
would have likely helped control potential variations in the 
level of sickness at baseline. Additionally, the race and ethnic-
ity of patients are reported by the attending nephrologist and 
staff on the baseline enrollment form to CMS, and there may 
be biases and misclassification in this information. The cause 
of death was unknown for one- fifth of patients, but systematic 
differences in the reporting of those deaths across the time 
periods studied would be unlikely.

In conclusion, among nearly all patients with incident 
ESRD due to LN in the US from 1995 to 2014, we found sub-
stantial improvements in all- cause mortality in recent years. 
Although African American patients with ESRD due to LN 
have been previously shown to have higher mortality than 
white patients, they had a similar level of temporal improve-
ment in all- cause mortality. Hispanic patients also had con-
siderable mortality reductions. The overall rates of death due 
to CVD and infection improved considerably, which suggests 
that improved ESRD care as well as improved management 
of immunosuppression and underlying SLE may have mini-
mized these complications. Collectively, these trends provide 
an important benchmark of improving care in this high- risk 
population.
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Establishing Surrogate Kidney End Points for Lupus 
Nephritis Clinical Trials: Development and Validation of a 
Novel Approach to Predict Future Kidney Outcomes
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Objective. End points currently used in lupus nephritis (LN) clinical trials lack uniformity and questionably reflect 
long- term kidney survival. This study was undertaken to identify short- term end points that predict long- term kidney 
outcomes for use in clinical trials.

Methods. A database of 944 patients with LN was assembled from 3 clinical trials and 12 longitudinal cohorts. 
Variables from the first 12 months of treatment after diagnosis of active LN (prediction period) were assessed as 
potential predictors of long- term outcomes in a 36- month follow- up period. The long- term outcomes examined 
were new or progressive chronic kidney disease (CKD), severe kidney injury (SKI), and the need for permanent renal 
replacement therapy (RRT). To predict the risk for each outcome, hazard index tools (HITs) were derived using multi-
variable analysis with Cox proportional hazards regression.

Results. Among 550 eligible subjects, 54 CKD, 55 SKI, and 22 RRT events occurred. Variables in the final CKD HIT 
were prediction- period CKD status, 12- month proteinuria, and 12- month serum creatinine level. The SKI HIT varia-
bles included prediction- period CKD status, International Society of Nephrology (ISN)/Renal Pathology Society (RPS) 
class, 12- month proteinuria, 12- month serum creatinine level, race, and an interaction between ISN/RPS class and 
12- month proteinuria. The RRT HIT included age at diagnosis, 12- month proteinuria, and 12- month serum creatinine 
level. Each HIT validated well internally (c- indices 0.84–0.92) and in an independent LN cohort (c- indices 0.89–0.92).

Conclusion. HITs, derived from short- term kidney responses to treatment, correlate with long- term kidney out-
comes, and now must be validated as surrogate end points for LN clinical trials.

INTRODUCTION

Long- term preservation of kidney function is the goal in 
treating lupus nephritis (LN). In early LN clinical trials, improved 
renal outcomes were demonstrated by differences in accepted 

end points, such as the doubling of serum creatinine concentra-
tion or the development of end- stage kidney disease, that were 
assessed prospectively over several years (1–4). In contrast, 
contemporary clinical trials are short, with 6–12- month complete 
and partial renal response end points (5,6). There are many rea-
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sons for this change in trial duration, including the high cost of 
large, multicenter efforts and the challenges of retaining patients 
in a protocol over several years.

Although all current definitions of renal response include an 
assessment of kidney function (serum creatinine or estimated 
glomerular filtration rate [eGFR], proteinuria, and urinalysis/urinary 
sediment), no uniform response definition has been adopted, 
and the individual components of the criteria are all assigned 
equal predictive value (see Supplementary Table 1, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40724/abstract). The evolution of compos-
ite outcome measures to replace well- defined kidney end points 
reflects the practical need for tools to assess renal response 
in shorter trials. However, composite outcome measures were 
often developed by expert opinion and consensus after review 
of available literature, leaving considerable room for interpreta-
tion and modifications when applied to individual clinical trials 
(7,8), which resulted in the lack of a single standard definition for 
renal response. This makes it difficult to compare the results of 
LN trials or assess the efficacy of novel therapies. Furthermore, 
the evidence that these composite short- term end points predict 
preserved long- term kidney function is not definitive. The need 
for a consistent and validated end point for LN clinical trials is 
demonstrated by the fact that a failed LN trial can become a 
successful LN trial if different renal response criteria are applied 
(6,9). The current study, in collaboration with the Kidney Health 
Initiative (www.kidneyhealthinitiative.org) and the Lupus Nephri-
tis Trials Network (www.lupusnephritis.org), was undertaken to 
identify short- term clinical trial end points that predict the risk 
of long- term adverse renal outcomes, for use in future LN trials.

PATIENTS AND METHODS
Patients. A database of 944 patients with LN with extended 

prospective follow- up, from 12 international investigator- initiated 
lupus cohorts and 3 randomized controlled LN clinical trials, 
was assembled (for a list of the cohorts and the Lupus Nephri-

tis Collaborative Study Group Investigators, see Supplementary 
Table 2, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract). 
The investigator- initiated cohorts were not necessarily restricted 
to LN patients. The investigators were asked specifically to pro-
vide longitudinal LN patient data, which were then entered into 
a uniform central database. Applicable data from the LN trials 
were also entered into the database. This process yielded the 
initial 944 LN patients. Patients with LN were treated according 
to local standards of care or according to trial protocol. To avoid 
developing treatment- restricted end points, we did not stratify 
by therapy, but all patients were treated with corticosteroids, 
and most received induction therapy with cyclophosphamide or 
mycophenolate mofetil.

After application of inclusion and exclusion criteria the sample 
size decreased to 550, which included 31 pediatric patients (see 
Supplementary Figure 1, available on the Arthritis & Rheumatology 
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40724/
abstract). Baseline demographic and clinical characteristics of 
these patients are shown in Table 1. The patients were followed 
up between 1981 and 2016. Follow- up visits were required to be 
0.9–18 months apart to mitigate potential bias from extreme vari-
ability in the time between follow- up visits.

To verify the prediction models, an independent vali-
dation cohort of 275 LN patients followed up prospectively 
and treated in accordance with local practices was analyzed 
(Table 1). These patients were followed up from 2008 through 
2016. This validation cohort was from Mexico City, and >98% 
were of Hispanic ethnicity and Mestizo race, best character-
ized as having an admixture of European, Native American, 
and African backgrounds.

Study design. To identify short- term surrogate markers of 
long- term kidney outcomes, a prediction period was defined as 
the interval between baseline and 12 months (±2 months). Clini-
cal variables measured during this period were assessed individ-
ually and as part of multivariable prediction models. Baseline was 
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 designated as the visit when the treating physician determined 
that a patient had active LN and started induction therapy. Kidney 
outcomes were assessed during the follow- up period that began 
immediately after the prediction period and ended at a maximum 
of 48 months from baseline.

Prediction variables. Potential predictors of kidney out-
comes included sex, age at study entry, race, ethnicity, abso-
lute values of proteinuria and serum creatinine at baseline and 
12 months, percent proteinuria change from baseline to 12 
months, presence or absence of urinary red blood cells (RBCs; 
defined as ≥5/hpf) at baseline and 12 months, International So-
ciety of Nephrology (ISN)/Renal Pathology Society (RPS) class, 

and the development or progression of chronic kidney disease 
(CKD) in the prediction period. Although serum studies (such as 
anti–double- stranded DNA antibody and complement levels) 
and kidney biopsy elements (such as tubulointerstitial disease) 
have been implicated in outcomes, the potential predictors 
evaluated in this study were restricted by available data. Race 
was operationalized as a binary variable (black versus others) 
to satisfy model assumptions and remain consistent with the 
Chronic Kidney Disease Epidemiology Collaboration (CKD- EPI) 
equation, which handles race similarly. Ethnicity was defined as 
Hispanic, non- Hispanic, or not determined. Due to cohort- to- 
cohort variability in the measurement of proteinuria, total protein, 

Table 1. Demographic and baseline clinical data on the patients in the training and validation cohorts* 

Training cohort 
(n = 550)

Validation cohort 
(n = 275)

Female sex 484 (88.0) 244 (88.7)
Age, mean ± SD years 33.2 ± 12.1 30.2 ± 9.6
Race/ethnicity

White 283 (51.5) 4 (1.5)
Black 85 (15.5) 0 (0)
Asian 132 (24.0) 0 (0)
Other race 50 (9.1) 271 (98.5)
Hispanic 96 (17.5) 274 (99.6)
Non- Hispanic 324 (58.9) 1 (0.4)
Ethnicity not determined 130 (23.6) 0 (0)

ISN/RPS class
Class 2 and 5 5 (0.9) 0 (0)
Class 3 85 (15.5) 17 (6.2)
Class 3 and 5 20 (3.6) 59 (21.5)
Class 4 306 (55.6) 47 (17.1)
Class 4 and 5 34 (6.2) 123 (44.7)
Class 5 82 (14.9) 29 (10.5)
Biopsy class not determined 18 (3.3) 0 (0)

Urinary RBC status
≥5/hpf at baseline and 12 months 128 (23.3) 91 (33.1)
<5/hpf at baseline and 12 months 104 (18.9) 63 (22.9)
≥5/hpf at only 1 visit 181 (32.9) 121 (44.0)
Urinary RBC not evaluated at 1 or both visits 137 (24.9) 0 (0)

Duration of follow- up, median (IQR) months 42.0 (36.0–48.8) 52.0 (36.0–72.0)
Laboratory findings

Serum creatinine at baseline, median (IQR) mg/dl 1.0 (0.8–1.3) 1.0 (0.7–1.6)
eGFR at baseline, median (IQR) ml/minute/1.73m2 81.5 (54.1–110.3) 83.3 (45.2–117.6)
Proteinuria at baseline, median (IQR) gm/day 3.0 (1.6–5.5) 3.4 (2.1–5.8)
Serum creatinine at 12 months, median (IQR) mg/dl 0.8 (0.7–1.0) 0.8 (0.6–1.1)
eGFR at 12 months, median (IQR) ml/minute/1.73m2 95.6 (74.5–117.3) 104.8 (70.5–122.2)
Proteinuria at 12 months, median (IQR) gm/day 0.5 (0.1–1.3) 0.6 (0.2–2.0)

* Except where indicated otherwise, values are the number (%). ISN/RPS = International Society of Nephrology/Renal Pathol-
ogy Society; RBC = red blood cell; hpf = high-power field; IQR = interquartile range; eGFR = estimated glomerular filtration 
rate. 
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urine protein- to- creatinine ratio (UPCR) from a 24- hour urine 
 collection, or a random spot UPCR were all accepted as reflect-
ing 24- hour proteinuria. To satisfy model assumptions of linearity, 
absolute values of serum creatinine and proteinuria were ana-
lyzed after natural log transformation and expressed as ln(value 
serum creatinine) and ln(value proteinuria). A 2- fold increase in 
12- month proteinuria corresponds to a change of ~0.693 on the 
natural log scale. Percent change for proteinuria was expressed 
as the log of the ratio of the 12-month measurement divided by 
the baseline measurement.

Development or progression of CKD in the prediction period 
was defined as an increase in serum creatinine of ≥30% (±2%) 
sustained over the remainder of the prediction period, leading to 
an eGFR of <60 ml/minute/1.73m2. ISN/RPS class was opera-
tionalized as a binary covariate (membranous versus proliferative); 
subjects with class 5 or with classes 2 and 5 were categorized as 
having membranous disease, and subjects with class 3, class 4, 
classes 3 and 5, classes 4 and 5, or class unknown were cate-
gorized as having proliferative disease (the assumption being that 
those patients without kidney biopsies were most likely to have 
proliferative disease).

Kidney outcomes. New or progressive CKD, severe acute 
kidney injury (SKI), and the need for permanent renal replacement 
therapy (RRT) are recognized as outcomes that adversely impact 
renal and/or patient survival (10–13). The training cohort was 
used to develop predictors of risk of developing ≥1 of these poor 
outcomes in the follow- up period. To reduce potential bias from 
the substantial variability in the follow- up time between subjects 
in this cohort (range 34–268 months from baseline), the maxi-
mum follow- up time studied was 48 months from baseline.

CKD was defined as a sustained decrease in eGFR (using the 
CKD- EPI equation [11]) of ≥30% (±2%) such that 1) the minimum 
28% decrease in eGFR in the follow- up period was measured in 
relation to the highest eGFR reported in the 12- month prediction 
period and was sustained on a consecutive follow- up visit occur-
ring at least 3 months (±0.5 months) later, 2) subjects requiring 
permanent RRT at any time during follow- up were included in the 
CKD outcome, as it was assumed that a patient had to develop 
CKD prior to reaching the need for RRT, and 3) the sustained 
decrease in eGFR had to reach an absolute value of <60 ml/
minute/1.73m2.

A 30% sustained decline in eGFR was considered the min-
imal decrease in eGFR to qualify as CKD, based on a scientific 
workshop conducted by the National Kidney Foundation and the 
US Food and Drug Administration (14). The 2% variation was 
incorporated to allow for variability in assays. CKD status was 
identified by a computerized algorithm and verified for accuracy 
through the review of the raw data.

SKI was defined as an acute or sustained (no recovery) 
decline of ≥50% in the eGFR in the follow- up period, relative to 
the highest eGFR observed in the prediction period. Similar to the 
rationale for including RRT in the CKD outcome, all subjects who 

reached RRT during follow- up were also included in the SKI out-
come. SKI was not included in the CKD or RRT outcomes. RRT 
was defined as the need for permanent hemodialysis or peritoneal 
dialysis, or as having received a kidney transplant at any time dur-
ing the follow- up period (12–48 months).

Statistical analysis. Model development. Descriptive 
statistics were calculated using proportions and frequencies 
for categorical variables and means and SDs for continuous 
 variables for the training cohort. Each outcome (CKD, SKI, and 
RRT) was analyzed using standard methods of analysis for time- 
to- event data, such as survival analysis. Specifically, time to the 
end point of interest was measured in months and compared 
among categorical grouping variables via computation of the 
Kaplan- Meier product- limit curves and log rank tests. In cases 
where the “event” of interest was not observed during the follow- 
up period, the number of months until the last follow- up visit 
(up to a maximum of 36 months from the end of the prediction 
period) was used, and the subject’s vital status was classified as 
censored.

Multivariable analysis was conducted using Cox proportional 
hazards regression to develop the 3 hazard index tools (HITs) from 
clinical data collected in the prediction period that could predict 
risk of development of new or progressive CKD, SKI, or need for 
RRT. Necessary model assumptions (e.g., multicollinearity, pro-
portional hazards, etc.) were addressed. Backward elimination 
with a 5% significance level was used to select final multivariable 
models. When applicable, appropriate data transformations were 
applied. The likelihood ratio test was used to compare nested 
models, and the Akaike’s information criterion (AIC) was used 
to compare non- nested models, whereby the candidate model 
with the lowest AIC was selected for each outcome. Results from 
these analyses were used to develop the formulae for the HITs to 
predict each adverse renal outcome. Results yielding a P value of 
less than 0.05 were considered to be significant.

Model validation. Internal validations of the predictive abil-
ities of the CKD, SKI, and RRT HITs were performed on the 
training cohort using Harrell’s concordance index (c- index) (15), 
which measures discrimination, a prediction tool’s ability to ac-
curately rank subjects from high to low risk, and allows for the 
censoring in time- to- event survival analyses. The c- index ranges 
from 0.5 (no discrimination) to 1.0 (perfect discrimination) (16); a 
higher value indicates better discriminative ability. Corresponding 
95% confidence intervals (95% CIs) around the c-index for each 
prognostic model were estimated using 1,000 bootstrap resam-
ples with replacement.

External validation of each final model was performed on 
an independent longitudinal LN cohort (Table  1). Discrimination 
of each final model in the validation sample was evaluated by 
computing the c- index and corresponding 95% CIs using 100 
bootstrap resamples with replacement. Analyses were performed 
using SAS, version 9.4, STAT 14.2 software. 
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RESULTS

Kidney outcomes. Among 550 subjects eligible for anal-
ysis in the training cohort (see Supplementary Figure 1, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40724/abstract), 54 CKD, 55 SKI, 
and 22 RRT events were identified. The median times to CKD, 
SKI, and RRT events for the entire cohort were not estimable 
based on the pattern of the censoring, event rate, and follow- up. 
Times- to- events were known for individual patients. At 3 years 
after the prediction period (end of follow- up period), the esti-
mated proportion of subjects without new or worsening CKD 
was 87.2% (95% CI 83.3–90.2%), the estimated proportion 
without SKI was 88.3% (95% CI 84.9–91.0%), and the estimated 
proportion without RRT was 94.6% (95% CI 91.7– 96.5%).

After backward elimination, urinary RBC status at baseline 
and 12 months and ethnicity did not significantly contribute to any 
of the risk models. The final multivariable Cox proportional hazards 
regression model to predict CKD included 12- month proteinuria, 
12- month serum creatinine, and CKD status in the prediction 
period. The parameters and hazard ratios (HRs) of these CKD 
predictors are shown in Table 2, and the HIT formula to predict 
future CKD is given in Table 3.

Similarly, the final multivariable Cox proportional hazards 
regression model to predict SKI included 12- month proteinuria, 
12- month serum creatinine, and CKD status in the prediction 
period, as well as race and ISN/RSP class, with an interaction term 
between ISN/RSP class and 12- month proteinuria. The parame-
ters and HRs of these SKI predictors are shown in Table 4, and 
the HIT formula to predict SKI is given in Table 3. These results 
demonstrate that the relationship between 12- month proteinuria 
and risk of future SKI is contingent on ISN/RSP class (P = 0.0016). 
Overall, patients with proliferative LN always have a greater risk 
of SKI than patients with membranous LN. The modeling is con-
sistent with clinical and histologic observations of patients with 
proliferative and pure membranous LN. The model shows that 

in patients with proliferative LN, a 1- unit increase in proteinuria 
(log scale) at 12 months (~2.72 gm/day) confers an additional 
1.61- fold increased HR of SKI (95% CI 1.24–2.09) after covariate 
 adjustment. This is likely because acute kidney injury in prolifera-
tive LN is driven mainly by intrarenal inflammation and, to a lesser 
extent, by the level of proteinuria. In contrast, for membranous 

Table 2. Final multivariable Cox regression model for predicting CKD in the lupus nephritis training cohort (n = 550)* 

Factor Parameter estimate SE P HR 95% CI

Log proteinuria at 12 
months†

0.432‡ 0.115 0.0002 1.54 1.23–1.93

Log serum creatinine 
at 12 months§

2.180 0.304 <0.0001 8.84 4.88–16.03

CKD status in predic-
tion period (yes vs. 
no)

1.451¶ 0.415 0.0005 4.27 1.89–9.63

* HR = hazard ratio; 95% CI = 95% confidence interval.
† A 1- unit increase on the natural logarithmic scale equates to an ~2.72- fold increase on the raw scale. A “start” of 0.01 was 
added to the proteinuria value to avoid taking logarithm of a zero value. 
‡ The parameter estimate reflects the magnitude of risk change per unit change in the predictor on the natural logarithmic 
scale. 
§ A 1- unit increase on the natural logarithmic scale equates to an ~2.72- fold increase on the raw scale.
¶ The parameter estimate reflects the magnitude of risk change for a subject who acquired chronic kidney disease (CKD) 
in the prediction period compared to one who did not. 

Table 3. Risk models for adverse kidney outcomes* 

Hazard index for CKDi = 0.43231 × X1 + 2.17960 × X2 + 
1.45107 × X3 

Where i represents the ith subject in the data set and for 
each subject

X1 = log (proteinuria at 12 months + 0.01)†
X2 = log serum creatinine at 12 months
X3 = 1 if reached CKD in prediction period; 0 if otherwise

Hazard index for SKIi = 2.04929 × X1 + 1.45709 × X2 + 
0.64806 × X3 + 1.48460 × X4 + 2.30656 × X5 – 1.57160 × X1 
× X5 

Where i represents the ith subject in the data set and for 
each subject

X1 = log (proteinuria at 12 months + 0.01)†
X2 = log serum creatinine at 12 months
X3 = 1 if black race; 0 if other
X4 = 1 if reached CKD in prediction period; 0 if otherwise
X5 = 1 if ISN/RSP class is membranous (5 or 2 and 5); 0 if 

otherwise
Hazard index for RRTi = 0.71703 × X1 + 2.31807 × X2 – 

0.05865 × X3

Where i represents the ith subject in the data set and for 
each subject

X1 = log (proteinuria at 12 months + 0.01)†
X2 = log serum creatinine at 12 months
X3 = Age (years) at study entry

* CKD = chronic kidney disease; SKI = severe acute kidney injury;
ISN/RSP = International Society of Nephrology/Renal Pathology So-
ciety; RRT = renal replacement therapy. 
† A “start” of 0.01 was added to the proteinuria value to avoid tak-
ing logarithm of a zero value. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract


MACKAY ET AL 416       |

patients there is a 7.76- fold greater HR for each unit increase in 
12- month proteinuria (95% CI 3.02–19.93) after covariate adjust-
ment. These findings indicate that in membranous LN the risk of 
developing SKI is more dependent on the level of proteinuria. This 
is consistent with membranous LN being noninflammatory and 
acute kidney injury occurring mainly due to proteinuria- induced 

tubular damage.
Finally, the multivariable Cox proportional hazards regression 

model to predict RRT included proteinuria at 12 months, serum 
creatinine at 12 months, and age at study entry. The parameters 
and HRs of the RRT predictors are shown in Table 5, and the HIT 
formula to predict RRT in LN patients is given in Table 3.

Validation. Each model was internally validated for pre-
dictive ability in the training cohort. The RRT model yielded the 
greatest c- index (0.92 [95% CI 0.88–0.97]), followed by the 
CKD model, with a c- index of 0.88 (95% CI 0.84–0.93) and the 
SKI model, with a c- index of 0.84 (95% CI 0.79–0.90). Exter-
nal validation using an independent LN cohort verified the pre-
dictive ability of each model. In the validation cohort (n = 275 
subjects) (Table  1), there were 56 CKD, 48 SKI, and 6 RRT 
events within 36 months of entry. The RRT model again yielded 
the greatest c- index (0.92 [95% CI 0.81–0.99]), followed by 
the CKD and SKI models, both with a c- index of 0.89 (95% 
CI 0.83–0.92 and 95% CI 0.83–0.94, respectively). Of note, 

the training and external validation cohorts were racially dispa-
rate (Table 1). Despite differences in cohort composition, each 
model validated well.

Application of HITs to LN. The proposed use of HITs 
to assess the effects of a new therapy on the risk of develop-
ing adverse kidney outcomes is shown in Supplementary Figure 
2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract. The pro-
posed use of HITs to assess an individual patient’s risk for adverse 
renal outcomes is shown in Supplementary Figure 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract). The HIT 
equations can also be used to determine sample size for specific 
kidney outcomes in trial design. An example is shown in Sup-
plementary Figure 4 (http://onlinelibrary.wiley.com/doi/10.1002/
art.40724/abstract).

DISCUSSION

Using real- world LN cohorts and multicenter randomized 
clinical trials, we developed risk models to predict future adverse 
kidney outcomes based on clinical data acquired during the 
first year of therapy after diagnosis of active LN. These mod-
els  predict the risk of new or progressive CKD, severe acute 
kidney injury, and the need for permanent RRT. The models 

Table 4. Final multivariable Cox regression model for predicting severe kidney injury in the lupus nephritis training cohort (n = 
550)* 

Factor Parameter estimate SE P HR 95% CI

Log proteinuria at 12 
months†

2.05‡ 0.481 <0.0001 § §

ISN/RSP class: prolifera-
tive vs. membranous¶

2.307# 0.837 0.0059 § §

Log serum creatinine at 
12 months

1.457‡ 0.303 <0.0001 4.29 2.37–7.77

CKD status in prediction 
period (yes vs. no)

1.485# 0.423 0.0005 4.41 1.93–10.12

Black race 0.648# 0.308 0.0354 1.912 1.05–3.50
Interaction term: ISN/RPS 

class × log proteinuria 
at 12 months 

0.0016

Membranous** 2.049# 0.481 7.76 3.02–19.93
Proliferative** 0.477# 0.132 1.61 1.24–2.09

* CKD = chronic kidney disease. 
† A 1- unit increase on the natural logarithmic scale equates to an ~2.72- fold increase on the raw scale. A “start” of 0.01 was 
added to the proteinuria value to avoid taking logarithm of a zero value. 
‡ The parameter estimate reflects the magnitude of risk change per unit change in the predictor on the natural logarithmic 
scale. 
§ The hazard ratios (HRs) and 95% confidence intervals (95% CIs) for log proteinuria at 12 months and International Society of 
Nephrology (ISN)/Renal Pathology Society (RPS) class were calculated as an interaction term. 
¶ Mixed proliferative and membranous lupus nephritis was included as proliferative, along with patients without a biopsy. 
# Parameter estimate reflects the magnitude of risk change for a subject in one category compared to the reference category. 
** HRs for each 1- unit increase in the log proteinuria (at 12 months) are presented at specific ISN/RPS class designations. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40724/abstract


IDENTIFYING END POINTS FOR LUPUS NEPHRITIS CLINICAL TRIALS |      417

validated well in the original training cohort and in an independ-
ent ethnically different LN cohort, suggesting applicability to LN 
patients in general. Although novel LN therapies are currently 
 evaluated by short- term nonstandardized criteria (6), the goal 
of LN treatment is to preserve long- term kidney function and 
prevent CKD, acute kidney failure, and the need for RRT. We 
therefore suggest that modeling risk of poor long- term kidney 
outcomes using demographic and clinical data from the first 
12 months of treatment may provide a superior way to assess 
new LN  therapies compared to relying on short- term, arbitrarily 
defined renal responses.

To apply these risk models to clinical trials, at 1 year the HITs 
for CKD, SKI, and RRT would be used to compute a risk score 
for each individual patient for each adverse outcome. Mean risk 
scores for the placebo and active treatment arms of a trial can be 
calculated for each renal outcome and compared for significance 
using appropriate statistical tests. The risk of developing a future 
adverse renal outcome is increased with a higher HIT score. In a 
successful trial, the experimental treatment would be expected to 
reduce the risk of an adverse renal outcome by a pre specified per-
centage based on clinical importance. The trial would be powered 
to achieve the pre specified risk reduction using the parameters for 
each HIT model shown in Tables 2, 4, and 5 to calculate sample 
size.

Of the 3 risk models, the HIT for RRT is the best candidate 
for future validation as a surrogate clinical trial end point because 
it directly measures an outcome that matters to patients (i.e., a 
patient- oriented outcome). Because RRT events occur infre-
quently, it may be reasonable to develop the HIT for CKD as a 
surrogate trial end point. CKD is a major risk factor for the future 
need of RRT, so this outcome likely also matters to patients. Until 
it can be shown that treatment effects on the HIT for RRT or CKD 
reproducibly predict treatment effects on the actual need for future 
RRT or development of CKD, these HITs can only be considered 
as reasonably likely surrogates (17). Although the HITs for RRT 
and CKD cannot determine absolute risk of RRT or CKD, the rel-
ative risk in patients treated with placebo versus actively treated 
patients can be estimated by computing the natural anti- log of 
the difference in the mean HIT scores. To consider a clinical trial 

 successful, it will be necessary to pre specify the level of RRT or 
CKD risk improvement expected for a novel therapy.

All of the HIT equations can also be used in daily practice 
to estimate the probability of future CKD, SKI, or RRT for individ-
ual LN patients following 12 months of treatment for an LN flare. 
This information could be useful when discussing prognosis with 
patients. Additionally, a proteinuria level of 0.7–0.8 gm/day after 
12 months of treatment was recently identified as the best pre-
dictor of long- term kidney survival compared to serum creatinine 
and urinary RBC status in a post hoc analysis of the Euro- Lupus 
Nephritis Trial and MAINTAIN LN trials (18,19). These results were 
verified in an independent, ethnically diverse LN cohort (20). Sim-
ilarly, proteinuria is a key component of all of our risk models, 
whereas urinary RBCs are not. However, serum creatinine does 
contribute significantly to risk modeling in all 3 of our HITs, and 
black race, younger age, and development of CKD in the predic-
tion period are also significantly associated with the risk of poor 
outcomes. Nonwhite race has previously been identified as a risk 
factor for poor outcome in LN (21,22). Older age has also been 
associated with poor LN outcomes in adults (23,24). In our study, 
a small statistically significant protective effect of increased age 
on RRT risk was found; however, this effect was not considered 
clinically meaningful because the 95% CI around its HR was so 
close to 1.0. Additionally, the small effect of age may reflect the 
progressive increase in age at the time of LN diagnosis observed 
over the last several decades (25).

Although the predictors in our models are not novel, it is reas-
suring that the clinical tests we have used to guide therapies do 
appear to be verified by our modeling. Our models are unique in 
that they incorporate data on kidney function over the first year of 
induction therapy and have been shown to significantly correlate 
with long- term outcome. Furthermore, the models provide a quan-
titative way to predict future outcomes that can be applied to trials 
and clinical practice. This has not been done before in a large multi-
ethnic global cohort with validation in a large independent cohort.

This study has several limitations. Because data were 
mainly from real- world investigator- initiated LN cohorts, spe-
cific treatments, data collection, and follow- up intervals were 
not standardized. This led to the exclusion of many patients, 

Table 5. Final multivariable Cox regression model for predicting the need for renal replacement therapy in the lupus 
nephritis training cohort (n = 550)* 

Factor Parameter  estimate† SE P HR 95% CI

Log proteinuria at 12 months‡ 0.717 0.212 0.0007 2.05 1.35–3.10
Log serum creatinine at 12 months 2.318 0.369 <0.0001 10.16 4.92–20.95
Age at study entry −0.059 0.022 0.0070 0.94 0.90–0.98

* HR = hazard ratio; 95% CI = 95% confidence interval. 
† The parameter estimate reflects the magnitude of risk change per unit change in the predictor on the natural loga-
rithmic scale. 
‡ A 1- unit increase on the natural logarithmic scale equates to an ~2.72- fold increase on the raw scale. A “start” of 0.01 
was added to the proteinuria value to avoid taking logarithm of a zero value. 
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mainly for missing data, which could have biased the results. 
Random spot UPCR was measured in place of 24- hour pro-
teinuria in several individuals. To avoid excluding even more 
patients, we used random spot UPCR to represent daily pro-
teinuria despite persisting questions surrounding its accuracy 
(26). Variability in length of follow- up also precluded analysis 
beyond 48 months. Other variables that may have contributed 
to the HIT models, such as urine cellular casts, complement 
levels, autoantibody titers, biopsy histologic features (e.g., 
activity, chronicity indices), blood pressure, and incident ver-
sus recurrent disease, were not evaluated because data were 
available for only a limited number of patients. In the training 
cohort, race was examined as black versus other, but the vali-
dation cohort was mainly Hispanic. Additional validation in other 
racially diverse cohorts would be desirable. Nonetheless, the fact 
that all of the outcome models validated well in spite of these dif-
ferences in racial and ethnic composition speaks to the robust 
nature of the models and suggests they are applicable to a gen-
eral LN population. Finally, the total number of adverse kidney out-
comes, such as RRT, was small, potentially affecting the reliability 
of the models. While standardized data collected in a prospective 
registry may optimize risk model development, such a registry 
does not yet exist. Our models were developed using the best 
prospectively collected data sets currently available.

