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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Early Treatment of Rheumatoid Arthritis Associated With Better Outcomes 
In this issue, Gwinnutt et al (p. 1566) 
describe the results of their effort to 
characterize the 20-year outcomes of patients 

with rheumatoid arthritis 
(RA). The researchers 
tracked patients from the 

beginning of symptom onset and assessed 
the association between early treatment and 
mortality and disability during follow-up. 
They found that early treatment of patients 
with RA is associated with better long-term 
outcomes. In particular, early treatment 
is associated with decreased functional 
disability in the decade after symptom onset.

Their study included 602 patients with 
RA with low swollen joint counts (SJCs) 

and tender joint counts (TJCs) during the 
follow-up period. Specifically, the median 
SJCs and TJCs decreased after baseline and 
remained low during the follow-up period. 
The patients’ mean Health Assessment 
Questionnaire disability index (HAQ DI) 
score increased after year 1 but remained 
at low/moderate levels. The investigators 
found that the risk of mortality was reduced 
in the early treatment (ET) and late treatment 
(LT) groups relative to the never treatment 
(NT) group. The HAQ DI scores during the 
follow-up period were comparable in the 
ET and NT groups. In contrast, the HAQ DI 
score in the LT group was increased relative 
to the NT group.

p.  1566

Glucocorticoid (GC) treatment can cause GC-induced 
osteoporosis (GIOP).  This issue includes the 2017 American 

College of Rheumatology (ACR) guideline for 
the prevention and treatment of GC-induced 
osteoporosis, which was written by Buckley 

et al (p. 1521), based upon systematic searches of the literature.  
The guideline was designed to provide direction for clinicians 
and patients as they make treatment decisions about GIOP.  
The updated ACR recommendations were undertaken with 
the goal of optimizing the identification of patients at risk 
of GC-induced fractures and address the initial assessment 
and reassessment in patients who are beginning or continuing 
long-term GC treatment.  They also address the relative 
benefits and harms of lifestyle modification and of calcium, 
vitamin D, bisphosphonate, raloxifene, teriparatide, and 
denosumab in the general adult population receiving long-
term GC treatment and in special populations receiving the 
same treatment.

To create the guideline, the researchers conducted 
systematic literature reviews and synthesized the evidence 
for the benefits and harms of GIOP prevention and treatment 
options. They then used the Grading of Recommendations 
Assessment, Development and Evaluation methodology to rate 
the quality of evidence.  Through a group consensus process, 

the investigators determined the final recommendations and 
graded their strength. The authors note that there is only 
limited evidence about the benefits and harms of interventions 
in GC users, and therefore, most of the recommendations 
in the guideline are conditional.  In particular, there is 
limited evidence to support how best to address the initial 
assessment and reassessment of fracture risk.  Nevertheless, 
the guideline recommends treating adults at low fracture 
risk with only calcium and vitamin D.  Adults at moderate-to-
high fracture risk should be treated with calcium and vitamin 
D plus an oral bisphosphonate.  Patients for whom oral 
bisphosphonates are not appropriate should be treated with 
another antifracture medication.  An alternative antifracture 
medication may also be the best option for adults who 
complete an oral bisphosphonate regimen but continue to 
receive GC treatment.

The guideline also makes recommendations for special 
populations, such as children, people with organ transplants, 
women of childbearing potential, and people receiving very 
high doses of GCs.  In all cases, the authors emphasize that a 
shared decision-making process should include the patients’ 
values, preferences, and comorbidities.  They also note that 
the recommendations should not be used to limit or deny 
access to therapies.

p.  1521

New Guideline for Glucocorticoid-Induced Osteoporosis 

Figure 1. Survival curves for rheumatoid arthritis 
patients in the 3 treatment groups, after adjustment 
for age and sex.



New Guideline for Perioperative Management of Antirheumatic 
Medications
This issue includes the 2017 American 
College of Rheumatology/American Asso-
ciation of Hip and Knee Surgeons guide-

line for the perioperative 
management of anti-
rheumatic drug therapy 

in patients with rheumatic diseases who 
are undergoing elective total hip or total 
knee arthroplasty. Goodman et al (p. 1538) 
wrote the guideline to help both clinicians 
and patients with their clinical decision-
making. The effort includes work from or-
thopedic surgeons specializing in hip and 
knee arthroplasty, rheumatologists, meth-
odologists, and patients. The recommen-
dations address the use of treatment with 

antirheumatic drugs in adult patients with 
rheumatoid arthritis, spondyloarthritis, ju-
venile idiopathic arthritis, or systemic lu-
pus erythematosus. They provide guidance 
as to when to continue, when to withhold, 
and when to restart these medications, as 
well as the optimal perioperative dosing 
of glucocorticoids.

The team began the process with a 
multistep systematic literature review, 
from which they synthesized the evidence 
for continuing versus withholding anti-
rheumatic drug therapy and for optimal 
glucocorticoid management in the peri-
operative period. They then convened a 
Patient Panel to determine patient values 

In this issue, Yelin et al (p. 1612) report on 
their investigation of the effect of current 
poverty, number of years in poverty, and exiting 

poverty on disease damage 
accumulation in systemic 
lupus erythematosus (SLE). 

They found that current poverty, “dose” level 
of poverty, and exiting poverty all play critical 
roles in the accumulation of damage in patients 
with SLE.  Their study design allowed them to 
test several hypotheses about the mechanisms 
underlying the relationship between poverty and 
outcomes. 

They described the dose of poverty as the 
proportion of years with a poverty-level income 
and found that this dose affected the amount 
of damage accrual. The researchers adjusted 
for sociodemographic features, health care 
characteristics, and health behavior.  After all of 
these adjustments, they found that poverty in 
2009 was associated with an increased level of 
disease damage in 2015 and increased odds of a 
clinically important increase in damage.  In addition, 
patients who were poor every year between 
2003 and 2009 were more likely to have greater 
damage than those who were poor for one-half or more of 
those years, for fewer than one-half of those years, or for none 
of those years. Moreover, patients who permanently exited 

poverty experienced increases in disease damage similar to 
those who were never in poverty but much less damage than 
those who remained in poverty.

Poverty Influences the Accumulation of Damage in 
Patients With Lupus

p. 1538

p. 1612

and preferences. This was followed by use 
of the Grading of Recommendations As-
sessment, Development and Evaluation 
methodology to rate the quality of evi-
dence and strength of recommendations. 
The process was reinforced by a Voting 
Panel of rheumatologists and orthopedic 
surgeons. The guideline includes 7 recom-
mendations, which are deemed conditional 
because of the paucity of high-quality di-
rect randomized controlled trial data and 
the variability in patient values and pref-
erences. The strength of the recommenda-
tions reflects the level of certainty that the 
benefits of the intervention outweigh the 
harms or vice versa.

Figure 1. Incremental effect of poverty on disease damage in the study population. The difference 
between the poor and non-poor in change in Brief Index of Lupus Damage scores of accumulated damage 
between 2009 and 2015 was examined in models with poverty alone or with poverty in combination 
with demographic, health status, health behavior, and health care characteristics, poverty in combination 
with all of these factors plus stress, or poverty in combination with all of these factors plus cognitive 
impairment and symptoms of depression. Bars show the mean with 95% confidence interval.



Clinical Connections
Podocyte Activation of NLRP3 Inflammasomes 
Contributes to the Development of Proteinuria in 
Lupus Nephritis   
Fu et al, Arthritis Rheumatol 2017;69:1636–1646.

CORRESPONDENCE 
Niansheng Yang, MD, PhD:  zsuyns@163.com 

SUMMARY  
The NLRP3 inflammasome is an important molecular platform for innate immunity. Extracellular and endogenous 
danger signals can induce activation of the NLRP3 protein. Activated NLRP3 in turn recruits the downstream adapter 
proteins ASC and procaspase 1 to form the NLRP3 inflammasome, leading to self-catalysis of procaspase 1 to active 
caspase 1 and cleavage of inactive pro–interleukin-1β (proIL-1β) and proIL-18 to produce their corresponding 
mature forms, which initiate inflammation. Fu and colleagues show that there is significant activation of the NLRP3 
inflammasome in podocytes from the kidneys and in the urine of lupus nephritis patients as well as from the kidneys of 
lupus-prone mice. NLRP3 inflammasome activity is associated with pathogenic IgG that induces mitochondrial injury 
and reactive oxygen species (ROS) production. Pharmacologic inhibition of NLRP3 activation resulted in reduction of 
proteinuria, preservation of podocyte microstructure, and amelioration of histopathologic damage.

KEY POINTS 
•  The NLRP3 inflammasome is 

activated in the podocytes of 
lupus nephritis patients and 
lupus-prone mice.

•  IgG from the serum of lupus-
prone mice activates the NLRP3 
inflammasome in podocytes and 
contributes to the progression 
of lupus nephritis through 
mitochondrial injury and ROS 
production.

•  Inhibition of the NLRP3 
inflammasome significantly 
reduces podocyte injury and 
proteinuria.



Clinical Connections

Gao et al, Arthritis Rheumatol 2017;69:1623–1635.

CORRESPONDENCE 
R. John Looney, MD:  John_looney@urmc.rochester.edu

SUMMARY  
In systemic lupus erythematosus (SLE), plasmacytoid dendritic cells (PDCs) produce interferon-α (IFNα) in response 
to immune complexes, promoting chronic tissue inflammation.  However, there are additional type I interferons besides 
IFNα that may contribute to lupus, and many cells besides PDCs that are capable of making IFNs. Studies using non-
hematopoietic cells, such as fibroblasts, have linked IFNβ to the induction of reactive oxygen species (ROS), DNA 
damage and repair (DDR), and a senescent phenotype that may contribute to aging. Gao et al demonstrate that bone 
marrow–derived mesenchymal stem cells (BM-MSCs) from lupus patients have a senescent phenotype with cell-
autonomous production of IFNβ. BM-MSC production of IFNβ is not sustained by immune complexes but by a positive 
feedback loop involving mitochondrial antiviral signaling protein (MAVS), an important sensor of cytoplasmic nucleic 
acids and oxidative stress.  Cytoplasmic sensors of nucleic acids, e.g., retinoic acid–inducible gene 1 (RIG-1) or melanoma 
differentiation–associated protein 5 (MDA-5) for cytoplasmic RNA and stimulator of interferon genes (STING) for 
cytoplasmic DNA, are also potentially involved.  IFNβ production by BM-MSCs has the potential to induce AT-rich–
interactive domain–containing protein 3A (ARID3A) in developing B cells, promoting B cells that are prone to produce 
autoantibodies.  A similar IFNβ feedback loop is likely to exist in other non-hematopoietic cells, such as renal tubular 
epithelial cells or vascular endothelial cells, promoting accelerated cellular senescence and tissue dysfunction.  Accordingly, 
therapies directed at the type I IFN receptor or IFNβ itself or components of signaling by IFNβ (JAK inhibitors) may be 
particularly effective in mitigating the long-term complications of lupus characterized by a senescent cellular phenotype.

KEY POINTS 
•  SLE BM-MSCs have a cell-intrinsic senescence– 

associated phenotype with increased 
proinflammatory cytokine secretion. 

•  IFNβ production by SLE BM-MSCs is 
sustained by a positive feedback loop 
involving MAVS, a sensor of cytoplasmic 
nucleic acids and oxidative stress. This 
contrasts with the immune complex–
mediated pathways that contribute to 
IFNα production by PDCs.

•  The diverse roles and regulation of IFNs 
α and β are important to appreciate 
in considering the targeting of the IFN 
pathway in SLE.

Bone Marrow–Derived Mesenchymal Stem Cells From Patients 
With Systemic Lupus Erythematosus Have a Senescence-
Associated Secretory Phenotype Mediated by a Mitochondrial 
Antiviral Signaling Protein–Interferon-β Feedback Loop
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EDITORIAL

Is Rheumatoid Arthritis a Mortal Disease?

Johan Askling,1 Marie Holmqvist,1 and Lotta Ljung2

Is “best practice” management of rheumatoid
arthritis (RA) good? Are we as rheumatologists doing
better than previously? Are our patients doing any better?
In complex chronic diseases such as RA, only repeated
evaluations of the long-term outcomes of clinical practice
can help us understand whether our improvements to
“best practice” pay off in terms of a reduced long-term
disease burden.

During the past 20 years, new concepts of “best
practice” in RA management have been introduced. We
have learned the importance of early diagnosis and treat-
ment, careful evaluation of the response to treatment,
and treat-to-target strategies, and disease remission has
arisen as a reachable target. New treatment options have
made it possible to achieve these increasingly ambitious
treatment goals (1,2).

During the same time period, societal changes
such as the declining prevalence of smoking (3) may have
impacted the risk of developing RA. Other trends in pub-
lic health such as declining morbidity and premature mor-
tality from cardiovascular diseases (4) may have impacted
the outcome of patients with RA, at least in high-income
countries (5). Thus, instead of uncritically attributing time
trends in RA outcomes to advancements in the field of
rheumatology, evaluations of trends in RA outcomes over
time must factor in both RA-centric time trends as well as

societal changes in general. In this issue of Arthritis &
Rheumatology, 2 studies (6,7), each representing different
ends of this spectrum, from patient to society, provide
critical insights into the potential benefits of modern
rheumatology.

The study by Kiadaliri and colleagues used pub-
licly available World Health Organization death statis-
tics from 1987 through 2011 to compare the mortality
from RA across 31 (mainly high-income) countries.
Kiadaliri et al convincingly demonstrated an average
annual 3% decrease in deaths for which RA was listed
as the underlying cause. The study also showed how
between-country differences in RA mortality declined
considerably during the same time period. These esti-
mates must, however, be interpreted in light of the quite
profound secular trends in demography and mortality in
the general population. Kiadaliri et al demonstrated how
the impact of population growth and aging is more than
offset by secular trends in other (unspecified) factors
such that the balance is negative, resulting in a net
decrease in mortality from RA.