In summary, we have developed a series of working risk 
models that predict relevant long-term kidney outcomes in LN 
using patient response data after 1 year of therapy. Although 
these models will need further validation in the clinical trial setting, 
we suggest that once validated they can be used to standardize 
the reporting of trial results, and thereby facilitate the development 
of new LN treatments.
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Association of Blood Concentrations of Complement 
Split Product iC3b and Serum C3 With Systemic Lupus 
Erythematosus Disease Activity
Alfred H. J. Kim,1  Vibeke Strand,2 Deepali P. Sen,1 Qiang Fu,3 Nancy L. Mathis,1 Martin J. Schmidt,4 Robin 
R. Bruchas,4 Nick R. Staten,4 Paul K. Olson,4 Chad M. Stiening,4 and John P. Atkinson1

Objective. To examine correlations between blood levels of complement split product iC3b and serum compo-
nent C3 with clinically meaningful changes in disease activity in patients with systemic lupus erythematosus (SLE).

Methods. A total of 159 consecutive patients with SLE, diagnosed according to the American College of 
Rheumatology or Systemic Lupus International Collaborating Clinics classification criteria, were enrolled in CAS-
TLE (Complement Activation Signatures in Systemic Lupus Erythematosus), a prospective observational study. 
Patients with 1–7 study visits were included in this longitudinal analysis. In addition, 48 healthy volunteers were 
enrolled to establish a normal reference value for the ratio of blood iC3b to serum C3 concentrations. Serum C3 
and C4 levels were measured by nephelometry, and blood iC3b levels were measured by a lateral flow assay. 
SLE disease activity was monitored with the Responder Index 50 instrument of the SLE Disease Activity Index 
2000.

Results. Relative changes in the iC3b:C3 ratio, levels of anti–double- stranded DNA (anti- dsDNA) antibodies, 
and use of a  supraphysiologic dose of prednisone (>7.5 mg/day) each independently correlated with SLE dis-
ease activity, as determined in multilevel multiple logistic regression analyses. Only the iC3b:C3 ratio was sig-
nificantly associated with clinically meaningful improvements in disease activity among patients with SLE who 
were receiving a supraphysiologic dose of prednisone. The iC3b:C3 ratio outperformed C3 and C4 levels with 
regard to discriminating active SLE from inactive SLE, and major flares from no disease activity. The iC3:C3 ra-
tio, anti- dsDNA antibody levels, erythrocyte sedimentation rate, and use of a supraphysiologic prednisone dose 
were each independently associated with the presence of lupus nephritis, whereas none of these measures was 
associated with SLE rash. The association of the iC3b:C3 ratio with lupus nephritis was independent of other 
observed clinical  manifestations.

Conclusion. The ratio of blood iC3b to serum C3 concentrations correlates with the extent of SLE disease activity 
and with clinically meaningful changes in disease activity in patients with SLE. Furthermore, the iC3b:C3 ratio may 
discriminate between active and inactive SLE, and between major flares and no active disease.
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INTRODUCTION

The complement system plays a central role in systemic 
lupus erythematosus (SLE) (1). Its activation by immune com-
plexes drives type III hypersensitivity reactions, leading to inflam-
matory responses in the target tissue. Failure to remove cellular 
debris, a process that is highly dependent on complement, is also 
an important tenet in the pathophysiology of SLE. Its presence 
in tissue serves as a diagnostic tool, and decreased concentra-
tions of serum complement components C4 and C3 can serve 
as markers of active disease (2,3). Complement also influences 
immune cell function, with numerous abnormalities observed in 
mice deficient in various complement components (4). Comple-
ment split products are generated during activation of the com-
plement cascades, which bind to various cell- bound complement 
receptors and elicit effector responses (5).

The correlation between decreased serum complement com-
ponent levels and extent of SLE disease activity was first observed 
in 1951 in 4 patients with active disease and depressed CH50 val-
ues that normalized following treatment with adrenocorticotropic 
hormone therapy (6). Furthermore, an association between nor-
malization of C3 levels and an improved disease activity index was 
observed in studies of renal biopsy tissue from patients with lupus 
nephritis (7). Complement activation increases during SLE flares, 
and therefore complement proteins are predicted to be consumed 
with concomitant generation of activation- derived products at a 
rate proportional to the degree of disease activity (8). However, 
interpretation of values may be confounded because of the 
unknown impact of increased acute- phase production of C3 and 
C4 (9–11), and because some individuals with low C4 gene copy 
numbers have persistently low serum C4 levels (12). Nevertheless, 
clinicians have relied on decreased serum levels of complement 
components C3 and C4 as a key standard to indicate SLE flares.

Improved detection of complement activation would enhance 
clinicians’ ability to more readily assess disease activity and 
promptly identify and treat disease flares in SLE. To overcome the 
limitations in evaluating soluble complement components, inves-
tigators have queried whether complement split products (11,13–
22) are more sensitive measures of complement activation, and 
whether their concentrations in the blood and serum would show 
a strong correlation with SLE disease activity. Recent advances 
in detecting complement split products have renewed interest in 
their assessment in patients with SLE (23,24).

The utility of cell- bound complement activation products 
(CB- CAPs) has been demonstrated in molecular studies of SLE. 
These include erythrocyte- associated C4d (E- C4d) and C3d (E- 
C3d), which may be used to assist in the diagnosis of SLE (25–27) 
and also to possibly monitor SLE disease activity (28,29). How-
ever, 2 issues limit the clinical utility of CB- CAPs: 1) results are 
not rapidly available, because detection requires flow cytometry, 
and 2) erythrocyte measurements are a reflection of complement 
activation and SLE disease activity over the 120- day lifespan of 

the erythrocyte rather than the immediate clinical situation. Efforts 
to measure C3d on other cell types with shorter lifespans (e.g., 
reticulocytes [R- C4d]) have demonstrated better correlation with 
indices of disease activity, including scores on the Safety of Estro-
gens in Lupus Erythematosus National Assessment version of the 
SLE Disease Activity Index (SLEDAI) (30), while C3dg:C3 ratios 
were found to be correlated with disease activity in juvenile arthritis 
(31), rheumatoid arthritis, and SLE (32).

Recently, serum and plasma levels of C3dg (33) and plasma 
levels of C4d (34) were shown to be useful in distinguishing 
between subjects with SLE and healthy controls. Furthermore, 
plasma C4d levels correlated with disease activity in patients with 
SLE and were predictive of the future recurrence of nephritis (34). 
In summary, complement split products appear to offer promise 
as biomarkers of SLE disease activity.

Compared to CB- CAPs, soluble complement split products 
confer the advantage of shorter half- lives and more rapid turna-
round of the results. One such split product, iC3b, is the break-
down product of C3b (35) (for a detailed outline, see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology web site 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract) 
with a half- life of ~90 minutes (36), compared to 2 minutes for 
C3a (37) and C3b (36), and 50 hours for C3d (38). These proper-
ties offer the potential for employing iC3b to measure complement 
activation at the time of sampling. The extremely short half- lives 
of C3a and C3b may prevent their detection (since the sample 
processing time is shorter), while the longer half- life of C3d may 
not reflect concurrent complement activation. Two prior studies 
utilizing enzyme- linked immunosorbent assay (ELISA) to examine 
iC3b levels in SLE patients (18,39) found that plasma and serum 
iC3b levels were increased in patients with active SLE com-
pared to healthy controls. However, these data may have been 
confounded by in vitro activation of C3 (40), which may lead to 
artefactually elevated iC3b levels (24), thereby limiting past deter-
minations of iC3b to serve as a useful biomarker of complement 
activation.

We hypothesized that using the ratio of blood iC3b to 
serum C3 levels may offer a more accurate assessment of 
complement activation when compared to iC3b or C3 levels 
alone, since it measures complement consumption relative to 
production. Physiologically, once a flare initiates, complement 
activation by immune complexes drives iC3b production and 
an inflammatory milieu. Interleukin- 6 generated from this pro-
cess increases hepatic production of C3 and C4 (9–11). In this 
early stage of the flare, iC3b levels are predicted to increase 
as a result of the heightened disease activity, while C3 levels 
may remain above the lower limit of normal (>LLN) because 
of augmented biosynthesis. As complement activation con-
tinues and consumption exceeds production, C3 levels will 
decrease below the LLN (<LLN), and iC3b levels will remain 
above the upper limit of normal (>ULN). When effective treat-
ment begins, the inflammatory milieu attenuates such that C3 
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synthesis and iC3b production decrease as complement acti-
vation slows. The levels of iC3b return to baseline as the levels 
of C3 normalize. Thus, we hypothesized that the iC3b:C3 ratio 
would initially be characterized by iC3b levels >ULN and C3 
levels <LLN, followed by increases in C3 levels to exceed LLN. 
Effective treatment may also normalize iC3b levels. Impor-
tantly, changes in either iC3b or the iC3b:C3 ratio may specif-
ically identify parallel changes in SLE disease activity, possibly 
taking place at a stage earlier than that of clinically apparent 
changes.

To better understand how complement split products could 
be used as actionable data in SLE, we initiated the CASTLE 
(Complement Activation Signatures in Systemic Lupus Erythema-
tosus) study. This prospective observational study seeks to eval-
uate how soluble and cell- bound complement activation signa-
tures are altered in the presence of various disease activity states, 
clinical manifestations, and subsets of SLE. As part of the pilot 
phase of this study, we investigated the longitudinal association of 
blood iC3b levels, serum C3 levels, and iC3b:C3 ratios with SLE 
disease activity, using a novel assay platform that measures iC3b 
with the accuracy of an ELISA but without the complicating factor 
of artefact generation by in vitro activation (24). Furthermore, we 
examined how iC3b levels could correlate with the presence of 
lupus nephritis and occurrence of rash in patients with SLE.

PATIENTS AND METHODS

Study design and ethics approval. The pilot phase of 
CASTLE was implemented as a prospective observational study 
in patients with SLE. The study was designed to examine the 
relationship between blood iC3b and/or serum C3 levels and the 
extent of SLE disease activity. The study was approved by the 
Washington University School of Medicine Institutional Review 
Board (protocol no. 201401105, initially approved March 18, 2014 
and last approved May 4, 2018, and protocol no. 201410004, 
initially approved October 20, 2014 and last approved July 11, 
2016).

Patient recruitment. A total of 159 consecutive patients 
with SLE, whose diagnosis was validated using the American Col-
lege of Rheumatology (41) and/or Systemic Lupus International 
Collaborating Clinics (42) classification criteria, were recruited from 
the Lupus Clinic at Washington University School of Medicine 
from April 2014 to December 2016. Patients with 1–7 visits were 
included in the analysis. Subjects with concomitant blood- borne 
contagious infectious diseases (i.e., hepatitis A, B, or C or HIV), 
cirrhosis, end- stage renal disease, or pregnancy were excluded, 
because complement physiology is altered and not well under-
stood in these cohorts. In addition, subjects suspected of having 
a concurrent bacterial infection at the visit were excluded. Medi-
cations taken at the time of the visit, including the dose of pred-
nisone, were confirmed by each provider (AHJK and DPS).

To determine the normal reference range for the iC3b:C3 
ratio, 48 healthy adult volunteers without any complement- 
mediated conditions (e.g., infection, autoimmunity, and trauma, 
among others) were enrolled. These subjects were not taking 
immunomodulatory medications at the time of sample collection.

Assessment of SLE disease activity. In each patient, 
disease activity was assessed using the SLEDAI 2000  
(SLEDAI- 2K; scale 0–105) at the initial study visit, and the SLE-
DAI- 2K Responder Index 50 (RI- 50) at every subsequent visit 
(43). The SLEDAI- 2K RI- 50 was chosen because it assesses 
≥50% improvement in disease activity based on the SLEDAI- 2K 
disease activity score from which it is derived (44) and is more 
practical for use in the clinical setting than the British Isles 
Lupus Assessment Group disease activity score. Active SLE 
was defined as SLEDAI- 2K or SLEDAI- 2K RI- 50 scores >4 (45).  
In analyses using serology- free SLEDAI- 2K RI- 50 scores (with-
out values for complement and anti–double- stranded DNA 
[anti- dsDNA] antibody levels), scores >2 were considered to 
reflect active disease. Clinically meaningful improvement was 
defined as a decrease of ≥4 in the SLEDAI- 2K RI- 50 scores 
from the prior visit, and clinically meaningful deterioration (i.e., 
flare) was defined as an increase of ≥4 in SLEDAI- 2K RI- 50 
scores from the prior visit. These definitions were derived from 
the original SLEDAI (46) and have been validated for both the 
SLEDAI- 2K (47) and SLEDAI- 2K RI- 50 (48) instruments.

Major flares were determined using the Fortin definition (49), 
which required at least 1 of the following criteria to be fulfilled: 1) 
new or increased prednisone dose >20 mg/day, 2) necessity for 
new or increased immunosuppression, 3) hospitalization due to 
SLE, or 4) death due to SLE.

Each provider received training in scoring disease activity 
using the SLEDAI- 2K RI- 50 instrument (http://www.sri-50.com) 
and each was blinded with regard to the iC3b and iC3b:C3 
determinations during the entire study.

Laboratory assessments and definition of qualita-
tive variables. Levels of iC3b were determined by a lateral 
flow assay, using 2 antigen- specific antibodies (Kypha, Inc.) 
(24). The blood samples used for determination of iC3b were 
diluted 1:100 in a proprietary buffer within 30 minutes of ve ni-
puncture. The buffer was designed to prevent spontaneous 
complement activation and iC3b breakdown (24). The diluted 
samples were then immediately frozen on dry ice and trans-
ferred to a −80°C freezer and stored until assayed. The levels of 
iC3b remained stable for at least 6 months using this approach 
(data not shown).

C3 and C4 levels were measured by nephelometry, and 
anti- dsDNA antibody levels were determined by ELISA. The 
iC3b:C3 ratios (in μg/mg) were calculated as (iC3b × 100)/
C3. Investigations of C3, C4, and anti- dsDNA antibody lev-
els, the erythrocyte sedimentation rate (ESR), and C- reactive 
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 protein (CRP) levels were performed at the core laboratories of 
Barnes- Jewish Hospital in St. Louis, Missouri. The supraphys-
iologic dose of prednisone was defined as a dose >7.5 mg/
day. Race was self- reported.

Statistical analysis. Statistical analyses were per-
formed using SAS version 9.4 (SAS Institute). Descriptive sta-
tistics were summarized as the mean ± SD for continuous 
variables, and proportion for categorical variables. The normal 
reference range for the iC3b:C3 ratio and iC3b levels was cal-
culated using the robust method (50) based on median val-
ues (due to the non- normal distribution of the data and the 
relatively small sample size of the healthy control group). The 
generalized estimating equation (GEE) method was used to 
produce population average estimates across patients while 
accounting for repeated measures in the same patient (51). 
The logit models with GEE were implemented in Proc GEE in 
the SAS statistical package. Binary logistic regression mod-
els examined associations of SLE disease activity with bio-
chemical markers. Ordinal logistic regression models were 
employed to characterize associations between clinically 
meaningful changes in disease activity and biomarkers, since 
the outcome variable is ordinal.

The 3 categories of clinically meaningful changes in dis-
ease activity (clinically meaningful improvement, unchanged, 
and clinically meaningful deterioration) were treated as a con-
tinuum. The average odds of improvement were defined as 
the odds of clinically meaningful improvement compared to 
unchanged disease activity and clinically meaningful dete-
rioration combined. Similarly, the average odds of flare were 
defined as the odds of clinically meaningful deterioration com-
pared to unchanged disease activity and clinically meaningful 
improvement combined. Odds ratios (ORs) and 95% confi-
dence intervals (95% CIs) were estimated.

To examine the sensitivity and specificity of the iC3b:C3 
ratio and levels of iC3b, C3, C4, and anti- dsDNA antibodies for 
different SLE disease outcomes, receiver operator characteristic 
(ROC) curves with GEE analyses were conducted. The areas 
under the ROC curve (AUCs) with 95% CIs were estimated. The 
Mann- Whitney U statistical test was used for the comparison 
of all biomarkers against iC3b:C3 (52). To evaluate the inde-
pendence of the association of iC3b:C3 with lupus nephritis 
(independent of other clinical manifestations of SLE), ordinary 
linear regression with GEE was performed.

RESULTS

Patient characteristics. Baseline characteristics (defined 
as those at the time of entry into the pilot phase of the CASTLE 
study) of the 159 patients with SLE who provided informed con-
sent to participate are described in Table 1. Of the 159 patients, 
89.3% were female, 57.9% were African American and 42.1% 

were of European descent, and the mean ± SD age was 41.3 ± 
13.6 years. With regard to SLE characteristics, 67.8% of patients 
were anti- dsDNA antibody positive, 37.1% were receiving a sup-
raphysiologic dose of prednisone (defined as >7.5 mg/day), and 
18.2% had at least 1 renal manifestation, either urinary casts, pro-
teinuria, hematuria, or pyuria. Of those patients receiving a sup-
raphysiologic dose of prednisone, the mean ± SD dose was 16.1 
± 14.5 mg/day. Furthermore, in patients at baseline, the mean ± 
SD SLEDAI- 2K disease activity score was 5.14 ± 5.74, mean ± 
SD blood iC3b levels were 4.47 ± 2.83 μg/ml (range 0.7–21.0), 
and the mean ± SD iC3b:C3 ratio was 5.01 ± 6.11 μg/mg (range 
0.66–74.51) (Table 1). The characteristics of the 48 healthy control 
subjects are detailed in Supplementary Table 1 (available on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/

doi/10.1002/art.40747/abstract).

Association of iC3b:C3 ratios with active SLE dis-
ease status. We first compared the distribution of iC3b:C3 
ratios between patients with active disease, patients with inac-
tive disease, and healthy controls. Patients with active SLE 
had an elevated iC3b:C3 ratio (mean ± SD 7.03 ± 7.84 μg/
mg) as compared to patients with inactive SLE (4.30 ± 2.03 μg/
mg) and healthy controls (1.69 ± 0.57 μg/mg) (Kruskal- Wallis 
H statistic = 132.5, P < 0.0001 for each comparison) (Figure 1A). 
The median ULN of the iC3b:C3 ratio was 2.79 μg/mg (95% CI 
2.51–3.07). Based on this median ULN, 85.2% of patients (195 
of 229) with active SLE and 76.4% of patients (191 of 250) with 
inactive disease had an iC3b:C3 ratio >ULN. When the iC3b:C3 
ratio was used to classify active disease, only 50.2% of patients 
were classified correctly. The persistence of elevated iC3b:C3 

Table  1. Baseline characteristics of the 159 patients with 
systemic lupus erythematosus enrolled in the CASTLE prospective 
observational study* 

Age, mean ± SD years 41.3 ± 13.6
Female, % 89.3
African American, % 57.9
Receiving a supraphysiologic 

dose of prednisone, %†
37.1

 Prednisone dose, mean ± SD 
mg/day

16.14 ± 14.46

SLEDAI- 2K score, mean ± SD 5.14 ± 5.74
Anti- dsDNA antibody positive, 

%
67.8

Nephritis, % 18.2
Blood iC3b levels, mean ± SD 

(range) μg/ml
4.47 ± 2.83 (0.7–21.0)

Blood iC3b:C3 ratio, mean ± SD 
(range) μg/mg

5.01 ± 6.11 (0.66–74.51)

* CASTLE = Complement Activation Signatures in Systemic Lupus
Erythematosus; SLEDAI- 2K = Systemic Lupus Erythematosus Dis-
ease Activity Index 2000; anti- dsDNA = anti–double- stranded DNA. 
† Defined as >7.5 mg/day. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract
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ratios during periods of disease inactivity confirms prior obser-
vations of C3 hypercatabolism in the majority of patients with 
SLE (53).

In comparison, a small difference in iC3b levels was 
observed between patients with active SLE (mean ± SD 5.95 ± 
2.99 μg/ml) and patients with inactive SLE (5.22 ± 2.68 μg/ml) 
(Figure 1B). The median ULN of iC3b levels was 3.705 μg/ml 
(95% CI 3.266–4.190). Based on this value, 76.9% of patients 
(176 of 229) with active SLE and 62.0% of patients (155 of 
250) with inactive SLE had an iC3b level >ULN. When iC3b 
levels were used to classify active disease, only 53.2% were 
classified correctly.

Furthermore, C3 levels in patients with active disease were 
lower than in those with inactive disease (mean ± SD 103.3 ± 
35.3 mg/dl versus 121.5 ± 25.2 mg/dl) (Figure 1C). Categorizing 
patients according to C3 levels <LLN (<90 mg/dl) correctly clas-
sified 77.2% of patients with active SLE. Nevertheless, C3 levels 
<LLN were observed in only 37.1% (85 of 229) of patients with 
active disease and in 10.0% (25 of 250) of those with inactive dis-
ease, confirming the low sensitivity of C3 levels <LLN for detecting 
active disease.

Since the iC3b:C3 ratio poorly classified active SLE, we 
hypothesized that relative changes in the iC3b:C3 ratio, rather 
than an absolute cutoff, may more sensitively detect active dis-
ease. We examined the strength of association between relative 
changes in the iC3b:C3 ratio and other variables and the pres-
ence of active SLE compared to the presence of inactive SLE. 
In logistic regression analyses in which we examined correla-
tions of disease activity with each individual variable, we found 
that relative changes in the iC3b:C3 ratio, ESR, and levels of 
C3, C4, and anti- dsDNA antibodies each correlated with active 
disease after the analyses had been controlled for the number 
of clinic visits (i.e., number of clinic visits did not confound for 
other examined variables)  (Figure 2A). When all covariates were 
included in the same multiple regression model, only changes 
in the iC3b:C3 ratio, anti- dsDNA antibody level, and use of a 
supraphysiologic dose of prednisone were independently asso-
ciated with active disease (Figure 2B). Furthermore, the strength 
of the association between relative changes in the iC3b:C3 ratio 
and active disease increased when analyses were controlled for 
anti- dsDNA antibody levels and use of a supraphysiologic dose 
of prednisone (OR 1.13 versus OR 1.29 for every 1- unit increase 
in iC3b:C3).

We found similar results using serology- free SLEDAI- 2K RI- 
50 scores for measuring disease activity. Relative changes in the 
iC3b:C3 ratio, C3 levels, and ESR were each associated with 
active disease (Figure 2C) after analyses were controlled for the 
number of clinic visits. In multivariate analysis, relative changes 
in the iC3b:C3 ratio, iC3b levels, and CRP levels and use of a 
supraphysiologic dose of prednisone were each independently 
associated with active disease (Figure 2D). Surprisingly, change 
in iC3b levels was negatively associated with active disease in 
both analyses (Figures 2B and D), after controlling for iC3b:C3 
ratios, CRP levels, and use of a supraphysiologic prednisone 
dose. The strength of the association between changes in the 

Figure  1. Elevated iC3b:C3 ratios are more commonly observed 
in patients with active systemic lupus erythematosus (SLE). The 
distributions of iC3b:C3 ratios (A), serum iC3b levels (B), and serum C3 
levels (C) were compared between patients with active SLE (n = 229),  
patients with inactive SLE (n = 250), and healthy controls (n = 48). 
Values are the mean ± SD. The broken horizontal line indicates the 
upper limit of normal (ULN). * = P < 0.0001; ** = P < 0.008 by 1- tailed 
analysis of variance with Dunn’s correction.
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iC3b:C3 ratio and active disease increased in the multivariate 
analysis (OR 1.06 in individual univariate analysis versus OR 
1.23 in multivariate analysis for every 1- unit increase in the 
iC3b:C3 ratio). These data demonstrate a relationship between 
the iC3b:C3 ratio and SLE disease activity.

Correlation of iC3b:C3 ratios with clinically mean-
ingful changes in SLE disease activity among patients 
receiving a supraphysiologic dose of prednisone. We 
examined whether iC3b:C3 ratios were associated with clinically 
meaningful changes in disease activity using longitudinal data. 
In all study subjects, no biochemical markers were associated 
with clinically meaningful changes in disease activity (Figure 3A), 
although iC3b:C3 ratios trended toward an association.

Since patients who were receiving a supraphysiologic dose 
of prednisone were more likely to have active disease (Fig-
ures 2B and D), we examined clinically meaningful changes in 
disease activity in this subgroup. In our univariate regression 
analysis, only incremental change in the iC3b:C3 ratio had a sta-
tistically significant association with clinically meaningful changes 
in disease activity among patients receiving a supraphysiologic 
dose of prednisone OR 0.95 for clinically meaningful improve-
ment in disease activity for every 1-unit decrease in the iC3b:C3 
ratio, and OR 1.05 for clinically meaningful deterioration for every 
1-unit increase in the iC3b:C3 ratio (Figure 3B).

Better discrimination of SLE disease activity with 
iC3b:C3 ratios than with low C3 or low C4 levels. We 
 evaluated the ability of the iC3b:C3 ratio to discriminate between 
active and inactive SLE, in comparison to the discriminative  abilities 
of iC3b, C3, and C4 levels, by performing ROC curve analyses. 
The iC3b:C3 ratio performed the best in terms of  discriminating 
active disease (AUC 0.6594, 95% CI 0.6076–0.7112), followed 
by anti- dsDNA antibody levels (AUC 0.6578, 95% CI 0.6066–
0.7091), C3 levels (AUC 0.6444, 95% CI 0.5896–0.6993), iC3b 
levels (AUC 0.5909, 95% CI 0.5384–0.6435), and C4 levels 
(AUC 0.6177, 95% CI 0.5615–0.6738) (Figure 4A). We confirmed 
these results using the serology- free SLEDAI- 2K RI- 50 scores for 

Figure  2. The iC3b:C3 ratio is associated with active systemic 
lupus erythematosus (SLE). A and B, Variables were examined 
for association with active disease as determined using the SLE 
Disease Activity Index 2000 (SLEDAI- 2K) scores, in univariate (A) 
and multivariate (B) logistic regression analyses with generalized 
estimating equations (GEE). C and D, Variables were examined for 
association with the serology- free SLEDAI- 2K Responder Index 
50 scores in univariate (C) and multivariate (D) logistic regression 
analyses with GEE. Whisker plots show the average odds ratios with 
95% confidence intervals (95% CIs). Variables that were significantly 
associated with active SLE are shown in red. ESR = erythrocyte 
sedimentation rate; dsDNA = anti–double- stranded DNA; CRP =  
C- reactive protein; AA = African American.

Figure 3. The iC3b:C3 ratio is associated with clinically meaningful 
change in systemic lupus erythematosus (SLE) disease activity in 
patients with more active disease. Variables were examined in 
univariate logistic regression analyses with generalized estimating 
equations for association with clinically meaningful changes in SLE 
disease activity in all study subjects assessed in longitudinal analyses 
(A), and in only those taking a supraphysiologic dose of prednisone 
(daily dose >7.5 mg/day) (B). Whisker plots show the average odds 
ratios with 95% confidence intervals (95% CIs). The statistically 
significant association of the iC3b:C3 ratio with clinically meaningful 
change is shown in red. ESR = erythrocyte sedimentation rate; 
dsDNA = anti–double- stranded DNA; CRP = C- reactive protein;  
AA = African American.
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measuring change in disease activity. The iC3b:C3 ratios (AUC 
0.5931, 95% CI 0.5406–0.6456), anti- dsDNA antibody lev-
els (AUC 0.5688, 95% CI 0.5178–0.6199), and C3 levels (AUC 
0.5807, 95% CI 0.5275–0.6339) were all statistically significant in 
discriminating active disease from inactive disease, whereas iC3b 
levels (AUC 0.4487, 95% CI 0.3965–0.5010) and C4 levels (AUC 
0.5489, 95% CI 0.4944–0.6033) did not show any significant abil-
ity to discriminate active disease from inactive disease (Figure 4B).

We further explored whether the iC3b:C3 ratio could dis-
criminate between patients presenting with a major SLE flare 
(according to the Fortin definition [49]) and patients with no 
disease activity (SLEDAI- 2K RI- 50 score of 0). The iC3b:C3 
ratio was superior in terms of discriminating a major disease 
flare (AUC 0.6611, 95% CI 0.5761–0.7461) compared to 

iC3b levels (AUC 0.6112, 95% CI 0.5252–0.6971), C3 levels 
(AUC 0.6273, 95% CI 0.5379–0.7166), and C4 levels (AUC 
0.5989, 95% CI 0.5071–0.6907) (Figure 4C), but was inferior 
to the discriminative ability of anti- dsDNA antibody levels (AUC 
0.7395, 95% CI 0.6662–0.8128).

Association of the iC3b:C3 ratio with the presence 
of lupus nephritis but not rash. We noted that 16.5% of 
patients with active SLE had normal iC3b:C3 ratios (Figure 1A). 
We hypothesized that certain disease manifestations may not 
drive sufficient systemic complement activation for detection of 
abnormalities in the blood. Thus, we evaluated 2 common man-

Figure 4. The iC3b:C3 ratio has the capacity to discriminate active 
systemic lupus erythematosus (SLE) from inactive SLE, and major 
flares from no disease activity. Receiver operating characteristic 
(ROC) curves using the iC3b:C3 ratio and blood levels of iC3b, 
C3, C4, and anti–double- stranded DNA (anti- dsDNA) antibodies 
were used to discriminate active SLE from inactive SLE using the 
complete SLE Disease Activity Index 2000 (SLEDAI- 2K) Responder 
Index 50 (RI- 50) score (A), active SLE from inactive SLE using the 
serology- free SLEDAI- 2K RI- 50 score (B), and major flare from no 
disease activity (C). AUC = area under the ROC curve; 95% CI = 
95% confidence interval.

Figure  5. The iC3b:C3 ratio is associated with lupus nephritis, 
but not rash, in patients with systemic lupus erythematosus. A and 
B, Variables were examined for association with lupus nephritis 
using univariate (A) and multivariate (B) logistic regression analyses 
with generalized estimating equations (GEE). C, Multiple linear 
regression analysis with GEE was used to assess changes in the 
urinary protein:creatinine (UPC) ratio for a given unit change in each 
biomarker. D, Univariate logistic regression analysis was used to 
examine the association between each variable and lupus rash. 
Whisker plots show the average odds ratios with 95% confidence 
intervals (95% CIs). Variables that were significantly associated with 
lupus nephritis are shown in red. ESR = erythrocyte sedimentation 
rate; dsDNA = anti–double- stranded DNA; CRP = C- reactive protein; 
AA = African American.
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ifestations of SLE that we speculated would drive different levels 
of complement activation, rash and lupus nephritis (defined as 
having any non- zero score in the urinary cast, hematuria, pro-
teinuria, or pyuria domains of the SLEDAI- 2K RI- 50 score).

We first compared the presence of lupus nephritis in 
SLE patients to a status of no disease activity (patients with a  
SLEDAI- 2K RI- 50 score of 0). In the univariate regression analy-
ses, relative changes in iC3b levels, the iC3b:C3 ratio, C3 levels, 
ESR, and anti- dsDNA antibody levels as well as race and number 
of visits each correlated with the presence of lupus nephritis (Fig-
ure 5A). In the multivariate regression analyses, only changes in 
the iC3b:C3 ratio, anti- dsDNA antibody levels, and ESR and use 
of a supraphysiologic dose of prednisone independently correlated 
with the presence of lupus nephritis (Figure 5B). A 1- unit increase 
in the iC3b:C3 ratio increased the odds of lupus nephritis by 45%.

Since other clinical manifestations of SLE may contribute 
to the iC3b:C3 ratio, we examined whether the association 
of iC3b:C3 ratios with lupus nephritis may be confounded by 
these other manifestations. Using ordinary linear regression 
with GEE, we found that iC3b:C3 ratios were associated with 
the presence of lupus nephritis independent of the presence 
of pleurisy, pericarditis, leukopenia, thrombocytopenia, arthritis, 
rash, alopecia, and mucocutaneous ulcers (see Supplementary 
Table 2, available on the Arthritis & Rheumatology web site at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract). 
No such independent association was observed in the pres-
ence of vasculitis or myositis, although these data may be a 
reflection of a lack of statistical power.