“Mortality” is in many ways a simple, robust,
and indisputably binary outcome. In contrast, “mortality
from RA” can be a challenging concept, for several
reasons. First, mortality is a function of both the inci-
dence of disease and its outcome. Therefore, a decrease
in mortality attributable to RA may reflect a declining
risk of developing RA as much as a declining risk of
dying of it. Second, “mortality listing RA as cause of
death,” the metric used by Kiadaliri et al, is a concept
different from “mortality in individuals with RA,” which
is the metric used in the study by Gwinnutt and
colleagues on the long-term outcomes of RA, which
also appears in this issue of Arthritis & Rheumatology.
Whereas the former metric is conditioned on RA being
the attributed cause of death, the latter metric reflects
mortality irrespective of why it occurred and to what it
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was attributed. For diseases such as RA or diabetes, in
which many of the consequences of poor disease control
are manifested as an increase in comorbidities, attribu-
tion of deaths to “RA” itself (or similarly to “diabetes”
itself) may therefore underestimate the true impact of
the disease and distort analyses based on time trends of
specific causes of death. Indeed, a decreasing tendency
to attribute deaths to RA could have created the
observed trends in the study by Kiadaliri and colleagues,
even if the true mortality from other causes of death in
patients with RA, occurring as consequences of the RA
disease, would be increasing over time.

The same dilemma is illustrated in analyses of
trends in the proportions of deaths attributed to a specific
cause. For instance, a declining proportion of deaths
attributed to RA might simply be the result of a slower
decrease (or even an increase) in the proportion of deaths
due to other causes, at least as long as we are all going to
die and to die of something. For these reasons, important
and promising findings from ecologic studies such as that
by Kiadaliri and colleagues should ideally be followed by
studies in which individuals are followed up for mortality
from the time of the RA diagnosis and onward.

Kiadaliri et al note that decreasing mortality from
RA may imply that the societal burden of RA may
increase (i.e., more patients are living longer with RA).
A more positive view might be that the societal burden
may in fact be declining as well, at least if more patients
are living longer because of well-controlled disease with-
out comorbidity or disability, and ideally in drug-free
rather than drug-maintained remission. But are we there
yet? In addition to the need for longitudinal studies of
mortality in cohorts of patients with RA, we also need
studies of functional outcomes over time. In their study,
Gwinnutt and colleagues investigated both.

Gwinnutt and colleagues followed and compared
functional status and mortality for up to 20 years among
UK patients in whom RA developed from 1990 through
1994. Their study in many ways represents a neat sum-
mary of one of the world’s most distinguished inception
cohorts of patients with inflammatory arthritis, the Nor-
folk Arthritis Register (NOAR) as well as a summary of
secular changes in “best practice.” For instance, among
the 603 patients with new-onset RA diagnosed between
1990 and 1994, only 26.6% received disease-modifying
antirheumatic drug (DMARD) or steroid treatment
within 6 months of symptom onset, and among these,
only 5% received methotrexate as the first DMARD.
What is perhaps even more striking is the fact that up
to one-third of the 600 patients never received any
DMARD treatment at all during the 20-year follow-up.
These seemingly odd proportions might be explained by

the criteria for inclusion in NOAR (all individuals with
early arthritis rather than all individuals with new-onset
RA). In fact, only 22% and 15% of the patients never
treated with DMARDs were RF positive and anti–citrul-
linated protein antibody (ACPA) positive, respectively.
In turn, these characteristics serve as a reminder that
“RA” is not one disease, that differences in RA charac-
teristics across cohorts and time periods may be as
important a reason for any observed secular trends as
changes in the medical management itself, and also that
secular trends in the outcome of one RA phenotype may
not necessarily apply to other RA phenotypes.

In their study cohort, Gwinnutt et al compared
the effects of 3 discernible treatment strategies: DMARD
or steroid treatment started within 6 months of symptom
onset, DMARD or steroid treatment started later than
6 months after symptom onset, and no DMARD/steroid
treatment at all. In the total cohort, an overall 25%
increase in all-cause mortality was observed. Superfi-
cially, this increased mortality did not seem to vary across
the treatment groups. However, Gwinnutt et al did a
good job adjusting their analyses for the fact that sicker
patients are more likely to be treated, and they showed
that mortality was in fact lower in the patients who
received early or late DMARD treatment compared with
those who never received DMARD treatment.

The results of the NOAR study raise the important
question of when “enough” treatment is really enough.
For instance, as summarized by Gwinnutt and colleagues,
“. . . patients who never received DMARD treatment did
well. . .” with regard to functional status (as determined by
the Health Assessment Questionnaire disability index [8]).
Nonetheless, as indicated above, mortality in the patients
who did not receive DMARDs was 20–30% higher than
that in the DMARD-treated patients when “confounding
by indication” was taken into account, and overall mortal-
ity in the RA cohort was higher than that in the general
population. For this reason, the mostly promising data
from the NOAR study should not be considered evidence
against using DMARDs to treat a patient with ACPA-
positive RA who “does fine” apart from a single swollen
or tender joint or so.

Indeed, although the studies by Kiadaliri and by
Gwinnutt suggest that modern rheumatology has
improved the outlook for patients with RA, a number of
questions remain to be addressed. First, what does the
mortality trajectory following the diagnosis of RA really
look like? In other words, at what point after the onset
of RA does this 20–30% increase in mortality develop?
Is it still increased? There are follow-up studies in
patients with more recently diagnosed RA that suggest
no increased mortality at all, albeit during a much
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shorter follow-up period than the 20-year period in the
NOAR study (9). Second, the series of studies from
NOAR collectively point to a “window of opportunity”
for early treatment with regard to later functional status.
How much does longer-term mortality depend on any
such window of opportunity around the clinical diagno-
sis, or is mortality, relatively speaking, more dependent
on disease control over time? By necessity, the 20-year risk
of death will be reflective of characteristics of RA manage-
ment 20 years ago, which, as evident in the study
by Gwinnutt et al, was a different clinical practice. In order
to understand whether using what we consider “best
practice” today will pay off in terms of our patients’ future
health, studies such as those by Kiadaliri et al and Gwinnutt
et al will continue to be needed, also 20 years from now.
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Tumor Necrosis Factor–Transgenic Mice: Close Enough to Human Epigenetics?

Ulf M€uller-Ladner and Elena Neumann

Owing to the limited availability of samples from
patients with rheumatoid arthritis (RA), especially from
the inflamed synovium, the side that drives the patho-
physiology, animal models have been used for decades
to elucidate the key pathophysiologic pathways. The
majority of these animal models are based on a genetic
background that is susceptible to articular inflammation
when stimulated with the respective triggers. Prototype
examples are antigen-induced articular inflammation in
mice and rats, e.g., the antigen-induced or the collagen-
induced arthritis model (1). However, there are 3 major
shortcomings inherent with this approach. First, the
induced synovitis is more general than RA-specific. Sec-
ond, it is difficult to investigate RA pathways linked to a
single molecule or signaling pathway. Third, the usually
short-term animal models do not reflect the long-term
setting of the disease in humans.

To overcome these problems, at least in part, sev-
eral murine models have been developed. One of these
strategies uses the immunodeficient SCID mouse, in
which human implants can be investigated over an
extended period of time, usually focusing on RA-specific
cell types or tissue components (2,3). The other option is
the genetic deletion or insertion of distinct inflammation-
driving molecules in the genome of a murine organism,
with the gene products subsequently being either
underexpressed or overexpressed. Among these options
and based on the dominant role of tumor necrosis factor
(TNF) in the pathophysiology of RA, the human TNF–
transgenic (TNF-Tg) mouse has been successfully
established for several experimental settings (1,4–6).

Originating from a sole T cell– and antigen-
driven disease to a complex mesenchymal immunologic
entity, a body of evidence has evolved that adds the

importance of the various components of the innate
immune system in the initiation and perpetuation of RA.
In this context, analysis of epigenetic factors has revealed
numerous novel features that are currently under inves-
tigation in several laboratories worldwide (7,8). Aside
from Toll-like receptors (9), microRNA (10), and long-
coding RNA (11), single-nucleotide polymorphisms
(SNPs) as well as alterations in the methylome and epi-
genome have been successfully linked to the pathogene-
sis of RA (12).

Anatomic transcriptional diversity can also fur-
ther modulate the development of joint-specific synovial
fibroblast phenotypes with distinct adhesive, prolifera-
tive, chemotactic, and matrix-degrading characteristics
and with differential responsiveness to proinflammatory
molecules such as TNF, resulting in a different microen-
vironment in each joint and potentially explaining the
different states of disease activity between affected joints
(13). However, the variety of these alterations in the epi-
genetic processes, which result in a large volume of data,
leaves the defining of true human RA–specific pathways
or biomarkers (14) derived from these data extremely
difficult.

Ntougkos and colleagues (15) have addressed
these interacting problems by combining the advantages
of the TNF-Tg mouse model with deep sequencing
to probe the transcriptome, the methylome, and the
chromatin landscape of cultivated murine arthritogenic
synovial fibroblasts during 3 stages of disease, as well as
human synovial fibroblasts stimulated with or without
human TNF. The experiments were analyzed using a
large-scale bioinformatic approach, examining the gene,
pathway, and network levels. To elucidate the potential
true human pathophysiologic properties, the investi-
gators compared the murine data with the human data
and validated the selected genes in both species.

Considering the above-mentioned shortcomings
of the “nonspecific” experimental approaches, the first
interesting result was the observation that more than
1,000 dysregulated genes were found to be differentially
expressed. While there was a considerable number of
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differentially expressed genes that persisted throughout
the course of disease, there were also stage-specific ones
in early (3 weeks), established (8 weeks), and late (11
weeks) disease stages. While the initial phase of the
rather long-term (11 weeks) murine model is dominated
by a dynamic (epi)genetic pattern with up-regulated and
down-regulated genes, the later phases shift into a more
stable proinflammatory joint-destructive pattern with
more prominent up-regulation, which appears to be
comparable to the human course of RA.

To address the variety of gene expression, the
authors clustered these according to their occurrence
during disease progression, with 3 clusters being associ-
ated with up-regulated genes and 3 being associated with
down-regulated genes. With regard to up-regulation
clusters, immune response was identified as the most
prominent functional category throughout disease pro-
gression. Stage-specific up-regulation included functions
of cell signaling, cell adhesion, cytokine response, cell
motility, and the extracellular matrix. Down-regulated
genes in all disease stages were functionally related to
differentiation, especially at the late stage. Additional
functions of down-regulation across disease were related
to the extracellular matrix and proliferation. Stage-
specific down-regulation clusters included functions of
cell division and regulation of the “typical” mesenchymal
Wnt signaling pathway. In the context of all of these clus-
ters, the late stage was the farthest and most functionally
evolved disease stage.

The functional approach revealed that the major-
ity of the enriched functions in the 3 stages were related
to the innate immune response and Toll-like receptor
signaling. Functions enriched in the down-regulated
genes were similarly linked to differentiation and the
extracellular matrix. Moreover, detailed bioinformatic
analysis revealed a transcriptional network regulated by
3 distinct signaling molecules: NF-kB1, peroxisome pro-
liferator–activated receptor g (PPARg), and CCAAT/
enhancer binding protein a (CEBPA). None of these
transcription factors are “novel” in the pathophysiology
of both murine and human arthritis but underline their
importance in the aberrant mesenchymal differentiation
pathways in TNF-Tg and human RA.

Along the line of the overall experimental layout,
the analysis of the methylome of arthritogenic synovial
fibroblasts showed that in all stages of the disease, differen-
tially methylated regions revealed not only similar levels of
enrichment (hypermethylation) and depletion (hypometh-
ylation), but also the severe underlying epigenetic imbal-
ance, with a tendency for more hypermethylation in the

advanced stages of the disease. In addition, the investi-
gators showed that approximately one-fourth of our
differentially expressed genes at any disease stage are
accompanied by a change in methylation. Of these, half fol-
low the “canonical” correlation between methylation and
expression (inverse for the promoter, positive for the gene
body), the vast majority of which correspond to gene body
differentially methylated regions (DMRs). However,
approximately one-fifth of the latter (i.e., genes whose dys-
regulation at the RNA level is positively correlated with
gene body methylation) were found to be associated with
exonic DMRs. When linked to pathophysiologic functions,
most dysregulated genes were again significantly linked to
the extracellular matrix and, at the established and late
stages, to cytokine signaling, proliferation, adhesion, migra-
tion, differentiation, and cell death. Of note, to support the
respective statements derived from the results, genes still
need to be activated, or activation also needs to be shown
in the experimental setting. Therefore, the samples were
probed for H3K4 trimethylation, a histone mark associated
with active promoters, and showed activation in most of
the identified loci at all stages of the experiment.

The two last and naturally most important parts
of the experiments were the comparison of the TNF-Tg
murine results with Tg197 mouse synovial fibroblasts
stimulated ex vivo with human TNF. Here, a substantial
number of dysregulations forming part of the TNF-Tg
signature were found to parallel the TNF-induced
profiles at all 3 time points, with ;85% for RNA and
DNA methylation and 70% for H3K4 trimethylation. Of
note, it would be interesting to see how many of the
more than 5,000 hypermethylated RA synovial fibroblast
CpGs, of which more than 1,000 were also hyper-
methylated in CD41 naive T cells from RA (16), link
with the loci in the present study.

To assess whether the findings in the mouse can
be verified in human disease, an RNA-Seq data set com-
parison of synovial fibroblasts from RA patients and
healthy controls was performed. At the level of the
genes, a significant overlap with approximately one-
tenth of mouse synovial fibroblast dysregulations were
also identified in the same direction in the human setting
despite differences in culturing, interspecies variability,
and interpatient variability. At the level of the pathways,
the overlap was even higher, with approximately one-
third of the pathways that were enriched in mouse syno-
vial fibroblasts also being enriched in human synovial
fibroblasts. Key pathways, such as innate immune and
differentiation pathways, were shared. For comparison
between mouse and human samples at the methylome
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level, the authors used data from 2 studies of human
synovial fibroblasts and compared the intersection of
changes reported by these studies with the murine meth-
ylation data. Approximately one-half of the genes identi-
fied in the humans were also found in the murine
samples, underscoring the value of the TNF-Tg model
for use in “human” research questions.

Validation of the sequencing results by quantita-
tive reverse transcription–polymerase chain reaction
(qRT-PCR) was performed with a panel of 20 genes
selected from among the top dysregulated ones identi-
fied by RNA-Seq using an independent set of samples
and showed a high correlation between RNA-Seq and
qRT-PCR data for all time points. With respect to spe-
cific molecules dysregulated in all settings, 5 dominant
ones were identified: MMP3 was up-regulated, and
LECT1, WNT16, PPARG, and SP7 were down-regulated.