We then examined the quantitative changes in urinary pro-
tein:creatinine (UPC) ratios for every unit change in iC3b levels, 
iC3b:C3 ratios, C3 levels, C4 levels, anti- dsDNA antibody levels, 
ESR, and CRP levels. Only relative changes in the iC3b levels had 
a statistically significant association with the UPC ratio (P = 0.006), 
with an increase in the UPC ratio of 0.18 for every 1- μg/ml increase 
in the iC3b level (Figure 5C). Both the iC3b:C3 ratios and C3 levels 
trended toward a significant association (for iC3b:C3, P = 0.097; 
for C3 levels, P = 0.100), with an increase in the UPC ratio of 0.10 
for every 1- unit increase in the iC3b:C3 ratio, and an increase in 
the UPC ratio of 0.01 for every 10- mg/dl decrease in the C3 level.

When we examined the strength of association of iC3b:C3 
ratios with the presence of lupus rash only, in comparison to that 
in patients with no active disease, no correlation was observed 
(Figure 5D). Moreover, none of the other biochemical measures 
(anti- dsDNA antibody levels, C3 levels, C4 levels, ESR, or iC3b 
levels) correlated with the presence of lupus rash. This establishes 
that the iC3b:C3 ratio may not correlate with all disease manifes-
tations in SLE.

DISCUSSION

Clinicians currently assess complement activation on the 
basis of a reduction <LLN in the serum complement compo-

nents C3 and C4. However, several factors limit the usefulness 
of these measures in tracking SLE disease activity. For example, 
during SLE flares, consumption (due to activation) and produc-
tion (due to inflammation- induced liver production as part of the 
acute- phase response) of C3 and C4 occur, which may prevent 
their early detection.

Complement activation generates numerous soluble and 
surface- bound split products that interact with stimulatory com-
plement receptors and membrane- bound regulators of comple-
ment activation. Consequently, the value of measuring comple-
ment split products has just begun to be realized. For example, 
increased erythrocyte-  and platelet- bound C4d can provide util-
ity in the diagnosis of SLE (25–28).

A major unmet need in SLE is identifying biomarkers 
that might consistently reflect the levels of disease activity. To 
address this problem, we examined whether iC3b:C3 ratios 
were associated with changes in SLE disease activity. We 
employed a lateral flow assay designed to rapidly determine 
blood iC3b levels in the absence of artefactual elevation of 
iC3b (24). We provide evidence that the iC3b:C3 ratio corre-
lated with changes in SLE disease activity, with clinically mean-
ingful changes in disease activity evident in patients receiving 
a supraphysiologic dose of prednisone, and with the presence 
of lupus nephritis in SLE patients. In addition, the iC3b:C3 
ratio was demonstrated to have favorable characteristics for 
identifying active SLE and major SLE flare. The performance 
characteristics of the iC3b:C3 ratio compare favorably with 
those of C3 or C4 levels in the serum.

Furthermore, we found an association between iC3b:C3 
ratios and the presence of lupus nephritis that was independent  
of other observed clinical manifestations of SLE, and the levels of 
iC3b correlated with the UPC ratio. These results are not surpris-
ing, given the significant degree of complement activation asso-
ciated with lupus nephritis. Our findings support the use of the 
iC3b:C3 ratio as a biomarker of lupus nephritis disease activity.

Our data also confirm the lack of usefulness of absolute 
cutoff values, derived from healthy controls, for interpreting the 
levels of complement components or split products, in relation 
to SLE disease activity. We determined that elevated iC3b lev-
els or iC3b:C3 ratios poorly classified active disease (identify-
ing ~50% of patients). Low C3 levels also had poor sensitivity 
in detecting active disease (identifying 37.1% of patients). The 
poor sensitivity of low C3 levels is likely attributable to patients 
who experienced disease flares and had reductions in C3 lev-
els that remained above the LLN but were lower than their 
baseline C3 levels during disease inactivity. This has previously 
been observed in patients with lupus nephritis (54). In contrast, 
the regression analyses demonstrated a positive correlation 
between the iC3b:C3 ratio and active disease, independent 
of other biomarkers evaluated. These results indicate that a 
relative change in complement levels likely has more value in 
assessing disease activity than an absolute cutoff value.

http://onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract
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The lateral flow assay employed in this study offers rapid 
and precise measurements of iC3b. Results are obtained in 20 
minutes with the accuracy of an ELISA (24). A cassette that 
measures C3 using lateral flow assay has recently been pro-
duced, and data from a prototype possessed an accuracy that 
was similar to that of nephelometry (24). Thus, following addi-
tional validation, dual measurements of iC3b and C3 levels could 
potentially be obtained to generate the iC3b:C3 ratio as a point- 
of- care test.

Lower blood iC3b levels were independently associated 
with higher odds of active disease for a given iC3b:C3 ratio, 
anti- dsDNA antibody level, and use of a supraphysiologic dose 
of prednisone. This finding is surprising, because the production 
of iC3b should increase with complement activation. We initially 
speculated that the expression levels of complement receptors 
in SLE may influence iC3b levels. The surface density of the iC3b 
receptors CR1 and CR2 are inversely correlated with SLE dis-
ease activity (55). CR1 can bind to C3b, inactivate it into iC3b, 
and then into C3dg and C3c (Supplementary Figure 1 [http://
onlinelibrary.wiley.com/doi/10.1002/art.40747/abstract]). Thus, in 
those with more active disease, less iC3b may be formed due to a 
decrease in CR1 expression. Conversely, decreased CR2 expres-
sion in active disease could result in increased iC3b levels due to 
reduced clearance. Furthermore, proteins important in SLE (inter-
feron- α and the downstream product of iC3b proteolysis, C3d) are 
also ligands for CR2 (56), which may further increase iC3b levels 
due to receptor occupancy. Thus, the differences in iC3b receptor 
expression observed during active disease likely do not explain 
why iC3b levels are inversely correlated with disease activity. This 
highlights the need to better characterize the half- lives and sys-
temic and local handling of complement split products, such as 
iC3b, in patients with SLE.

A possible limitation to the use of complement split prod-
ucts for evaluation of SLE disease activity is that not all manifes-
tations may be related to detectable systemic activation of com-
plement. Dermoepidermal junction deposition of C3d and C4d 
are observed in the skin of patients with active SLE rash (57), 
suggesting that complement split products are generated. Nev-
ertheless, we found that lupus rash alone did not correlate with 
changes in the iC3b:C3 ratio. This suggests that a certain thresh-
old of complement activation, perhaps combined with perfusion 
characteristics of the inflamed organ, is required.

We observed that CRP levels were independently associated 
with active disease based on the serology- free SLEDAI- 2K RI- 50 
scores. CRP levels were found to poorly correlate with anti- dsDNA 
antibody levels and low complement levels (58), and thus this 
measure is thought to be poorly associated with disease activity in 
SLE. Nevertheless, increases in the CRP level of ~15 mg/liter have 
been observed during flares, particularly in patients with serositis 
(58). We agree with the findings of others, that increases in the 
CRP level during active disease are attenuated as compared to 
what might be anticipated; this could explain why a signal was 

observed only when anti- dsDNA antibody levels and hypocomple-
mentemia were removed from the analysis.

We acknowledge that there may be variability in how 
iC3b:C3 ratios behave depending on as yet undiscovered 
patient disease characteristics. However, our data demonstrate 
that the measurement of iC3b:C3 ratios is more informative than 
traditional biomarkers. These data support the development 
of larger- scale studies to confirm the utility of iC3b:C3 ratios 
in SLE, especially in identifying those who may develop lupus 
nephritis. Our data also suggest that a comprehensive, quan-
titative assessment of soluble and cell- bound complement split 
products from patients with various disease activity states needs 
to be performed, especially in light of data demonstrating the 
efficacy of complement inhibition in lupus nephritis (59). Iden-
tifying the array of complement signatures in the blood and on 
immune cells longitudinally will likely generate important obser-
vations regarding SLE pathophysiology, and may help refine how 
to best utilize complement split products for the assessment of 
SLE disease activity.
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Adoptive Treg Cell Therapy in a Patient With Systemic 
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Objective. Adoptive Treg cell therapy has great potential to treat autoimmune disease. Currently, very little is 
known about how these cells impact inflamed tissues. This study was undertaken to elucidate how autologous Treg 
cell therapy influences tissue inflammation in human autoimmune disease.

Methods. We describe a systemic lupus erythematosus (SLE) patient with active skin disease who received adop-
tive Treg therapy. We comprehensively quantified Treg cells and immune activation in peripheral blood and skin, with 
data obtained at multiple time points posttreatment.

Results. Deuterium tracking of infused Treg cells revealed the transient presence of cells in peripheral blood, 
accompanied by increased percentages of highly activated Treg cells in diseased skin. Flow cytometric analysis and 
whole transcriptome RNA sequencing revealed that Treg cell accumulation in skin was associated with a marked 
attenuation of the interferon- γ pathway and a reciprocal augmentation of the interleukin- 17 (IL- 17) pathway. This phe-
nomenon was more pronounced in skin relative to peripheral blood. To validate these findings, we investigated Treg 
cell adoptive transfer of skin inflammation in a murine model and found that it also resulted in a pronounced skewing 
away from Th1 immunity and toward IL- 17 production.

Conclusion. We report the first case of a patient with SLE treated with autologous adoptive Treg cell therapy. 
Taken together, our results suggest that this treatment leads to increased activated Treg cells in inflamed skin, with a 
dynamic shift from Th1 to Th17 responses.

INTRODUCTION

Treg cells play an essential role in the establishment and 
maintenance of immune tolerance. Findings from recent studies 
suggest that it may be possible to harness the immunoregula-
tory potential of these cells to treat autoimmune disease, pre-
vent allograft rejection, and attenuate graft- versus- host disease 
(1,2). These studies used either low- dose interleukin- 2 (IL- 2) as a 
means of pharmacologically augmenting Treg cells (3) or ex vivo 
expansion and subsequent infusion of autologous Treg cells (4–6). 

While prior studies have demonstrated augmentation of Treg cell 
numbers and function in peripheral blood, little is known about 
how these cells affect peripheral tissues. Specifically, it is unknown 
whether adoptively transferred Treg cells modify the immune 
microenvironment in inflamed organs in human  autoimmune 
 disease.

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease affecting multiple tissues. It has been suggested that Treg 
cells are both quantitatively and qualitatively defective in patients 
with SLE (7). Adoptive transfer of Treg cells in murine models of 
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SLE has been shown to be efficacious (8), and recently, Treg cell 
augmentation with low- dose IL- 2 appeared to show clinical ben-
efit in a small cohort of SLE patients (9). Over the past decade, 
we have developed a robust protocol to isolate and expand Treg 
cells in a variety of patient populations. In an initial phase I study of 
type 1 diabetes mellitus, we demonstrated that Treg cells could be 
isolated to great purity using CD4, CD25, and CD127 cell surface 
markers, expanded in vitro over 2 weeks to 300–2,000- fold and 
administered safely to patients in increasing doses of 0.05–2.6 × 
108 cells (4). Notably, we showed that a subset of stable Treg cells 
could be observed in the blood for at least 1 year posttransfer.

In the present study, we sought to examine the safety and 
immune effects of Treg cell therapy in SLE patients with promi-
nent cutaneous disease. The presence of cutaneous involvement 
in these patients provided an opportunity to examine the effects 
of Treg cell therapy at the site of tissue injury. Although the recruit-
ment and enrollment of patients was curtailed due to a variety 
of clinical parameters and practical considerations, in this report 
we describe the effects seen in 1 treated patient, highlighting the 
potential for systemic Treg cell therapy to alter the inflammatory 
infiltrates in inflamed skin.

PATIENT AND METHODS

Patient history and demographics. The patient was a 
46- year- old African American woman who was enrolled in a phase 
I study (NCT02428309) designed to evaluate the safety and bio-
logic effects of treatment with autologous, ex vivo–expanded Treg 
cells in patients with cutaneous manifestations of SLE. The study 
was subsequently terminated without further enrollment due to an 
inability to meet recruitment goals. The patient was diagnosed as 
having SLE at 16 years old, when she presented with generalized 
discoid lupus erythematosus, inflammatory arthritis, oral ulcers, 
serositis, and idiopathic thrombocytopenic purpura. Serologically, 
her SLE was characterized by positive antinuclear antibody, pos-
itive anti–double- stranded DNA (anti- dsDNA) antibody, positive 
anti- Sm antibody, and hypocomplementemia.

Over the years, discoid lupus was the predominant man-
ifestation of her disease, which drove her therapy. She had 
previously been treated with various immunosuppressive and 
immunomodulating agents including prednisone, hydroxy-
chloroquine (HCQ), chloroquine, methotrexate, mycophe-
nolate mofetil (MMF), cyclophosphamide, and belimumab. 
Despite these therapies, her discoid lupus continued to 
progress, requiring frequent treatment with moderate-  to 
high- dose steroids. She experienced multiple complications 
of cumulative steroid use, including avascular necrosis 
and severe skin infections, which required hospitalization. 
Because of her recalcitrant, progressive discoid lupus, thalid-
omide was initiated 2 years ago. She had a partial response 
to thalidomide with improvement in some, but not all, of her 
discoid lesions.

Human Treg cell isolation and expansion. Treg cells 
(CD4+CD127lowCD25high) were isolated and expanded according 
to the method described by Bluestone et al (4). Briefly, 400 ml of 
peripheral blood was obtained from the patient for Treg cell isolation. 
Peripheral blood mononuclear cells (PBMCs) were then isolated 
from fresh blood using Ficoll- Paque (GE Healthcare) and stained for 
Treg cells. Treg cells (1.1 × 106) were purified using fluorescence- 
activated cell sorting (FACS) and cultured with anti- CD3/CD28 
beads and 300 IU/ml of IL- 2 for 14 days. Ex vivo–expanded Treg 
cells (1 × 108) were then infused into the patient after release test-
ing. This was a dose- escalation study; therefore, the first (and only) 
patient in this study received the lowest dose of cells in our proto-
col. All Treg cell isolation, expansion, quality control, and infusion 
procedures were performed as previously described (4).

Human Treg cell deuterium tracking. Treg cells were 
isolated and expanded as described above. Briefly, during the 
14- day clinical expansion period, the deuterium label from [6,6- 
2H2]–glucose in the X- VIVO 15 culture medium (Lonza) was 
incorporated into the DNA of replicating polyclonal CD4+CD-
127lowCD25high  Treg cells. Mass spectrometry analysis showed 
that Treg cells expanded in X- VIVO 15 with [6,6- 2H2]–glucose in 
the medium at 100% enrichment were ~60% enriched for deu-
terium in the deoxyribose moiety of purine deoxyribonucleotides 
isolated from DNA, which is the theoretical maximum deuterium 
enrichment level observed in deoxyribose in fully replaced cells 
that divided in the presence of [6,6- 2H2]–glucose (4). This enrich-
ment level was consistently observed in other preparations that 
were manufactured at our facility for clinical studies (10). After 
infusion of the labeled Treg cells, peripheral blood and single- cell 
suspensions from skin biopsy specimens were  collected from 
the study participant, purified using FACS for Treg cells, and ana-
lyzed for stable isotope enrichment using mass spectrometry.

Flow cytometry. Skin isolation, processing, and flow cyto-
metric analysis were performed as previously described (10). 
Briefly, 4- mm punch biopsy specimens were obtained from actively 
inflamed skin at baseline (day 0) and at week 12. Half of one 4- mm 
punch biopsy specimen was placed in RNAlater solution (Ambion) 
for RNA sequencing (RNA- Seq). The rest of the biopsy specimens 
were digested overnight in buffer consisting of 0.8 mg/ml type IV 
collagenase (catalog no. 4188; Worthington), 0.02 mg/ml DNase 
(DN25- 1G; Sigma- Aldrich), 10% fetal bovine serum, 1% HEPES, 
and 1% penicillin/streptavidin in RPMI medium to generate single- 
cell suspensions for flow cytometry. Approximately 40 ml of periph-
eral blood was obtained at baseline, 1 day, 1 week, 2 weeks, 4 
weeks, 8 weeks, 12 weeks, and 24 weeks. PBMCs and plasma 
were isolated by Ficoll- Plaque gradient centrifugation. Approxi-
mately 10 × 106 fresh PBMCs were set aside for deuterium analysis, 
and remaining cells were cryopreserved for batch flow cytometry.

For detection of intracellular cytokines, cells were stimu-
lated with a Cell Stimulation Cocktail 500X (Tonbo Biosciences) 
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and incubated for 4 hours. The following human antibodies 
were used for flow analysis: viability stain Ghost Dye Violet 510 
(Tonbo Biosciences), PerCP- conjugated anti- CD3 (BioLeg-
end), fluorescein isothiocyanate (FITC)–conjugated anti–IL- 13 
(eBioscience), phycoerythrin (PE)–Cy7–conjugated anti- TNF 
(BD Pharmingen), PE–Texas Red–conjugated anti- CD4 (Invit-
rogen), PE- conjugated anti–IL- 22 (R&D Systems), allophyco-
cyanin (APC)–eFluor 780–conjugated anti- CD45 (eBioscience), 
Alexa Fluor 700–conjugated  anti–interferon (IFN)–γ (Bioleg-
end), eFluor 660–conjugated   anti– IL- 17A (eBioscience), eFluor 
450–conjugated anti- FoxP3 (eBioscience), BV605- conjugated 
anti- CD8α (BD Biosciences), PerCP–eFluor 710–conju-
gated anti- CD25 (eBioscience), FITC- conjugated anti- CD98 
(BD Pharmingen), PE–Cy7–conjugated anti–Ki- 67 (BD Bio-
sciences), PE- conjugated anti–CTLA- 4 (eBioscience), APC–
eFluor 780–conjugated anti- CD127 (eBioscience), Alexa Fluor 
700–conjugated anti- CD3 (BD Biosciences), APC- conjugated 
anti–inducible costimulator (ICOS) (eBioscience), and BV650- 
conjugated anti- CD137 (BD Biosciences). For intracellular 
staining, cells were fixed and permeabilized using reagents 
according to the protocol found in a FoxP3 staining buffer 
kit (eBioscience). An LSRFortessa flow cytometer (BD Bio-
sciences) was used for data acquisition, and results were ana-
lyzed using FlowJo software.

Tissue RNA- Seq. RNA sequencing of skin biopsy spec-
imens was performed as previously described (11). Whole skin 
tissue was preserved in RNAlater, and samples were shipped 
to Expression Analysis. RNA was isolated and converted into 
complementary DNA (cDNA) libraries using an Illumina TruSeq 
Stranded messenger RNA sample preparation kit. RNA was iso-
lated using a Qiagen RNeasy Spin Column and was quantified 
with a NanoDrop ND- 8000 spectrophotometer. The quality of 
RNA was checked using an Agilent Bioanalyzer Pico Chip. Using 
a SMARTer Ultra Low input kit, 220 pg of input RNA was used to 
create cDNA. Samples were sequenced using an Illumina RNA- 
Seq to a 25 million read depth. Reads were aligned to an Ensembl 
hg19 GRCh37.75 reference genome using TopHat software (ver-
sion 2.0.12), and Sequence/Alignment Map files were generated 
using SAMtools. Read counts were obtained using an HTSeq 
0.6.1p1 with the union option. R/Bioconducter DESeq2 was used 
to determine differential expression.

Experimental animals. All animal studies were performed 
in compliance with institutional guidelines, in a specific pathogen–
free facility. Donor mice were age-  and sex- matched C57BL/6 
CD45.1 and CD45.2 mice. Recipient mice were RAG- 2–deficient 
and on the C57BL/6 background. All mice were purchased from 
The Jackson Laboratory.

Mouse Treg cell adoptive transfer experiments. 
Donor cells were harvested from either C57BL/6 CD45.1 or 

CD45.2 mouse spleen and lymph nodes. CD4+ cells were then 
isolated with an EasySep mouse CD4+ T cell isolation kit  (Stemcell 
Technologies). All samples were sorted on a FACSAria (BD Bio-
sciences). CD4+CD25high Treg cells were sorted from CD45.1 
cells, and CD4+CD25−CD45Rbhigh effector T (Teff) cells were 
sorted from CD45.2 cells. A Candida model of skin inflammation 
was used as previously described (12). On day 0, donor mice were 
injected intravenously with either 500,000 CD45.2 Teff cells only or 
both 500,000 CD45.1 Treg cells and 500,000 CD45.2 Teff cells. 
On day 12, plates were streaked with Candida albicans, and 24 
hours later, a colony was selected and incubated at 30°C for 16 
hours. On day 14, optical density (OD) was checked, and Candida 
cultures were poured into a flask with 50–100 ml YPAD and incu-
bated until OD600 nm was between 1.5 and 2.0. C albicans was then 
centrifuged, resuspended in 10 ml of ice- cold phosphate buffered 
saline (PBS) to a concentration of 4 × 109 cells/ml, and counted.

Donor mice were anesthetized and the stratum corneum was 
removed (220- grit sandpaper, 10 strokes). Fifty μl of C albicans 
was applied to the backs of the mice. Skin draining lymph nodes 
were prepared for flow cytometry by mashing tissue over wire 
mesh. For isolation of cells from skin, back skin was obtained and 
lightly defatted. Skin was then minced with scissors and resus-
pended in a 50- ml conical tube with 1–3 ml of digestion media 
composed of 2 mg/ml type XI collagenase, 0.5 mg/ml hyaluroni-
dase, and 0.1 mg/ml DNase in RPMI with 1% HEPES, 1% pen-
icillin/streptomycin, and 10% fetal calf serum (FCS). This mixture 
was incubated at 37°C with shaking at 250 revolutions per min-
ute for 45 minutes. An additional 15 ml of the combined RPMI, 
HEPES, penicillin/streptomycin, and FCS media was then added, 
and the 50- ml conical tube was shaken vigorously by hand for 30 
seconds. Another 15 ml of media was added, and then the entire 
suspension was filtered through a sterile 100- mm cell strainer, 
followed by a 40- mm cell strainer, and into a new 50- ml conical 
tube. The suspension was then pelleted, and the cell pellet was 
resuspended in PBS for cell counting and staining to be used in 
the flow cytometric analysis described above.

Statistical analysis. Frequencies of cells and cytokines 
obtained using FlowJo software were reported using descriptive 
statistics. Student’s unpaired t- test was performed, and P values 
less than 0.05 were considered significant.

RESULTS

Clinical data. In 2016, we initiated a Food and Drug Admin-
istration–approved phase I dose- escalation trial (NCT02428309) 
as part of the Autoimmunity Centers of Excellence consortium 
to evaluate the safety and immune parameters of treatment 
with autologous, ex vivo–expanded Treg cells in patients with 
cutaneous manifestations of lupus. The trial, originally slated to 
include 9 subjects, was not completed due to screen failures 
and enrollment challenges and was ultimately  limited to a single 
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recruited patient. At the time of entry into the trial, the patient, 
a 46- year- old African American woman, had multiple active dis-
coid lupus skin lesions (see Supplementary Figure 1, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40737/abstract).

At baseline, the patient was taking stable doses of the fol-
lowing medications: HCQ (200 mg twice daily), MMF (1 gm twice 
daily), prednisone (5 mg once daily), thalidomide (50 mg every 
other day), and aspirin (325 mg once daily). Her baseline labo-
ratory evaluation results were noteworthy due to an erythrocyte 
sedimentation rate (ESR) of 30 mm/hour, anti- dsDNA antibody 
titer of 231 IU/ml, normal complement C3, and low complement 
C4. The Cutaneous Lupus Erythematous Disease Area and 
Severity Index (CLASI) (13) activity score was 21, the Safety of 
Estrogens in Lupus Erythematosus: National Assessment ver-
sion of the SLE Disease Activity Index (SELENA–SLEDAI) (14) 
was 8, the physician’s global assessment (PhGA) was 1.125 
(scale 0–3), and the patient’s global assessment (PtGA) was 1.0 
(scale 0–3). One week after an infusion of 1 × 108 Treg cells, the 
CLASI activity score was unchanged. At week 12, the CLASI 
activity score was 19, the SELENA–SLEDAI was 8, the PhGA 
was 1.0, the PtGA was 0.375, and serologic results were virtually 
unchanged from baseline (ESR 34 mm/hour, anti- dsDNA 238 
IU/ml, normal complement C3, and low complement C4). For 
the remainder of the 48- week follow- up period, the patient’s dis-
coid lupus, overall clinical status, and serologic results remained 
stable.

Treg cells and cytokines in peripheral blood. The 
patient received an infusion of ex vivo–expanded autologous Treg 
cells that were highly suppressive in vitro and >99% demethylated 
in the Treg- specific demethylation region of the FoxP3 gene locus, 
indicating Treg functionality and stability, respectively (see Sup-
plementary Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.40737/abstract) (15). On day 14, the patient underwent phle-
botomy. Approximately 400 ml of peripheral blood was drawn, and 
CD4+CD127lowCD25high Treg cells were purified and expanded as 
previously described (4). During the ex vivo expansion period, 
the proliferating Treg cells were cultured in the presence of 2H2- 
labeled, “deuterated” glucose, which was incorporated into the 
deoxyribose moiety in replicating DNA through the de novo purine 
nucleotide synthesis pathway (16). Isotopic enrichment of the 
purine deoxyribonucleotides in Treg cells was assessed by gas 
chromatography/mass spectrometry.

The patient was treated with Treg cells, wherein ~60% of the 
DNA was enriched for the 2H2- label without affecting the viabil-
ity and integrity of the cells (data not shown). On day 0, infusion 
was performed with 1 × 108 deuterium- labeled, ex vivo–expanded 
Treg cells. Expansion yielded >7.0 × 108 of highly pure CD4+ T 
cells with >94% of these cells expressing high levels of CD25 and 
FoxP3 (Supplementary Figure 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40737/abstract), showing a degree of expan-
sion and stability within the range described in other studies (4). 
This is especially important as previous studies have suggested a 
reduced number of peripheral Treg cells in the blood circulation of 

Figure 1. Adoptively transferred Treg cells are transiently detected in the patient’s peripheral blood and alter T cell cytokine production. A, 
Deuterium analysis of CD4+ Treg cells and Teff cells in peripheral blood. B and C, Total Treg cell percentages (B) and absolute (Abs) numbers 
(C) in peripheral blood. D, Representative flow cytometric plots of intracellular interferon- γ (IFNγ) expression in CD4+ Teff cells from peripheral 
blood. E–G, Quantification of intracellular IFNγ (E), interleukin- 17 (IL- 17) (F), and tumor necrosis factor (TNF) (G) expression in CD4+ Teff cells. 
H, Representative flow cytometric plots of intracellular IFNγ expression in CD8+ T cells from peripheral blood. I–K, Quantification of intracellular 
IFNγ (I), IL- 17 (J), and TNF (K) expression in CD8+ T cells.

http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
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lupus patients, and it has been hypothesized that the cells were 
less functional than in healthy individuals, in part due to intrinsic 
defects and in part due to ongoing medications (7). Notably, the 
Treg cells transfused into the subject were functionally compe-
tent in an in vitro suppression assay, had stable FoxP3 expres-
sion based on DNA demethylation analysis, and did not pro-
duce inflammatory cytokines at levels above those seen in other 
expanded Treg cell preparations (data not shown).

Peripheral blood was drawn at baseline (directly before Treg 
transfusion), on day 1, and at weeks 1, 2, 4, 8, 12, and 24, for 
mechanistic studies. PBMCs were isolated from whole blood and 
either freshly sorted for deuterium analysis or cryopreserved for 
batch flow cytometry. Both Treg cell (CD4+CD127lowCD25high) and 
Teff cell (CD4+CD25lowCD127high) populations were FACS- purified 
at specific time points and analyzed for isotope detection by mass 

spectrometry (Figure 1A). On day 1 postinfusion, deuterium- labeled 
Treg cells comprised ~1.5% of the total circulating Treg cell pop-
ulation. Isotope- labeled Treg cells steadily decreased in peripheral 
blood over time and were undetectable after week 4 (Figure 1A). 
Throughout the entire study period, deuterium labeling was only 
detected in Treg cells and not in CD4+ Teff cells.

To determine whether adoptive Treg cell transfer influenced 
the Treg cell compartment and T cell cytokine production in 
peripheral blood, Treg cells and intracellular cytokines from CD4+ 
Teff cells and CD8+ T cells were quantified by flow cytometry 
at specific time points after infusion. Overall, Treg cell percent-
ages and absolute cell numbers were unchanged throughout 
the study period (Figures 1B and C). There were no significant 
changes in Treg cell activation markers, such as CD25, CTLA- 4, 
ICOS, Ki- 67, CD98, and CD137 (data not shown). There was 

Figure 2. Accumulation of activated Treg cells, attenuation of interferon (IFN) production, and increased interleukin- 17 (IL- 17) production 
in the patient’s skin after adoptive Treg cell therapy. A, Representative flow cytometric plots of FoxP3 expression in CD4+ T cells from skin. 
Numbers represent total Treg cells (top), FoxP3high Treg cells (i.e., activated Treg cells) (bottom right), and FoxP3intermediate Treg cells (bottom left). 
B–D, Quantification of the data shown in A. E–H, Representative flow cytometric plots of intracellular IFNγ and IL- 17 expression in CD4+ Teff 
cells from skin (E), with quantification of intracellular IFNγ (F), IL- 17 (G), and tumor necrosis factor (TNF) (H) expression in CD4+ Teff cells. I–L, 
Representative flow cytometric plots of intracellular IFNγ and IL- 17 expression in CD8+ Teff cells from skin (I), with quantification of intracellular 
IFNγ (J), IL- 17 (K), and TNF (L) expression in CD8+ Teff cells. BL = baseline. Color figure can be viewed in the online issue, which is available at 
http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
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also no change in the CD4:CD8 ratio in peripheral blood (data 
not shown). To determine if the Treg infusion altered cytokine 
production in circulating T cells, PBMCs were stimulated with 
phorbol myristate acetate/ionomycin, and intracellular cytokine 
production was quantified by flow cytometry.

After Treg cell infusion, IFNγ production was reduced relative
to baseline in both CD4+ Teff cells and CD8+ T cells throughout 
the entire study period (Figures 1D, E, H, and I). Although very 
little IL- 17A was observed in peripheral blood CD4+ Teff cells and 
CD8+ T cells, expression of this cytokine was slightly reduced 
following Treg infusion and returned to baseline levels by the 
end of the study period (Figures 1F and J). A similar trend was 
observed with tumor necrosis factor (TNF) (Figures  1G and K). 
Taken together, these results suggest that, although there were 
no appreciable changes in the cell function of most T cell subsets 
in peripheral blood, there was evidence of immediate reduction in 
IFNγ cytokine expression in both CD4+ and CD8+ T cells. Impor-
tantly, the reduction was observed during the time in which adop-
tively transferred Treg cells were evident in the peripheral blood.

Treg cells and cytokines in skin. Previous studies in 
animal models have suggested that a major impact of Treg cell 
function occurs at the site of inflammation. In an attempt to deter-
mine the effects of Treg cell therapy on immune subsets within 
the affected tissue, we quantified various T cell subsets and intra-
cellular cytokine expression in diseased skin at baseline and at 

12 weeks post–Treg infusion. First, we examined the effect of the 
therapy on the Treg cells in the tissue. The percentage of Treg 
cells (FoxP3+) within the CD4+ T cell gate increased from 18% at 
baseline to 30% after 12 weeks (Figures 2A and B). In addition, 
we analyzed individual subsets of Treg cells based on FoxP3high-  
versus FoxP3intermediate–expressing cells, as it has been shown in 
human tissue that these 2 populations differ markedly with respect 
to their suppressive capacity (12,17). Cells with the highest levels 
of FoxP3 are the most activated cells and thus the most suppres-
sive. FoxP3high Treg cells increased from 3% at baseline to 16% 
after 12 weeks (Figure 2C); no difference in FoxP3intermediate cells 
was observed (Figure 2D). We were unable to determine whether 
the FoxP3high cells contained the ex vivo–expanded, adoptively 
transferred cells, as the mass spectrometry was not sensitive 
enough to pick up a signal in this small cell sample. It is therefore 
unclear if the increase in Treg cell number and FoxP3 expression is 
a direct or indirect effect of the adoptive immunotherapy.