Based on these results, the authors concluded
that what happens ex vivo is a reflection of what happens
in vivo. Thus, the detection of TNF by synovial fibro-
blasts contributes to the formation of a proinflammatory
and pathogenic environment. At the level of both genes
and pathways, this is reflected in pathogenic changes in
the transcriptome, the methylome, and chromatin.

From our point of view, Ntougkos and colleagues’
work (15) reveals interesting features that puts several
pieces of the RA puzzle into place. First, it illustrates the
obviously tight link between one of the key proinflamma-
tory and prodestructive molecules in RA, TNF, and
one of the cell types that drive joint destruction, the
synovial fibroblast. Thereby, the results not only support
the explanation of one of the ameliorating effects of
TNF inhibitors in clinical practice, but they also under-
line the role of the synovial fibroblast as an innate
immune sensor.

In this context, it should be noted that in other
chronic inflammatory diseases, for example, inflamma-
tory bowel disease (IBD), most of the recent similar
approaches focusing on distinct cell types that are not
“naturally established” in their immunopathophysiology
have revealed surprising novel insights into a long-known
entity. It was shown that activation of macrophages with
lipopolysaccharides as a trigger of the innate immune sys-
tem resulted in the identification of more than 100 addi-
tional candidate genes associated with IBD susceptibility
as compared to published genome-wide association
(GWA) studies (17).

Of note, several of the genes and gene loci identi-
fied in the IBD study are also found in the pathophysiol-
ogy of RA, for example, a number of TNF-dependent

signaling molecules. However, the true scientific charm
of comparing these two studies is that independent of
the similar experimental setting, none of the rheumatoid
synovial fibroblast (“type II synoviocyte”) genes showed
up in the IBD macrophage analysis. This underscores
the uniqueness of the “type II synoviocyte” and
stimulates the idea of also analyzing the “type I syno-
viocyte” (synovial macrophages), by an innate immunity
GWA approach.

Second, the comparison of synovial fibroblasts
from TNF-Tg mice and RA patients supports the TNF-
Tg mouse as a suitable animal model for use beyond
analyses of immune cell–dependent (T cells, B cells,
etc.) proinflammatory pathways. However, although the
murine pathways that collectively accounted for the
resemblance to human RA were found to be significantly
enriched only in the Tg197 mouse profiles, and highlight-
ing the importance of analyses deriving from in vivo
contexts, the TNF-Tg mouse model still cannot answer
all aspects of human disease despite its TNF dependency
and the observed overlap between the Tg197 mouse gene
dysregulation profiles and those identified upon treat-
ment with human TNF or upon comparison to human
synovial fibroblasts. As the latter failed to include many
gene dysregulations, especially during the established
and late stages of disease, the experimental approach fur-
ther indicates that the longevity of human RA still cannot
be fully simulated in an animal model.

Third, the study shows nicely the difficulty
between the “technical accessibility” of genes, their loci,
and their epigenetic dysregulation to a full-range analy-
sis and the problem of adequate interpretation of the
acquired mass of data. Here, as well as in the most recent
and up-do-date bioinformatic approaches, the “global”
set of data had to be downsized to at least clusters and,
more frequently, even analysis of a few single loci and
pathways to be able to reveal disease-specific factors,
regardless of which of the multiple techniques (GWA
studies, gene-based association test using the extended
Simes technique [GATES], cap analysis of gene expres-
sion [CAGE], etc.) is used (17–19). However, a closer
look at the data of the present study (15) reveals some
interesting novel aspects. As the most studied epigenetic
change in RA has been DNA methylation, the data con-
firm a hypomethylated profile, which is consistent with
previous studies of human RA synovial fibroblasts (20).
Similarly, the up-regulation of MMP3 underlines the
need for a sufficient reduction of this matrix-degrading
enzyme in order to protect a joint from dysfunction; this
has not yet been achieved by specific pharmacologic
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intraarticular inhibition of this enzyme. On the other
hand, only one of the molecules, PPARG, found to be
down-regulated has yet been specifically associated with
the pathophysiology of RA, but many others might also
inherit protective properties. For example, in RA
synoviocytes, the induction of inflammatory cytokine
messenger RNA expression, such as TNF and
interleukin-1b, was significantly inhibited by a PPARG
agonist (21), and a more recent publication links several
components of the present work (i.e., TNF, MMP13,
and PPARg) to rheumatoid synovial fibroblasts.

In contrast, the role of WNT16 appears to be clos-
est to articular inflammation in its cartilage-protective
effect in human osteoarthritis. Here, WNT16 maintained
the balance of the canonical Wnt signaling and pre-
vented its excessive activation, thereby supporting the
homeostasis of progenitor cells (22). LECT1, which
encodes chondromodulin I, is known to be involved in
angiogenesis and suppression of T cell responses (23),
and SP7 (osterix) takes part in adequate osteoblast func-
tion (24). The latter molecule also closes the fibroblast–
epigenetic circle, as microRNA-146a (miR-146a) was
found to be expressed by RA synovial fibroblasts (12),
and a miR-146 inhibitor strongly enhanced bone regen-
eration with higher expression levels of SMAD4,
RUNX2, and osterix in newly formed bone (25).

Taken together, the findings of the study by
Ntougkos and colleagues show nicely that the large-scale
puzzle of RA cannot be solved by pouring millions of
highly variable fragments into a high-end bioinformatics
computer—but only piece-by-piece—by innovative scientists
with careful evaluation of hypothesis-driven data sets.
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EDITORIAL

Podocytes as Active Participants in Lupus Nephritis

Ian R. Rifkin and Ramon G. Bonegio

Podocytes are highly differentiated and polarized
epithelial cells that envelop the glomerular capillary
loops and, together with a specialized fenestrated endo-
thelium and the glomerular basement membrane
(GBM), form part of the trilayered glomerular filtration
barrier. Podocytes are characterized by a large cell body,
which lies in the urinary space, and cell extensions,
known as foot processes, which adhere to the GBM.
Adjacent foot processes are connected by a specialized
cell–cell junction, the slit diaphragm.

Podocytes are important to the structure and
function of the glomerular filtration barrier (1). Plasma
is filtered first through the fenestrated endothelium and
the GBM, and then the ultrafiltrate enters the urinary
space by passing through the podocyte slit diaphragm.
While endothelial cells and the GBM effectively prevent
blood cells from entering the urinary space, it is the
podocytes and their slit diaphragms that form the final
barrier that prevents albumin and larger plasma proteins
from crossing into the urine.

Normally, protein flux is restricted by the size of
the pores in the slit diaphragm (;40Å) and the nega-
tively charged glycocalyx that coats the podocyte cell sur-
face. In certain disease states, including immune-
mediated glomerular diseases, podocytes may respond
to injury by losing some of their differentiated pheno-
type, a process known as simplification (1). Simplifica-
tion involves rearrangement of the actin cytoskeleton,
resulting in effacement or retraction of the foot pro-
cesses, partial loss of the glycocalyx and its negative
charge, and a down-regulation of the slit diaphragm
component proteins. This leads to increased protein per-
meability and the consequent entry of albumin and other

serum proteins into the urine (proteinuria). Proteinuria
is a hallmark of podocyte injury in lupus and other forms
of immune-mediated or non–immune-mediated glomer-
ulopathy and is an important prognostic biomarker of
disease progression.

In addition to their well-characterized structural
function described above, podocytes have been reported
to express receptors and signaling molecules that are
usually associated with antigen-presenting cells and to
play a role in the regulation of glomerular inflammation.
Cultured murine podocytes constitutively express Toll-
like receptors 1–6 (TLRs 1–6) and respond to TLR
ligands, such as lipopolysaccharide (LPS) or poly(I-C), by
the production of inflammatory cytokines and the re-
arrangement of stress fibers (2–6). Immortalized human
podocytes have been similarly reported to express TLR-3
and low levels of TLRs 4–6 and to produce inflammatory
cytokines and up-regulate the TLR adaptor protein mye-
loid differentiation factor 88 (MyD88) in response to TLR
ligands (7,8).

Despite these in vitro findings, the role of podo-
cyte TLRs in vivo is less clearly defined. TLR-9 is pres-
ent in the podocytes of children with lupus nephritis but
not in normal podocytes (9), and TLR-4 is expressed on
glomerular podocytes from normal and nephritic mice
(3). Several groups of investigators have shown that TLR
ligands such as LPS or poly(I-C) can induce proteinuria
in vivo (2,4–6,8). However, it is unclear to what extent
this TLR-induced proteinuria is the result of signaling in
podocytes as opposed to signaling in infiltrating immune
cells or in other nonpodocyte resident glomerular cells.

Antigen-presenting cells need to present peptide
antigens bound to major histocompatibility complex
(MHC) molecules and to express costimulatory mole-
cules, such as CD80 and CD86, in order to induce effec-
tive T cell activation. Podocyte expression of MHC class
II molecules can be up-regulated under inflammatory
conditions in murine models (10,11). A direct role of
podocytes in antigen presentation was demonstrated in a
mouse model of anti-GBM nephritis in which podocyte-
specific deletion of MHC class II molecules resulted in
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reduced CD41 T cell activation and reduced disease
severity (11).

The question of costimulatory molecule expres-
sion and function on podocytes has been a subject of
controversy. CD80 (also called B7-1) was first reported
to be up-regulated on podocytes that lack a3 integrin,
which forms part of the adhesion receptor that attaches
podocytes to the GBM (6). Mice deficient in a3 integrin
have abnormal podocytes and develop proteinuria and
progressive glomerular fibrosis. The finding of B7-1 on
podocytes was unexpected given its traditional role as
a costimulatory molecule on antigen-presenting cells
which interacts with CD28 or CTLA-4 on T cells to regu-
late T cell activation. Subsequent studies suggested that
B7-1 may be overexpressed on human podocytes from
patients with diabetic nephropathy, focal and segmental

glomerular sclerosis, and lupus nephritis (5,6,12), and
this has been the rationale for using antibodies that
inhibit B7-1 in the management of refractory forms of
glomerulonephritis (13). However, a number of recent
studies have failed to confirm B7-1 up-regulation or
expression on podocytes in relatively large cohorts of
patients with focal and segmental glomerular sclerosis,
diabetic nephropathy, or lupus nephritis (14–18). Sev-
eral of these later studies showed expression of B7-1 by
inflammatory cells that infiltrate the glomeruli or inter-
stitium during the course of glomerulonephritis (18,19).

Inflammasomes are complexes of multiple pro-
teins that are formed in response to a variety of
pathogen-associated or endogenous mediators. Inflam-
masomes are able to activate caspase 1. Caspase 1 is the
major enzyme required for the cleavage of the pro forms

Figure 1. Model of podocyte inflammasome activation and the induction of proteinuria in lupus, as proposed by Fu et al (27). ROS 5 reactive
oxygen species; proIL-1b 5 pro–interleukin-1b; GBM 5 glomerular basement membrane.
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of the proinflammatory cytokines interleukin-1b (IL-1b)
and IL-18 into their active forms. Caspase 1 has other
functions as well, such as in the induction of pyroptosis
of immune cells and in apoptosis or protection from apo-
ptosis in nonimmune cells (for review, see ref. 20). In
recent years, the role of the inflammasome in systemic
lupus erythematosus (SLE) and in kidney diseases more
generally has been actively investigated (for review, see
refs. 21 and 22). For example, one report indicates that,
compared with normal controls, there is an increase in
messenger RNA message for several inflammasome
components, including ASC, caspase 1, and IL-18, in
glomeruli isolated from patients with active lupus
nephritis (23). Most authors have focused on under-
standing the role of the inflammasome in SLE by analyz-
ing responses in innate immune cells or endothelial cells
(21,24). Podocyte expression of the inflammasome com-
ponents NLRP3, ASC, and caspase 1 has been reported
in other forms of renal injury (25,26).

In this issue of Arthritis & Rheumatology, Fu et al
(27) build on their previous studies of inflammasome
activation in murine lupus models (28,29) and present evi-
dence that the inflammasome is also activated in glomeru-
lar podocytes during the later stages of disease in a murine
lupus model and in human lupus nephritis (Figure 1).
They demonstrate caspase 1 activation by detecting the
cleaved portion of caspase 1 (p20) and the mature IL-1b in
glomeruli from lupus-prone NZM2328 mice and from a
patient with class IV lupus nephritis. Activated caspase 1
and IL-1b were not detected in younger NZM2328 mice
prior to the development of a lupus phenotype and were
not seen in sections of normal human kidney.

While this inflammasome activity in the kidney
could potentially be explained by inflammasome activity in
infiltrating immune cells, the investigators do show an
increase in the level of activated caspase 1 in podocytes iso-
lated from the kidneys of mice with lupus and in podocytes
obtained from the urine of patients with active lupus
nephritis. When an inhibitor of NLRP3 inflammasome
activity (MCC950) was given to lupus-prone mice starting
at 20 weeks of age, a time when they are developing early
nephritis, it was able to prevent caspase 1 activation in the
kidney, including specifically in podocytes. This reduction
in caspase 1 activation was associated with a preservation
of podocyte structure, a lessening of proteinuria, and an
amelioration of renal histologic damage. The authors also
show that IgG in the serum of an autoimmune mouse, but
not a nonautoimmune mouse, was able to induce inflam-
masome activation in isolated podocytes, providing evi-
dence of at least 1 stimulus able to induce podocyte
inflammasome activation in lupus. Further studies will be
required to define the precise mechanisms whereby lupus

IgG can induce inflammasome activation in podocytes,
although mitochondrial injury and reactive oxygen species
appear to be involved. The findings of this study reinforce
previous studies demonstrating the importance of mito-
chondrial dysfunction and oxidative stress in SLE (30,31)
and the benefit of antioxidant therapies in humans (32)
and mice (33–36) with lupus nephritis.

An important issue to address in future studies
will be the extent to which podocyte-specific inflamma-
some activation contributes to overall disease pathogen-
esis as compared with inflammasome activation in
immune cells or in other nonimmune cells, such as endo-
thelial cells or mesangial cells. As noted by Fu and
colleagues, this could be investigated by studying lupus-
prone mice with conditional deletion of inflammasome
components only in podocytes. It might also be interest-
ing to consider the possibility that caspase 1 activation in
podocytes may play a protective role by preventing apo-
ptosis, as has been postulated for caspase 1 in hepa-
tocytes following ischemia-reperfusion injury (20). It will
also be important to determine whether the caspase 1 acti-
vation observed by the authors in the renal biopsy of the
patient with lupus nephritis is a consistent finding in all
patients with active lupus nephritis or whether it defines a
particular patient subset or stage of disease activity.

Taken together, these data support the exciting,
although still controversial, idea that podocytes may
possess immune function. As detailed above, a growing
body of literature suggests that podocytes express mole-
cules that are usually associated with immune activation
and antigen presentation, and this report strengthens
the evidence for caspase 1 and IL-1b expression in
podocytes. While these molecules represent potentially
interesting novel targets for the management of autoim-
mune and other podocytopathies that are associated
with proteinuric syndromes, it should be borne in mind
that much of the available data were derived from cell
culture studies in vitro. Confirmatory studies are needed
to establish the role and relative importance of these
molecules in primary glomerular podocytes in vivo in
health and disease.
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Objective. To develop recommendations for pre-
vention and treatment of glucocorticoid-induced osteo-
porosis (GIOP).

Methods. We conducted a systematic review to
synthesize the evidence for the benefits and harms of
GIOP prevention and treatment options. The Grading of
Recommendations Assessment, Development and Eval-
uation methodology was used to rate the quality of evi-
dence. We used a group consensus process to determine
the final recommendations and grade their strength.
The guideline addresses initial assessment and reassess-
ment in patients beginning or continuing long-term (‡3
months) glucocorticoid (GC) treatment, as well as the
relative benefits and harms of lifestyle modification and
of calcium, vitamin D, bisphosphonate, raloxifene, teri-
paratide, and denosumab treatment in the general adult
population receiving long-term GC treatment, as well as
in special populations of long-term GC users.

Results. Because of limited evidence regarding
the benefits and harms of interventions in GC users,
most recommendations in this guideline are conditional
(uncertain balance between benefits and harms). Rec-
ommendations include treating only with calcium and
vitamin D in adults at low fracture risk, treating with
calcium and vitamin D plus an additional osteoporosis
medication (oral bisphosphonate preferred) in adults at
moderate-to-high fracture risk, continuing calcium plus
vitamin D but switching from an oral bisphosphonate to
another antifracture medication in adults in whom oral
bisphosphonate treatment is not appropriate, and con-
tinuing oral bisphosphonate treatment or switching to
another antifracture medication in adults who complete
a planned oral bisphosphonate regimen but continue to
receive GC treatment. Recommendations for special
populations, including children, people with organ trans-
plants, women of childbearing potential, and people
receiving very high-dose GC treatment, are also made.

Conclusion. This guideline provides direction for
clinicians and patients making treatment decisions. Cli-
nicians and patients should use a shared decision-
making process that accounts for patients’ values, pref-
erences, and comorbidities. These recommendations
should not be used to limit or deny access to therapies.

INTRODUCTION

Glucocorticoids (GCs) play an important role in
the treatment of many inflammatory conditions. It is esti-
mated that 1% of the US population is treated long-term
with GCs (1). However, GC use causes significant toxic-
ity, including bone loss and fractures (2,3). More than

10% of patients who receive long-term GC treatment are
diagnosed with a fracture, and 30–40% have radio-
graphic evidence of vertebral fractures (4,5). The highest
rate of bone loss occurs within the first 3–6 months of GC
treatment, and a slower decline continues with persistent
use (6). Both high daily and high cumulative GC doses
increase risk of fracture, particularly vertebral fracture,
due to the greater effects of GCs on trabecular bone than
on cortical bone. Risk factors for GC-induced fracture
include low bone strength at the beginning of GC treat-
ment and the rate of decline in bone mass during treat-
ment, which is largely determined by the dose and
duration of GC use. In children, GC treatment also
affects bone strength, growth, and total adult skeletal
mass, with a similar profile of risk factors (7–10).

However, GC treatment is a potentially revers-
ible risk factor for glucocorticoid-induced osteoporosis
(GIOP); if GC treatment is terminated, bone mineral
density (BMD) increases and fracture risk declines
(6,11,12). In addition, the absolute risk of future frac-
ture in an individual is substantially influenced by demo-
graphic and other characteristics (age, race, sex, and
concomitant OP risk factors). For these reasons, it is
important to identify those patients taking GCs for
whom the benefits of preventive therapy sufficiently out-
weigh potential harms.

Numerous risk calculators can be applied in clini-
cal practice to provide estimates of risk of major OP
fracture and hip fracture clinically diagnosed, with
adjustment for GC dose in some but not all calculators
(13–15). Most stratify GC use into 2 categories: low
(prednisone #7.5 mg/day) or high (.7.5 mg/day), based
on data from clinical trials and epidemiologic studies
(15,16) demonstrating increasing fracture risk with higher
daily doses. However, these calculators may underesti-
mate the fracture risk in patients with prolonged treat-
ment with very high doses of GCs for conditions such as
giant cell arteritis, vasculitis, lupus, and dermatomyositis
(16,17). Van Staa et al reported a marked increase in rela-
tive risk of vertebral and hip fractures in patients who had
received treatment with prednisolone $30 mg/day with a
cumulative dose of .5 gm (15).

There are insufficient data to develop individual
prediction tools for children and for adults ,40 years of
age. Nevertheless, observational data indicate a substan-
tial risk of clinically diagnosed vertebral fracture among
premenopausal women $30 years of age receiving very
high doses of GCs (10-year risk 5–20%) (18–25).

Despite increasing information about risk factors
for fracture in GC users and the availability of effective
therapies to prevent fracture, many long-term GC users
never receive therapy to prevent bone loss or are treated
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only after a fracture has occurred (26,27). The American
College of Rheumatology (ACR) identified GIOP as an
important public health issue and first published recom-
mendations for its prevention and treatment in 1996 (28).
The ACR updated these guidelines in 2001 and 2010, as
new techniques for assessing fracture risk and new infor-
mation about risk factors and therapies became available
(28–30). The present ACR guideline outlines the treat-
ment recommendations for GIOP. The guideline was
developed using the Grading of Recommendations As-
sessment, Development and Evaluation (GRADE) ap-
proach (see below) and included therapies for the
treatment of OP approved by the US Food and Drug
Administration before 2015. No other therapies have been
approved as of the time of publication of these guidelines.

METHODS

Methodology overview. We developed this guideline
according to the ACR guideline development process (http://
www.rheumatology.org/Practice-Quality/Clinical-Support/Clini-
cal-Practice-Guidelines). This process includes the GRADE
methodology (www.gradeworkinggroup.org) (31–33). Conflicts
of interest and disclosures were determined and managed
according to ACR policy (https://www.rheumatology.org/Portals/
0/Files/GIOP-Guidelines-Disclosure-Summary.pdf). The full
methods are described in detail in Supplementary Appendix 1
(available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract). This
work involved 4 teams: 1) a Core Leadership Team (4 members),
which supervised and coordinated the project and drafted the
clinical questions and manuscript; 2) a Literature Review
Team, which completed the literature search and abstraction;
3) an Expert Panel, which developed the clinical questions
(PICO [population/intervention/comparator/outcomes] ques-
tions) and the scope of the guideline project; and 4) a Voting
Panel, which included adult and pediatric rheumatologists,
internists, a nephrologist, a pulmonologist, a gastroenterolo-
gist, medical specialists with clinical expertise in treating
GIOP, and a patient who provided input from the patient
perspective and voted on the recommendations. Rosters of
the team and panel members are shown in Supplementary
Appendix 2 (http://onlinelibrary.wiley.com/doi/10.1002/art.40137/
abstract).

Framework for the GIOP guideline development. The
Panel ranked fracture (hip, vertebral, nonvertebral) as the
critically important outcome measure for treatment evaluation.
Important outcome measures included adverse effects of
treatments, in particular the incidence of serious and total
adverse events (see Supplementary Appendix 3 [http://
onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract] for a
list of adverse events).

At the initial meeting, the Voting Panel and Expert
Panel agreed that the scope of the project should be the
assessment, prevention, and treatment of OP and fractures in
children and adults taking glucocorticoids (prednisone at
.2.5 mg/day for $3 months), including patients with organ
transplants, women of childbearing potential, and people
receiving very high-dose GCs. Treatment of people using

inhaled GCs and those with a glomerular filtration rate of
,30 ml/minute were not addressed in these guidelines.

Adult men and women were divided into 2 groups
based on age ($40 years or ,40 years). After population risk
groups were defined, interventions and comparators for each
clinical scenario were specified using a PICO question (see list
of PICO questions in Supplementary Appendix 3). PICO
questions included assessment and reassessment of fracture
risks, treatment comparisons, and questions about duration
and reassessment of treatment. When it was necessary to use
BMD to support a recommendation (which was the case in
only 4 PICO questions, all addressing pediatric patients with
GIOP), the Voting Panel downgraded the quality of evidence
for indirectness, since BMD provides only indirect evidence of
the impact on fracture.

Systematic synthesis of the literature. We performed
systematic searches of the published English-language litera-
ture including OVID Medline, PubMed, Embase, and the
Cochrane Library (including Cochrane Database of Systematic
Reviews, Database of Abstracts of Reviews of Effects,
Cochrane Central Register of Controlled Trials, and Health
Technology Assessments) from the beginning of each database
through October 6, 2015 (Supplementary Appendix 4, on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40137/abstract), and update searches were
conducted on April 23, 2016. We performed duplicate screen-
ing of literature search results using DistillerSR software
(https://distillercer.com/products/distillersr-systematic-review-
software/) (Supplementary Appendix 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.40137/abstract). Data were extracted
into RevMan software (http://tech.cochrane.org/revman), and
the quality of each study was evaluated using the Cochrane
risk of bias tool (http://handbook.cochrane.org/). We exported
RevMan files into GRADEpro software to formulate a
GRADE summary of findings table (Supplementary Appendix
3) for each PICO question (34). The overall quality of evidence
was evaluated using GRADE quality assessment criteria (31).

In clinical scenarios not addressed by data from ran-
domized clinical trials, data from observational cohort studies
were used to estimate relative effects. In situations in which
the question had not been tested in a sample of patients taking
GCs but had been tested in a non-GIOP population, we
applied the relative risk values from that study, making the
assumption that the effect was generalizable, but we
downgraded the quality of evidence for indirectness.

We projected absolute risk reduction within each risk
stratum according to hypothetical baseline fracture risk rang-
ing from 1% to 20%. The following cut points were used to
stratify levels of risk: ,5% incidence of vertebral fractures
over 5 years, between 5% and ,10%, and $10%. The Voting
Panel then made recommendations based on absolute fracture
reduction with treatment in each of these strata. We focused
on vertebral fracture rates because this outcome was more
consistently reported in the literature and because of the
greater effects of GCs on trabecular bone.

Moving from evidence to recommendations. GRADE
methodology specifies that panels make recommendations
based on the balance of relative benefits and harms of the
treatment options under consideration, the quality of the evi-
dence (i.e., confidence in the effect estimates), and patients’
values and preferences. Key to the recommendation is the

ACR GUIDELINE FOR GLUCOCORTICOID-INDUCED OSTEOPOROSIS PREVENTION AND TREATMENT 1523

http://www.rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines
http://www.rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines
http://www.rheumatology.org/Practice-Quality/Clinical-Support/Clinical-Practice-Guidelines
http://www.gradeworkinggroup.org
https://www.rheumatology.org/Portals/0/Files/GIOP-Guidelines-Disclosure-Summary.pdf
https://www.rheumatology.org/Portals/0/Files/GIOP-Guidelines-Disclosure-Summary.pdf
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
https://distillercer.com/products/distillersr-systematic-review-software
https://distillercer.com/products/distillersr-systematic-review-software
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/abstract
http://tech.cochrane.org/revman
http://handbook.cochrane.org


tradeoff between desirable and undesirable outcomes and
cost; recommendations require estimating the relative value
patients place on the outcomes. We are unaware of published
literature exploring patient values and preferences regarding
these issues. Our judgments were based on the experience of
the Panel members (which included a patient) in shared
decision-making with their patients. Below we outline the Vot-
ing Panel’s assessment of these tradeoffs that informed the
final recommendations.

Consensus building. The Voting Panel voted on the
direction and strength of the recommendation related to each
PICO question. An 80% level of agreement was used as the
threshold for a recommendation; if 80% agreement was not
achieved during an initial vote, the Panel members held addi-
tional discussions before re-voting. Consistent with GRADE
guidance, in some instances the Voting Panel chose to provide
a strong recommendation despite a low quality rating of evi-
dence (33). In such cases, a written explanation is provided,
describing the reasons for this decision.

Moving from recommendations to practice. When
applying these risk-stratified recommendations in clinical
settings, adults $40 years of age receiving long-term GCs
should be designated as being at moderate-to-high risk or low
risk of fracture (Table 1) based on BMD, history of fracture, and
10-year risk of major OP fracture and hip fracture calculated
using a tool that combines risk factors with GC dose. Although
many tools that incorporate GC use are available, the Voting
Panel suggested using FRAX (https://www.shef.ac.uk/FRAX/
tool.jsp) for fracture risk assessment. When GC use is included
as a risk factor in FRAX, the fracture risk generated is the

risk associated with a prednisolone dose of 2.5–7.5 mg/day
(prednisolone and prednisone doses are nearly equivalent).
For people receiving doses of .7.5 mg/day, the fracture risk
generated with FRAX should be increased by a relative 15%
for major osteoporotic fracture and 20% for hip fracture risk
(13). For example, if the 10-year hip fracture risk is 2.0% with
GC use entered in FRAX, the risk estimate should be increased
to 2.4% if the prednisone dose is .7.5 mg.

There are no tools available to estimate absolute frac-
ture risk in children or in adults ,40 years of age. These
groups were considered to be at high fracture risk if they have
previously sustained an OP fracture. The Voting Panel desig-
nated men and women ,40 years of age to be at moderate risk
if they were expected to continue GC treatment at .7.5 mg/
day for 6 months and had either 1) a hip or spine BMD Z
score of ,23 or 2) a rapid decline in hip or spine BMD
(equivalent to $10% in 1 year) during GC treatment.