The increased number of activated Treg cells in skin was 
accompanied by a marked reduction in IFNγ production from CD4+
Teff cells (Figures 2E and F), with less of an effect on IFNγ- producing 
CD8+ T cells. Strikingly, there was a pronounced increase in IL- 17A 
production in both CD4+ Teff cells and CD8+ T cells in skin 12 weeks 
after Treg infusion (Figures 2E, G, I, and K). There were no appreci-
able differences in TNF- producing T cells in skin at 12 weeks post-
infusion. Taken together, these results suggest that activated Treg 
cells accumulate in diseased tissue after adoptive Treg infusion and 

Figure 3. Whole transcriptome analysis of skin tissue from the patient pre– and post–adoptive Treg cell therapy. A, Normalized gene counts 
(fragments per kilobase million) of 9 human housekeeping genes in diseased skin samples at baseline (BL) and at week 12. B and C, Log2 
response fold changes of interferon- γ (IFNγ) response genes (B) and interleukin- 17 (IL- 17) response genes (C) between baseline and week 12
diseased skin samples.
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are associated with an attenuation of IFNγ- producing Th1 cells and 
an increase in both Th17 cells and IL-17–producing CD8+ T cells.

Tissue whole transcriptome analysis. The flow cytomet-
ric analyses described above were limited to examination of the T 
cell compartment. Thus, we determined the effects of adoptive Treg 
cell therapy changes at the tissue level using whole transcriptome 
RNA- Seq, with a focus on determining if the T cell cytokine pro-
file was indicative of the whole tissue immune microenvironment. 
Freshly isolated biopsy specimens of diseased skin were obtained 
at baseline and at 12 weeks post–Treg infusion, and RNA was 
prepared and subjected to whole transcriptome analyses. We first 
examined the relative expression of 9 well- documented and com-
monly accepted housekeeping genes (18). For each housekeeping 
gene, normalized counts between baseline and 12 weeks were 
compared. There was a slight trend toward increased expression 
of all genes in the 12- week samples; however, expression of these 
genes was quite similar between the 2 time points (Figure 3A).

Next, we probed all differentially expressed genes (between 
baseline and 12- week samples) for genes documented to be 

associated with the IFNγ or IL- 17 pathways (i.e., IFNγ and IL- 17 
response genes). Consistent with our flow cytometry data, we 
observed an overall attenuation of IFNγ response genes and a 
marked increase in IL- 17 response genes (Figures  3B and C). 
These results suggest that at the whole tissue level there is a 
reduction in IFNγ- mediated inflammation and an increase in IL- 
17–mediated gene expression in diseased skin 12 weeks post–
Treg infusion.

Adoptively transferred Treg cells suppress Th1 and 
augment Th17 responses in murine skin. Data on the patient 
in our study suggest the interesting possibility that the adoptive 
transfer of ex vivo–expanded, highly activated Treg cells results in 
attenuation of IFNγ- mediated inflammation and an augmentation 
in IL- 17 responses. To explore these observations in the absence 
of additional patient enrollment, we investigated whether adoptive 
transfer of Treg cells resulted in a similar skewing of the immune 
response in a well- characterized mouse model of skin inflamma-
tion. Topical application of C albicans to abraded skin had been 
shown to induce potent Th1 and Th17 immune responses in skin 

Figure  4. Treg cell adoptive transfer results in skewing away from Th1 and toward Th17 immune responses in a murine model of skin 
inflammation. A, CD4+ Teff cells were transferred, alone or in combination with autologous Treg cells, into RAG- 2–deficient mice. The skin 
of recipient mice was abraded and exposed to Candida albicans 14 days later. Seven days after this, skin and skin draining lymph nodes 
(SDLNs) were harvested for cytokine expression and analyzed using intracellular flow cytometry. B–D, Representative flow cytometric plots 
of interferon- γ (IFNγ) production from skin- infiltrating CD4+ Teff cells (B), with quantification of IFNγ production in skin (C) and SDLNs (D), are 
shown. E–G, Representative flow cytometric plots of interleukin- 17 (IL- 17) production from skin- infiltrating CD4+ Teff cells (E), with quantification 
of IL- 17 production in skin (F) and SDLNs (G), are shown. Results are representative of 3 replicate experiments. In C, D, F, and G, symbols 
represent individual mice; bars show the mean ± SD.  * = P < 0.05; *** = P < 0.0005, by Student’s t- test. Color figure can be viewed in the online 
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40737/abstract
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and skin draining lymph nodes in C57BL/6 mice (19–21). Notably, 
this was not an infection model, as introduction of C albicans in 
this context does not result in a productive infection but is instead 
rapidly cleared by the host. Thus, this represented a robust mouse 
model of both Th1 and Th17 skin inflammation by which effects of 
adoptively transferred Treg cells could be tested.

Immunodeficient RAG2- knockout mice (RAG−/−) underwent 
adoptive transfer of autologous CD4+ Teff cells alone or with CD4+ 
Teff cells with congenically marked autologous Treg cells in a 1:1 
ratio (Figure 4A). Fourteen days after adoptive transfer, dorsal skin 
was abraded and exposed to C albicans. Seven days later, both 
the skin and skin draining lymph nodes were harvested, and intra-
cellular cytokine production was quantified by flow cytometry. Treg 
cell adoptive transfer resulted in a significant attenuation of IFNγ
production from CD4+ Teff cells in skin, with a more limited effect 
on IFNγ production in skin draining lymph nodes (Figures 4B–D),
similar to the findings in human PBMCs from the treated patient. 
Conversely, adoptive transfer of Treg cells resulted in a significant 
increase in IL- 17A production from CD4+ Teff cells in skin and skin 
draining lymph nodes (Figures 4E–G). These results suggest that 
adoptive transfer of autologous Treg cells in a mouse model of 
skin inflammation results in a shift from Th1 to Th17 inflammation 
that is most prominent in the inflamed tissue. Most importantly, 
the adoptive transfer of Treg cells promoted the resolution of skin 
inflammation, as evidenced by reduced inflammatory infiltration 
seen on routine histology (data not shown).

DISCUSSION

In this study, we intended to test the hypothesis that adoptive 
transfer of autologous ex vivo–expanded Treg cells from patients 
with cutaneous lupus would be achievable, safe, and well- tolerated. 
Moreover, we compared analyses of tissue samples obtained from 
the patient at 2 time points to examine the immune and biologic 
effects of Treg cell therapy. The results from the sole patient in our 
study suggest that there was indeed an alteration of T helper cell and 
cytotoxic T cell cytokines toward a Th17 phenotype after adoptive 
transfer. The effects of this Treg transfer were corroborated by similar 
results from a noninfectious, inflammation model of Candida in mice. 
Together, these results suggest that Treg cell therapy can alter the 
balance of Th1 and Th17 subsets at the local site of inflammation, 
which may have an effect on clinical manifestations of the disease.

It must be noted that this was intended to be a dose- 
escalation study of the safety and mechanistic impact of the 
adoptive transfer of ex vivo–expanded autologous Treg cells 
in patients with cutaneous lupus. Unfortunately, for a number 
of logistical reasons, we were unable to enroll more than 1 
patient in the study. Active skin manifestations in SLE are often 
accompanied by other more severe manifestations that were 
not compatible with the enrollment criteria for this trial, and 
thus, many potential patients did not meet eligibility criteria. 
The original reason for focusing on patients with cutaneous 

lupus was the accessibility of skin biopsy specimens to assess 
inflammation, as opposed to other tissues (such as the kidney) 
that are considerably more difficult to obtain.

Therefore, we were left with the recruitment of a single 
patient at the lowest proposed dose. At this dose, there was no 
demonstrable clinical impact. Nonetheless, there was indeed a 
set of intriguing mechanistic results that were observed. First, and 
importantly, we were able to isolate and expand Treg cells from 
the patient. This is notable, because several groups have found 
that SLE patients have a suboptimal number of circulating Treg 
cells and functional deficiencies in the cells (7,9). Moreover, these 
patients often take a variety of medications. The patient in our 
study was taking HCQ, MMF, and prednisone, yet the cells could 
be expanded in the same manner and with the same stability as in 
other disease settings (4).

It is also important to note that, although there was significant 
engraftment of the adoptively transferred Treg cells (as evidenced 
by the presence of deuterium labeling in Treg cells isolated from the 
PBMCs on day 1), there was a rapid loss of labeled Treg cells in the 
blood soon after transfer. This was most apparent when compared 
to previous studies that used similar cell numbers for the adop-
tive immunotherapy (ref. 4 and Bluestone JA, et al: unpublished 
observations). There are a number of potential explanations for this 
outcome. First, perhaps the cells did not die but left the circulation, 
moving rapidly to the inflamed site. This remains possible but would 
be unique to this study, when compared to the course of cell num-
ber decay seen in type 1 diabetes mellitus and organ transplant set-
tings. Another explanation is that the cells died rapidly after transfer, 
which might be due to the medications used by this subject, includ-
ing the combination of antiproliferative MMF and steroid treatments.

Alternatively, there is evidence of a defect in IL- 2 production 
in this patient population. IL- 2 is an essential growth factor for 
Treg cells, and the ex vivo–expanded Treg cells may be especially 
dependent on this cytokine for their survival. Recent studies have 
suggested that low- dose IL- 2 therapy in lupus patients results in 
an increase in endogenous Treg cells and positive clinical effects 
(9). Thus, it might be logical to move forward with Treg cell therapy 
trials (in lupus) that use a concomitant IL- 2 therapy to maximize 
the effects of individual therapies. In addition, vitamin D supple-
mentation may augment the potential efficacy of adoptive Treg 
cell therapy, as this treatment has been shown to increase FoxP3/
IL- 17A in SLE patients (22). Finally, it should be noted that it is 
unlikely that the rapid reduction in adoptively transferred Treg cell 
numbers in the blood was due to a dramatic change in cell surface 
phenotype, including loss of CD25 or increased CD127 expres-
sion. Mass spectrometry analyses showed that all of the deute-
rium label remained within the bona fide Treg cell subset, providing 
evidence against Treg instability as an explanation for the decrease 
in labeled Treg cells in the blood over such a short period of time.

One important observation in this patient was the increase in 
both the relative percentage of Treg cells and the mean  fluorescence 
intensity of the FoxP3 expression in the skin biopsy specimen at 
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12 weeks versus at baseline. It is possible that the cells identified in 
the tissue were derived from the adoptively transferred population, 
but the mass spectrometry analysis was not sensitive enough to 
detect deuterium in the sample. An alternative hypothesis is that 
the identified Treg cells were infiltrating endogenous Treg cells from 
the circulation. There may be a constant infiltration of Treg cells at 
sites of inflammation, similar to what was observed in this patient, 
but normally these cells contain cytokines in the milieu, such as 
IL- 6 and IL- 12. The suppressive effects of Treg cells (either in the 
tissue or in draining lymph nodes) on the Th1 environment (as 
seen in Figure 3B and including STAT- 1, Th1 chemokines, etc.) 
may allow for a more stable resident Treg cell population at the site 
of inflammation. It is equally plausible that the potential increase in 
production of transforming growth factor β at the site might pro-
mote both Treg cells and Th17 cells, although this cytokine was 
not observed in the RNA gene expression analyses.

Finally, the most intriguing result of the current study was 
the dramatic change in T cell subset distribution in the inflamed 
skin of the patient. Not only was the number of IFNγ- producing 
CD4 cells substantially reduced, but there was a concomitant 
increase in the number of IL- 17A–producing CD4 cells and CD8 
cells in lesional skin. We do not know which of these changes 
was a direct consequence of Treg cell therapy, as it is possible 
that the Th1:Th17 ratio was affected by the decrease or increase 
in either population. However, several studies on mouse mod-
els have shown direct inhibition of IFNγ- producing cells by Treg 
cells, especially Treg cells that have a Th1 phenotype (10), and 
it is possible that a decrease in IFNγ was involved in the relative 
expansion of the Th17 subset. In this regard, it is interesting to 
note that Th17 responses are not always pathogenic, as IL- 17 is 
required for barrier homeostasis (11,23), and this patient’s clinical 
status did not worsen as a consequence of the Treg cell therapy. 
Moreover, similar results were observed in the mouse skin inflam-
mation model of Candida exposure, in which Treg cell adoptive 
transfer led to a decrease in Th1 and an increase in Th17 in the 
tissue, correlating with resolution of tissue inflammation. Moving 
forward, it will be critical to identify the precise mechanism(s) at 
play in this 3–cell subset interaction.

In summary, we attempted to conduct a full safety analysis 
and immune biomarker study in patients with cutaneous lupus. 
However, the study was incomplete due to recruitment chal-
lenges. Further studies need to be performed in other immune- 
mediated skin disorders to ascertain the reproducibility of these 
interesting and provocative results.
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Altered Cervical Spinal Cord Resting- State Activity in 
Fibromyalgia
Katherine T. Martucci,1 Kenneth A. Weber II,2 and Sean C. Mackey2

Objective. Altered afferent input and central neural modulation are thought to contribute to fibromyalgia symp-
toms, and these processes converge within the spinal cord. We undertook this study to investigate the hypothesis 
that, using resting- state functional magnetic resonance imaging (rs- fMRI) of the cervical spinal cord, we would ob-
serve altered frequency- dependent activity in fibromyalgia.

Methods. Cervical spinal cord rs- fMRI was conducted in fibromyalgia patients (n = 16) and healthy controls (n = 
17). We analyzed the amplitude of low- frequency fluctuations (ALFF), a measure of low- frequency oscillatory power, 
for frequencies of 0.01–0.198 Hz and frequency sub- bands to determine regional and frequency- specific alterations 
in fibromyalgia. Functional connectivity and graph metrics were also analyzed.

Results. As compared to healthy controls (n = 14), greater ventral and lesser dorsal mean ALFF of the cervical 
spinal cord was observed in fibromyalgia patients ( n = 15) (uncorrected P < 0.05) for frequencies of 0.01–0.198 Hz 
and all sub- bands. Additionally, lesser mean ALFF within the right dorsal quadrant (corrected P < 0.05) for frequencies 
of 0.01–0.198 Hz and sub- band frequencies of 0.073–0.198 Hz was observed in fibromyalgia. Regional mean ALFF 
was not correlated with pain; however, regional lesser mean ALFF was correlated with fatigue in patients (r = 0.763, 
P = 0.001). Functional connectivity and graph metrics were similar between groups.

Conclusion. Our results indicate unbalanced activity between the ventral and dorsal cervical spinal cord in fi-
bromyalgia. Increased ventral neural processes and decreased dorsal neural processes may reflect the presence of 
central sensitization and contribute to fatigue and other bodily symptoms in fibromyalgia.

INTRODUCTION

Fibromyalgia is a condition of widespread chronic pain 
typically accompanied by symptoms of fatigue, cognitive defi-
cits, and affective symptoms of depression and anxiety (1). 
Chronic widespread pain conditions are thought to involve 
processes of central sensitization, an up- regulated activity 
state of the central nervous system (CNS) (2), and may also 
involve impairments in descending modulation of pain (3), as 
well as altered peripheral nociceptive and non- nociceptive 
afferent inputs (4).

Evidence of altered CNS structure and activity has been 
observed in chronic pain states, including fibromyalgia (5). Altered 
brain activity in chronic pain occurs in response to various innoc-
uous and noxious stimuli (for example, refs. 6 and 7), as well as 
during resting- state functional magnetic resonance imaging (rs- 
fMRI) measured in terms of functional connectivity (8,9), functional 

networks (10,11), and low- frequency oscillatory power (12–14). 
However, the complex underlying CNS processes that contribute 
to the initiation and maintenance of chronic pain conditions such 
as fibromyalgia remain unclear.

Multiple potential sources of altered nociceptive inputs and 
pain modulatory signals converge within the spinal cord, mak-
ing it an important part of the CNS to study in order to better 
understand chronic pain. Abnormal responses to innocuous and 
noxious stimulation (i.e., evidence of central sensitization) (15), 
increased primary afferent input from damaged peripheral nerves 
(4), and decreased brain/brainstem descending inhibition (and 
increased descending facilitation) of pain (3,16) occur in fibro-
myalgia and would be expected to impact spinal cord activity in 
fibromyalgia. Spinal cord responses to temporal summation of 
pain are altered in fibromyalgia (17); however, the understanding 
of unprovoked spinal cord activity (i.e., resting- state) may pro-
vide additional insights to how nociceptive and non- nociceptive 
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information processing at the level of the spinal cord contribute 
to pain and comorbid symptoms in fibromyalgia.

We hypothesized that, using rs- fMRI, we would observe 
signals indicative of overall increased resting- state activity (i.e., 
hyperactivity) within the cervical spinal cord in fibromyalgia. To test 
our hypothesis and improve our understanding of altered CNS 
activity in chronic pain, we analyzed rs- fMRI low- frequency oscil-
latory power (18) to compare regional spinal cord fMRI activity in 
patients and healthy controls. We also investigated functional con-
nectivity and the topologic properties of the cervical spinal cord 
functional network.

PATIENTS AND METHODS

Subjects. Sixteen individuals with fibromyalgia and 17 
healthy individuals participated in the study. Study recruitment and 
data collection were conducted over a period of 4 months, i.e., 
May through August 2016. All patients met the following criteria: 
the 2011 modified American College of Rheumatology inclusion 
criteria (widespread pain index [WPI] score of ≥7 plus symptom 
severity [SS] score of ≥5, or WPI score of 3–6 plus SS score of 
≥9, symptoms present at a similar level for at least 3 months, and 
no disorder that would otherwise explain the pain) (19); pain in all 
4 body quadrants; average pain score over the previous month of 
≥2 (0–10 on a verbal scale); not pregnant or nursing; no MRI con-
traindications (e.g., metallic implants, claustrophobia); not taking 
opioid medications; and having no depression or anxiety disorder. 
Patients were allowed to take their medications during the study 
(for list of medications, see Supplementary Methods, available 
on the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40746/abstract). Healthy control par-
ticipants had no chronic pain, were not pregnant or nursing, had 
no MRI contraindications, were not taking pain or mood- altering 
medications at the time of the study, and had no depression or 
anxiety disorder. All participants provided written informed con-
sent acknowledging their willingness to participate in the study, 
comprehension of all study procedures, and the understanding 
that they could withdraw from the study at any time. All study 
procedures were approved by the Stanford University Institutional 
Review Board.

Study procedures. All study procedures were conducted 
at the Richard M. Lucas Center for Imaging at Stanford University. 
Prior to MRI scanning, participants were screened for any MRI 
contraindications, and completed behavioral, psychological, and 
clinical questionnaires.

Questionnaires included the Fibromyalgia 2011 Diagnostic 
Criteria (19) for WPI and SS scores, the Sensory Hypersensitivity 
Scale (SHS) (20), the Patient- Reported Outcomes Measurement 
Information System (PROMIS) fatigue measure (21), and the Short 
Form Brief Pain Inventory measure (BPI) (22). Quantitative sen-
sory testing (QST) was conducted immediately after MRI scanning 

and assessed pressure pain thresholds, mechanical hyperalgesia, 
mechanical temporal summation, and response to a cold pressor 
test (see Supplementary Methods, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40746/abstract). Additional question-
naires and brain scans were collected but were not included in 
the present analysis.

MRI scans. Functional imaging was performed using a 
2- dimensional (2- D) gradient- echo (GRE) echo- planar imaging 
sequence with the field of view (FOV) centered at the C6 vertebra 
and spanning from the top of the C5 vertebra to the bottom of the 
C7 vertebra (Figure 1). Structural imaging was performed using a 
high- resolution, 3- D T2- weighted fast spin- echo sequence (Cube) 
spanning from the brainstem to the upper thoracic spine and a 2- D 
axial multi- echo recombined GRE sequence for spinal cord white 
matter–gray matter imaging (centered at C6 vertebra but larger 
FOV than the functional imaging). Details of scan procedures and 
parameters are included in the Supplementary Methods (available 
at http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract). 
Participants provided pain ratings before and after the fMRI scans. 
A verbal scale (range 0–10), with anchors of no pain (0) and worst 
imaginable pain (10), was used.

Figure 1. Functional magnetic resonance image (fMRI) prescription 
location. The fMRI scan slices were prescribed to include the C5–C7 
cervical spine vertebrae corresponding to the C6–C8 spinal cord 
segments. Boxed area shows the segments imaged over a T2- 
weighted structural image from 1 subject. D = dorsal.

http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract


SPINAL CORD ACTIVITY IN FIBROMYALGIA |      443

Image preprocessing. Preprocessing of the functional cer-
vical spinal cord images was performed as previously described 
(23,24) using a combination of in- house customized scripts, the 
Oxford Centre for Functional Magnetic Resonance Imaging of the 
Brain software library (FSL), and the Spinal Cord Toolbox, version 
3.0 (25,26) (see Supplementary Methods).

Mean amplitude of low- frequency fluctuations 
(ALFF) analysis. The analysis of low- frequency oscillatory power 
in the CNS can be measured using ALFF, and this type of mea-
surement possesses several advantages for rs- fMRI analysis. 
These analyses are free of the constraints of functional connec-
tivity, which require comparison and correlation of activity across 
selected voxels, regions of interest, networks, etc. In contrast, 
ALFF provides independent measures of activity on a per voxel 
basis that can be calculated per subject and compared across 
groups of patients and healthy controls. ALFF has high test–retest 
reliability and is more sensitive to group- level and individual differ-
ences than fractional ALFF (fALFF) (27), and brain and cervical spi-
nal cord mean ALFF can differentiate clinical populations (12,28).

Measures of mean ALFF were calculated across all voxels of 
the preprocessed functional cervical spinal cord data, separately 
for each subject, using Data Processing Assistant for Resting- 
State fMRI (29), running in Matlab R2015b. In our primary anal-
yses, mean ALFF measures were calculated across low frequen-
cies (0.01–0.198 Hz) and assessed for group differences. In our 
secondary analyses, mean ALFF measures were calculated sepa-
rately for sub- band frequencies (30), including Slow5 (0.01–0.027 
Hz), Slow4 (0.027–0.073 Hz), and Slow3 (0.073–0.198 Hz) (see 
Supplementary Methods, available at http://onlinelibrary.wiley.
com/doi/10.1002/art.40746/abstract).

Normalized (z- transformed) ALFF images were analyzed 
for group differences using FSL’s analysis tool Randomise. For 
this analysis, the normalized ALFF images (1 per subject) were 
 concatenated into 1 image, and then the image (1 volume per 
subject, 29 volumes) was processed using Randomise as a 
2- sampled unpaired t- test of the images (31). Significance of the 

findings was assessed using threshold- free cluster enhancement 
(TFCE) at an uncorrected and corrected P value of less than 0.05 
(5,000 permutations).

Additional analyses included gray matter and white mat-
ter mean ALFF comparison for validation of our measurements, 
fALFF analysis, and correlation analysis between greater and 
lesser region mean ALFF (see Supplementary Methods).

Correlation analyses of regional mean ALFF power 
with symptom and quantitative sensory testing mea
sures. Mean ALFF values extracted from regions of greater 
mean ALFF and lesser mean ALFF for frequencies of 0.01–0.198 
Hz (uncorrected and corrected P < 0.05) were evaluated for cor-
relations with symptom measures (IBM, SPSS Statistics, version 
21). Symptom measures for the correlation analyses included 
average scan pain (mean of pre-  and postscan ratings), fibro-
myalgia criteria WPI score, fibromyalgia criteria SS score, SHS 
score, fatigue (PROMIS fatigue), pain severity (BPI), and pain 
interference (BPI). The multiple symptom measures were chosen 
for their broad representation of sensory aspects of chronic pain 
(e.g., distribution of painful areas, extent of other bodily symp-
toms, hypersensitivity to sensory stimuli, sensation and experi-
ence of fatigue, average experienced pain intensity, and average 
experienced pain interference, respectively). All of the pain and 
fatigue measures were correlated except for sensory hypersen-
sitivity. Therefore, correlations were Bonferroni corrected for the 
inclusion of 5 (correlated symptom measures plus sensory hyper-
sensitivity plus 3 sets of mean ALFF values) independent meas-
ures (uncorrected P < 0.05 divided by 5 uncorrelated measures 
= corrected P < 0.01). Additional exploratory analyses were con-
ducted between QST data and mean ALFF (see Supplementary 
Methods, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40746/abstract).

Seed based functional connectivity and network 
analysis. Functional connectivity measures the temporal cor-
relation of signals between regions in the CNS and has been 

Table 1. Demographic and symptom measures in the fibromyalgia patients and healthy controls*

Controls Patients

P†No. Mean ± SD No. Mean ± SD

Age 14 48.71 ± 11.10 15 47.13 ± 9.82 0.687
WPI 14 0 ± 0 15 13.80 ± 3.53 <0.001
SS 14 0 ± 0 15 8.27 ± 1.94 <0.001
SHS 14 72.50 ± 13.50 15 103.13 ± 13.27 <0.001
Fatigue (PROMIS) 14 48.19 ± 6.83 15 64.18 ± 7.45 <0.001
Pain severity (BPI) 14 0.23 ± 0.49 15 5.14 ± 1.82 <0.001
Pain interference (BPI) 10 0.61 ± 1.07 15 5.05 ± 2.52 <0.001

* WPI = Widespread Pain Index; SS = Symptom Severity Scale; SHS = Sensory Hypersensitivity Scale; PROMIS = 
Patient- Reported Outcomes Measurement Information System; BPI = Brief Pain Inventory. 
† By 2- tailed independent-sample t- test. 
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extensively used to assess the functional organization of com-
munication within the brain. More recently, this line of research 
has expanded to study the functional organization of intrinsic 
spinal cord networks. Growing evidence supports the presence 
of bilateral motor (left and right ventral horn functional connec-
tivity) and bilateral sensory (left and right dorsal horn functional 
connectivity) rs- fMRI spinal cord networks (32–34), and the func-
tional organization within these networks is altered in nonhuman 
primates after spinal cord injury and in humans during unilat-
eral thermal stimulation (24,35). As aberrant sensory processing 
within the spinal cord is thought to partially underlie fibromyalgia, 
we also investigated the functional organization of spinal cord 
networks in the present study.

To investigate spinal cord functional connectivity, we 
employed a seed- based region of interest (ROI) approach sim-
ilar to that recently described by our group (24). The strength 
of functional connectivity was assessed between the left ven-
tral, left dorsal, right dorsal, and right ventral horns at 5 levels 
evenly distributed superiorly and inferiorly across the cervical 
spinal cord FOV (20 ROIs total). We also explored the top-
ologic properties of the functional network using the graph 
metrics of efficiency, small worldness (which describes the 
trade- off between segregation of function and integration of 
information across a network), and modularity (see Supple-
mentary Methods, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40746/abstract).

Figure 2. Distribution and number of painful areas. A, Patients with fibromyalgia (n = 15) reported distributed regions of pain, including 
dermatomes projecting to imaged spinal cord segments (dermatomes C6–C8, corresponding to C5–C7 vertebrae [gray and black shading]). 
B, All patients reported multiple regions of pain; the majority of patients reported >12 regions of pain and all patients reported right shoulder 
pain (maximum number of regions = 19).
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RESULTS

Data from 4 participants were excluded from the final  
analysis due to poor rs- fMRI image quality and incorrect rs- fMRI 
 prescription (see Supplementary Methods, available at http:// 
onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract). Thus, 
data from 15 patients and 14 healthy controls were included in 
the analysis.

Participant demographics and medications, and 
behavioral and clinical measures. Patients demonstrated 
significantly greater symptom measures related to pain, sensory 
hypersensitivity, and fatigue as compared to healthy controls 
(Table  1). Patients reported widespread pain symptoms across 
the body, which is typical for fibromyalgia (Figure 2). We hypothe-
sized that altered cervical spinal cord activity would be apparent 
in fibromyalgia due to central sensitization, as an overall state of 
the CNS, rather than due to pain at corresponding dermatomes. 
However, all patients reported pain in the right shoulder and most 
reported arm pain; therefore, our observations may be influenced 
by altered afferent nociceptive input from C6–C8 dermatomes.

Altered regional spinal cord mean ALFF in fibromy
algia. The main analyses of spinal cord low- frequency oscillatory 
power using ALFF revealed group differences distributed across 

all imaged segments of the spinal cord (C6–C8 dermatomes, cor-
responding to C5–C7 vertebrae) for frequency range 0.01– 0.198 
Hz (uncorrected P < 0.05) (Figure 3 and Supplementary Figure 
1, and Supplementary Table 1, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40746/abstract). Greater mean ALFF 
was observed primarily within the ventral hemicord of the cervical 
spinal cord in fibromyalgia, corresponding to the location of the 
right spinothalamic tracts and ventral horn. Lesser mean ALFF 
was observed primarily within the dorsal quadrants of the cervical 
spinal cord in fibromyalgia, corresponding to the right spinal cord 
dorsal columns (i.e., medial lemniscus) and right dorsal horn. At 
the corrected threshold of P < 0.05, a small region of lesser mean 
ALFF within the right dorsal quadrant of the spinal cord at the C7 
dermatome/C6 vertebral level was observed in fibromyalgia.

Additional frequency sub- band analyses revealed similar 
patterns of mean ALFF group differences at the uncorrected 
threshold level (uncorrected P < 0.05), with greater ventral and 
lesser dorsal mean ALFF in patients. At the corrected thresh-
old (corrected P < 0.05), the frequency sub- band of 0.073–
0.198 Hz (Slow3) revealed a small cluster of lesser mean ALFF 
in patients within the dorsal right quadrant of the spinal cord 
at the C7 dermatome/C6 vertebral level (see Supplemen-
tary Figure 2 and Supplementary Table 1, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract). No 
group differences were observed at the corrected threshold 

Figure 3. Mean amplitude of low- frequency fluctuations (ALFF) group differences for frequencies of 0.01–0.198 Hz. A, Coronal (top), sagittal 
(bottom), and horizontal/axial (right) views of cervical spinal cord mean ALFF differences in patients as compared to controls for frequencies 
0.01–0.198 Hz. Patients demonstrated greater ventral (V) (red) and lesser dorsal (D) (blue) mean ALFF (Randomise threshold- free cluster 
enhancement [TFCE]) (uncorrected P < 0.05). For greater mean ALFF in patients, the voxel count per quadrant was as follows: left dorsal 
217 voxels, left ventral 30 voxels, right (R) dorsal 72 voxels, and right ventral 966 voxels; for lesser mean ALFF in patients, the voxel count 
per quadrant was as follows: left dorsal 475 voxels, left ventral 0 voxels, right dorsal 1,287 voxels, right ventral 13 voxels. B, Small cluster  
(circles) in dorsal spinal cord of lesser mean ALFF in patients (Randomise TFCE corrected P < 0.05) (9 voxels). The coordinates are based on 
the PAM50 template coordinates (51).
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(corrected P < 0.05) for frequency sub- bands of 0.027–0.073 
Hz (Slow4) and 0.01–0.027 Hz (Slow5) (uncorrected results 
are shown in Supplementary Figure 3, http://onlinelibrary.wiley.
com/doi/10.1002/art.40746/abstract); therefore, these fre-
quency results were not analyzed or discussed further.