RESULTS/RECOMMENDATIONS

How to interpret the recommendations

1. The Voting Panel’s assessment was that patients
would be willing to take calcium and vitamin D with
only a very small absolute risk reduction, that all or
virtually all would be willing to take bisphos-
phonates to achieve a 5-year absolute reduction in
vertebral fracture risk of 5%, and that most would
choose to take oral bisphosphonates if the fracture

Table 1. Fracture risk categories in GC-treated patients

Adults $40 years of age Adults ,40 years of age

High fracture risk Prior osteoporotic fracture(s)
Hip or spine bone mineral density

T score #22.5 in men age
$50 years and postmenopausal
women

FRAX* (GC-adjusted†) 10-year
risk of major osteoporotic
fracture‡ $20%

FRAX* (GC-adjusted†) 10-year
risk of hip fracture $3%

Prior osteoporotic fracture(s)

Moderate fracture risk FRAX* (GC-adjusted†) 10-year
risk of major osteoporotic
fracture‡ 10–19%

FRAX* (GC-adjusted†) 10-year
risk of hip fracture .1% and
,3%

Hip or spine bone mineral
density Z score ,23
or
rapid bone loss ($10% at the
hip or spine over 1 year)

and
Continuing GC treatment at

$7.5 mg/day for $6 months

Low fracture risk FRAX* (GC-adjusted†) 10-year
risk of major osteoporotic
fracture‡ ,10%

FRAX* (GC-adjusted†) 10-year
risk of hip fracture #1%

None of above risk factors other
than GC treatment

* https//www.shef.ac.uk/FRAX/tool.jsp.
† Increase the risk generated with FRAX by 1.15 for major osteoporotic fracture and 1.2 for hip fracture
if glucocorticoid (GC) treatment is .7.5 mg/day (e.g., if hip fracture risk is 2.0%, increase to 2.4%).
‡ Major osteoporotic fracture includes fractures of the spine (clinical), hip, wrist, or humerus.
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reduction were $3% to ,5% (leading to a condi-
tional recommendation in favor). The 5-year time
period was chosen because few clinical trials have
data on fracture risk reduction past 3–5 years. Fur-
ther, the Panel members thought that most
patients would decline oral bisphosphonates with

an absolute reduction in 5-year risk of vertebral
fractures of 1.6–2.9% (leading to a conditional rec-
ommendation against), and all or virtually all would
decline if the risk reduction were ,1.5% (leading,
in the presence of high- or moderate-quality evi-
dence, to a strong recommendation against).

Figure 1. Initial fracture risk assessment. A clinical fracture risk assessment includes obtaining a history with the details of glucocorticoid (GC) use
(dose, duration, pattern of use), an evaluation for falls, fractures, frailty, and other osteoporosis (OP) risk factors (malnutrition, significant weight loss or
low body weight, hypogonadism, secondary hyperparathyroidism, thyroid disease, family history of hip fracture, history of alcohol use [at $3 units/day] or
smoking) and other clinical comorbidities, and a physical examination including measurement of weight and height (without shoes), testing of muscle
strength, and assessment for other clinical findings of undiagnosed fracture (i.e., spinal tenderness, deformity, and reduced space between lower ribs and
upper pelvis) as appropriate given the patient’s age. The risk of major osteoporotic fracture calculated with the FRAX tool (https://www.shef.ac.uk/
FRAX/tool.jsp) should be increased by 1.15, and the risk of hip fracture by 1.2, if the prednisone dose is .7.5 mg/day (e.g., if the calculated hip fracture
risk is 2.0%, increase to 2.4%). It is recognized that in some cases, bone mineral density (BMD) testing may not be available.
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For intravenous (IV) bisphosphonates, denosu-
mab, raloxifene, and teriparatide, which have great-
er harms or burden of treatment, the threshold was
higher, although the Panel did not specify a thresh-
old value. Because raloxifene may increase the risk
of death due to stroke in postmenopausal women
with documented coronary heart disease or at
increased risk of major coronary events and/or may
increase the risk of deep vein thrombosis and pul-
monary embolism (35), and there is no evidence of
its benefit in fracture reduction in GC-treated
patients, the Voting Panel considered the drug as a
treatment option only for postmenopausal women
with contraindications to all other treatments. We
are unaware of published literature exploring
patient values and preferences regarding these
issues. The judgments are based on the experience
of the Panel members (which included a patient) in
shared decision-making with their patients.

2a. A strong recommendation means that the Panel was
confident that the desirable effects of following the
recommendation outweigh the undesirable effects
(or vice versa), so the course of action would apply to
all or almost all patients, and only a small proportion
would not want to follow the recommendation.

2b. A conditional recommendation means that the
Panel believed the desirable effects of following
the recommendation probably outweigh the unde-
sirable effects, so the course of action would
apply to the majority of the patients, but some
may not want to follow the recommendation.
Because of this, conditional recommendations are
preference sensitive and always warrant a shared
decision-making approach.

2c. A good practice recommendation (36) means that
although the Panel believed the benefits of proceed-
ing according to the guidance far outweigh the
harms, the supporting evidence is indirect, and the
Panel did not formally assess the relevant evidence.
The logic for the good practice statements is as
follows: Appropriate management regarding bone
health is based on an initial assessment and reas-
sessment of fracture risk. However, there are inade-
quate data directly addressing outcomes in patients
whose cases were managed with, versus those with-
out, initial and follow-up fracture risk assessments.
The chain of evidence—limited antifracture treat-
ment with limited adverse effects in those at low
risk; more aggressive antifracture treatment with
resultant decrease in fractures in those at high
risk—is nevertheless compelling, though without a

structured review of the evidence for the benefits
and harms, the statement in question does not war-
rant a formal GRADE recommendation.

3. For each recommendation, details regarding the
PICO questions and the GRADE evidence tables
are listed in Supplementary Appendices 1 and
3 (on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40137/
abstract).

4. Recommendations for BMD testing are based on
the assumption that it is available in the region
where the patient receives treatment and that
there are no significant barriers, including the
patient’s functional status or financial barriers, that
preclude testing, and that the results are likely to
have an impact on clinical decision-making.

Recommendations for fracture risk assessment and
reassessment

Initial fracture risk assessment. All of the frac-
ture risk assessment and reassessment recommenda-
tions are made as good practice recommendations. In
all adults and children, an initial clinical fracture risk
assessment should be performed as soon as possible, but
at least within 6 months of the initiation of long-term GC
treatment (Figure 1). This assessment should include a
history with the details of GC use (dose, duration, pat-
tern of use), an evaluation for falls, fractures, frailty,
and other risk factors for fracture (malnutrition, signifi-
cant weight loss or low body weight, hypogonadism,
secondary hyperparathyroidism, thyroid disease, family
history of hip fracture, history of alcohol use [at $3
units/day] or smoking) and other clinical comorbidities,
and a physical examination including measurement of
weight and height (without shoes), testing of muscle
strength, and assessment for other clinical findings of
undiagnosed fracture (i.e., spinal tenderness, deformity,
and reduced space between lower ribs and upper pelvis)
as appropriate given the patient’s age.

In addition, for adults $40 years of age, the initial
absolute fracture risk should be estimated using FRAX
(https://www.shef.ac.uk/FRAX/tool.jsp) with the adjust-
ment for GC dose and BMD testing (if available, or with-
out BMD if it is not available) as soon as possible, but at
least within 6 months of the initiation of GC treatment.

For adults ,40 years of age, BMD testing
should be done as soon as possible but at least within
6 months of the initiation of GC treatment if the
patient is at high fracture risk because of a history
of previous OP fracture(s) or if the patient has other
significant OP risk factors (malnutrition, significant
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weight loss or low body weight, hypogonadism, sec-
ondary hyperparathyroidism, thyroid disease, family
history of hip fracture, smoking, alcohol use at $3
units/day).

Reassessment of fracture risk. In all adults and
children who continue GC treatment, a clinical fracture

risk reassessment should be performed every 12 months
(Figure 2).

Adults $40 years of age. For adults $40 years of
age who continue GC treatment and are not treated
with an OP medication beyond calcium and vitamin D,
reassessment with FRAX, with BMD testing if available,

Figure 2. Reassessment of fracture risk. A clinical fracture risk reassessment includes obtaining a history with the details of glucocorticoid (GC)
use (dose, duration, pattern of use), an evaluation for falls, fractures, frailty, and other osteoporosis (OP) risk factors (malnutrition, significant
weight loss or low body weight, hypogonadism, secondary hyperparathyroidism, thyroid disease, family history of hip fracture, history of alcohol
use [at $3 units/day] or smoking) and other clinical comorbidities, and a physical examination including measurement of weight and height
(without shoes), testing of muscle strength, and assessment for other clinical findings of undiagnosed fracture (i.e., spinal tenderness, deformity,
and reduced space between lower ribs and upper pelvis) as appropriate given the patient’s age. Very high-dose GC treatment was defined as
treatment with prednisone $30 mg/day and a cumulative dose of .5 gm in the past year. Reliability of FRAX (https://www.shef.ac.uk/FRAX/
tool.jsp) after OP treatment is debated, but FRAX calculation can be repeated in adults age $40 years who have not received treatment. It is
recognized that in some cases, bone mineral density (BMD) testing may not be available.
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Table 2. Recommendations for initial treatment for prevention of GIOP in adults (women not of child-bearing potential and men) beginning
long-term GC treatment*

All adults taking prednisone at a dose of ‡2.5 mg/day for ‡3 months

Optimize calcium intake (800–1,000 mg/day) and vitamin D intake (600–800 IU/day) and lifestyle modifications (balanced diet, maintaining
weight in the recommended range, smoking cessation, regular weight-bearing or resistance training exercise, limiting alcohol intake to 1–2
alcoholic beverages/day) over no treatment or over any of these treatments alone.

Conditional recommendation because of indirect evidence on the impact of lifestyle modifications on fracture risk, low-quality evidence on the
impact of calcium and vitamin D on fractures in GC users, and indirect evidence on the benefit of calcium and vitamin D on fracture risk in
the general OP population

Adults age ‡40 years at low risk of fracture

Optimize calcium and vitamin D intake and lifestyle modifications over treatment with bisphosphonates, teriparatide, denosumab, or
raloxifene.

Conditional recommendation for calcium and vitamin D over oral bisphosphonates, teriparatide, and denosumab because of low-quality
evidence on additional antifracture benefit of the alternative treatments in this low-risk group, costs, and potential harms

Strong recommendation for calcium and vitamin D over IV bisphosphonates and raloxifene because of low-quality evidence on additional
antifracture benefit in this low-risk group and their potential harms

Adults age ‡40 years at moderate risk of major fracture

Treat with an oral bisphosphonate over calcium and vitamin D alone.

Treat with an oral bisphosphonate over IV bisphosphonates, teriparatide, denosumab, or raloxifene.

Oral bisphosphonates preferred for safety, cost, and because of lack of evidence of superior antifracture benefits from other OP medications.
Other therapies if oral bisphosphonates are not appropriate, in order of preference:

IV bisphosphonates
Higher risk profile for IV infusion over oral bisphosphonate therapy

Teriparatide
Cost and burden of therapy with daily injections

Denosumab
Lack of safety data in people treated with immunosuppressive agents

Raloxifene (for postmenopausal women in whom none of the medications listed above is appropriate)
Lack of adequate data on benefits (impact on risk of vertebral and hip fractures in GC users) and potential harms (clotting risks, mortality)

Conditional recommendations because of indirect and low-quality evidence comparing benefits and harms of alternative treatments in people
with moderate fracture risk

Adults age ‡40 years at high risk of fracture

Treat with an oral bisphosphonate over calcium and vitamin D alone.

Treat with an oral bisphosphonate over IV bisphosphonates, teriparatide, denosumab, or raloxifene.

Oral bisphosphonates preferred for safety, cost, and because of lack of evidence of superior antifracture benefits from other OP medications.
Other therapies if oral bisphosphonates are not appropriate, in order of preference:

IV bisphosphonates
Higher risk profile for IV infusion over oral bisphosphonate therapy

Teriparatide
Cost and burden of therapy with daily injections

Denosumab
Lack of safety data in people treated with immunosuppressive agents

Raloxifene (for postmenopausal women in whom none of the medications listed above is appropriate)
Lack of adequate data on benefits (impact on risk of vertebral and hip fractures in GC users) and potential harms (clotting risks, mortality)

Strong recommendation for oral bisphosphonates over calcium and vitamin D alone because of the strength of the indirect evidence of
antifracture efficacy and low harms

All other recommendations conditional because of indirect and low-quality evidence comparing benefits and harms of alternative treatments
in people with high fracture risk

Adults age <40 years at low risk of fracture

Optimize calcium and vitamin D intake and lifestyle modifications over treatment with bisphosphonates, teriparatide, or denosumab.

Conditional recommendation for calcium and vitamin D over oral bisphosphonates, teriparatide, and denosumab because of low-quality
evidence on additional antifracture benefit of the alternative treatments, costs, and potential harms

Strong recommendation for calcium and vitamin D over IV bisphosphonates because of low-quality evidence for additional antifracture benefit
in this low-risk group and potential harms
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should be completed every 1–3 years. This reassessment
should be performed earlier within this 1–3-year time
range for adults age $40 years who are receiving very
high doses of GCs (initial prednisone dose $30 mg/day,
cumulative dose .5 gm in the previous year) or those
with a history of OP fracture(s). Later or less frequent
testing within this range can be done for adults age $40
years who are taking lower doses of GCs with no other
OP risk factors.

For adults $40 years old who continue GC treat-
ment and are currently treated with an OP medication in
addition to calcium and vitamin D, BMD testing should
be completed every 2–3 years during treatment in high-
risk patients such as those receiving very high-dose GCs
(initial prednisone dose $30 mg/day, cumulative dose
.5 gm in the previous year), a history of OP fracture
occurring after $18 months of treatment with anti-
fracture medication (other than calcium and vitamin D),
risks for poor medication adherence or absorption, or
other significant OP risk factors.

For adults $40 years old who received an OP treat-
ment in the past but are no longer being treated with an OP
medication other than calcium and vitamin D, BMD testing
should be done every 2–3 years. Within this range, reassess-
ment should be conducted earlier in patients receiving
higher doses of GCs and those with a history of fracture or
low BMD, and later in those receiving lower doses of GCs,
with higher BMD and no other OP risk factors.

Adults ,40 years of age. For all adults ,40
years of age who continue GC treatment and are at
moderate-to-high fracture risk (history of previous fracture,
BMD Z score ,23, received very high-dose prednisone
[$30 mg/day and cumulative dose .5 gm] in the previous
year, risks for poor medication adherence or absorption,

or multiple OP risk factors), BMD testing should be done
every 2–3 years.

Recommendations for treatment

The Voting Panel’s rationale and strength of rec-
ommendations for treatment are detailed in Table 2.