Additional analyses confirmed that mean ALFF was 
greater in gray matter than white matter (Supplementary Fig-
ure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40746/
abstract), which is consistent with previous reports (27). Mean 
ALFF values extracted from regions corresponding to greater 
ALFF in patients (patients > controls)  (uncorrected) and lesser 
ALFF in patients (patients < controls) (uncorrected) were neg-
atively correlated across patient and control groups combined 
(r = –0.508, P = 0.005; n = 29) but not significant in the patient 
group (r = –0.266, P = 0.338; n = 15). No group differences for 
fALFF were observed at the corrected threshold (corrected P < 
0.05) (see Supplementary Figure 5, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.40746/abstract).

Correlations of regional mean ALFF with symptom 
and quantitative testing measures. Mean ALFF within 
regions corresponding to  patients > controls (uncorrected), 
patients < controls (uncorrected), and patients < controls (cor-
rected) was assessed for correlations with multiple symptom 
measures. Mean ALFF for patients < controls (uncorrected) was 
positively correlated with fatigue (PROMIS fatigue) in patients (r = 
0.763, P = 0.001); however, this correlation was not significant for 
patients > controls (uncorrected) or patients < controls (corrected) 
(Table 2 and Supplementary Figure 6, available at http://onlineli-
brary.wiley.com/doi/10.1002/art.40746/abstract). Mean ALFF 
was not correlated with mean scan pain (average of pre-  and 
postscan ratings) or with additional measures, including scores 
for WPI, SS, SHS, pain severity (BPI), or pain interference (BPI) in 
patients (Table 2 and Supplementary Figure 7, http://onlinelibrary.

wiley.com/doi/10.1002/art.40746/abstract). All significant and 
nonsignificant associations across both groups (i.e., patients and 
controls combined) are listed in Supplementary Table 2 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract).

No significant correlations were identified between mean 
ALFF and QST measures in the patient group (Supplementary 
Table 3, http://onlinelibrary.wiley.com/doi/10.1002/art.40746/
abstract). However, for cold pressor test duration, a trend 
toward a positive association with mean ALFF patients < 
controls (uncorrected) was identified in the patient group (r = 
0.489, P = 0.065; n = 15).

Unaltered functional connectivity in fibromyalgia. 
The mean ventral- ventral (V- V), dorsal- dorsal (D- D), ventral- dorsal 
within (V- D within) hemicord, and ventral- dorsal between (V- D 
between) hemicord functional connectivity was analyzed. Bilat-
eral motor (V- V functional connectivity) and sensory (D- D func-
tional connectivity) functional spinal cord networks have been 
observed and reproduced across studies in healthy individuals 
(24,32–34,36). In alignment with these previous observations, we 
observed significant V- V connectivity (r > 0) for both the patients 
(mean ± SEM r = 0.078 ± 0.018, P < 0.001) and controls (r = 
0.104 ± 0.033, P = 0.008), as well as significant D- D connectivity 
for both the patients (r = 0.065 ± 0.014, P < 0.001) and controls 
(r = 0.087 ± 0.030, P = 0.013). No significant V- D within hemicord 
connectivity or V- D between hemicord connectivity was observed 
for either the patients or controls (P > 0.05) (Figure 4). No signif-
icant group differences were observed in the V- V (P = 0.503) or 
D- D (P = 0.514) functional connectivity, indicating similar strength 
of the bilateral motor and sensory functional spinal cord networks 
in patients as compared to healthy controls. Neither V- D within 
hemicord connectivity (P = 0.149) nor V- D between hemicord 
connectivity (P = 0.409) differed between the groups. Using graph 
metrics, the functional spinal cord network demonstrated small 

Table 2. Correlations between mean ALFF and symptom measures in the fibromyalgia patients*

Mean ALFF values,  
patients > controls  

(uncorrected)

Mean ALFF values,  
patients < controls  

(uncorrected)

Mean ALFF values,  
patients < controls  

(corrected)

r P r P r P

Average scan pain –0.007 0.98 0.029 0.918 –0.197 0.481
WPI 0.038 0.894 0.157 0.577 –0.053 0.853
SS –0.049 0.863 0.264 0.342 0.093 0.74
SHS –0.235 0.4 –0.036 0.899 –0.178 0.525
Fatigue (PROMIS) –0.229 0.411 0.763 0.001 0.011 0.968
Pain severity (BPI) –0.224 0.423 –0.071 0.802 –0.127 0.653
Pain interference 

(BPI)
0.071 0.801 0.136 0.629 0.226 0.417

* R values are the Pearson correlation between mean amplitude of low- frequency fluctuations (ALFF; frequency range 0.01–0.198 Hz) and 
symptom measures in patients (n = 15). WPI = Widespread Pain Index; SS = Symptom Severity Scale; SHS = Sensory Hypersensitivity Scale; 
PROMIS = Patient- Reported Outcomes Measurement Information System; BPI = Brief Pain Inventory. 
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world properties at the lower link densities for patients and con-
trols as previously reported (24,37). Mean ± SEM small worldness 
at the 10% link density was 2.354 ± 0.365 and 2.240 ± 0.302 for 
the patients and controls, respectively. No group differences were 
found between the groups for any of the graph metrics, which 
included efficiency, small worldness, and modularity (P > 0.05) 
(Figure 4).

DISCUSSION

We report novel evidence of altered rs- fMRI low- frequency 
power (mean ALFF) in the cervical spinal cord in patients with fibro-
myalgia, specifically, distributed patterns of greater regional mean 
ALFF located within the ventral spinal cord and lesser regional 
mean ALFF within the dorsal spinal cord. The most salient group 
difference in mean ALFF was located within a small cluster in the 
spinal cord right dorsal quadrant located at the borderline of the 
dorsal horn gray matter and white matter. Individual differences in 
mean ALFF, for patients < controls (uncorrected), were strongly 
positively correlated with levels of fatigue in patients. Together 
these results suggest regional differences in nociceptive and non- 
nociceptive processing pathways in fibromyalgia.

Across frequencies of 0.01–0.198 Hz, patients demon-
strated greater mean ALFF within distributed ventral regions and 
lesser mean ALFF within dorsal regions relative to controls. A 
small region of robust lesser mean ALFF within the right dorsal 
quadrant was observed for frequencies of 0.01–0.198 Hz and 
sub- band frequencies of 0.073–0.198 Hz (corrected P < 0.05), 
but not for other sub- bands. Neuropathic pain patients demon-

strate increased ALFF in the thalamus, somatosensory cortex, 
and brainstem nuclei, most strongly within the Slow4 frequency 
sub- band (0.027–0.073 Hz), and neural oscillations due to astro-
cyte calcium signaling may underlie these changes (12). We 
observed similar ALFF differences in the Slow4 frequency range 
at the uncorrected threshold. Due to technological limitations of 
spinal cord fMRI, we report these uncorrected observations for 
future use and propose that similar mechanisms may contrib-
ute to these findings (see Supplementary Methods, available on 
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40746/abstract).

Resting- state fMRI activity (based on the blood oxygen 
level–dependent signals [BOLD]) is typically associated with gray 
matter; however, reliable BOLD signal changes are also observed 
in white matter (38), and astrocytes (abundant in both gray and 
white matter) contribute to the BOLD fMRI signal (39). The group 
differences in mean ALFF were primarily distributed throughout 
spinal cord white matter with some spread into spinal cord gray 
matter regions. While the localization of spinal cord fMRI signal dif-
ferences is limited by relatively low spatial resolution (1.25 × 1.25 
mm2 in- plane resolution), it appears from our results that regions 
of greater mean ALFF in patients may correspond to the spinotha-
lamic tracts, and regions of lesser mean ALFF in patients may 
correspond to the dorsal columns of the spinal cord. Although 
individual differences in greater ventral and lesser dorsal mean 
ALFF were not correlated among patients, the inverse correla-
tion of ventral and dorsal mean ALFF across patient and control 
groups suggests that these results may represent an imbalance 
between pain and sensory processes in fibromyalgia.

Figure 4. Functional connectivity and graph metrics. A, Regions of interest (ROIs) used to assess the functional spinal cord network. The 
strength of functional connectivity was assessed between the left- ventral, left- dorsal (D), right (R)–dorsal, and right- ventral horns at 5 levels 
evenly distributed superiorly and inferiorly across the cervical spinal cord (20 ROIs total). B, Significant ventral- ventral (V- V, bilateral motor 
network) and dorsal- dorsal (D- D, bilateral sensory network) functional connectivity, identified for each group (r > 0 by 1- sample t- test). No 
significant ventral- dorsal (V- D) within or V- D between hemicord connectivity was present, and no group differences in the strength of functional 
connectivity were observed. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. C–E, Small world properties demonstrated by the functional networks 
(small worldness >1) as previously reported. No significant group differences were observed between the graph metrics of efficiency (C), small 
worldness (D), or modularity (E). The coordinates are based on the PAM50 template coordinates (51). In B–E, values are the mean ± SEM. Color 
fi gure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract.

http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40746/abstract
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The complex mechanisms of local spinal cord modulatory 
circuits are still being elucidated; however, a shift from inhibition 
to excitation within the spinal cord dorsal horn could underlie 
allodynia, as demonstrated during peripheral inflammation (40). 
Such a shift of reduced central inhibition and increased excita-
tion could, in turn, result in increased transmission of nociceptive 
signals via spinothalamic projection neurons and/or decreased 
transmission of non- nociceptive signals. Thus, the present find-
ings may relate to altered modulation by local spinal cord circuits 
in fibromyalgia.

Descending modulation of spinal cord processes could 
additionally contribute to the present observations. Increased 
descending facilitation and/or decreased descending inhibition of 
nociceptive signals, processes of central sensitization (41), could 
enhance transmission of nociceptive signals to supraspinal regions 
and/or dampen supraspinal transmission of non- nociceptive sig-
nals. Thus, our observations complement previous evidence of 
altered spinal cord activity during temporal summation of noxious 
thermal pain in fibromyalgia (17).

Individual differences in mean ALFF for patients < controls 
(uncorrected) were strongly positively correlated with symptom 
measures of fatigue, indicating potential functional and symp-
tomatic implications. While this observation was inverse of the 
negative association (nonsignificant) between dorsal mean ALFF 
and fatigue across patient and control groups combined, distinct 
mechanisms may underlie the significant relationship between 
greater dorsal ALFF and greater reported fatigue within the patient 
group. For instance, greater dorsal ALFF in patients could be 
driven by increased descending serotonergic drive (i.e., increased 
postsynaptic activity) that can inhibit muscle afferents and increase 
sensations of fatigue (42). Alternatively, increased concentrations 
of metabolites (e.g., protons, lactate, ATP) in muscle tissue con-
tribute to sensations of nonpainful fatigue (43) and could increase 
transmission and/or input of sensory afferent information. While 
no significant correlations were observed between sensory testing 
and mean ALFF differences, a trend toward a positive associa-
tion of cold pressor test duration and greater dorsal ALFF may 
suggest that greater baseline sensory input and/or transmission 
translates to higher endurance of the cold pressor test.

Similar to the brain, the intrinsic resting- state functional net-
works have been recently investigated in the spinal cord (36). The 
most reproducible connectivity patterns have included V- V and 
D- D functional connectivity, which have been termed the bilateral 
motor and sensory networks, respectively (32–34,36). In addition 
to functional connectivity between 2 regions, graph metrics pro-
vide a way to summarize the topologic properties of a network 
(for review, see ref. 44), and recently these metrics have been 
extended to the spinal cord (37). We recently demonstrated that 
unilateral thermal stimulation to the forearm disrupted the bilateral 
sensory network (D- D functional connectivity), while increasing 
global efficiency and decreasing modularity of the cervical spinal 
cord functional network in healthy controls (24). As sensory pro-

cessing is thought to be altered in fibromyalgia, we expected to 
observe differences in the patterns of functional connectivity in 
patients compared to healthy controls. While we observed evi-
dence of V- V and D- D functional connectivity in both the patients 
and controls, neither the functional connectivity strength nor the 
graph metrics differed between the groups. This suggests that 
these measures were not sensitive to the changes in spinal cord 
processing accompanying fibromyalgia. The bilaterality of symp-
toms in the patients contrasts with previous reports of unilateral 
experimental thermal stimulation in healthy individuals (24,45,46) 
and may have obscured any group differences in functional con-
nectivity. Thermal stimulation or evoked pressure pain, as used 
previously in spinal cord (17) and brain (47) fMRI investigations of 
fibromyalgia, may reveal spinal cord functional network alterations 
in fibromyalgia. As spinal cord functional connectivity is still a new 
field, much work is necessary to determine the best methods to 
study altered sensory processing in clinical conditions, including 
fibromyalgia and chronic pain (34).

Our study had some potential limitations. Precise localization 
of fMRI results to specific regions and tissues (i.e., gray matter 
and white matter) of the spinal cord remains challenging due to 
the current technological limitations of spinal cord fMRI (i.e., spa-
tial resolution). Our spinal cord fMRI sequence was optimized to 
produce high- quality images based on current standards. Addi-
tionally, we carefully removed sources of noise as part of our pre-
processing pipeline, and our results should therefore be minimally 
affected by motion and physiologic signals. Despite these efforts, 
and because ALFF is related to the BOLD signal, we cannot rule 
out the possibility that the location of observed differences in mean 
ALFF may be influenced by blood flow directionality in the spinal 
cord (48). The dynamics of the BOLD signal changes (e.g., due to 
patterns in blood flow, potential artifacts) and its distribution within 
the spinal cord are currently incompletely understood. We applied 
robust analysis methods and conservative statistics optimized for 
brain fMRI; in the future, analysis methods and statistics tailored to 
the spinal cord may provide more robust results.

We had expected to observe greater low- frequency power 
in patients, particularly in blood flow–rich regions of spinal cord 
gray matter. However, group differences were located predomi-
nantly in regions corresponding to white matter. The specificity of 
sensory-  or motor- related BOLD signal change in the spinal cord 
is not consistently restricted to gray matter, as demonstrated in 
most studies (for example, see refs. 17 and 49). For example, 
motor task activation in the spinal cord encompasses the major-
ity of the ipsilateral hemicord (spanning both gray and white mat-
ter) and is more focused in the anterolateral quadrant at higher 
thresholds (23). The neural mechanisms underlying the observed 
differences in white matter regions remain to be ascertained; 
however, re  liable BOLD signal–related activity in white matter (38) 
and astrocyte (present in gray and white matter) contributions to 
the BOLD fMRI signal (39) provide support for the validity of our 
 observations.
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We did not determine whether our participants had periph-
eral neuropathy, which alters nociceptive and non- nociceptive 
afferent input and could contribute to the present observa-
tions. While neuropathic pain is distinct from fibromyalgia, signs 
of peripheral neuropathy occur in a percentage of patients 
with fibromyalgia (4). In the spinal cord dorsal horn, increased 
 astrocyte activation contributes to mechanical allodynia in a 
rodent model of chemotherapy- induced neuropathy (50). Thus, 
our findings of greater mean ALFF in the ventral spinal cord may 
relate to underlying mechanisms of increased spinal cord astro-
cyte activity and symptoms of allodynia in fibromyalgia. Future 
investigations involving tests for peripheral neuropathy and com-
bining brain/spinal cord data may clarify the mechanisms under-
lying our present findings in fibromyalgia.

Finally, our study may have been underpowered to 
observe significant correlations between individual differences 
in mean ALFF and symptom measures of pain (due to high 
variance). Additionally, physiologic effects of medications taken 
by the patients may have contributed to the observed group 
differences (e.g., serotonergic mechanisms). Nonetheless, our 
observed correlation between mean ALFF and fatigue indicates 
complex, yet physiologic and symptom- relevant, rs- fMRI signal 
differences.

The observed alterations in cervical spinal cord activity 
provide further evidence of altered CNS activity in fibromyalgia. 
Through replication, validation, and extensions of this research, 
human cervical spinal cord rs- fMRI may inform future transla-
tional discoveries to produce a more complete understanding of 
spinal cord contributions to fibromyalgia and chronic pain.
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Serum S100A8/A9 and S100A12 Levels in Children With 
Polyarticular Forms of Juvenile Idiopathic Arthritis: 
Relationship to Maintenance of Clinically Inactive 
Disease During Anti–Tumor Necrosis Factor Therapy and 
Occurrence of Disease Flare After Discontinuation of 
Therapy
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Objective. To determine the relationship between serum levels of S100A8/A9 and S100A12 and the maintenance 
of clinically inactive disease during anti–tumor necrosis factor (anti- TNF) therapy and the occurrence of disease flare 
following withdrawal of anti- TNF therapy in patients with polyarticular forms of juvenile idiopathic arthritis (JIA).

Methods. In this prospective, multicenter study, 137 patients with polyarticular-course JIA whose disease was 
clinically inactive while receiving anti- TNF therapy were enrolled. Patients were observed for an initial 6- month phase 
during which anti- TNF treatment was continued. For those patients who maintained clinically inactive disease over 
the 6 months, anti- TNF was withdrawn and they were followed up for 8 months to assess for the occurrence of flare. 
Serum S100 levels were measured at baseline and at the time of anti- TNF withdrawal. Spearman’s rank correlation 
test, Mann- Whitney U test, Kruskal- Wallis test, receiver operating characteristic (ROC) curve, and Kaplan- Meier sur-
vival analyses were used to assess the relationship between serum S100 levels and maintenance of clinically inactive 
disease and occurrence of disease flare after anti- TNF withdrawal.

Results. Over the 6- month initial phase with anti- TNF therapy, the disease state reverted from clinically inactive to 
clinically active in 24 (18%) of the 130 evaluable patients with polyarticular-course JIA; following anti- TNF withdrawal, 
39 (37%) of the 106 evaluable patients experienced a flare. Serum levels of S100A8/A9 and S100A12 were elevated 
in up to 45% of patients. Results of the ROC analysis revealed that serum S100 levels did not predict maintenance 
of clinically inactive disease during anti- TNF therapy nor did they predict disease flare after treatment withdrawal. 
Elevated levels of S100A8/A9 were not predictive of the occurrence of a disease flare within 30 days, 60 days, 90 
days, or 8 months following anti- TNF withdrawal, and elevated S100A12 levels had a modest predictive ability for 
determining the risk of flare within 30, 60, and 90 days after treatment withdrawal. Serum S100A12 levels at the time 
of anti- TNF withdrawal were inversely correlated with the time to disease flare (r = −0.36).

Conclusion. Serum S100 levels did not predict maintenance of clinically inactive disease or occurrence of dis-
ease flare in patients with polyarticular-course JIA, and S100A12 levels were only moderately, and inversely, correlat-
ed with the time to disease flare.
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INTRODUCTION

Most children with polyarticular forms of juvenile idiopathic 
arthritis (JIA), i.e., extended oligoarthritis and polyarthritis, achieve 
a state of clinically inactive disease while receiving contemporary 
treatments (1,2). Anti–tumor necrosis factor (anti- TNF) therapy 
has markedly improved the ability to achieve clinically inactive dis-
ease and to attain favorable long- term outcomes in children with 
poly articular-course JIA (3–7). Therefore, anti- TNF therapy is used 
in up to 60% of patients with polyarticular-course JIA (2,8). Nev-
ertheless, anti- TNF therapy has potential side effects and can be 
costly, and patients often request discontinuation of therapy when 
possible (9,10). It is well known that some patients can maintain a 
state of clinically inactive disease after discontinuation of anti- TNF 
therapy, and thus achieve clinical remission after being taken off 
treatment (1). A large proportion of patients, however, will experi-
ence a disease flare or their disease state will revert from clinically 
inactive to clinically active after discontinuation of antirheumatic 
therapy, possibly even more so after discontinuation of anti- TNF 
therapy (11). So far, specific prognostic factors to identify those 
patients who may safely discontinue their anti- TNF therapy with-
out subsequent disease flare have been elusive.

The S100A8/A9 complex (also known as myeloid- related 
peptide [MRP] 8/14 or calprotectin) and the S100A12 protein are 
members of the calgranulin family and are released from inflamma-
tory cells of the myeloid lineage (12). It has been speculated that 
elevated serum levels of S100A8/A9 and S100A12 may be indi-
cators of a state of subclinical inflammation. Subclinical inflamma-
tion is considered to be undetectable on clinical examination or by 
measurement of conventional inflammation markers, for example, 
C- reactive protein (CRP) levels or the erythrocyte sedimentation 
rate (13,14). Furthermore, subclinical inflammation may be present 

in patients with polyarticular-course JIA in whom clinically inactive 
disease is maintained during antirheumatic treatment. Subclin-
ical inflammation is likely a risk factor for recurrence of clinically 
overt signs and symptoms of JIA once antirheumatic therapy is 
decreased or stopped (15). Consistent with this hypothesis, there 
is initial evidence to indicate that patients who have elevated serum 
S100 levels while on a regimen of antirheumatic drugs will have, at 
the time of treatment withdrawal, an increased risk of loss of clini-
cally inactive disease after they discontinue their treatment (16,17). 
In another study, in which levels of the biomarkers S100A8/A9 
and S100A12 and high- sensitivity CRP levels were compared, 
S100A12 was the single most accurate biomarker in predicting 
loss of clinically inactive disease within 6 months after discontinua-
tion of methotrexate (MTX) (18).

A previous report (19) described the clinical characteristics 
of the patients with polyarticular-course JIA in the current mul-
ticenter study cohort, and presented the clinical factors related 
to the maintenance of clinically inactive disease during anti- TNF 
treatment in these patients and the occurrence of disease flare 
after anti- TNF withdrawal. The objectives of the present prospec-
tive study were to determine the performance of the serum bio-
markers S100A8/A9 and S100A12 at baseline and their relation-
ship to maintenance of clinically inactive disease, their levels at 
the time of anti- TNF therapy withdrawal, and their relationship to 
occurrence of disease flare after anti- TNF treatment withdrawal in 
patients with poly articular-course JIA.

PATIENTS AND METHODS

Study design. Details of the study design have been reported 
elsewhere (19). One hundred thirty- seven patients with polyarticu-
lar-course JIA, i.e., extended oligoarthritis, rheumatoid factor (RF)–
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positive polyarthritis, or RF- negative polyarthritis, who were receiv-
ing anti- TNF treatment, and whose disease was maintained in a 
state of clinical inactivity during anti-TNF treatment, were enrolled 
in 16 tertiary pediatric centers in the US. The study consisted of 
2 phases. First, there was an initial 6- month phase during which 
anti- TNF therapy was continued, and which consisted of quarterly 
monitoring to assess maintenance of clinically inactive disease. 
This was followed up by withdrawal of the anti- TNF therapy and a 
second phase during which patients were observed monthly over 
8 months for occurrence of disease flare, which is the primary out-
come of the study. Patients were only allowed to enter the second 
phase of the study if clinically inactive disease was maintained dur-
ing the first phase of the study.

Definitions. Clinically inactive disease was defined accord-
ing to the American College of Rheumatology provisional criteria 
(20). Disease flare was defined according to the stringent prelimi-
nary criteria for flare in JIA (21).

Inclusion and exclusion criteria. The detailed inclusion 
and exclusion criteria are reported elsewhere (22). In brief, patients 
with polyarticular-course JIA were between the ages of 4 years 
and 20 years and had remained in a state of clinically inactive dis-
ease while receiving anti- TNF therapy (adalimumab [ADA], etaner-
cept [ETN], or infliximab [IFX]; all US Food and Drug Administration 
label exclusions had to be absent). Patients were excluded if they 
were diagnosed as having any other acute or chronic inflamma-
tory illnesses, were previously treated with rituximab, had received 
concurrent treatment with another biologic agent, or had received 
glucocorticoids above the low- dose range (prednisone or equiva-
lent dosages of >0.2 mg/kg/day, or >10 mg/day).

Anti- TNF therapy. Allowable anti- TNF therapy included 
ADA, ETN, and IFX. Patients could also be receiving treatment with 
nonsteroidal antiinflammatory drugs, MTX, or other nonbiologic 
disease- modifying antirheumatic drugs, as well as low- dose gluco-
corticoids (prednisone or equivalent dosages up to 0.2 mg/kg/day). 
All of those treatments were to remain unchanged during the study.

Serum samples and S100 protein measurements. 
Serum levels of S100 proteins were measured twice during the 
course of the study, at baseline (i.e., at the beginning of the first 
phase) and at the time of anti- TNF withdrawal. Serum was sep-
arated within 2 hours of blood sampling. Serum samples were 
immediately frozen and stored at −80°C. The serum samples were 
subsequently shipped frozen. Concentrations of S100A8/A9 and 
S100A12 were determined by a double- sandwich enzyme- linked 
immunosorbent assay (ELISA) system established in our laboratory, 
as previously described (23,24). All samples were diluted to the lin-
ear range of the assay. The readers of the laboratory assays were 
blinded with regard to the disease course. For comparison with ear-
lier studies, internal control sera were included in all ELISA studies.

Statistical analysis. Microsoft Excel and GraphPad Prism 
version 6 were used for all of the data analyses. Since the serum 
S100 levels were not normally distributed, summary measures 
were reported as the median (range). Rank correlation analyses 
for the assessment of correlations between different parameters 
were performed in order to obtain the Spearman’s rank correlation 
coefficient. Between- group and among- group comparisons of the 
serum S100 levels were done using the Mann- Whitney U test (in 
comparisons of 2 groups) and the Kruskal- Wallis test (in compar-
sions of more than 2 groups). Receiver operating characteristic 
(ROC) curve analysis was used to assess the predictive accuracy 
of serum S100 levels with regard to predicting maintenance of 
clinically inactive disease (phase 1) and occurrence of disease 
flare (phase 2). For the ROC curve analysis, the area under the 
ROC curve (AUC) with 95% confidence interval (95% CI) was cal-
culated (25). Optimal threshold values for the serum S100A8/A9 
and S100A12 levels were identified according to the levels that 
resulted in the highest likelihood ratio (sensitivity/[1 – specificity]). If 
optimal levels could not be identified this way, previously identified 
threshold levels were applied (18). The Youden index (sensitivity + 
specificity − 1) was calculated (range −1 to +1), where +1 repre-
sents a perfect test, and 0 represents a nondiscriminatory test.

Furthermore, Kaplan- Meier analysis was performed to esti-
mate flare- free survival rates in patients with lower serum S100 
levels as compared to patients with elevated serum S100 lev-
els. Distributions were compared using the chi- square test. Dis-
crepancy between the serum S100A8/A9 levels and the serum 
S100A12 levels was defined as the presence of an above- 
threshold S100A8/A9 value and a below- threshold S100A12 
value, or vice versa.

RESULTS

Patient characteristics and overall distribution of 
serum S100 levels. The baseline demographic and clinical char-
acteristics of the patients with polyarticular-course JIA are shown 
in Table 1. Of the initial 137 patients enrolled, 7 patients dropped 
out (6 due to loss to follow- up or noncompliance, and 1 due to a 
change in diagnosis to psoriatic arthritis), resulting in 130 evalu able 
patients. Serum S100A8/A9 and S100A12 levels at the baseline 
visit were not significantly different in comparisons among the 
3 subgroups of patients with polyarticular-course JIA, between 
patients taking MTX and those not taking MTX, or among patients 

taking the different anti- TNF agents.

Correlations with serum S100 levels. There was only 
a moderate correlation (by Spearman’s rank correlation test) 
between S100 protein levels at the baseline visit and S100 
protein levels at the end of the first phase, i.e., immediately 
prior to discontinuation of TNF blockade, even though patients 
were in a state of clinically inactive disease at both time points 
(for S100A8/A9, r = 0.36; for S100A12, r = 0.45). There was 
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a very strong correlation between S100A8/A9 and S100A12 
serum levels, taking into account measurements both at base-
line and at the end of the first phase (r = 0.82) (Figure 1). There 
was at most a weak, inverse correlation between baseline 
S100A8/A9 levels and age (r = −0.19), weight (r = −0.17), and 
duration of clinically inactive disease (r = −0.22), and no corre-
lation with disease duration. There was no significant associa-
tion between baseline serum S100A12 levels and age, weight, 
disease duration, or duration of clinically inactive disease.

Serum S100 levels and maintenance of clinically 
inactive disease during anti- TNF therapy. Comparison of 
serum levels of S100A8/A9 and S100A12 between patients who 
maintained clinically inactive disease (n = 106) and those who did 
not maintain clinically inactive disease (n = 24) before anti- TNF 
therapy withdrawal revealed no significant differences between 
these patient groups, when taking into account the different JIA 
categories, the specific anti- TNF agent used, or whether there 
was accompanying MTX therapy (Table  2 and Supplementary 
Figures 1A–D, available on the Arthritis & Rheumatology web site 

at http://onlinelibrary.wiley.com/doi/10.1002/art.40727/abstract).
Results of the ROC curve analysis suggested that neither 

serum S100A8/A9 levels nor serum S100A12 levels at base-
line were predictive of maintenance of clinically inactive disease 
throughout the 6 months of the first phase during anti- TNF  therapy 
(for S100A8/A9, AUC 0.52, 95% CI 0.38–0.65; for S100A12, 
AUC 0.53, 95% CI 0.38–0.67) (Figures 2A and C).

Serum S100 levels and disease flare after anti- 
TNF withdrawal. Comparison of serum S100A8/A9 and 
S100A12 levels between patients who experienced a disease 
flare (n = 39) and those who did not experience a disease 

Table 1. Characteristics of the evaluable patients with polyarticular-
course JIA at the baseline study visit (n = 130)* 

Age, mean ± SD years 11.2 ± 4.5
Sex, no. (%) female 97 (74.6)
JIA disease category, no. (%)

Extended oligoarthritis 18 (13.8)
Seronegative polyarthritis 97 (74.6)
Seropositive polyarthritis 15 (11.5)

Taking MTX, no. (%) 54 (41.5)
Type of anti- TNF therapy, no. (%)

Adalimumab 20 (15.4)
Etanercept 104 (80.0)
Infliximab 6 (4.6)

Disease duration, mean ± years 5.0 ± 3.6
Duration of CID, mean ± years 1.2 ± 1.8
Baseline S100 protein level, median 

(range) ng/ml
All patients

S100A8/A9 652 (49–3,892)
S100A12 93 (0–1,558)

Per JIA disease category
Extended oligoarthritis

S100A8/A9 817 (158–2,070)
S100A12 91 (0–890)

Seronegative polyarthritis
S100A8/A9 610 (49–3,892)
S100A12 93 (11–1,558)

Seropositive polyarthritis
S100A8/A9 820 (200–1,890)
S100A12 114 (16–566)

Per MTX therapy status
Receiving MTX 

S100A8/A9 718 (94–3,000)
S100A12 84 (11–1,558)

Not receiving MTX 
S100A8/A9 617 (49–3,892)
S100A12 95 (0–1,029)

Per anti- TNF agent
Adalimumab 

S100A8/A9 875 (133–2,180)
S100A12 115 (14–479)

Etanercept
S100A8/A9 595 (49–3,892)
S100A12 90 (0–1,558)

Infliximab
S100A8/A9 900 (180–2,070)
S100A12 121 (21–890)

* JIA = juvenile idiopathic arthritis; MTX = methotrexate; anti- TNF =
anti–tumor necrosis factor; CID = clinically inactive disease. 

Figure 1. Correlation between serum S100A8/A9 levels and serum 
S100A12 levels (all measurements obtained at baseline and at the 
end of the 6-month first phase) in patients with polyarticular-course 
juvenile idiopathic arthritis (Spearman’s correlation coefficient = 0.82).

http://onlinelibrary.wiley.com/doi/10.1002/art.40727/abstract
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flare (n = 67) in the 8 months following anti- TNF withdrawal 
revealed no significant differences between these 2 groups, 
when taking into account the different JIA categories, the spe-
cific anti- TNF agent used, or whether there was accompany-
ing MTX therapy (Table 2 and Supplementary Figures 1A–D).