Calcium and vitamin D intake and lifestyle
modifications. Optimizing calcium intake (1,000–
1,200 mg/day) and vitamin D intake (600–800 IU/day;
serum level $20 ng/ml) (37) as well as lifestyle modi-
fications (a balanced diet, maintaining weight in the rec-
ommended range, smoking cessation, regular weight-
bearing or resistance training exercise, limiting alcohol
intake to 1–2 alcoholic beverages/day) are conditionally
recommended for all patients receiving GC treatment.

Initial pharmacologic treatment. Adults $40
years of age. Women $40 years of age and not of
childbearing potential and men $40 years of age (Fig-
ure 3) who are at moderate-to-high risk of fracture
should be treated with an oral bisphosphonate (strong
recommendation for those at high risk; conditional rec-
ommendation for those at moderate risk). For patients
in whom oral bisphosphonates are not appropriate (for
example, due to comorbidities, patient preference, or
concerns about adherence with an oral medication regi-
men), IV bisphosphonates should be used rather than
the patient receiving no additional treatment beyond
calcium and vitamin D. If bisphosphonate treatment
is not appropriate, teriparatide should be used rather
than the patient receiving no additional treatment
beyond calcium and vitamin D. If neither oral nor IV
bisphosphonates nor teriparatide treatment is appropri-
ate, denosumab should be used rather than the patient
receiving no additional treatment beyond calcium and

Table 2. (Cont’d)

Adults age <40 years at moderate-to-high risk of fracture

Treat with an oral bisphosphonate over calcium and vitamin D alone.

Treat with an oral bisphosphonate over IV bisphosphonates, teriparatide, or denosumab.

Oral bisphosphonates preferred for safety, cost, and because of lack of evidence of superior antifracture benefits from other OP medications.
Other therapies if oral bisphosphonates are not appropriate, in order of preference:

IV bisphosphonates
Higher risk profile for IV infusion over oral bisphosphonate therapy

Teriparatide
Cost and burden of therapy with daily injections

Denosumab
Lack of safety data in people treated with immunosuppressive agents

Conditional recommendations because of low- to very low-quality evidence on absolute fracture risk and indirect and low-quality evidence
comparing relative harms and benefits of alternative treatments in this age group

* GIOP 5 glucocorticoid (GC)–induced osteoporosis; IV 5 intravenous.
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vitamin D. For postmenopausal women in whom none
of these medications is appropriate, raloxifene should
be used rather than the patient receiving no additional
treatment beyond calcium and vitamin D. The order of
the preferred treatments was determined based on a
comparison of efficacy (fracture reduction), toxicity, and
cost. These are conditional recommendations.

Adults ,40 years of age. For adults ,40 years of
age (women not of childbearing potential and men)
(Figure 3) with a history of OP fracture, or those continuing
GC treatment ($6 months at a dose of $7.5 mg/day) who
have either a hip or spine BMD Z score ,23 or bone loss of
$10%/year at the hip or spine as assessed by dual x-ray
absorptiometry (DXA), an oral bisphosphonate should

Figure 3. Initial pharmacologic treatment for adults. Recommended doses of calcium and vitamin D are 1,000–1,200 mg/day and 600–800 IU/
day (serum level $20 ng/ml), respectively. Lifestyle modifications include a balanced diet, maintaining weight in the recommended range, smok-
ing cessation, regular weight-bearing and resistance training exercise, and limiting alcohol intake to 1–2 alcoholic beverages/day. Very high-dose
glucocorticoid (GC) treatment was defined as treatment with prednisone $30 mg/day and a cumulative dose of .5 gm in the past year. The risk
of major osteoporotic (OP) fracture calculated with the FRAX tool (https://www.shef.ac.uk/FRAX/tool.jsp) should be increased by 1.15, and the
risk of hip fracture by 1.2, if the prednisone dose is .7.5 mg/day (e.g., if the calculated hip fracture risk is 2.0%, increase to 2.4%). It is recog-
nized that in some cases, bone mineral density (BMD) testing may not be available. PMP 5 postmenopausal; IV 5 intravenous.
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Table 3. Recommendations for initial treatment for prevention of GIOP in special populations of patients beginning long-term GC treatment*

Women of childbearing potential at moderate-to-high risk of fracture (Table 1) who do not plan to become pregnant within the period of OP
treatment and are using effective birth control or are not sexually active

Treat with an oral bisphosphonate over calcium and vitamin D alone, teriparatide, IV bisphosphonates, or denosumab.

Oral bisphosphonates preferred for safety, cost, and because of lack of evidence of superior antifracture benefits from other OP medications.
Other therapies if oral bisphosphonates are not appropriate, in order of preference:

Teriparatide
Safety, cost, and burden of therapy with daily injections

Consider the following therapies only for high-risk patients because of lack of safety data on use of these agents during pregnancy:
IV bisphosphonates

Potential fetal risks of IV infusion during pregnancy
Denosumab

Potential fetal risks during pregnancy

Conditional recommendations because of indirect and very low-quality evidence on benefits and harms of these treatments to the fetus during
pregnancy

Adults age ‡30 years receiving very high-dose GCs (initial dose of prednisone ‡30 mg/day and cumulative dose >5 gm in 1 year)

Treat with an oral bisphosphonate over calcium and vitamin D alone.

Treat with an oral bisphosphonate over IV bisphosphonates, teriparatide, or denosumab.

Oral bisphosphonates preferred for safety, cost, and because of lack of evidence of additional antifracture benefits from other OP
medications.

If bisphosphonate treatment is not appropriate, alternative treatments are listed by age ($40 years and ,40 years) in Table 2.

Conditional recommendations because of low-quality evidence on absolute fracture risk and harms in this population

Adults with organ transplant, glomerular filtration rate ‡30 ml/minute, and no evidence of metabolic bone disease who continue treatment
with GCs

Treat according to the age-related guidelines for adults without transplants (Table 2), with these additional recommendations:

An evaluation by an expert in metabolic bone disease is recommended for all patients with a renal transplant.

Recommendation against treatment with denosumab due to lack of adequate safety data on infections in adults treated with multiple
immunosuppressive agents.

Conditional recommendations because of low-quality evidence on antifracture efficacy in transplant recipients and on relative benefits and
harms of the alternative treatments in this population

Children ages 4–17 years treated with GCs for ‡3 months

Optimize calcium intake (1,000 mg/day) and vitamin D intake (600 IU/day) and lifestyle modifications over not optimizing calcium and
vitamin D intake and lifestyle modifications.

Conditional recommendation because of lack of antifracture efficacy of calcium and vitamin D in children but limited harms

Children ages 4–17 years with an osteoporotic fracture who are continuing treatment with GCs at a dose of ‡0.1 mg/kg/day for ‡3 months

Treat with an oral bisphosphonate (IV bisphosphonate if oral treatment contraindicated) plus calcium and vitamin D over treatment with
calcium and vitamin D alone.

Conditional recommendation because of very low-quality antifracture data in children but moderate-quality evidence of low harms of oral
bisphosphonates in children and less potential harm of oral over IV bisphosphonates

* GIOP 5 glucocorticoid (GC)–induced osteoporosis; IV 5 intravenous.
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be used rather than the patient receiving no additional
treatment beyond calcium and vitamin D. If treatment
with an oral bisphosphonate is not appropriate, the same
alternative medications listed for adults $40 years of age
are recommended with the exception of raloxifene, which
is not used in men and premenopausal women. These
are conditional recommendations.

Special populations. For women who meet crite-
ria for moderate-to-high risk of fracture (Table 1) and are
of childbearing potential (Table 3 and Figure 3), but do
not plan to become pregnant within the period of OP treat-
ment and are using effective birth control or are not sexu-
ally active, an oral bisphosphonate should be used rather
than the patient receiving no additional treatment
beyond calcium and vitamin D. If oral bisphosphonate
treatment is not appropriate, teriparatide should be
used rather than the patient receiving no additional
treatment beyond calcium and vitamin D. Because
of the lack of safety data and the potential fetal harm
associated with denosumab in animal studies and with
high-dose IV bisphosphonates (38–53), these therapies
should be used only in women who are at high risk of frac-
ture in whom treatment with an oral bisphosphonate and

teriparatide is not appropriate. Denosumab or IV bis-
phosphonate treatment should be initiated only after a
discussion with the patient about the very low quality of
evidence about fetal harms in the event of an unplanned
pregnancy. These are conditional recommendations.

There is a lack of data on the safety of currently
available OP treatments during pregnancy. Therefore, these
guidelines do not include recommendations about OP pre-
vention or treatment, other than calcium and vitamin D
intake and lifestyle modification, in women who are
pregnant.

For adults �30 years of age who are receiving very
high-dose GC treatment (initial prednisone dose of
$30 mg/day [or equivalent GC exposure] and a cumulative
annual dose of .5 gm) (Table 3), oral bisphosphonate
treatment should be initiated. If treatment with an oral bis-
phosphonate is not appropriate, the age-related recom-
mendations for second-line therapy (Table 2) should be
followed (with adjustments for women of childbearing
potential as outlined in these guidelines). These are condi-
tional recommendations.

For adults who have received an organ transplant
and who are continuing treatment with GCs (Table 3),

Table 4. Recommendations for follow-up treatment for prevention of GIOP*

Adults age ‡40 years continuing GC treatment who have had a fracture that occurred after ‡18 months of treatment with an oral
bisphosphonate or who have had a significant loss of bone mineral density (‡10%/year)

Treat with another class of OP medication (teriparatide or denosumab; or, consider IV bisphosphonate if treatment failure is judged to be
due to poor absorption or poor medication adherence) with calcium and vitamin D over calcium and vitamin D alone or over calcium and
vitamin D and continued oral bisphosphonate.

Conditional recommendation because of very low-quality evidence comparing benefits and harms of the compared treatment options in this
clinical situation

Adults age ‡40 years who have completed 5 years of oral bisphosphonate treatment and who continue GC treatment and are assessed to be at
moderate-to-high risk of fracture

Continue active treatment (with an oral bisphosphonate beyond 5 years or switch to IV bisphosphonate [if concern with regard to adherence
or absorption] or switch to an OP treatment in another class) over calcium and vitamin D alone.

Conditional recommendation because of very low-quality data on benefits and harms in GC-treated patients, but moderate-quality data in the
general OP literature on benefits and harms of continuing treatment with oral bisphosphonates past 5 years for people at high risk of fracture

Adults age ‡40 years taking an OP medication in addition to calcium and vitamin D who discontinue GC treatment and are assessed to be at
low risk of fracture

Discontinue the OP medication but continue calcium and vitamin D over continuing the OP medication.

Conditional recommendation made by expert consensus; evidence informing it too indirect for the population and very low-quality

Adults age ‡40 years taking an OP medication in addition to calcium and vitamin D who discontinue GC treatment and are assessed to be at
moderate-to-high risk of fracture

Complete the treatment with the OP medication over discontinuing the OP medication.

Strong recommendation for high-risk patients based on expert consensus that patients who are at high risk should continue an OP treatment
in addition to calcium and vitamin D

Conditional recommendation for moderate-risk patients because of lower fracture risk compared to potential harms

* GIOP 5 glucocorticoid (GC)–induced osteoporosis; IV 5 intravenous.
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the age-related treatment recommendations outlined in
these guidelines for men and women who do not have
transplants should be followed if the glomerular filtra-
tion rate is $30 ml/minute and there is no evidence of
metabolic bone disease. An evaluation by an expert in
metabolic bone disease is recommended before initiat-
ing pharmacologic treatment in adults with a renal
transplant (54). The Panel made a recommendation
against the use of denosumab because of lack of safety
data in this population of patients who are treated with
multiple immunosuppressive agents. These are condi-
tional recommendations.

For GC-treated children 4–17 years of age, a calcium
intake of 1,000 mg/day and vitamin D intake of 600 IU/day
is recommended. For children who have had an OP frac-
ture who continue GC treatment at a dose of $0.1 mg/kg/
day for $3 months, treatment with an oral bisphospho-
nate (or an IV bisphosphonate if oral treatment is not
appropriate) is recommended (Table 3). These are con-
ditional recommendations.

Follow-up treatment recommendations. Initial
treatment failure. For adults $40 years of age who are
continuing GC treatment who have had a fracture
that occurred $18 months after beginning treatment with
an oral bisphosphonate or had a significant decline in
BMD ($10%/year) after 1 year of treatment (Table 4),
treatment with another class of OP medication (teriparatide,
denosumab) or an IV bisphosphonate (if treatment failure is
judged to be due to poor absorption or poor medication
adherence) is recommended rather than the patient receiv-
ing no additional treatment beyond calcium and vitamin D
alone or continuing oral bisphosphonate treatment. These
are conditional recommendations.

Treatment if moderate-to-high fracture risk persists
after bisphosphonate therapy. For adults $40 years of
age who have completed 5 years of oral bisphosphonate
treatment (Table 4) who are continuing GC treatment
and are assessed to be at moderate-to-high risk of frac-
ture (Table 1), continuation of active OP treatment (in
addition to calcium and vitamin D) is recommended
rather than the patient receiving no additional treatment
beyond calcium and vitamin D. Suggested treatment
options include continuing the oral bisphosphonate for
7–10 years, switching to an IV bisphosphonate if absorp-
tion or adherence is a problem, or treatment with another
class of OP medication (teriparatide or denosumab),
depending on the response to the initial bisphosphonate
treatment (change in BMD, new fractures) and with con-
sideration of rare risks, including jaw necrosis and atypi-
cal femur fractures, which might increase with the
duration of antiresorptive therapy. These are conditional
recommendations.

Treatment if GCs are discontinued. For adults
$40 years of age who are treated with OP medication in
addition to calcium and vitamin D and are discontinuing
GC treatment (Table 4), discontinuation of the OP medica-
tion is recommended if fracture risk at the time of GC dis-
continuation is assessed to be low. Otherwise, the OP
treatment course should be completed or continued until
the fracture risk is assessed to be low. Continuation of OP
treatment in the setting of high risk is a strong recommen-
dation. The others are conditional recommendations.

Application of these treatment recommenda-
tions. These recommendations are made for average or
typical GC-treated patients. They may not be applicable
to GC-treated patients with multiple risk factors or
feasible for patients with financial or social barriers to
testing and treatment.

DISCUSSION

This report presents the updated ACR recommen-
dations for the prevention and treatment of osteoporosis
and fractures in patients receiving glucocorticoid treatment.
The goal is to optimize identification of patients at risk of
GC-induced fractures so that they can be appropriately
treated while limiting the risk and the burden of testing
and treatment. The guiding principle for these guide-
lines was to use outcome measures that are clinically
relevant to patients and providers, so in decision-
making, data about absolute fracture risk reduction were
given priority over BMD changes. The recommenda-
tions on the order of first-line treatments were based on
the Voting Panel’s assessment of antifracture efficacy,
potential harms, and costs. Thus, oral bisphosphonates
were recommended as the preferred first-line therapy in
most clinical situations given their antifracture benefit,
safety, and low cost, unless there are contraindications,
intolerance, or concerns about patient adherence to
treatment.

Robust methodology was used in the literature
search. The Voting Panel had a broad representation of
clinicians, both primary care providers and sub-
specialists, with experience in bone health and in pre-
scribing GC medications. In addition, these guidelines
include recommendations for the assessment and reas-
sessment of fracture risk and antifracture therapy dur-
ing GC treatment and for special populations, such as
children, people with organ transplants, people receiv-
ing very high doses of GCs, and women of childbearing
potential.

There are limitations to these recommendations.
First, many important clinical situations could not be
addressed given the limited scope of this guideline
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project. Recommendations addressing initial assessment
and reassessment of fracture risk were made as good
practice recommendations (36) because, although the
Panel believes that the benefits of proceeding according
to the guidance far outweigh the undesirable conse-
quences, the supporting evidence is indirect or not avail-
able, and the Panel did not formally gather, summarize,
or assess the relevant evidence.

We adopted generally accepted thresholds to
define high, medium, and low levels of absolute risk of
incident fracture (i.e., ,10%, 10–19%, and $20% 10-
year risk of major osteoporotic fracture). These cut
points were used to stratify PICO questions and weigh
potential benefits versus harms in those different clinical
situations. However, the application of these recom-
mendations to a clinical setting requires that the physi-
cian assign the individual patient into a risk stratum.
For adults age $40 years, this can be accomplished
using fracture risk calculators that take the GC dose
into account, such as the FRAX tool. However, FRAX
has important limitations. First, the fracture risk gener-
ated when GC use is included as a risk factor estimates
the risk that would be associated with moderate-dose
prednisone (2.5–7.5 mg/day). To accurately estimate the
risk associated with doses of .7.5 mg/day, the clinician
must multiply the risk of major osteoporotic fracture
and the risk of hip fracture generated with the FRAX
by 1.15 and by 1.2, respectively. This adjustment may
not adequately estimate the risk associated with very
high-dose GC use. FRAX uses hip BMD to calculate
fracture risk, but GC use has a greater impact on spine
BMD. For GC-treated patients with discordant spine and
hip BMD (with lower spine BMD), the Fracture Risk
Calculator, which includes spine BMD in absolute frac-
ture risk estimation, is available (https://riskcalculator.
fore.org). Finally, there is debate about the validity of
FRAX fracture risk estimates after pharmacologic treat-
ment for OP, which should be considered in the reassess-
ment of fracture risk in treated patients.

The available evidence about fracture risk and
risk reduction was particularly limited with regard to
treatment recommendations in adults ,40 years of age
and children, and there are no tools available to esti-
mate absolute fracture risk in these age groups. Youn-
ger people are often treated with higher doses of GCs,
but they have higher bone mass and greater potential
for recovery of bone mass when the GC treatment is dis-
continued. To try to better categorize fracture risk in
adults ,40 years of age, the Panel considered several
risk factors as indicators of moderate-to-high fracture
risk—including history of previous fragility fracture, sig-
nificant decrease in BMD, or low BMD Z score with

continued use of prednisone (limiting the recovery of
bone mass) at a dose of $7.5 mg/day for at least 6
months—in patients ,40 years old, as well as in patients
$30 years old treated with very high doses of GCs (ini-
tial prednisone dose $30 mg/day with a cumulative dose
of .5 gm) (15,18,21–25). The lack of data on long-term
outcomes with OP treatment in this age group may lead
to under- or overtreatment, but the possible benefits to
long-term bone health and the relatively low risks asso-
ciated with the recommended OP treatments led to the
recommendation of treatment with an oral bisphospho-
nate in addition to calcium and vitamin D. There is a
need for more research about absolute risk of fracture
in this age group during and after GC use and into later
adult life.

Fracture data are very limited in GIOP-specific
clinical trials and population studies. Lacking these
data, the relative fracture reduction associated with OP
medications was extrapolated from the risk reduction
ascertained in clinical trials of many different treatments
for OP in general. While this step introduced indirect-
ness into the quality of evidence for many PICO ques-
tions, it is reassuring that where parallel data from
GIOP and non-GIOP trials exist, the derived relative
risks for treatment effects from the same intervention
are often similar, indicating that the assumption of gen-
eralizability may be reasonable (Supplementary Appen-
dix 3 [Summary of Findings Tables 1.4a/b/c, 1.9a/b/c],
available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40137/
abstract). Imprecision in the estimate of benefits of
treatment is increased by these extrapolations. Future
clinical trials in GC-treated patients should include frac-
ture as a primary outcome measure.

The Panel faced low-quality evidence regarding
the magnitude of benefit GC-treated patients would
require as a tradeoff for assuming the burden and risks
of treatment for lowering fracture risk, particularly
given the uncertainties associated with estimates of ben-
efit. Awareness of the need to attain “minimally disrup-
tive medicine” (55) has increased in recent years, and
many of the candidate patients already bear the burden
of multiple medications. This burden may influence
their willingness to tolerate yet additional treatment.
The Panel’s assessment was that patients would be will-
ing to take calcium and vitamin D with only a very small
absolute risk reduction, that all or virtually all would be
willing to take bisphosphonates to achieve a 5-year abso-
lute reduction in vertebral fracture risk of 5%, and that
most would choose to take oral bisphosphonates if
the fracture reduction were between $3% and ,5%.
Patients who value these small absolute reductions less
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highly than the Panel estimated may decide against rec-
ommended treatment after discussion of risks and
benefits with their providers.

There are concerns about the potential harms
of calcium and vitamin D supplementation with regard to
cardiovascular risks (56,57). Optimizing calcium intake,
however, may be even more important in GC-treated
patients because of the increase in urinary calcium excretion
during GC use. For this reason, the guidelines suggest opti-
mizing dietary intake of calcium. More research about the
benefits and harms of supplemental calcium and vitamin D
in GC-treated patients is needed.

Because of these limitations, most of the recom-
mendations in this guideline are conditional or good
clinical practice recommendations. Further studies are
needed to examine differences in fracture risk in people
with different OP risk factors (age, race, and sex), the
role of spine imaging using vertebral fracture assess-
ment with DXA or radiography in assessing fracture
risk in GC users, the risk of OP medications to the fetus
in women of childbearing potential, and the impact of
OP treatment versus no treatment on adult bone health
and fracture risk in GC-treated children.

GIOP is not a problem that is unique to rheumatol-
ogy; GCs are widely prescribed by primary care providers
and subspecialists. The Panel’s judgments regarding
patients’ values and preferences were informed by input
from the primary care physicians, non-rheumatology spe-
cialists, and the patient who served on the Panel. This
patient highlighted the significant challenges that patients
and clinicians confront when making decisions about opti-
mizing bone health during GC treatment of chronic inflam-
matory conditions.
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spondylitis and psoriatic arthritis, juvenile idiopathic
arthritis (JIA), or systemic lupus erythematosus (SLE)
undergoing elective total hip (THA) or total knee
arthroplasty (TKA).

Methods. A panel of rheumatologists, orthopedic
surgeons specializing in hip and knee arthroplasty, and
methodologists was convened to construct the key clinical
questions to be answered in the guideline. A multi-step
systematic literature review was then conducted, from
which evidence was synthesized for continuing versus
withholding antirheumatic drug therapy and for optimal
glucocorticoid management in the perioperative period. A
Patient Panel was convened to determine patient values
and preferences, and the Grading of Recommendations
Assessment, Development and Evaluation methodology
was used to rate the quality of evidence and the strength
of recommendations, using a group consensus process
through a convened Voting Panel of rheumatologists and
orthopedic surgeons. The strength of the recommendation

reflects the degree of certainty that benefits outweigh
harms of the intervention, or vice versa, considering the
quality of available evidence and the variability in patient
values and preferences.

Results. The guideline addresses the perioperative
use of antirheumatic drug therapy including traditional
disease-modifying antirheumatic drugs, biologic agents,
tofacitinib, and glucocorticoids in adults with RA, SpA,
JIA, or SLE who are undergoing elective THA or TKA. It
provides recommendations regarding when to continue,
when to withhold, and when to restart these medications,
and the optimal perioperative dosing of glucocorticoids.
The guideline includes 7 recommendations, all of which
are conditional and based on low- or moderate-quality
evidence.

Conclusion. This guideline should help decision-
making by clinicians and patients regarding perioperative
antirheumatic medication management at the time of elec-
tive THA or TKA. These conditional recommendations
reflect the paucity of high-quality direct randomized con-
trolled trial data.

INTRODUCTION

Although the wide utilization of disease-
modifying antirheumatic drugs (DMARDs) and biologic
agents has improved the quality of life for patients with
rheumatoid arthritis (RA), spondyloarthritis (SpA),
juvenile idiopathic arthritis (JIA), or systemic lupus ery-
thematosus (SLE), rates of total hip arthroplasty (THA)
and total knee arthroplasty (TKA) remain high (1–6).
Patients with rheumatic conditions report significant
improvement in pain and function after THA or TKA,
yet critical outcomes such as infection, dislocation, and
readmission are reported to be higher for patients with
RA, SpA, or SLE (7–10) compared to patients with
osteoarthritis. At the time of arthroplasty in a high-
volume orthopedic hospital, 46% of RA patients were
receiving biologic agents, 67% were receiving nonbiologic
DMARDs, and 25% were receiving glucocorticoids,
while 75% of patients with SLE were receiving immuno-
suppressive medications, and 15% were receiving gluco-
corticoids. The optimal strategy to manage these
medications is not known (11–14). Inherent risk factors
for infection, such as overall disability and disease
activity/severity, may not be modifiable, but the optimal
perioperative management of immunosuppressant ther-
apy around the time of arthroplasty may present an
opportunity to mitigate risk (15–19).

In this setting, clinicians require guidance regarding
perioperative management of antirheumatic drug therapy.
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Direct evidence, however, which addresses perioperative
management is sparse (20,21). To our knowledge, there are
no randomized controlled trials (RCTs) evaluating the ces-
sation and reintroduction of biologic agents at the time of
THA or TKA. The relevant outcomes considered for these
guidelines are the potential increase in infection risk added
by the medications versus the risk of disease flare when the
medications are withheld. This guideline pertains only to
adult patients with RA, SpA including ankylosing spondyli-
tis (AS) and psoriatic arthritis (PsA), JIA, or SLE, who are
undergoing elective THA or TKA, and incorporates
patient preferences.

This guideline addresses management of antirheu-
matic medication in those adult patients with diagnoses of
RA, SpA, JIA, or SLE, but is not limited to those who
meet classification criteria. This guideline is to be used for
those who have elected and have been deemed appropri-
ate candidates for THA or TKA. We would caution
against extrapolation of this guideline to other orthopedic
procedures until further data are available.

This guideline is intended for use by clinicians,
including orthopedists, rheumatologists, and other physi-
cians performing perioperative risk assessment and evalua-
tion, as well as patients. The guideline addresses common
clinical situations, but may not apply in all exceptional or
unusual situations. It is imperative that open and informed
communication between the patient, orthopedic surgeon,
and rheumatologist takes place. In addition, while cost is a
relevant factor in health care decisions, it was not considered
in this project.

The populations included in this guideline are
shown in Table 1 (22–24). Figure 1 contains a list of the
drugs included in the evaluation, along with their dosing
intervals, as the Panel determined that the dosing interval

and route were more relevant for this guideline because
they reflect the duration of effect.

This guideline does not address indications for
THA or TKA, medical decisions unrelated to antirheu-
matic drug therapy, choice of implant, surgical approach,
or perioperative evaluation and management of concur-
rent disease, such as that affecting the cervical spine of
patients with RA. Although patients with RA, SpA, JIA,
or SLE should be assessed for risk of venous thromboem-
bolism and major acute coronary event (8,25), this guide-
line does not address cardiac risk assessment or
perioperative venous thromboembolism prophylaxis; both
are covered in existing guidelines (26–29).

METHODS

Overall methodology. This guideline follows the Amer-
ican College of Rheumatology (ACR) guideline development
process (http://www.rheumatology.org/Practice-Quality/Clinical-
Support/Clinical-Practice-Guidelines), using the Grading of Rec-
ommendations Assessment, Development and Evaluation
(GRADE) methodology to rate the quality of the available evi-
dence and to develop the recommendations (30). Conflicts
of interest and disclosures were managed according to ACR
policy (available at www.rheumatology.org/Portals/0/Files/Periop-
erative-Management-Guidelines-Disclosure-Summary.pdf). The
full methods are presented in Supplementary Appendix 1 (avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40149/abstract).

Using GRADE, a recommendation can be either in favor
of or against the proposed intervention and either strong or con-
ditional (31,32). Much of the evidence was indirect, coming from
nonsurgical studies, and all evidence was low to moderate quality
(33,34). A strong recommendation indicates that most or almost
all informed patients would choose the recommended action.
Conditional recommendations are those in which the majority of

Table 1. Populations included in the guideline*

Populations†
Adults age $18 years diagnosed with rheumatoid arthritis, spondyloarthritis including ankylosing spondylitis and psoriatic arthritis, juvenile

idiopathic arthritis, or SLE (see below), who are deemed to be appropriate surgical candidates, undergoing elective total hip arthroplasty or total
knee arthroplasty, and who are treated with antirheumatic drug therapy at the time of surgery.
SLE

SLE includes patients with severe or not severe SLE (defined below), and who are in optimal condition for surgery:
Severe SLE

Currently treated (induction or maintenance) for severe organ manifestations: lupus nephritis, central nervous system lupus, severe hemo-
lytic anemia (hemoglobin ,9.9), platelets ,50,000/ml, vasculitis (other than mild cutaneous vasculitis), including pulmonary hemorrhage, myo-
carditis, lupus pneumonitis, severe myositis (with muscle weakness, not just high enzymes), lupus enteritis (vasculitis), lupus pancreatitis,
cholecystitis, lupus hepatitis, protein-losing enteropathy, malabsorption, orbital inflammation/myositis, severe keratitis, posterior severe uveitis/
retinal vasculitis, severe scleritis, optic neuritis, anterior ischemic optic neuropathy (derived from the SELENA–SLEDAI Flare Index and
BILAG 2004) (22–24).