ROC curve analysis of the serum S100 level at the time 
of anti- TNF withdrawal and its relationship to presence or 
absence of disease flare during the 8 months of the second 
phase indicated that neither serum S100A8/A9 levels nor 
serum S100A12 levels predicted disease flare (Figures 2B and 

Table 2. Serum S100A8/A9 and S100A12 levels according to disease course in each phase of the study* 

First phase (n = 130) Second phase (n = 106)

CID maintained before 
anti- TNF  withdrawal

CID lost 
before anti- TNF withdrawal

No flare 
within 8 months

Disease flare 
within 8 months

No. of 
patients

Serum level, 
ng/ml

No. of 
patients

Serum level, 
ng/ml

No. of 
patients

Serum level, 
ng/ml

No. of 
patients

Serum level, 
ng/ml

S100A8/A9,  
all patients

106 650 (49–3,892) 24 654 (200–2,070) 67 584 (71–5,009) 39 544 (140–2,361)

Per JIA category
Extended 

 oligoarthritis
17 760 (158–1,621) 1 2,070 (NA) 9 800 (130–4,339) 8 500 (160–1,276)

Seronegative 
polyarthritis

78 614 (49–3,892) 17 528 (230–1,839) 50 595 (71–5,009) 30 505 (140–2,361)

Seropositive 
polyarthritis

8 510 (210–1,260) 1 1,140 (200–1,890) 8 430 (180–950) 1 1,541 (NA)

Per anti- TNF 
agent

Adalimumab 16 930 (133–2,180) 4 350 (290–1,240) 9 490 (280–1,633) 7 307 (140–1,276)
Etanercept 86 571 (49–3,892) 18 654 (200–1,890) 55 618 (71–5,009) 31 560 (145–2,361)
Infliximab 4 805 (180–1,404) 2 2,070 (NA) 3 460 (290–1,070) 1 281 (NA)

Per MTX therapy 
status

Receiving MTX 41 668 (94–3,000) 13 832 (250–2,070) 28 920 (160–5,009) 13 750 (145–1.541)
Not receiving 

MTX
65 620 (49–3,892) 11 482 (200–1,890) 39 468 (71–2,530) 26 440 (140–2.361)

S100A12,  
all patients

106 93 (0–1,558) 24 100 (13–890) 67 92 (14–1,558) 39 94 (0–479)

Per JIA category
Extended 

 oligoarthritis
17 90 (0–339) 1 890 (NA) 9 70 (10–1,197) 8 56 (14–186)

Seronegative 
polyarthritis

78 93 (11–1,558) 17 91 (13–202) 50 92 (14–1,283) 30 73 (11–526)

Seropositive 
polyarthritis

8 114 (17–566) 1 121 (16–326) 8 51 (31–183) 1 297 (NA)

Per anti- TNF 
agent

Adalimumab 16 115 (14–479) 4 115 (16–326) 9 70 (34–300) 7 66 (16–186)
Etanercept 86 90 (0–1,558) 18 91 (13–320) 55 93 (10–1,283) 31 73 (11–526)
Infliximab 4 121 (21–236) 2 457 (24–890) 3 41 (34–120) 1 64 (NA)

Per MTX therapy 
status

Receiving MTX 41 84 (11–1,558) 13 83 (16–890) 28 110 (18–1,283) 13 62 (11–364)
Not receiving 

MTX
65 94 (0–1,029) 11 103 (13–220) 39 52 (10–246) 26 73 (14–526)

* None of the P values for between- group comparisons determined by Mann-Whitney U test were significant in either phase of the study. 
Values for serum S100A8/A9 and S100A12 levels are the median (range). CID = clinically inactive disease; anti- TNF = anti–tumor necrosis 
factor; JIA = juvenile idiopathic arthritis; NA = not applicable; MTX = methotrexate. 
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D). ROC curve analysis of the serum S100A12 levels and their 
relationship to occurrence of flare within 30, 60, and 90 days 
after anti- TNF withdrawal indicated AUCs of 0.64 (95% CI 
0.50–0.77), 0.66 (95% CI 0.54–0.79), and 0.64 (95% CI 0.51–
0.77), respectively, thus indicating, at best, poor prediction of 
disease flare (Table 3). The same analysis for serum S100A8/
A9 levels did not yield significant results (AUC 0.51 [95% CI 
0.31–0.70], 0.51 [95% CI 0.33–0.69], and 0.51 [95% CI 0.34–
0.67], respectively). An ideal threshold level for the prediction 
of flare in any time frame could not be determined for the bio-
marker S100A8/A9, since the ROC curve was very close to the 
line of no discrimination. For S100A12, the optimal threshold 
level for prediction of flare at 30, 60, and 90 days was 120 ng/

ml (positive likelihood ratio between 1.94 and 1.86).
Based on an established threshold level of 690 ng/ml for 

 defining elevated serum S100A8/A9 levels (using the same 
assay [18]) in the prediction of flare after MTX withdrawal, a large 
 proportion of patients had elevated S100A8/A9 levels both at 
baseline (59 [45.4%] of 130 patients) and at the time of anti- TNF 
withdrawal (43 [40.6%] of 106 patients). Based on a threshold 

level of 120 ng/ml for defining elevated serum S100A12 levels, 
which represents a value that is both the upper limit of normal 
in healthy controls in our laboratory (mean + 2 SD) and the opti-
mal threshold level based on the ROC curve analysis (see above), 
the levels of S100A12 were elevated at baseline in 46 (35.4%) 
of 130 patients, and elevated at the time of anti- TNF withdrawal 
in 35 (33.0%) of 106 patients. MTX background therapy did not 
affect the distribution of patients with elevated levels, except for 
the S100A8/A9 levels at the time of anti- TNF withdrawal (elevated 
in 24 [58.5%] of 41 patients  taking MTX compared to 19 [29.2%] 
of 65 not taking MTX; P < 0.01 by chi- square test).

Kaplan- Meier survival analysis comparing the occurrence of 
disease flare within 30 days, 60 days, 90 days, and 8 months after 
anti- TNF withdrawal did not demonstrate significant differences 
between patients with elevated S100 protein levels and patients 
with normal S100 protein levels (Figures 3A and B).

There was no correlation between time to disease flare and 
serum S100A8/A9 levels at the time of anti- TNF withdrawal (Spear-
man’s rank r = −0.16, P = 0.35). There was a moderate, inverse 
correlation between time to disease flare and serum S100A12 lev-
els (Spearman’s rank r = −0.36, P = 0.04) (see Supplementary Fig-
ure 2, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40727/abstract).

Discrepancies between serum S100A8/A9 levels and 
serum S100A12 levels. Since there was at least some difference 
in the prognostic accuracy between the S100A8/A9 biomarker and 
the S100A12 biomarker, we investigated discrepant values within 
patients. Among the 39 patients who developed a disease flare 
following anti- TNF withdrawal, 4 patients (10.3%) had discrepant 
values (2 had an elevated S100A8/A9 serum level and a normal 
S100A12 serum level, and 2 had a normal S100A8/A9 serum level 
and an elevated S100A12 serum level). Among the 67 patients 
without disease flare following anti- TNF withdrawal, 13 patients 
(19.4%) had discrepant values (11 had an elevated S100A8/A9 
serum level and a normal S100A12 serum level, and 2 had a normal 
S100A8/A9 serum level and an elevated S100A12 serum level).

DISCUSSION

In this prospective study of patients with polyarticular-course 
JIA and maintenance of clinically inactive disease during anti- 
TNF therapy, serum S100 protein levels present at the time of 
 anti- TNF therapy predicted neither the maintenance of clinically 
inactive disease during treatment nor the occurrence of flare 
over an 8- month anti- TNF withdrawal period.

These findings are in contrast with previously published 
data. In another large- scale, prospective treatment withdrawal 
study of 364 patients with JIA whose disease was clinically 
inactive while receiving MTX therapy, S100A8/A9 levels were 
measured in 188 patients, and elevated S100A8/A9 levels, 
identified by post hoc analysis, were predictive of disease flare 

Figure 2. Characteristics of the receiver operating characteristic 
(ROC) curves depicting the accuracy of serum S100 protein levels 
in predicting maintenance of clinically inactive disease during anti–
tumor necrosis factor (anti-TNF) therapy in the first 6 months (A and 
C) and occurrence of disease flare within 8 months following anti-
TNF withdrawal (B and D). A and B, ROC curves show the sensitivity 
and specificity of serum S100A8/A9 levels at baseline in predicting 
loss of clinically inactive disease during 6 months of continued 
anti-TNF treatment (area under the ROC curve [AUC] 0.52, 95% 
confidence interval [95% CI] 0.38–0.65) (A), and serum S100A8/
A9 levels at the time of anti-TNF withdrawal in predicting disease 
flare within 8 months following anti-TNF withdrawal (AUC 0.56, 95% 
CI 0.44–0.67) (B). C and D, ROC curves show the sensitivity and 
specificity of serum S100A12 levels at baseline in predicting loss of 
clinically inactive disease during 6 months of anti-TNF continuation 
(AUC 0.53, 95% CI 0.38–0.67) (C), and serum S100A12 levels at 
the time of anti-TNF withdrawal in predicting occurrence of disease 
flare within 8 months following anti-TNF withdrawal (AUC 0.51, 95% 
CI 0.39–0.62) (D).

http://onlinelibrary.wiley.com/doi/10.1002/art.40727/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40727/abstract
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within 12 months of observation (hazard ratio 2.24, 95% CI 
1.39–3.62) (17). Samples from that same study were reana-
lyzed for serum levels of S100A12, and the findings demon-
strated that S100A12 had an even better predictive value in 
that cohort (hazard ratio 2.81, 95% CI 1.70–4.65) (18).

In a retrospective, exploratory analysis of samples from 2 
separate registries of patients with JIA who were in a  clinically 
inactive disease state while receiving ETN therapy, elevated 
S100A8A9 levels, again identified by post hoc analysis, at the 
time of ETN withdrawal indicated an increased risk of  disease 
flare within 6 months (positive likelihood ratio 3.5, AUC 0.75 
[95% CI 0.55–0.95]) (16). In these studies, findings were derived 
post hoc, subjecting them to bias from de facto multiple hypoth-
esis testing, which may in part account for the divergence in 

cutoff values across studies. A randomized controlled trial pro-
spectively studying antirheumatic drug withdrawal based on 
biomarker levels is currently ongoing (International Standard 
Randomised Controlled Trial Number [ISRCTN] 69963079).

Several aspects of the present study need to be considered, 
including substantial differences between this study and previous 
studies, and factors affecting sensitivity, specificity, or both. For 
example, the primary outcome in another study was loss of clini-
cally inactive disease (as opposed to the primary outcome of dis-
ease flare by the more stringent flare criteria used in the present 
study), and sampling of S100 protein levels was incomplete in 
that study (17,18). Furthermore, a retrospective study of patients 
who underwent anti- TNF withdrawal reported a much higher rate 
of disease flare (54% in an 8- month period), but that was a small 
study and therefore selection bias may have occurred (16).

An additional difference between our study and previous stud-
ies is that previous studies addressed patients from whom all anti-
rheumatic drugs had been withdrawn, whereas in our study, only 
the anti- TNF therapy was discontinued. Of note, concomitant MTX 
therapy did not affect flare rate or S100 protein levels in this study.

Sensitivity of the biomarkers may be affected by several 
issues. The disease in patients with polyarticular-course JIA 
who remain in a state of clinically inactive disease while receiving 
anti- TNF therapy may be intrinsically more unstable than that in 
patients with a clinically inactive disease state while receiving MTX 
therapy. This may also be indicated by findings from other studies 
showing a high risk of disease relapse after discontinuation of anti- 
TNF therapy as compared to that in patients after discontinuation 
of MTX therapy (11). In fact, it appears that serum S100A12 levels 
were perhaps slightly better at predicting flare within 30, 60, or 90 
days of anti- TNF withdrawal than over the entire 8 months of the 

Table 3. Diagnostic accuracy of serum S100A8/A9 and S100A12 levels at the time of anti–tumor necrosis factor therapy withdrawal with regard 
to prediction of flare within 30 days, 60 days, 90 days, or 8 months of follow- up* 

Serum S100A8/A9 Serum S100A12

30 days 60 days 90 days 8 months 30 days 60 days 90 days 8 months

Sensitivity, 
%

67 38 40 66 56 54 53 33

Specificity, 
%

42 58 58 45 70 70 71 68

Positive 
likelihood 
ratio

1.16 0.91 0.95 1.20 1.85 1.84 1.86 1.05

Youden 
index

0.09 −0.04 −0.02 0.11 0.25 0.24 0.25 0.02

Hazard ratio 
(95% CI)

0.68 
(0.18–2.58)

0.83 
(0.28–2.52)

0.89 
(0.32–2.49)

0.72 
(0.36–1.42)

2.83 
(0.70–11.49)

2.63 
(0.82–8.43)

2.59 
(0.87–7.67)

1.13 
(0.55–2.33)

P 0.57 0.75 0.82 0.34 0.15 0.10 0.09 0.74
AUC (95% 

CI)
0.51 

(0.31–0.70)
0.51 

(0.33–0.69)
0.51 

(0.34–0.67)
0.56 

(0.44–0.67)
0.64 

(0.50–0.77)
0.66 

(0.54–0.79)
0.64 

(0.51–0.77)
0.51 

(0.39–0.62)

* The Youden index is calculated as sensitivity + specificity – 1. The hazard ratio (with 95% confidence interval [95% CI]) represents the risk
of occurrence of disease flare if the serum level is above the established threshold value (defined as 690 ng/ml for S100A8/A9 and 120 ng/
ml for S100A12). AUC = area under the receiver operating characteristic curve. 

Figure  3. Kaplan- Meier survival analysis comparing flare- free 
survival rates throughout the 8- month phase following anti–tumor 
necrosis factor (anti- TNF) withdrawal according to elevated versus 
normal serum S100 levels. Flare- free survival was compared 
between patients with elevated levels of serum S100A8/A9 (A) or 
serum S100A12 (B) and patients with normal levels of these proteins 
at the time of anti- TNF withdrawal (for S100A8/A9 [per log- rank test 
for levels >690 ng/ml], hazard ratio 0.72, 95% confidence interval 
[95% CI] 0.36–1.42; for S100A12 [per log- rank test for levels >120 
ng/ml], hazard ratio 1.13, 95% CI 0.55–2.33).
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second phase in this study, although this effect was not seen for 
S100A8/A9. However, the study is underpowered to determine 
whether elevated serum S100A12 levels may predict a higher risk 
of flare within this time frame (due to the rare number of events).

Furthermore, S100 protein kinetics may play a role. While 
the precise elimination half- life of S100A12 is unknown, it is pre-
sumably rather short (in the order of hours rather than days), sim-
ilar to the half- life of the related S100A8/A9 proteins (26,27). In 
addition, TNF is a known stimulus for S100A8/A9 and S100A12 
secretion by inflammatory cells, and anti- TNF therapy down- 
regulates S100 protein expression (27,28). Anti- TNF agents 
are typically applied in intervals that range from 1 week (ETN) 
to 2 weeks (ADA) and to 8 weeks (IFX), and the half- lives range 
from 3 days (for the fusion molecule ETN) to 10–20 days (for 
the monoclonal antibodies ADA and IFX) (29–31). Furthermore, 
mathematic modeling indicates that free TNF levels drop rapidly 
(within hours) following administration of anti- TNF agents (32). 
Therefore, the timing of serum sampling with regard to anti- TNF 
application may be critical when assessing serum S100 protein 
levels. We are unable to account for this factor, since the dates of 
the anti- TNF administration were not recorded during this study.

Finally, the specificity of the biomarkers may be limited as well. 
Other conditions, especially infections, may affect serum S100 
protein levels substantially, even in minor infections that occur fre-
quently in children (33–35). The source of elevated serum S100 
protein levels is therefore difficult to determine individually and may 
be prone to misinterpretation, issues that are difficult to overcome.

Slight differences in diagnostic accuracy between serum 
S100A8/A9 levels and serum S100A12 levels may exist because 
S100A8/A9 is predominantly produced by monocytes, whereas 
S100A12 is mainly produced by neutrophils (36). One may specu-
late that TNF differentially affects monocytes and neutrophils (37), 
thus affecting the pattern of S100 protein secretion during anti- 
TNF therapy, more so than during MTX therapy (which may target 
lymphocytes more prominently), for example (38).

Furthermore, we cannot exclude the possibility that technical 
issues may have contributed to the marked variability and lack 
of predictive value. For this study, we used an in- house ELISA 
that utilized polyclonal S100A8/A9 and S100A12 antibodies. In 
the meantime, we have developed a more robust assay using a 
mono clonal S100A12 antibody, which is being used in current 
studies (data not yet reported). Of note, several assays (including 
commercial assays) exist both for S100A8/A9 and for S100A12; 
while each of these assays may deliver consistent results, absolute 
reported values differ substantially (39). Therefore, caution should 
be applied when interpreting S100A8/A9 or S100A12 levels.

It may be speculated that further studies on the concept of 
subclinical arthritis and its relationship to maintenance of clinically 
inactive disease and disease flare should account for these issues 
and incorporate, for example, standardized sampling conditions 
(as it relates to anti- TNF dosing), excluding sampling at the time of 
obvious infection, and incorporate further measures, such as imag-

ing studies to assess for evidence of joint- related subclinical inflam-
mation, e.g., joint ultrasound (40,41). In the long- term, the goal will 
be to guide clinicians’ decisions on when to or when not to with-
draw antirheumatic therapies in individual patients. The utility of a 
biomarker- supported withdrawal strategy is currently being tested 
in a prospective clinical trial (ISRCTN 69963079) (18). Furthermore, 
additional studies are needed to identify potential novel biomarkers 
of subclinical active disease.

In summary, analysis of the serum biomarkers S100A8/A9 and 
S100A12 in a prospective cohort study of patients with polyarticular- 
course JIA, who were closely monitored for maintenance of their 
disease state of clinically inactive disease while receiving anti- TNF 
therapy and whose anti- TNF therapy was withdrawn after 6 months, 
indicated that S100 protein levels did not predict maintenance of 
clinically inactive disease nor did they predict the occurrence of dis-
ease flare over an 8- month period following the withdrawal. Further 
studies on the concept of subclinical inflammation in JIA should 
possibly include more stringent handling of the biomarker sampling 
and also should possibly include imaging studies.
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B R I E F  R E P O R T

Innate Lymphoid Cells and T Cells Contribute to the 
Interleukin- 17A Signature Detected in the Synovial Fluid of 
Patients With Juvenile Idiopathic Arthritis
Elizabeth C. Rosser,1 Hannah Lom,1 David Bending,2  Chantal L. Duurland,3  Mona Bajaj-Elliott,3 and 
Lucy R. Wedderburn4

Objective. Evidence suggests that aberrant function of innate lymphoid cells (ILCs), whose functional and transcrip-
tional profiles overlap with those of Th cell subsets, contributes to immune- mediated pathologies. To date, analysis of 
juvenile idiopathic arthritis (JIA) immune pathology has concentrated on the contribution of CD4+ T cells; we have pre-
viously identified an expansion of Th17 cells within the synovial fluid (SF) of JIA patients. We undertook this study to ex-
tend this analysis to further investigate the role of ILCs and other interleukin- 17 (IL- 17)–producing T cell subsets in JIA.

Methods. ILCs and CD3+ T cell subsets were defined in peripheral blood mononuclear cells (PBMCs) from healthy 
adults, healthy children, and JIA patients and in SF mononuclear cells (SFMCs) from JIA patients using flow cytometry. 
Defined subsets in SFMCs were correlated with clinical measures including physician’s global assessment of disease ac-
tivity on a visual analog scale, number of joints with active disease, and erythrocyte sedimentation rate. Transcription fac-
tor and cytokine profiles of sorted ILCs were assessed by quantitative reverse transcriptase–polymerase chain reaction.

Results. Group 1 ILCs (ILC1s), NKp44− group 3 ILCs (natural cytotoxicity receptor–negative [NCR−] ILC3s), and 
NKp44+ ILC3s (NCR+ ILC3s) were enriched in JIA SFMCs compared to PBMCs, which corresponded to an increase 
in transcripts for TBX21, IFNG, and IL17A. Of the ILC subsets, the frequency of NCR− ILC3s in JIA SFMCs displayed 
the strongest positive association with clinical measures, which was mirrored by an expansion in IL- 17A+CD4+, IL- 
17A+CD8+, and IL- 17A+ γδ T cells.

Conclusion. We demonstrate that the strength of the IL- 17A signature in JIA SFMCs is determined by multiple 
lymphoid cell types, including NCR− ILC3s and IL- 17A+CD4+, IL- 17A+CD8+, and IL- 17A+ γδ T cells. These obser-
vations may have important implications for the development of stratified therapeutics.

INTRODUCTION

Juvenile idiopathic arthritis (JIA), the most common rheu-
matic disease in childhood, is characterized by joint inflammation 

lasting longer than 6 weeks (1). The umbrella term JIA encom-
passes many subtypes including oligoarticular JIA, polyarticular 
JIA, enthesitis- related arthritis (ERA), psoriatic arthritis, and sys-
temic JIA (1). Apart from systemic JIA, which has a distinct patho-
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genesis, studies suggest that synovitis in a proportion of JIA cases 
is linked to the interleukin- 23 (IL- 23)/IL- 17A cytokine axis (2). To 
date, the IL- 17A signature within JIA synovial fluid mononuclear 
cells (SFMCs) has been delineated only in CD4+ Th cells.

Emerging evidence indicates that innate lymphoid cells (ILCs), 
the most recently discovered members of the lymphoid family, 
have critical roles in immunity, tissue development, and remod-
eling (3). Similar to Th cells, CD127+ helper ILCs can be divided 
into distinct groups based on their functional and transcriptional 
profiles. Th1 cell–equivalent group 1 ILCs (ILC1s) express the 
transcript for TBX21 (T- bet) and produce interferon- γ (IFNγ), Th2
cell–equivalent group 2 ILCs (ILC2s) express the transcript for 
GATA3 and produce IL- 13, Th17 cell–equivalent natural cyto-
toxicity receptor–negative (NCR−) group 3 ILCs (ILC3s) express 
the transcript for RORC2 and produce IL- 17A/IL- 22, and Th22 
cell–equivalent NCR+ ILC3s express the transcripts for RORC2 
and AHR and only produce IL- 22 (3). From a clinical viewpoint, 
chronic ILC activation has been associated with a wide range of 
inflammatory disorders (3). To date, there are no data regarding 
ILC phenotype/function in childhood arthritides.

In the present study, we demonstrate that ILC1, NCR− 
ILC3, and NCR+ ILC3 subsets are expanded within SFMCs of 
JIA patients compared to peripheral blood mononuclear cells 
(PBMCs) of healthy control adults, PBMCs of healthy control 
children, and PBMCs of JIA patients, but that NCR− ILC3s 
show the strongest association with multiple measures of clin-
ical severity. Notably, the increase in NCR− ILC3s within JIA 
SFMCs was accompanied by an increase in IL- 17–producing 
CD4+, CD8+, and γδ T cells. These data suggest that the IL- 
17 signature previously observed in CD4+ T cells within JIA 
SFMCs may extend to the ILC compartment and other T cell 
subsets.

PATIENTS AND METHODS

Samples from humans. PB from healthy control adults, 
healthy control children, and JIA patients as well as SF from JIA 
patients were obtained with fully informed and age- appropriate 
consent as approved by the London- Bloomsbury Research 
Ethics Committee (ref. no. 95RU04) in accordance with the 
Declaration of Helsinki. Clinical subtypes of JIA were defined 
according to International League of Associations for Rheuma-
tology criteria (1). Clinical and demographic data are shown in 
Supplementary Table 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40731/abstract. PBMCs and SFMCs were prepared by 
density- gradient centrifugation. Before processing, SF samples 
were treated with hyaluronidase (10 units/ml; Sigma- Aldrich) for 
30 minutes at 37°C.

Flow cytometry, ImageStream analysis, and cell 
sorting. Flow cytometry was performed using directly conju-

gated monoclonal antibodies (listed in Supplementary Table 2, 
http://onlinelibrary.wiley.com/doi/10.1002/art.40731/abstract) 
as described (2). Dead cells were excluded using Live/Dead dis-
crimination dye (Thermo Scientific). ILCs were defined as cells 
within the lymphocyte gate that were single cells, lineage nega-
tive (defined as CD1a, CD3, CD11c, CD14, CD16, CD19, CD34, 
CD94, CD123, blood dendritic cell antigen 2, Fcε receptor Iα,
αβ T cell receptor [αβ TCR], and γδ TCR–negative), CD45+,
CD127+, and CD161+. ILC subpopulations were defined 
according to phenotype: ILC1s (chemoattractant receptor–like 
molecule expressed on Th2 cells–negative [CRTH2−] c- Kit−), 
ILC2s (CRTH2+), NCR− ILC3s (CRTH2−c- Kit+NKp44−), and 
NCR+ ILC3s (CRTH2−c- Kit+NKp44+) (4). Data were acquired 
on an LSRII flow cytometer (BD Biosciences) and analyzed using 
FlowJo software version 10.1 (Tree Star). For ImageStream anal-
ysis, ILCs were stained and analyzed on an Amnis ImageStreamX 
Mark II (Merck Millipore). For cell sorting, ILCs were stained as 
above and sorted on a FACSAria III (BD Biosciences).

RNA extraction and quantitative reverse tran-
scriptase–polymerase chain reaction (qRT- PCR). RNA was 
routinely extracted from sorted ILCs (~50,000–100,000) using an 
Arcturus Picopure RNA isolation kit (ThermoFisher Scientific), and 
complementary DNA was synthesized using an iScript DNA kit 
according to the instructions of the manufacturer (Bio- Rad). Com-
plementary DNA was amplified using SYBR Green Master Mix 
(Bio- Rad) with custom primers for AHR, RORC2, GATA3, TBX21, 
IL17A, IL22, IL13, and IFNG (Life Technologies); primer sequences 
are listed in Supplementary Table 3, http://onlinelibrary.wiley.com/
doi/10.1002/art.40731/abstract. For each sample, transcript 
quantity was normalized to β- actin (ACTB) expression.

Statistical analysis. Statistical analysis was performed 
using GraphPad Prism software version 5.03. Data are shown as 
the mean ± SEM. For comparison of 2 groups, Mann- Whitney U 
tests were used. For multiple comparison testing, Kruskal- Wallis 
tests with Dunn’s multiple comparison tests were performed. P 
values less than 0.05 were considered significant. Spearman 
correlation with Bonferroni correction for multiple testing was 
used for correlation analyses, and uncorrected P values and the 
adjusted Bonferroni alpha cutoff are reported in Supplementary 
Table 4, http://onlinelibrary.wiley.com/doi/10.1002/art.40731/
abstract.

RESULTS

Expansion of ILC1s, NCR− ILC3s, and NCR+ ILC3s in 
JIA SFMCs. ILCs (lineage−CD45+CD127+CD161+) were enu-
merated within PBMCs and SFMCs of JIA patients and within 
PBMCs of healthy control adults and children (Figures 1A and 
B). The ILC population was small as a proportion of all live 
mononuclear cells in both compartments (0.005–0.5% of total 
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live mononuclear cells), consistent with other reports of human 
adult PBMCs (4). There were no significant differences in the 
proportions of ILCs within all mononuclear cell populations 
tested (Figures 1A and B).

Next, we determined whether there were differences in ILC 
subsets, as a proportion of total ILCs, in PBMCs versus SFMCs. 
ILC subsets were identified as ILC1s (CRTH2−c- Kit−), ILC2s 

(CRTH2+), and ILC3s (CRTH2−c- Kit+), the last of which were 
divided into NCR+ and NCR− subgroups according to expres-
sion of NKp44. Given the low frequency of ILC populations,  
ImageStream analysis was used to confirm that ILC sub-
types within both PBMCs and SFMCs were lymphoid in 
morphology and that antibody staining was localized to the 
membrane prior to analysis (see Supplementary Figure 1A,  

Figure 1. Group 1 innate lymphoid cells (ILC1s), natural cytotoxicity receptor–negative (NCR−) group 3 ILCs (ILC3s), and NCR+ ILC3s are 
expanded in synovial fluid (SF) of patients with juvenile idiopathic arthritis (JIA). A and B, Representative flow cytometry plots (A) and summary 
scatterplots with bar charts (B) showing the frequency of total ILCs (defined as lineage−CD127+CD161+) within total CD45+ live cells in 
peripheral blood mononuclear cells (PBMCs) from healthy adults (aHC; n = 12), PBMCs from healthy children (cHC; n = 4), PBMCs from JIA 
patients (total n = 17; 8 with enthesitis- related arthritis [ERA], 4 with oligoarticular JIA [Oligo], 2 with polyarticular JIA [Poly], and 3 with psoriatic 
arthritis [PsA]), and SF mononuclear cells (SFMCs) from JIA patients (total n = 38; 17 with ERA, 13 with oligoarticular JIA, 3 with polyarticular JIA, 
and 5 with PsA). C–G, Representative flow cytometry plots (C) and summary scatterplots with bar charts (D–G) showing the frequency of ILC1s 
(defined as lineage–CD127+CD161+c- Kit−chemoattractant receptor–like molecule expressed on Th2 cells–negative [CRTH2−]) (D), group 2 
ILCs (ILC2s; defined as lineage−CD127+CD161+CRTH2+) (E), NCR− ILC3s (defined as lineage−CD127+CD161+c- Kit+CRTH2−NKp44−) (F), 
and NCR+ ILC3s (defined as lineage−CD127+CD161+c- Kit+CRTH2−NKp44+) (G) within total ILCs in PBMCs from healthy adults (n = 12), 
PBMCs from healthy children (n = 4), PBMCs from JIA patients (total n = 17; 8 with ERA, 4 with oligoarticular JIA, 2 with polyarticular JIA, and 3 
with PsA), and SFMCs from JIA patients (total n = 38; 17 with ERA, 13 with oligoarticular JIA, 3 with polyarticular JIA, and 5 with PsA). Symbols 
represent individual patients; bars show the mean ± SEM. Significance was determined by Kruskal- Wallis test with Dunn’s multiple comparison 
test.
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http://onlinelibrary.wiley.com/doi/10.1002/art.40731/abstract). 
Assessment of ILC subset frequency showed that ILC1s were 
significantly enriched as a proportion of total ILCs in JIA SFMCs 
compared to JIA PBMCs, healthy control adult PBMCs, and 
healthy control children PBMCs (Figures  1C and D). Further 
analyses revealed that the largest differences in ILC1 frequency 
were observed between PBMCs from healthy control children 
and SFMCs from patients with oligoarticular JIA (Figure  1D), 
which complements historical data demonstrating that T cells 
from patients with oligoarticular JIA produce a significant 
amount of IFNγ (5). ILC2s, which have been implicated in the 
resolution of chronic joint inflammation by supporting Treg cell 
function (6), were significantly lower in SFMCs than in PBMCs 
from patients or controls, with both oligoarticular JIA and ERA 
displaying a significant difference between SFMCs and healthy 
control adult PBMCs (Figures  1C and E). These differences 
may reflect the larger numbers of patients with ERA and oli-
goarticular JIA analyzed in our cohort.

Within the ILC3 compartment, the proportion of NCR− ILC3s 
was significantly higher in SFMCs than in healthy control adult 
PBMCs or JIA PBMCs, and this effect was observed in all JIA 
subtypes (Figures 1C and F). There was a significant enrichment of 
NCR+ ILC3s (which were present at very low frequency in PBMCs 
from patients and controls) in SFMCs from patients with all JIA 

subtypes compared to healthy control adult PBMCs (Figures 1C 
and G). No differences were observed in the frequency of ILC sub-
sets among PBMCs or SFMCs between all JIA subtypes analyzed.

Altered transcriptional profile of ILCs within JIA 
SFMCs compared to that of ILCs within PBMCs. Previ-
ously reported studies have demonstrated that ILC1s, ILC2s, 
NCR− ILC3s, and NCR+ ILC3s express specific transcription 
factors and cytokine profiles that parallel Th1, Th2, Th17, and 
Th22 cells, respectively (3,4). Accordingly, we next assessed 
whether variation in the frequency of ILC subsets observed in 
PBMCs versus SFMCs was associated with an altered tran-
scriptional profile. Gene expression analysis of transcription 
factors (TBX21, GATA3, RORC2, AHR) and cytokines (IFNG, 
IL13, IL17A, IL22) by qRT- PCR in ILCs within SFMCs relative 
to ILCs within healthy control adult PBMCs demonstrated that 
there was a significant increase in Th1 cell–associated TBX21 
and IFNG and a significant decrease in Th2 cell–associated 
GATA3 and IL13, mirroring the changes in subset frequency 
we had observed by flow cytometry (Figures 2A and B). Analy-
sis of transcription factors and cytokines associated with ILC3 
subsets demonstrated a significant increase in the relative 
expression of IL17 and a trend toward an increase in RORC2, 
AHR, and IL22, although the expression varied between JIA 

Figure 1. (Cont’d)
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SFMC samples (Figures 2C and D). Due to the small amount of 
blood obtained from children, we were unable to isolate suffi-
cient ILCs from healthy control children PBMCs or JIA PBMCs 
to perform qRT- PCR analysis.

Changes in ILC subset frequency within SF of 
patients with JIA are associated with disease severity. As 

the ILC subset frequency and transcriptional profile were altered 
in JIA SFMCs, we next investigated whether these changes were 
associated with clinical measures of disease severity. Physi-
cian’s global assessment of disease activity on a visual analog 
scale (VAS), number of joints with active disease, and erythrocyte 
sedimentation rate (ESR) were correlated with the proportions 
of ILC1s, NCR+ ILC3s, or NCR− ILC3s within total ILCs within 

Figure 2. Changes in ILC subset frequency within total ILCs within SFMCs are associated with changes in transcriptional profile and in clinical 
severity. A–D, Summary scatterplots with bar charts showing the relative expression of TBX21 and IFNG (A), GATA3 and IL13 (B), RORC2 and 
IL17A (C), and AHR and IL22 (D) in SFMCs (n = 5 patients) and PBMCs (n = 5 patients) as measured by quantitative reverse transcriptase–
polymerase chain reaction. Symbols represent individual patients; bars show the mean ± SEM. Significance was determined by Mann- Whitney 
U tests. E–G, Scatterplots showing the relationships of the physician’s global assessment of disease activity on a visual analog scale (VAS) (n = 
24 patients) (E), the number of joints with active disease (n = 27 patients) (F), and the erythrocyte sedimentation rate (ESR) (n = 18 patients) (G) 
with the frequency of ILC1s, NCR− ILC3s, and NCR+ ILC3s within total live cells within JIA SFMCs at the time of sampling. Significance was 
determined by Spearman correlation with Bonferroni correction for multiple testing. See Figure 1 for other definitions.
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SFMCs. ILC2s were not included in these analyses due to their 
paucity within SFMCs. This exploratory analysis showed promis-
ing trends that the frequencies of ILC1, NCR+ ILC3, and NCR− 
ILC3 subsets were associated with disease severity (Figure 2E; 
also see Supplementary Table 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.40731/abstract). Notably, while ILC1s and NCR− 
ILC3s were positively associated with an increase on the physi-

cian’s VAS score, there was a negative correlation between the 
physician’s VAS score and NCR+ ILC3s. One potential hypothesis 
is that NCR+ ILC3s may also be important in the resolution of joint 
inflammation in JIA, similar to previously reported observations in 
the inflamed gastrointestinal tract in ankylosing spondylitis (7).

We next assessed potential correlations between ILC subset 
frequency and the number of joints with active disease or the ESR. 

Figure 3. Interleukin- 17A (IL- 17A)–producing CD4+, CD8+, and γδ T cells in SF of patients with JIA. A–C, Representative flow cytometry plots 
and summary scatterplots with bar charts showing the frequency of IL- 17A+ cells within CD4+ T cells (A), CD8+ T cells (B), and CD4−CD8− T 
cells (C) in CD3+ gated live cells in PBMCs from healthy adults (n = 12), PBMCs from healthy children (n = 6), PBMCs from JIA patients (total 
n = 25; 13 with ERA, 3 with oligoarticular JIA, 6 with polyarticular JIA, and 3 with PsA), and SFMCs from JIA patients (total n = 41; 17 with 
ERA, 8 with oligoarticular JIA, 6 with polyarticular JIA, and 10 with PsA). Symbols represent individual patients; bars show the mean ± SEM. 
Significance was determined by Kruskal- Wallis tests with Dunn’s multiple comparison tests. D–F, Scatterplots showing the relationships of the 
frequency of IL- 17A+CD4+ T cells (D), IL- 17A+CD8+ T cells (E), and IL- 17A+CD4−CD8− T cells (F) with the percentage of NCR− ILC3s within 
total live cells within JIA SFMCs (n = 16 patients). Significance was determined by Spearman correlation with Bonferroni correction for multiple 
testing. See Figure 1 for other definitions.
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We observed a positive association between NCR− ILC3s and 
the number of joints with active disease and a weak association 
between NCR− ILC3s and the ESR (Figures 2F and G; also see 
Supplementary Table 4). No association was seen between ILC1s 
and NCR+ ILC3s and either the number of joints with active dis-
ease or the ESR. Markedly, no differences were observed in the 
frequency of ILC1s, NCR− ILC3s, and NCR+ ILC3s within SFMCs 
between treatment- naive patients and patients receiving meth-
otrexate (see Supplementary Figures 1B–D, http://onlinelibrary.
wiley.com/doi/10.1002/art.40731/abstract).

Expansion of NCR− ILC3s in SF of JIA patients is asso-
ciated with an increase in IL- 17A–producing CD4+ T cells, 
CD8+ T cells, and CD4−CD8− T cells. We have demonstrated 
that ILC subset frequency and transcriptional profile are altered in 
SFMCs isolated from JIA patients, and that among the ILC sub-
sets identified within JIA SFMCs, an expansion of NCR− ILC3s 
has the strongest association with multiple measures of clinical 
severity. NCR− ILC3s can be characterized by the expression of 
the transcripts for RORC2 and IL- 17A, similar to Th17 cells, and 
they can be found expanded in IL- 17A–driven pathologies (8). 
Taken together, these data suggest that the IL- 17A+CD4+ T cell 
signature we have previously described in JIA SF may extend to 
other cell types including ILCs (2).

To investigate this, we quantified other potential IL- 17A– 
producing cell types; these included CD4+ T cells, CD8+ T cells, 
and CD4−CD8− T cells.  As previously described (2), we found 
higher percentages of IL- 17A+CD4+ T cells within JIA SFMCs 
than within healthy control and JIA PBMCs (Figure  3A). Analy-
sis of IL- 17A+CD8+ T cells and IL- 17A+CD4−CD8− T cells (of 
which ~80% were γδ T cells; data not shown) established that 
there was also a significantly higher percentage of IL- 17A+CD8+ 
T cells and a trend toward an increase in IL- 17A+CD4−CD8− T 
cells in JIA SFMCs compared to healthy control adult PBMCs 
and JIA PBMCs (Figures  3B and C). No significant differences 
were seen between healthy control adult PBMCs, healthy con-
trol children PBMCs, and JIA PBMCs. Unlike the enrichment of 
NCR− ILC3s within SFMCs of all subtypes of JIA (Figure 1F), there 
were significant differences in the frequency of IL- 17A–produc-
ing T cells between JIA subtypes. For example, consistent with 
published reports demonstrating a strong IL- 17A signature in 
ERA (9), we found an increase in IL- 17A–producing CD4+, CD8+, 
and CD4−CD8− T cells in SFMCs isolated from patients with ERA 
(Figures 3A–C). It is worth highlighting, however, that a propor-
tion of patients displayed a strong IL- 17A signature regardless of 
subtype.

To assess whether the IL- 17A T cell signature was associ-
ated with an expansion of NCR− ILC3s, a correlation analysis 
was performed between the various synovial subpopulations 
analyzed. Positive correlations were observed in SFMCs between 
NCR− ILC3s as a proportion of total live cells and IL- 17A+ cells 
in the CD4+ and CD8+ T cell compartments (Figures 3D and E; 

also see Supplementary Table 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.40731/abstract). A weak potential association 
with IL- 17A+CD4−CD8− T cells was also observed (Figure 3F; 
also see Supplementary Table 4). These data demonstrate that the 
expansion of NCR− ILC3s is concomitant with the expansion of IL- 
17A–producing T cells within JIA SFMCs, which indicates that the 
cell- specific contribution to the IL- 17A milieu in JIA SFMCs may 
be a key determinant of clinical outcome. Of note, correlations of 
the percentages of IL- 17+CD4+ T cells, IL- 17+CD8+ T cells, and 
IL- 17+CD4−CD8− T cells with the physician’s VAS score, number 
of joints with active disease, and ESR demonstrated that among 
the T cell subsets, CD4+ T cells had the strongest association with 
the physician’s VAS score (see Supplementary Figure 2 and Sup-
plementary Table 4, http://onlinelibrary.wiley.com/doi/10.1002/
art.40731/abstract). However, unlike NCR− ILC3s, the percent-
ages of IL- 17A+ T cell subsets did not have any association with 
the number of joints with active disease or the ESR.

DISCUSSION

Recent investigation into ILC biology and function has led 
to an appreciation of their role in tissue/immune homeosta-
sis and their contribution to immunopathology. However, this 
is the first study to investigate whether ILC phenotype and 
function are altered in JIA. We demonstrate that ILC1s, NCR− 
ILC3s, and NCR+ ILC3s are expanded within JIA SFMCs. 
Most interestingly, NCR− ILC3s, the innate equivalent to Th17 
cells (10), exhibit a positive association with disease sever-
ity and with an increase in multiple IL- 17A–producing T cell 
subsets. Future studies are needed to confirm our hypothesis 
that the strength of the IL- 17A signature within JIA SFMCs is 
shared among multiple cell types.

Both human studies and animal models support a central 
role for IL- 17A in JIA pathogenesis. For example, IL- 17A–defi-
cient mice are resistant to the induction of collagen- induced 
arthritis (11), and levels of IL- 17A are known to be significantly 
higher in JIA SF (9). However, the relative contribution of dif-
ferent cell types to IL- 17A production within the inflamed joint 
remains relatively unexplored. Our data show that both innate 
lymphoid cells (NCR− ILC3s) and adaptive lymphoid cells 
(CD4+, CD8+, and γδ T cells) may contribute to IL- 17A produc-
tion at the inflammatory site. Further work is needed to unravel 
the mechanisms that underlie the preferential accumulation of 
multiple IL- 17A–producing cell types within JIA SFMCs. One 
possible explanation is that the presence of high levels of IL- 1β, 
IL- 23, and IL- 6 within the synovial environment in JIA (12) cre-
ates an “IL- 17A–skewing” microenvironment that induces the 
differentiation of Th17 cells and ILC3s (3,13). Future studies 
using single- cell RNA sequencing will aid in defining detailed 
functional and transcriptional heterogeneity in ILCs within 
SFMCs, as recently reported for human tonsils (14). At present, 
our data demonstrate the presence of an inflammatory Th1 
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cell and Th17 cell transcriptional signature in total ILCs within 
SFMCs, but not which ILC1/ILC3 subset is responsible for this 
transcriptional signature. This is especially pertinent as it is not 
yet known how the inflammatory environment of the arthritic 
joint alters the plasticity of ILC1/ILC3 subsets.

Despite success of JIA treatment with tumor necrosis fac-
tor and IL- 6 blockade, a group of patients remain unresponsive 
to treatment. Our exploratory analysis demonstrates that dis-
ease severity could potentially be associated with an increase 
in multiple IL- 17–producing lymphoid cell types. This suggests 
that treatments targeting IL- 17A could be efficacious in a sig-
nificant proportion of JIA patients (who may fall into several of 
the current clinically defined subtypes). This notion is further 
supported by recent evidence that secukinumab, a monoclonal 
antibody against IL- 17A, is effective in the treatment of anky-
losing spondylitis, another IL- 17A–driven autoimmune disease 
(15). Our observations raise the possibility that patients may 
be better stratified for treatment with biologic agents based on 
immune phenotype rather than on previously ascribed clinical 
categories. It is now essential to gain a whole- system view of 
IL- 17A biology in order to design novel therapeutic strategies.
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Rheumatic Syndromes Associated With Immune 
Checkpoint Inhibitors: A Single- Center Cohort of 
Sixty- One Patients
Michael D. Richter, Cynthia Crowson, Lisa A. Kottschade, Heidi D. Finnes, Svetomir N. Markovic, and 
Uma Thanarajasingam

Objective. To describe the prevalence, clinical presentation, and management of rheumatic immune- related ad-
verse effects (Rh- irAEs) from immune checkpoint inhibitor (ICI) therapy.

Methods. From a database of all patients who received any ICI at the Mayo Clinic Rochester, Minnesota campus 
between January 1, 2011 and March 1, 2018, we retrospectively identified those with Rh- irAEs, using diagnostic 
codes, search terms, and manual chart review.

Results. Of the 1,293 patients who received any ICI, Rh- irAEs were clinically diagnosed in 43. Eighteen patients 
with Rh- irAEs who received ICI therapy elsewhere were also analyzed. Clinical syndromes included inflammatory 
arthritis (n = 34 [prevalence 2%]), myopathy (n = 10), and other rheumatic syndromes (n = 17). Inflammatory arthritis 
was most commonly polyarticular, and glucocorticoid treatment was required in 26 patients (76%). The mean ± SD 
duration of treatment was 18 ± 18 weeks. Five patients (15%) also received disease- modifying antirheumatic drugs, 
and ICI therapy had to be discontinued in 3 patients (9%). Myopathy was treated with glucocorticoids in all cases 
(mean ± SD treatment duration 15 ± 17 weeks) and led to 2 deaths and permanent ICI discontinuation in 9 patients 
(90%). Other syndromes included connective tissue diseases, vasculitis, polymyalgia rheumatica–like syndrome, and 
flare of preexisting rheumatic disease. Most (71%) were treated with immunosuppression, with 12% requiring ICI 
discontinuation.

Conclusion. This study represents the largest cohort of patients with Rh- irAEs reported to date. Most patients 
received long courses of immunosuppressive treatment, although discontinuation of ICI therapy was required in only 
a minority.

INTRODUCTION

Immune checkpoint inhibitors (ICIs) have transformed the field 
of immuno- oncology. There are currently 6 approved monoclonal 
antibodies that target either CTLA- 4, programmed death 1 (PD- 1), 
or its ligand PD- L1. These immune checkpoints normally function 
to down- regulate T cell activation and proliferation. By disinhibiting 
these regulatory pathways, ICIs impair self tolerance and promote 
T cell–mediated antitumor immunity (1). Since the introduction of 
ipilimumab (anti–CTLA- 4) for metastatic melanoma in 2011, the 
use of these medications has rapidly expanded to include other 
malignancies (2). As of 2018 there were at least 1,100 ongoing 
cancer clinical trials involving ICIs, and at least 2,000 trials under 
development (3).

Rheumatologists are increasingly involved in managing the 
autoimmune side effects of ICIs, collectively termed immune- 
related adverse effects (irAEs) (4). These occur as a consequence 
of T cell disinhibition and most commonly present as dermatitis, 
colitis, hepatitis, or endocrinopathies. The majority of patients 
receiving single- agent ICI therapy have at least 1 irAE (5). Severe 
or life- threatening (grade 3–4) AEs are rare in patients treated with 
single agents, but occur in 55% of patients treated with anti–
CTLA- 4 and anti–PD- 1 antibodies in combination (6,7).

Rheumatic irAEs (Rh- irAEs) are less common, though well- 
described in case reports and reports of retrospective studies. 
Estimates of prevalence vary from ~1% to 10%, and frequently 
noted syndromes include inflammatory arthritis, inflammatory 
myopathy, sicca syndrome, and polymyalgia (PMR)–like syndrome 

Michael D. Richter, MD, Cynthia Crowson, PhD, Lisa A. Kottschade, 
APRN, CNP, Heidi D. Finnes, PharmD, Svetomir N. Markovic, MD, PhD, Uma 
Thanarajasingam, MD, PhD: Mayo Clinic, Rochester, Minnesota.

Address correspondence to Uma Thanarajasingam, MD, PhD, Division 
of Rheumatology, Department of Internal Medicine, Mayo Clinic, 200 First 

Street SW, Rochester, MN 55905. E-mail: thanarajasingam.uma@mayo.
edu.

Submitted for publication June 13, 2018; accepted in revised form 
September 27, 2018.

mailto:thanarajasingam.uma@mayo.edu
mailto:thanarajasingam.uma@mayo.edu
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40745&domain=pdf&date_stamp=2019-01-28


RHEUMATIC IMMUNE- RELATED ADVERSE EFFECTS OF IMMUNE CHECKPOINT INHIBITORS |      469

(1,8,9). Glucocorticoids are the standard treatment for irAEs, and 
some patients require further immunosuppression with disease- 
modifying antirheumatic drugs (DMARDs) or discontinuation of ICI 
therapy (10). The percentage of steroid- resistant cases is thought 
to be increased among Rh- irAEs, though this is based on obser-
vational data (11).

To date there has been only 1 reported prospective study on 
Rh- irAEs (12); thus, management continues to rely upon expert 
experience and data from retrospective studies. Current treatment 
guidelines rely on the grade of irAEs as defined by the Common 
Terminology Criteria for Adverse Events, which poses an inherent 
challenge as the applicability to Rh- irAEs is unknown and yet to 
be validated. In this study we aimed to add important information 
to the existing literature by investigating prevalence, clinical char-
acteristics, and treatment outcomes in a large, single- institution 
cohort of patients with Rh- irAEs.

PATIENTS AND METHODS

Institutional review board approval was obtained prior to initi-
ation of the study. All data were gathered retrospectively. Patients 
receiving ipilimumab, nivolumab, pembrolizumab, avelumab, 
atezolizumab or any combination thereof at Mayo Clinic in Roch-
ester, Minnesota, regardless of their primary malignancy, were 
documented by the Mayo Clinic central pharmacy. A cohort of 
1,293 patients received ICIs between January 1, 2011 and March 
1, 2018. A data retrieval search engine with complete access to 
patient charts and text search functionality was used to identify 
patients with possible rheumatic syndromes by searching for 
key terms or diagnostic codes (Supplementary Table 1, on the 
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40745/abstract). Patients who were treated 
for Rh- irAEs at Mayo Clinic Rochester but who received an ICI 
at an outside medical center were identified by searching for the 
same key terms or diagnostic codes in patient charts that also 
contained the name of any ICI.

There were 713 patient charts identified for manual 
review. Cases of Rh- irAEs were defined based on the clinical 
diagnosis made by a managing oncologist or rheumatologist. 
Patients with preexisting autoimmune diseases were included 
in this cohort. Syndromes were categorized as inflammatory 
arthritis, myopathy, vasculitis, or connective tissue disease 
(CTD) based on the predominant clinical features. In addition 
to a clinical diagnosis, categorizing a patient as having inflam-
matory arthritis required the presence of at least 1 character-
istic feature of synovitis (joint swelling, warmth, erythema, or 
morning stiffness lasting >1 hour) documented in the medical 
record. Oligoarthritis was defined as ≤5 affected joints, and 
polyarthritis as >5 affected joints. Patients were considered to 
have myopathy in the presence of a clinical diagnosis in addi-
tion to 1 of the following: an abnormal muscle biopsy result, 
electromyography (EMG) evidence of myopathy, or elevated 

creatine kinase level (>200 units/liter for women and >300 
units/liter for men). All other irAEs were included on the basis 
of clinical diagnosis alone (by an oncologist or rheumatologist). 
Patients with sicca syndrome were excluded if they had a his-
tory of head or neck radiation exposure, confirmed symptoms 
prior to starting an ICI, or any other clear medical cause.

Response to treatment for Rh- irAEs was defined as either 
complete or partial. Complete response required symptom reso-

Table 1. Characteristics of the ICI- treated patients with Rh- irAEs 
and the overall ICI- treated patient cohort*

Rh- irAEs ICI cohort

No. of patients 61 1,293
Age, mean ± SD years 62.6 ± 15.7 61.3 ± 14.1
Female 30 (49) 521
Type of malignancy

Melanoma 35 (57) 572
Lymphoma 6 (10) 225
Pulmonary 8 (13) 220
Renal 2 (3) 60
Other 10 (16) 216

ICI
Ipilimumab 12 (20) 256
Pembrolizumab 30 (49) 719
Nivolumab 13 (21) 356
Avelumab 1 (2) 17
Atezolizumab 1 (2) 58
Ipilimumab plus nivolumab 4 (7) 52

Outcome of ICI therapy
Cancer progression 12 (20) –
Cancer remission 13 (21) –
Discontinued due to Rh- 

irAE
13 (21) –

Discontinued due to non-
rheumatic irAE

5 (8) –

Still receiving ICI at last 
follow- up date

15 (25) –

Nonrheumatic irAEs 43 (70) –
Rash 21 (34) –
Colitis 14 (23) –
Neuritis 8 (13) –
Hepatitis 6 (10) –
Pneumonitis 5 (8) –
Thyroiditis 5 (8) –
Hypophysitis 4 (7) –
Other 5 (8) –

Preexisting autoimmune 
disease

14 (23) –

* Except where indicated otherwise, values are the number (%).
ICI = immune checkpoint inhibitor; Rh- irAEs = rheumatic immune- 
related adverse effects. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40745/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40745/abstract
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lution as documented by the treating physician, and discontinu-
ation of or ability to taper steroids.

Descriptive statistics were used to summarize the charac-
teristics of the cohort. Patients who received an ICI at an out-
side medical center were not included in prevalence calcula-
tions since the number of these patients without Rh- irAEs was 
unknown. Data on continuous and categorical variables were 
expressed using means and percentages, respectively. Analyses 
were performed with Microsoft Excel 2010.

RESULTS

We identified 61 cases of Rh- irAE (43 from the initial cohort 
of 1,293 patients and 18 who received ICI treatment elsewhere). 
Of the 43 patients, 49% were female, compared with 40% of the 
entire ICI- treated cohort. The mean ± SD follow- up time from 
Rh- irAE diagnosis was 86 ± 58 weeks. The average age of the 
patients was 62.6 years (compared with 61.3 years for patients 
in the ICI- treated cohort overall). Detailed information on the 
types of malignancies, ICIs used, outcome of ICI therapy, and 
prevalence of nonrheumatic irAEs is included in Table 1. Preex-
isting autoimmune diseases were documented in 14 patients. 
These included Hashimoto thyroiditis (n = 2), psoriasis (n = 2), 
rheumatoid arthritis (RA) (n = 2), Sjögren’s syndrome (n = 1), pol-
ymyalgia rheumatica (n = 1), primary Raynaud’s syndrome (n = 
1), sarcoidosis (n = 1), inflammatory bowel disease (n = 1), giant 
cell arteritis (n = 1), granulomatosis with polyangiitis (GPA) (n = 
1), and mixed CTD (n = 1). Rh- irAEs were in the form of disease 

flares in 6 of these patients. Time to Rh- irAE symptom onset for 
each patient is shown in Figure 1.

Inflammatory arthritis. Thirty- four patients treated with 
ICIs were diagnosed as having new- onset inflammatory arthri-
tis (Table 2). The overall prevalence of inflammatory arthritis was 
2%. Pembrolizumab was the most commonly associated ICI 
(19 patients), followed by nivolumab (7 patients), ipilimumab (4 
patients), ipilimumab plus nivolumab (2 patients), avelumab (1 
patient), and atezolizumab (1 patient). The prevalence for each 
class of ICI is listed in Table 2. The majority of patients presented 
with polyarticular symptoms (22 of 34 [65%]). Thirty patients with 
new- onset inflammatory arthritis were tested for rheumatoid fac-
tor (RF) or anti–citrullinated protein antibodies (ACPAs), with no 

positive results.
In most of these patients (21 of 34 [62%]), the inflamma-

tory arthritis was managed by a rheumatologist. Systemic glu-

Figure  1. Time to onset of rheumatic immune- related adverse 
event symptoms after starting immune checkpoint inhibitor therapy. 
Data are shown as box plots. Each box represents the 25th to 75th 
percentiles. Dashed lines inside the boxes represent the median. 
Each circle represents an individual patient. IA = inflammatory 
arthritis; M = myopathy; Rh = other rheumatic syndromes.

Table 2. Clinical features of the patients in whom the Rh- irAE was 
inflammatory arthritis* 

No. of patients 34
Age, mean ± SD years 59.2 ± 17.4
Rh- irAE prevalence according to ICI 

received, no. of patients/no. treated 
(%)

Any ICI 25/1,293 (2)
Anti–CTLA- 4 3/256 (1)
Anti–PD- 1 or anti–PD- L1 20/1,150 (2)
Anti–CTLA- 4 plus anti–PD- 1 2/52 (4)

Polyarticular arthritis 22 (65)

Oligoarticular arthritis 12 (35)
ESR, mean ± SD mm/hour 43.1 ± 24.0
C- reactive protein, mean ± SD  

mg/liter
51.4 ± 52.7

Positive RF or ACPA, no./no. tested 0/30
Treatment

Prednisone only 21 (62)
Prednisone plus DMARD 5 (15)
NSAID and/or IA steroid only 8 (24)

Starting prednisone dosage, mean ± SD 
mg/day

30.6 ± 25.4

Duration of prednisone treatment, 
mean ± SD weeks

18 ± 18

Complete resolution after treatment 16 (47)
Partial resolution after treatment 18 (53)
ICI discontinued due to irAE 3 (9)

* Except where indicated otherwise, values are the number (%).
Rh- irAE = rheumatic immune- related adverse effect; ICI = immune 
checkpoint inhibitor; anti–PD- 1 = anti–programmed death 1; ESR =  
erythrocyte sedimentation rate; RF = rheumatoid factor; ACPA = 
anti–citrullinated protein antibody; DMARD = disease- modifying 
antirheumatic drug; NSAID = nonsteroidal antiinflammatory drug; 
IA = intraarticular. 
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cocorticoids were the main treatment (26 patients [76%]), with 
a mean ± SD treatment duration of 18 ± 18 weeks. At least 3 
patients were treated with scheduled increases in the glucocor-
ticoid dosage following each ICI infusion. In 5 of the 34 patients 
(15%) from the group with new- onset inflammatory arthri-
tis, treatment with DMARDs in addition to glucocorticoids was 
required (Table 3). In 16 of the 34 patients (47%), the symptoms  
completely resolved during the study period, although resolution 
occurred during ICI treatment in only 5, with all 5 of these patients 
receiving immunosuppressive treatment concurrently with the ICI. 
Most of the patients with partial symptom resolution (78%) also 
received immunosuppressive treatment. None of the 5 patients who 
received DMARDs had complete resolution of inflammatory arthritis 
symptoms while receiving an ICI, although all had clinical improve-
ment. In 3 patients (9%), discontinuation of ICI therapy was required, 

due to severe pain and debility related to inflammatory arthritis.

Myopathy. Ten of the 1,293 patients (0.8%) developed 
myopathy post–ICI treatment (Table  4). Seven patients were 
treated with pembrolizumab, 2 with nivolumab, and 1 with 
 ipilimumab. All 10 patients presented with myalgias and weak-
ness, and 5 had bulbar myopathy (13). Muscle biopsy was 
obtained in 5 cases, revealing muscle fiber necrosis in 2 patients 
and a nonspecific myopathic process in the other 3. EMG, per-
formed in 6 cases, showed myopathy in 5, and striated antibod-
ies were positive in 3 of 4 patients in whom this was tested. The 
4 patients without positive biopsy or EMG findings presented 
with severe muscle pain, weakness, and elevated serum cre-
atine kinase levels. Four patients were diagnosed as having con-
comitant myocarditis based on elevated serum troponin levels 

and echocardiographic findings.

All 10 of these patients were treated with glucocorticoids. 
Five patients received at least 1 dose of intravenous methylpred-
nisolone, and 3 patients underwent plasmapheresis. The mean 

Table 3. Characteristics of the patients with Rh- irAEs treated with DMARDs* 

Patient Age/sex Rh- irAE Autoantibody positivity DMARD(s)
Treatment dura-

tion, weeks Clinical response

1 59/F SS flare ANA, SSA, SSB, RF AZA >50 Partial
2 49/F RA flare RF, ACPA MTX, HCQ 6 Partial
3 31/F Oligoarthritis, 

dactylitis
HLA–B27 SSZ >50 Partial

4 57/F Polyarthritis, 
psoriasis flare

– MTX >50 Partial

5 43/M Polyarthritis – AZA 40 Resolution
6 30/F Polyarthritis ANA, SSA HCQ, TCZ >50 Resolution
7 68/F Polyarthritis – MTX, TCZ >50 Partial
8 79/M SSc – HCQ >50 None
9 66/M SSc – MMF 14 Not observed
10 62/M SSc – MMF 26 Partial
11 68/M GPA flare cANCA CYC 40 Partial

* Rh- irAEs = rheumatic immune- related adverse effects; DMARDs = disease- modifying antirheumatic drugs; SS = Sjögren’s syndrome; ANA = 
antinuclear antibody; RF = rheumatoid factor; AZA = azathioprine; RA = rheumatoid arthritis; ACPA = anti–citrullinated protein antibody; MTX =  
methotrexate; HCQ = hydroxychloroquine; SSZ = sulfasalazine; TCZ = tocilizumab; SSc = systemic sclerosis; MMF = mycophenolate mofetil; 
GPA = granulomatosis with polyangiitis; cANCA = classic antineutrophil cytoplasmic antibody; CYC = cyclophosphamide. 

Table 4. Clinical features of the patients in whom the Rh- irAE was 
myopathy* 

No. of patients 10
Age, mean ± SD years 67.7 ± 10.0
Prevalence, % 0.8
Bulbar myopathy 5 (50)
Myocarditis 4 (40)
Positive EMG findings, no. of patients/no. 

tested
5/6

Positive muscle biopsy findings, no. of 
patients/no. tested

5/5

Positive striated muscle antibody, no. of 
patients/no. tested

3/4

Creatine kinase, mean ± SD units/liter 
(peak values; n = 7)

1,099 ± 522

Treatment
Prednisone only 5 (50)
IV methylprednisolone 5 (50)
Plasma exchange 3 (30)

Starting prednisone dosage, mean ± SD 
mg/day

74 ± 16.2

Duration of prednisone treatment, mean 
± SD weeks

15 ± 17

Complete resolution after treatment 7 (70)
Deaths related to irAE 2 (20)

* Except where indicated otherwise, values are the number (%). 
Rh- irAE = rheumatic immune- related adverse effect; EMG = elec-
tromyography; IV = intravenous. 
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± SD duration of oral prednisone treatment was 15 ± 17 weeks. 
Complete symptom resolution was documented in 7 patients after 
the course of steroid treatment was finished; 1 patient died dur-
ing the treatment course, from an unrelated cause. Two patients 
died of complications related to bulbar myopathy and myocarditis. 
In 2 patients, rechallenge with an ICI was attempted after clinical 
recovery. One patient received a repeat dose of pembrolizumab, 
and another was switched from ipilimumab to pembrolizumab. 
Both patients experienced a flare of their myopathy. One patient 
resumed nivolumab after a 3- month hiatus for recovery, but glu-
cocorticoid treatment had to be continued.

Other rheumatic syndromes. Seventeen ICI- treated 
patients developed vasculitis, PMR- like syndrome, CTD, or flare 
of preexisting rheumatic disease; these patients are individually 
described in Table 5. The Rh- irAE was diagnosed by a rheuma-
tologist in 15 patients (88%). Vasculitis cases included necrotiz-
ing vasculitis, GPA flare, and giant cell arteritis flare (patients 
1–4). There was 1 case of PMR flare and 3 cases of new- onset 
PMR- like syndrome (patients 5–8). CTD included cases of diffuse 
systemic sclerosis–like syndrome and sicca syndrome (patients 
9–14). In all cases of necrotizing vasculitis and systemic sclerosis, 
skin biopsy supported the clinical diagnosis. Three patients had 
flares of preexisting inflammatory arthritis: 2 with RA and 1 with 
Sjögren’s syndrome (patients 15–17). None of these patients had 

clinically active disease at the time of ICI initiation.
Two cases of vasculitis (patients 1 and 7) and 3 cases of sicca 

syndrome (patients 12–14) were not treated with glucocorticoids. 
In patient 1, the ICI was stopped due to a nonrheumatic irAE. 
Patient 7 had necrotizing vasculitis that manifested as a nonheal-
ing leg ulceration and was treated with ICI discontinuation only. All 
other patients in this category were treated with glucocorticoids, 
and 6 were treated with DMARDs (Table 3). The only patients with 
other rheumatic syndromes who had complete resolution of their 
Rh- irAE symptoms by the end of the study period were 2 patients 
with necrotizing vasculitis, 1 patient with PMR- like syndrome, and 
1 patient with RA flare (patients 1, 2, 7, and 15). All 4 patients had 
ICI therapy discontinued for reasons unrelated to irAEs prior to 
resolution. In 2 additional patients (patient 3 with GPA flare and 
patient 9 with systemic sclerosis–like syndrome), ICI therapy was 
discontinued due to the Rh- irAE.

DISCUSSION

This report describes the largest single- center cohort of Rh- 
irAEs studied to date. We categorized syndromes based on their 
clinical resemblance to rheumatic conditions, specifically, inflam-
matory arthritis, inflammatory myopathy, CTDs, and vasculitis. 
Inflammatory arthritis had the highest prevalence among Rh- irAEs 
(2%). A recent prospective study based on 524 patients treated 
with ICIs showed a slightly higher prevalence of 3.8%, although 
this included a substantial number of patients with PMR- like 

syndrome categorized as inflammatory arthritis (12). Clinical trial 
reports have recorded rates of arthralgia as high as 10%, although 
many of these may represent noninflammatory musculoskeletal 
symptoms as opposed to true inflammatory arthritis (1). The prev-
alence of myopathy and other rheumatic syndromes, 0.8% and 
1%, respectively, in the present investigation, has not been clearly 
described in reports of other studies.

While our findings suggest that Rh- irAEs are uncommon, their 
prevalence may be underestimated due to inconsistent reporting 
of irAEs, inadequate characterization of Rh- irAEs, and the relative 
novelty of irAEs themselves. Furthermore, the use of combination 
ICI therapies may increase the prevalence of Rh- irAEs in other 
cohorts (14,15).

The clinical characteristics of inflammatory arthritis in this 
cohort support the data in the existing literature. Time to symp-
tom onset is generally 4–8 weeks after initiation of ICI therapy, 
although some patients present months later, possibly due in part 
to diagnostic delay. The majority of patients require long courses 
of systemic glucocorticoids for symptom control, although very 
few achieve complete symptom resolution while continuing ICI 
therapy. DMARDs were used in addition to glucocorticoids in 18% 
of patients in the current study, compared to 33% of patients in a 
separate cohort of inflammatory arthritis (11). More than 90% of 
the patients with inflammatory arthritis continued ICI therapy while 
undergoing treatment for their Rh- irAE, suggesting that inflamma-
tory arthritis should not be seen as a contraindication to continu-
ing or restarting ICIs, although continuing ICI therapy concurrently 
with high- dose steroids is generally not recommended. Limited 
studies suggest that the development of inflammatory arthritis and 
other irAEs may correlate with better cancer outcomes (5,16).

Methotrexate and hydroxychloroquine were the most com-
monly utilized DMARDs in our cohort, with tumor necrosis factor 
inhibitors (TNFi) commonly used in several other reported stud-
ies (11,12,17). While immunosuppression may be necessary in 
some patients, there is concern with regard to dampening the 
host antitumor response. A retrospective study of overall survival 
and time to treatment failure in patients receiving glucocorticoids 
or TNFi therapy showed no difference compared with controls 
(18). However, in most cases only short courses of oral gluco-
corticoids were required, and no patients received >2 doses of 
infliximab. The longer treatment courses required for Rh- irAEs 
raise concern given the role of TNF in the antitumor response 
(19). Interleukin- 6 inhibition is one proposed alterative and has 
demonstrated efficacy in managing Rh- irAEs in a small series of 
patients (20).

We speculate that some cases of inflammatory arthritis 
induced by ICI may represent previously undiagnosed rheumatic 
diseases rather than de novo irAEs. For example, several reported 
case series of inflammatory arthritis include a significant number 
of patients who are RF and/or ACPA positive (17,21,22). The data 
reported are insufficient to understand whether the seropositivity 
occurred prior to or after ICI exposure, however. We also observed 
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that in several patients with inflammatory arthritis, inflammatory 
symptoms persisted after discontinuation of ICI therapy, which is 
largely unique to Rh- irAEs (23). Patients with RA have exhibited 
increased expression of PD- 1 in synovial tissue (24), suggesting 
one potential mechanistic pathway whereby ICIs may induce dis-
ease flares or reveal preclinical RA (24).

Myopathy, vasculitis, and CTD have not been as thoroughly 
described in previous case series. Myopathy was the most 
severe Rh- irAE encountered in our cohort and required perma-
nent discontinuation of ICI therapy in most patients. Morbidity 
and mortality were particularly high in patients presenting with 
concurrent myocarditis (Table 4). As with inflammatory arthritis, 
it is possible that some cases of myopathy represent previously 
unrecognized disease as opposed to de novo irAEs. Striated 
muscle antibodies were found in 3 of the myopathy patients. We 
do not know whether these antibodies were present prior to ICI 
therapy, although it is notable that striated muscle antibodies are 
typically associated with multiple autoimmune and paraneoplas-
tic syndromes, and represent a marker for myositis and myo-
carditis resulting from myasthenia gravis (25–27). Given the high 
morbidity associated with myocarditis and bulbar myasthenia, it 
may be reasonable to screen for these conditions by testing for 
striated muscle antibodies and acetylcholine receptor antibod-
ies and cardiac imaging in patients presenting with ICI- related  
myopathy.

The syndromes categorized as vasculitis and CTD in this 
study had a broad spectrum of clinical phenotypes. Onset of 
symptoms tended to occur later than with other Rh- irAEs, and 
prolonged immunosuppressive treatment was typically required, 
with few patients achieving complete symptom resolution 
(Table 5). In general, vasculitis and CTD observed in conjunction 
with ICI therapy are less commonly reported, with the literature 
being limited to case reports and small series (28–30). As such, 
the optimal treatment of these patients and the impact on overall 
survival remain entirely unknown. More research is needed before 
we can understand whether established treatment algorithms for 
irAEs apply to these patients (10).

In addition to managing Rh- irAEs, rheumatologists may have 
a role in the care of patients with preexisting autoimmune disease 
who are eligible for ICI therapy. The safety of ICIs is less clear in 
these patients since they were not included in clinical trials. Sev-
eral retrospective studies have suggested that many patients with 
autoimmune disease can be safely treated with ICIs (31). While 
risks of disease flare and development of other irAEs exist, these 
are typically lower grade and responsive to short- term immuno-
suppression (32–34). Of the 14 patients with preexisting autoim-
mune disease included in this study, 6 had disease flares, with 
hospitalization required only in 1 patient with GPA.

The primary limitation of this study is the reliance on retro-
spective data and diagnoses based on clinician evaluation. Mis-
diagnosis and underrecognition of rheumatic syndromes could 
impact the reported prevalence of these conditions. Further, eval-

uation and management practices are highly variable between 
providers, particularly with regard to the thresholds for starting 
immunosuppressive treatment and the selection of DMARDs. This 
study aimed to provide an overview of the Rh- irAEs encountered 
in a single large cohort, and thus did not analyze data according to 
malignancy types or ICI regimens. Other studies have shown that 
the rate, severity, and clinical features of Rh- irAEs may differ with 
each of these factors (1,11). Multicenter studies of prospectively 
defined cohorts are needed to provide adequate analysis and fur-
ther define these clinical syndromes.

While this was a descriptive study, it is the largest reported 
single- center cohort of its kind. In the absence of controlled pro-
spective studies, the findings in this cohort may serve as a guide 
for rheumatologists who care for patients with Rh- irAEs. It remains 
unclear why some patients develop Rh- irAEs and to date no 
genomic risk factors have been identified, although the varied clin-
ical phenotypes of Rh- irAEs certainly suggest that there are multi-
ple underlying immunopathogenic mechanisms (35). Further pro-
spective studies that distinguish between subsets of Rh- irAEs are 
necessary to better understand their pathophysiology and improve 
clinical care.
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Time to include fine specificity anti–citrullinated 
protein antibodies in the routine diagnosis and 
management of rheumatoid arthritis?

Antibodies to citrullinated protein antigens (ACPAs) are 
part of the classification criteria for rheumatoid arthritis (RA) (1). 
ACPAs can be measured using generic tests, such as the cyclic 
citrullinated peptide (CCP) assays, that use artificially generated 
synthetic peptides with no homology to known proteins, which 
provide good diagnostic sensitivity and specificity. Peptides 
from real autoantigens (fine specificities) tend to be of lower 
diagnostic sensitivity and are used primarily for research into 
disease pathogenesis, rather than clinical management. In a 
recent study (2), we found 2 groups of ACPA fine specificities 
associated with different RA risk factors. One, dominated by 
antibodies to citrullinated α- enolase peptide 1 (CEP- 1), was
linked to smoking and shared epitope as previously described 
(3). The second group, linked to antibodies to a citrullinated 
peptide from tenascin- C (cTNC5), was associated with infec-
tion with the periodontal pathogen Prevotella intermedia. The 
relative distinctions between anti–CEP- 1 and anti-cTNC 5 
prompted us to ask whether testing for these 2 fine specifi-
cities in combination with anti- CCP2 would be clinically use-
ful in improving diagnosis or identifying clinical subsets among 
patients with RA.

We reanalyzed previous data from 287 patients with RA and 
330 osteoarthritis controls, and we retested all of the sera for 
anti–CEP‐1 using a commercially available anti–CEP- 1 enzyme- 
linked immunosorbent assay (Euroimmun), optimized for clinical 
use. The diagnostic sensitivity with anti–CEP- 1 was increased 
from 39% (2) to 48%, with a specificity of 98%. We then exam-
ined whether the addition of anti–CEP- 1 and anti‐cTNC5 to 
CCP2 increased the overall diagnostic sensitivity. We identified 8 
patients with RA who were negative for anti- CCP2 but positive 
for either or both of the fine specificities (Figure 1A), increasing 
the overall diagnostic sensitivity with ACPA from 84.5% obtained 
with anti‐CCP2 alone to 87% if all 3 assays were combined. We 
predict that this modest increase in sensitivity could be an under-
estimate caused by ascertainment bias because anti- CCP2 
positivity may have influenced the recruitment of patients to this 
cohort. In previous studies, using cohorts in which many of the 
patients were recruited before the CCP tests became available, 
anti–CEP- 1 and/or anti‐cTNC5 positivity was higher in the anti‐
CCP2–negative RA patients, increasing overall diagnostic sensi-
tivity by ~5% (2–4). Therefore, the inclusion of these 2 additional 
fine specificities at the point of diagnosis could increase the sen-

sitivity even further, though clearly this needs to be confirmed in 
prospective studies.

We then investigated whether positivity for anti–CEP- 1 and/or 
anti- cTNC5 identified distinct clinical subsets. For this analysis, we 
omitted the anti‐CCP2–negative patients, as numbers were too 
small for statistical evaluation. We identified no difference in joint 
disease between patients who were anti‐cTNC5 positive versus 
those who were anti–CEP- 1 positive. However, when both fine 
specificities were combined with anti-CCP 2, the 28- joint Disease 
Activity Score (DAS28) (5) in patients positive for all 3 markers was 
significantly increased (P = 0.038) compared to that in patients 
positive for only CCP2, with the difference in the Health Assess-
ment Questionnaire score (6) approaching significance (P = 0.073). 
Triple‐positive patients also had significantly higher levels of anti‐
CCP2 (P < 0.001) and rheumatoid factor (P < 0.001) (Figure 1B). 
This increase in disease severity with multiple antibody specificities 
is perhaps not surprising, as a similar phenomenon has long been 
known to occur in systemic lupus erythematosus (SLE) (7).

In SLE, at least 6 different specificities would be routinely 
examined in every patient at presentation, with diagnosis estab-
lished in the small proportion of antinuclear antibody–negative 
patients by the presence of anti‐Ro antibodies. The same antibody 
also identifies rare but important clinical subsets: for example, an 
association with congenital heart block in babies of anti‐Ro–positive 
mothers (7). In our patients with RA, no distinct clinical subsets were 
found, but we only examined joint- specific variables. It is possible 
that associations with extraarticular features may be recognized in 
future studies. Indeed, while anti–citrullinated vimentin antibodies 
are linked with bone loss (8), anti–citrullinated fibrinogen antibodies 
have been associated with atherosclerosis (9). For anti–CEP- 1, a 
link with rheumatoid lung disease may be predicted by the associa-
tion with smoking (3) and a high rate of positivity in patients with RA 
and bronchiectasis (10). Whether different ACPA fine specificities 
actively drive distinct aspects of joint disease and/or comorbidities 
also remains to be fully understood. We suggest that the only way 
to establish whether fine specificities are useful in improving diag-
nosis or identifying clinical subsets is to incorporate at least these 
2 fine specificities into prospective studies so that in RA, multiple 
antibody assays become routine parts of clinical diagnosis and 
management.
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Figure 1. A, Venn diagram showing the overlap between citrullinated α- enolase peptide 1 (CEP- 1), citrullinated tenascin- C (cTNC5), and 
cyclic citrullinated peptide 2 (CCP2) antibody responses in 287 rheumatoid arthritis (RA) patients. For each anti–citrullinated protein antibody 
(ACPA), the total number of patients with positivity is shown in parentheses; overlaps in positivity are represented by numbers within the circles. 
Thirty- six patients (12.5%) were negative for CEP- 1, cTNC5, and CCP2 antibodies (including 3 patients for whom no data on anti-CCP2 were 
available). B, Disease characteristics of patients with RA according to positivity for different combinations of ACPA. # = by analysis of variance 
(ANOVA); ## = by Kruskal- Wallis test; ### = by chi- square test; a = ANOVA with post hoc pairwise comparisons; b = by Kruskal- Wallis test 
with Dunn’s test for pairwise comparisons. DAS28- CRP = 28- joint Disease Activity Score using the C- reactive protein level; HAQ = Health 
Assessment Questionnaire; RF = rheumatoid factor.
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Clinical Images: Lichen planus pigmentosus and frontal fibrosing alopecia 
mimicking discoid lupus erythematosus

The patient, a 77- year- old woman, presented with a 10- year history of discoid, scaly, pigmented, telangiectatic, and atrophic patches 
on the upper cheeks of the face (A) and gradually progressive alopecia of the frontal scalp (B). A cheek biopsy demonstrated interface 
dermatitis, epidermal hyperkeratosis and atrophy, dyskeratotic keratinocytes, and a superficial perivascular lymphohistiocytic infiltrate with 
pigment incontinence. In addition to the facial lesions, there was perifollicular erythema, scaling, and loss of follicular ostia along the frontal 
hairline, and alopecia of the lateral eyebrows (B). She had low- titer antinuclear antibodies (1:80 in a nucleolar pattern) and was negative 
for SSA and SSB antigens. Blood counts and findings of serum chemistry tests were unremarkable. A review of systems did not reveal 
additional abnormal findings. Prior to referral, discoid lupus erythematosus (DLE) had initially been diagnosed, and topical steroid treatment 
had been started. Although malar predilection, dyspigmentation/atrophy, and histopathology of the facial eruption could represent DLE, 
the reticular pattern and absence of follicular plugging were more consistent with lichen planus pigmentosus (LPP), and the alopecia of 
the frontal hairline and eyebrows best supports a concomitant diagnosis of frontal fibrosing alopecia (FFA). The combination of LPP and 
FFA has previously been described (1). LPP and FFA are considered to be within the spectrum of lichen planus (2). Erythema, telangiec-
tasias, dyspigmentation, and atrophy are not uncommon in LPP and are features present in DLE. Histopathologic features of LPP may 
be similar to those of DLE. Distinguishing LPP and DLE is important as DLE may progress toward systemic disease and require systemic 
therapy. LPP/FFA usually occurs in the absence of systemic disease, and treatment is skin- directed. Moreover, the etiology of hair loss in 
an autoimmune patient has implications for the classification of systemic lupus erythematosus. LPP and DLE can both present as alopecia. 
Therefore, diagnostic accuracy entails a thorough clinicopathologic confirmation and/or consultation with a dermatologist.

Supported by the Veterans Health Administration.

 1. Dlova NC. Frontal fibrosing alopecia and lichen planus pigmentosus:
is there a link? Br J Dermatol 2013;168:439–42.

 2. Gorouhi F, Davari P, Fazel N. Cutaneous and mucosal lichen planus:
a comprehensive review of clinical subtypes, risk factors, diagnosis,
and prognosis. Sci World J 2014;2014:742826.
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Febuxostat does not increase all- cause mortality and 
cardiovascular mortality compared with placebo: 
comment on the article by Choi et al

To the Editor:
I read with great interest the article by Choi et al (1), which 

discussed an article recently published in the New England 
Journal of Medicine by White et al (2). I mostly agree with the 
content of the article by Choi and colleagues. The Cardiovas-
cular Safety of Febuxostat and Allopurinol in Patients with Gout 
and Cardiovascular Morbidities (CARES) trial (2) first showed an 
increased risk of all- cause and cardiovascular (CV) mortality with 
febuxostat than was found with allopurinol. However, the study 
has not proven that febuxostat increased all- cause mortality and 
CV mortality compared with placebo (1). My group conducted 
The Effect of Febuxostat to Prevent a Further Reduction in Renal 
Function of Patients with Hyperuricemia Who Have Never Had 
Gout and Are Complicated by Chronic Kidney Disease Stage 3 
(FEATHER), a multicenter randomized controlled study (3), which 
showed no difference in CV mortality between the febuxostat 
and placebo groups over 108 weeks (4). The results suggested 
that febuxostat itself did not increase CV events and adverse 
events compared with placebo at week 108 (4 of 219 versus 7 
of 222; P = 0.37), and the incidence of gouty arthritis was signif-
icantly lower in the febuxostat group (2 of 219 versus 13 of 222; 
P = 0.007) (4).

The CARES trial showed no difference in gout flare rates 
over the study period between the 2 groups. However, it did not 
assess the severity of gout flares. The intense inflammation patho-
physiology of severe gout flares can be associated with the stress 
response from pain and can lead to reduced quality of life. Greater 
inflammation severity can be associated with prothrombotic sta-
tus, which could cause CV events.

The reasons for the difference in all- cause mortality and 
CV mortality between treatment groups were not addressed in 
the CARES trial report (2). No differences in rates of nonfatal 
myocardial infarction, stroke, and urgent revascularization for 
unstable angina between the 2 groups were shown in the trial, 
which meant that febuxostat is not inferior to allopurinol in the 
prevention of vascular diseases. I am interested in knowing the 
background and causes of CV mortality between the febuxostat 
group and the allopurinol group. It is my assumption that patients 
whose deaths were attributed to CV causes had low serum uric 
acid levels or some additional medication like nonsteroidal antiin-
flammatory drugs or others. These are important factors in con-
sidering the cause of CV mortality because we cannot explain 

why all- cause mortality and cardiovascular mortality were higher 
in patients receiving febuxostat compared with those receiving 
allopurinol.

Masanari Kuwabara, MD, PhD
Toranomon Hospital
Tokyo, Japan
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Fresh perspectives on the CARES trial and the use of 
febuxostat in an Asian population: comment on the 
article by Choi et al

To the Editor:
We read with interest the article by Choi et  al (1) regard-

ing the Cardiovascular Safety of Febuxostat and Allopurinol in 
Patients With Gout and Cardiovascular Morbidities (CARES) trial 
published in the New England Journal of Medicine (2) and the 
associated public safety alert issued by the US Food and Drug 
Administration (FDA) concerning febuxostat use in the manage-
ment of hyperuricemia in gout. The article by Choi and colleagues 
provided a timely and insightful evaluation of the CARES trial, 
which covered, among other things, its significance, strength of 
the design, and concerns regarding the high discontinuation rate 
(1). As febuxostat is a major urate- lowering therapy (ULT) used 
worldwide, the release of the CARES trial results and the FDA’s 
alert had profound impacts on the professional gout and patient 
communities.

Febuxostat was approved by the China Food and Drug 
Administration (CFDA) in 2013, and it was quickly adopted as a 
first- line ULT. It was recommended in the 2 guidelines developed 
by the China Rheumatology and Endocrinology Societies. In addi-
tion to the points raised by Choi et al, we want to share some new 
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perspectives from real- world clinical experience with febuxostat, 
specifically, in an Asian population.

Drug responses, including side effects and therapeutic 
effects, can be affected by ethnic background. Hyperuricemia 
and gout are diseases with genetic predispositions, including 
ethnicity- related genetic predispositions. HLA–B*5801 is a clas-
sic example. The Asian population has much higher rates of car-
rying the HLA–B*5801 allele compared with the white popula-
tion (Han Chinese, 12.5%; Korean, 12.5%; European, 1.6%) (3), 
and this allele is strongly associated with the severe cutaneous 
adverse reaction to allopurinol. The guideline of the 2016 Chi-
nese Rheumatology Association recommends allopurinol and 
febuxostat as first- line ULTs; however, febuxostat is considered 
to be superior to allopurinol in terms of effectiveness and safety, 
which is distinct from American or European guidelines. The per-
centage of Asians among the study population in the CARES 
trial is not representative: only 3% of the febuxostat group and 
3.1% of the allopurinol group (Figure  1). Thus, there remains 
a question of whether the overall superiority of allopurinol as it 
relates to safety in the CARES trial would still hold true in a study 
with an ethnically diverse  population.

Febuxostat was approved by the FDA based on doses of 
40 mg and 80 mg, and the CARES trial applied these 2 doses in 
the trial design (2). However, lower starting doses of febuxostat 
(10 mg and 20 mg) are commonly administered in Asian coun-
tries. Feburic, a commercial brand of febuxostat available in Hong 
Kong, Japan, and South Korea, comes in 10 mg, 20 mg, and 40 
mg forms. In China, 20 mg given as an off- label starting dose was 
widely prescribed in our practice and by numerous peers, despite 
only the 40 mg and 80 mg doses being approved by the CFDA. In 
2017, a Chinese multidisciplinary consensus group on the man-
agement of hyperuricemia- related diseases recommended 20–40 
mg of febuxostat as a starting dose (4). The reason for this dose 
titration strategy of starting with a lower dose and then increasing 
the dose gradually is that an abrupt drop in the urate level is a 
major trigger of flares, and a gradual increase in dosage from a 
low level is expected to avoid the rapid drop in the level of serum 
urate. In particular, it is well established that febuxostat leads to a 
quicker drop in the level of serum urate compared with allopurinol. 
A recent Japanese randomized controlled trial (RCT) showed that 
stepwise dosing (10 mg, 20 mg, and 40 mg) of febuxostat can 
reduce flares from 36% to 20.8%, compared with a fixed dose of 
40 mg (5). Therefore, it would be valid to investigate whether step-
wise dosing of febuxostat starting at 10 mg or 20 mg may relieve 
cardiovascular (CV) side effects and flares. A related question is 
whether flares in the febuxostat group and the allopurinol group 
in the CARES trial were similar in terms of frequency and severity; 
unfortunately, the CARES trial report only provided information on 
frequency (2).

Nonsteroidal antiinflammatory drugs (NSAIDs) were used 
in the CARES trial as prophylaxis or flare management, and 
NSAID use was shown to be well balanced between the febux-
ostat and allopurinol groups (1). NSAIDs are known to be asso-
ciated with a significant increase of risk of fatal and nonfatal CV 
events. However, we are not aware of the accumulated dose 
of NSAIDs in patients in the CARES trial, and the accumulated 
dose may be more meaningful than the percentage of patients 
who took NSAIDs, given that repeated use of NSAIDs with 
higher accumulated dose may worsen CV disorders caused by 
ULT.

Overall, we should be cautious when extrapolating the results 
of the CARES trial to broader populations, particularly in Asian 
patients with gout. To better evaluate the risk of febuxostat as ULT 
compared with allopurinol, a large RCT similar to the CARES trial, 
but based in China or another Asian country, is needed.

Supported by the National Key Research and Development Pro-
gram (grant 2016YFC0903400), the National Science Foundation of Chi-
na (grants 81520108007 and 81770869), and the Shandong Province 
Key Research and Development Program (grant 2018CXGC1207).
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Qingdao, China  

and Medscience-Tech Institute for 
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Figure 1. Ethnic composition of the patients in the Cardiovascular 
Safety of Febuxostat and Allopurinol in Patients With Gout and 
Cardiovascular Morbidities trial (2).
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ity results in the CARES trial, the results of the Febuxostat for 
Cerebral and Cardiorenovascular Events Prevention (FREED) 
study were presented in August 2018 at the European Soci-
ety of Cardiology meeting (4). In this study, in which (unlike the 
CARES study)  febuxostat (n = 537) was compared with placebo 
(n = 533), subjects with asymptomatic hyperuricemia showed a 
25% lower risk of cardiorenal end points (a composite outcome 
including death due to any cause, cerebrovascular disease, 
nonfatal coronary artery disease, heart failure requiring hospital-
ization, arteriosclerotic disease requiring treatment, renal impair-
ment, and atrial fibrillation) (hazard ratio 0.75 [95% confidence 
interval 0.59–0.95]) over a 3- year span. The results of this East 
Asia–based study were driven in large part by the risk of renal 
impairment. Collectively, the data accumulated from the FREED 
study and the CARES trial suggest the possibility that the CARES 
trial results could have been due to a less CV- protective effect of 
febuxostat compared with allopurinol, though both may be pro-
tective. More definitive results must be deferred, since the results 
from the FREED study have yet to go through the peer review 
process for full publication, and only patients with asymptomatic 
hyperuricemia (not gout) were studied, with a sample size of only 
approximately one- sixth of that in the CARES gout trial. We are 
also awaiting the results from the febuxostat versus allopurinol 
streamlined trial (FAST), an ongoing randomized controlled trial of 
patients with gout in the UK and Denmark. The FAST sample size 
is approximately equivalent to the sample size in the CARES trial.
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Reply

To the Editor:
We thank Dr. Kuwabara for his interest in our article and 

for sharing data from the FEATHER study (1) as it relates to the 
CARES trial (2). We agree that the overall CV disease results from 
the FEATHER study (3) were consistent with the CARES trial 
findings, although the sample size was >10 times smaller than 
that in the CARES trial and underpowered for that purpose (2). 
There was no difference in CV mortality and no data are provided, 
although the number of CV deaths would be less than the overall 
CV event rates (4 of 219 in the febuxostat group and 7 of 222 in 
the placebo group) (3). These data appear to add minimally to 
the causal inference regarding the CV impact of febuxostat. We 
suspect that the FDA’s full review report and other publications 
using the CARES trial data may clarify questions regarding the 
background and causes of CV deaths from febuxostat compared 
with allopurinol (3).

We also thank Drs. Wu and Li for their perspectives on the 
potential impact of a patient’s East Asian descent in the choice of 
febuxostat compared with allopurinol as a ULT in the treatment of 
gout. Some points raised included the risks and benefits of lim-
iting allopurinol hypersensitivity syndrome (AHS) incidence in the 
Asian population by using febuxostat as a first- line ULT, though 
screening for HLA–B*5801 prior to ULT can alter the risk:benefit 
ratio in certain East Asian populations. Drs. Wu and Li pointed 
out clear potential advantages of initiating febuxostat at a lower 
dose, starting with titration from 10 mg/day to 20 mg/day. Further-
more, they pointed out the risks of flare from high accumulated 
doses of NSAIDs in patients with gout and the value of limiting 
severe gout flares when starting ULT. We agree that these points 
are not directly addressed in the CARES trial, and future trials may 
be needed.

With respect to the points raised by Dr. Kuwabara and 
Drs. Wu and Li, and questions raised regarding the CV mortal-
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November 8–13, 2019, Atlanta
November 6–11, 2020, Washington, DC

State-of-the-Art Clinical Symposium

April 5–7, 2019, Chicago

For additional information, contact the ACR offi ce. 

Applications Invited for Arthritis & Rheumatology 
Editor-in-Chief (2020–2025 Term)

The American College of Rheumatology Committee on Journal 

Publications announces the search for the position of Editor, Arthritis & 

Rheumatology. The offi cial term of the next Arthritis & Rheumatology 

editorship is July 1, 2020–June 30, 2025; however, some of the duties of 

the new Editor will begin during a transition period starting April 1, 2020. 

ACR members who are considering applying should submit a nonbinding 

letter of intent by May 1, 2019 to the Managing Editor, Jane Diamond, at 

jdiamond@rheumatology.org, and are also encouraged to contact the current 

Editor-in-Chief, Dr. Richard Bucala, to discuss details; initial contact should be 

made via e-mail to richard.bucala@yale.edu. Applications are due by June 21, 

2019 and will be reviewed during the summer of 2019. Application mate-

rials are available on the ACR web site at https://www.rheumatology.org/

Learning-Center/Publications-Communications/Journals/A-R. 

New Division Name

Rheumatology is truly a people specialty: We often develop lifelong 

relationships with our patients as well as our colleagues. We increasingly 

recognize that providing the best rheumatologic care requires a team effort. The 

collegial nature of our specialty is refl ected in the ACR’s mission statement: To 

empower rheumatology professionals to excel in their specialty.

In keeping with this mission, we are pleased to announce that 

our health professionals’ membership division is changing its name to 

Association of Rheumatology Professionals (ARP). This name change 

highlights the dedication of the ACR to serve the entire rheumatology 

community. It also refl ects our broadened base of interprofessional 

members (administrators, advanced practice nurses, health educators, 

nurses, occupational therapists, pharmacists, physical therapists, 

physician assistants, research teams, and more).

The name is new, but our commitment and promise remain 

the same: We are here for you, so you can be there for your patients.

ACR State-of-the-Art Clinical Symposium

The 2019 State-of-the-Art Clinical Symposium (SOTA), to be 

held April 5–7 in Chicago, Illinois, offers high-impact rheumatology 

education over the course of a single weekend. The symposium will 

provide more than 10 hours of nonconcurrent sessions with an emphasis 

on clinical application to rheumatology practice. Attendees will hear key 

opinion leaders speak on a range of content in areas such as therapeutic 

developments, recent research fi ndings, and scientifi c advances. The 

program will include breakfast and lunch roundtable discussions to allow 

for personal interactions with experts. 

The Fellows-in-Training (FIT) Educational Session at SOTA will 

be offered as a presymposium session encouraging FITs to explore 

career opportunities and participate in hands-on workshops designed to 

further their understanding of essential rheumatologic areas. (FIT travel 

scholarship recipients are required to attend this session.) 

In addition, the presymposium program Rheumatology Docu-

menta tion and Coding will provide guidance from expert coders on the 

changes to the 2019 payment policies and insight into diffi cult E&M 

 coding situations. Be sure to register by the early-bird deadline of February 6 

and book your hotel room by March 15. For additional information and to regis-

ter, visit www.rheumatology.org/Learning-Center/Educational-Activities.
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