Not severe SLE
Not currently treated for manifestations listed under Severe SLE.

* SLE 5 systemic lupus erythematosus; SELENA–SLEDAI 5 Safety of Estrogens in Lupus Erythematosus National Assessment version of the
Systemic Lupus Erythematosus Disease Activity Index; BILAG 5 British isles Lupus Assessment Group.
† All patients carrying the diagnoses listed, without restriction to those meeting classification criteria.
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DMARDs: CONTINUE these medications through 
surgery.

Dosing Interval Continue/Withhold

Methotrexate Weekly Continue
Sulfasalazine Once or twice daily Continue
Hydroxychloroquine Once or twice daily Continue
Leflunomide (Arava) Daily Continue
Doxycycline Daily Continue
BIOLOGIC AGENTS: STOP these medications prior 
to surgery and schedule surgery at the end of the dosing 
cycle. RESUME medications at minimum 14 days after 
surgery in the absence of wound healing problems, 
surgical site infection, or systemic infection.

Dosing Interval Schedule Surgery 
(relative to last biologic 
agent dose 
administered) during

Adalimumab (Humira) Weekly or every 2 weeks Week  2 or 3
Etanercept (Enbrel) Weekly or twice weekly Week 2
Golimumab (Simponi) Every 4 weeks (SQ) or 

every 8 weeks (IV)
Week 5
Week 9

Infliximab (Remicade) Every 4, 6, or 8 weeks Week 5, 7, or 9
Abatacept (Orencia) Monthly (IV) or 

weekly (SQ)
Week 5
Week 2

Certolizumab (Cimzia) Every 2 or 4 weeks Week 3 or 5
Rituximab (Rituxan) 2 doses 2 weeks apart

every 4-6 months
Month 7

Tocilizumab (Actemra) Every  week (SQ) or 
every 4 weeks (IV)

Week 2
Week 5

Anakinra (Kineret) Daily Day 2
Secukinumab (Cosentyx) Every 4 weeks Week 5
Ustekinumab (Stelara) Every 12 weeks Week 13
Belimumab (Benlysta) Every 4 weeks Week 5

Tofacitinib (Xeljanz): STOP this medication 7 days prior to 
surgery.

Daily or twice daily 7 days after last dose

SEVERE SLE-SPECIFIC MEDICATIONS: 
CONTINUE these medications in the perioperative 
period.

Dosing Interval Continue/Withhold

Mycophenolate mofetil Twice daily Continue
Azathioprine Daily or twice daily Continue
Cyclosporine Twice daily Continue
Tacrolimus Twice daily (IV and PO) Continue
NOT-SEVERE SLE: DISCONTINUE these 
medications 1 week prior to surgery

Dosing Interval Continue/Withhold

Mycophenolate mofetil Twice daily Withhold 
Azathioprine Daily or twice daily Withhold
Cyclosporine Twice daily Withhold 
Tacrolimus Twice daily (IV and PO) Withhold

Figure 1. Medications included in the 2017 American College of Rheumatology/American Association of Hip and Knee Surgeons Guideline for
the Perioperative Management of Antirheumatic Medication in Patients with Rheumatic Diseases Undergoing Elective Total Hip or Total Knee
Arthroplasty. Dosing intervals were obtained from prescribing information provided online by pharmaceutical companies. DMARDs 5 disease-
modifying antirheumatic drugs; SQ 5 subcutaneous; IV 5 intravenous; SLE 5 systemic lupus erythematosus; PO 5 oral.
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the informed patients would choose to follow the recommended
course of action, but a minority might not (35,36).

Teams involved. This project was a collaboration
between the ACR and the American Association of Hip and
Knee Surgeons (AAHKS). All participating teams contained rep-
resentatives from both organizations, including a Core Leader-
ship Team for project oversight (5 members), the Literature
Review Team, who reviewed the literature and compiled the liter-
ature report, the Expert Panel, who helped frame the scope of
the project, and the Voting Panel (consisting of orthopedic
surgeons, rheumatologists, an infectious disease expert, an SLE
expert, patient representatives, rheumatology methodologists,
and a GRADE expert), who determined the final recommenda-
tions (for a complete listing of Panel and Team members see
Supplementary Appendix 2 [available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40149/abstract]). Additionally, a Patient Panel consisting of 11
adults with RA or JIA, all of whom had undergone THA or
TKA, reviewed the evidence and provided input on their values
and preferences.

PICO (population/intervention/comparator/outcomes)
question development and importance of outcomes. The Core
Leadership Team initially drafted the project scope, key princi-
ples, and relevant clinical PICO questions, which were then pres-
ented to the Expert Panel, the Voting Panel, and the Literature
Review Team for their review at a face-to-face meeting where the
project plan was defined. The relevant topics addressed included:
1) Should antirheumatic medications be withheld prior to elective
THA/TKA? 2) If they are withheld, when should they be
stopped? 3) If withheld, when should they be restarted after sur-
gery? 4) In patients receiving glucocorticoids, what dose should
be administered at the time of surgery? The full list of PICO
questions is shown in Supplementary Appendix 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40149/abstract).

Direct high-quality RCT data available comparing the
risk of THA or TKA in those receiving versus not receiving the
medications of interest, or comparing the background risk of
THA and TKA in the populations of interest, were sparse. To
address this gap, 2 questions were included to inform the recom-
mendations. The first asked, “What is the background risk for
serious adverse events including infections, or hospitalization,
associated with use of each of the candidate drugs in patients not
undergoing surgery?” The second question asked, “What is the
background risk of adverse events associated with THA or TKA,
independent of use of candidate medications in the populations of
interest?” The group determined that both superficial and deep
surgical site infection (reported within the first year after surgery),
non–surgical site infection (within 90 days of surgery), and disease
flare were the most critical outcomes; other outcomes such as hos-
pital readmission, death, and long-term arthroplasty outcome
were also deemed relevant.

Systematic synthesis of the literature and evidence
processing. Systematic literature searches were performed in
Embase (searched since 1974), the Cochrane Library, and
PubMed (searched since the mid-1960s) from January 1, 1980
through March 6, 2016. The search strategies were developed
using the controlled vocabulary or thesauri language for each
database: Medical Subject Headings (MeSH) for PubMed and
Cochrane Library and Emtree terms for Embase (see Supple-
mentary Appendix 4, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40149/
abstract). Text words were used in PubMed and Embase, and

keyword/title/abstract words in the Cochrane Library. Searches
resulted in 2,230 total references (see Supplementary Appendix
5, http://onlinelibrary.wiley.com/doi/10.1002/art.40149/abstract).
A final search update was performed for the time period of Janu-
ary 1 to September 8, 2016, using the inclusive search terms of
the disease states, coupled separately with “arthroplasty”; no ran-
domized trials were identified that were relevant to the guideline.
DistillerSR software (http://systematic-review.net/) was used to
screen the literature search results grouped by their match with
the pertinent PICO questions.

The Literature Review Team analyzed and synthesized
data from eligible studies. Due to the lack of RCTs, we were
unable to prepare GRADE Summary of Findings tables for most
PICO questions. Microsoft Excel was used for abstracting data
from observational studies. When available, the evidence summa-
ries included the benefits and harms for outcomes of interest
across studies, the relative effect (with 95% confidence interval
[95% CI]), the number of participants, and the absolute effects.
We rated the quality of evidence for each critical and important
outcome as high, moderate, low, or very low quality, taking into
account limitations of study design (including the risk of bias),
inconsistency, indirectness, imprecision, and other considerations
(including publication bias).

Moving from evidence to recommendations. The
Patient Panel attached far greater importance to infection at the
time of surgery than to flares. They were unable to precisely
quantify the difference in value, noting that it was greater than
10:1.

The Voting Panel met to decide the final recommenda-
tions. The Panel discussed the evidence in the context of both
their clinical experience and the input from the Patient Panel.
The Panel voted anonymously, and 80% agreement defined the
threshold for a recommendation; if 80% agreement was not
achieved during an initial vote, the Panel members held addi-
tional discussions before re-voting. Considerations that led to rat-
ing down of quality of evidence included indirectness (much of
the evidence came from RCTs outside of the surgical context, or
from foot or spine procedures in which infection risks may vary
markedly from THA or TKA); heterogeneity in baseline medica-
tion dose and duration, particularly relevant in studies addressing
glucocorticoid “stress-dose” therapy; and imprecision associated
with small sample size.

All recommendations were supported by more than 80%
of the Panel, and all but 1 were supported unanimously. In some
instances, the Panel combined PICO questions into 1 final rec-
ommendation. For recommendations to withhold a medication, a
recommendation for the suggested timing of surgery in relation
to the last drug-dose was included.

RESULTS/RECOMMENDATIONS

How to interpret the recommendations

1. All recommendations in this guideline are condi-
tional due to the quality of the evidence (see
bolded statements in Table 2). A conditional rec-
ommendation means that the desirable effects of
following the recommendation probably outweigh
the undesirable effects, so the course of action
would apply to the majority of the patients, but
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may not apply to all patients. Because of this,
conditional recommendations are preference sen-
sitive and always warrant a shared decision-
making approach. No strong recommendations
are made in this guideline.

2. For each recommendation, a summary of the
supporting evidence or conditions is provided.

3. Therapies that were approved after the original
systematic literature review are not included in
these recommendations.

4. PICO questions were combined in the final rec-
ommendations for clarity.

Recommendations

1. RA, SpA including AS and PsA, JIA, and SLE receiving
nonbiologic DMARDs

Continue the current dose of methotrexate, lefluno-
mide, hydroxychloroquine, and/or sulfasalazine for
patients undergoing elective THA or TKA (Table 2).

This conditional recommendation was based on
low- to moderate-quality evidence. A systematic review of
literature, which included RCTs of continuing versus dis-
continuing DMARDs at the time of surgery, revealed that
the risk of infections was in fact decreased, with continuing
DMARDs having a relative risk (RR) of 0.39 (95% CI
0.17–0.91) (37,38). The evidence base is rated down from
high to moderate for reduction in infection risk after
orthopedic surgery when these drugs are continued,
because of risk of bias. There is indirect evidence describ-
ing a low infection risk with these specific DMARDs in
settings other than THA and TKA (39). This recommen-
dation was based on infection risk, although flares are also
less frequent after surgery in those who continue
DMARDs, and the RRs of flares when DMARDs are
continued versus stopped (RR 0.06 [95% CI 0.0–1.10])
were derived from low-quality evidence (37,40).

2. RA, SpA including AS and PsA, JIA, or SLE

Withhold all current biologic agents prior to surgery
in patients undergoing elective THA or TKA, and
plan the surgery at the end of the dosing cycle for that
specific medication (Table 2).

This recommendation was based on evidence that
was rated down in quality for indirectness, as no RCTs
were performed in patients undergoing THA or TKA. We
abstracted data from a systematic review of literature that
included systematic reviews and meta-analyses of biologic
agents versus placebo (and occasionally versus control
treatment including nonbiologic DMARDs) in nonsurgical

patients, which revealed that the risk of serious infections
was increased with biologic agents, with most odds/
hazards/risk ratios ;1.5 (range 0.61–8.87) and a higher
risk of serious adverse events with most odds/hazards/risk
ratios ;1.5 (range 0.33–2.54) (41–87). Our systematic
review did not provide ample evidence that would support
a differential risk of serious infection among available bio-
logic agents (41–87). Because avoiding infection was signif-
icantly more important to patients than flares in the
postoperative period, the Panel did not support separating
biologic agents regarding infection risk in the perioperative
period until further studies clarify and establish differences
in risk (41–87). The literature review also revealed that the
risk of postoperative infection complications after total
joint arthroplasty (TJA) was increased in patients with RA
nearly 2-fold, and deep infection complications increased
by 1.5-fold (2,56); in SLE, overall postoperative complica-
tions were increased 1.3-fold, and septicemia by 2-fold (8),
although medication use at the time of surgery was not
always reported. In addition, a systematic review, meta-
analysis, and network meta-analysis revealed that infection
risk for biologic agents is strongly associated with high-
dose therapy (higher dose than the standard) and may not
be associated with low-dose biologic agents (42), so serum
half-life may not correspond to the duration of the immu-
nosuppressant effect. The dosing cycle was therefore cho-
sen as more relevant in determining the withholding
interval (88–91) and timing the surgery at the end of the
dosing interval at the nadir of the drug effect.

With regard to patients with SLE, a systematic
review of literature that included systematic reviews and
meta-analyses of rituximab versus placebo (and occasionally
versus control treatment including nonbiologic DMARDs)
in nonsurgical patients with RA and SLE revealed the risk
of serious infections with rituximab with a range of RRs
from 0.66 to 0.73 (41,45), and a risk for all serious adverse
events with a range of RRs from 0.85 (95% CI 0.62–1.17)
to 0.89 (95% CI 0.7–1.14) (59,92). However, most data
were indirect and the Panel considered these medications
to be similar to tumor necrosis factor inhibitors used for the
treatment of RA, which usually have a risk of infection.
Moreover, rituximab is not approved by the US Food and
Drug Administration (FDA) for treatment of SLE, and
belimumab, although FDA-approved for use in SLE, has
not been studied in manifestations of severe SLE (e.g.,
lupus nephritis), so the Panel recommended withholding
these medications prior to surgery and planning the surgery
for the end of the dosing cycle, due to the risk of infection
and the paucity of data supporting perioperative benefit in
SLE (93–95).

Observational studies reveal that patients with se-
vere or active SLE have a higher risk of adverse events
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Table 2. Recommendations for perioperative management of antirheumatic drug therapy in patients with rheumatic diseases undergoing elec-
tive THA or TKA*

Recommendation/strength of recommendation (bold indicates conditional) Level of evidence

RA, SpA including AS and PsA, JIA, or SLE: Continue the current dose of methotrexate, leflunomide,
hydroxychloroquine, and/or sulfasalazine (nonbiologic DMARDs) for patients undergoing elective THA or TKA.
� RCTs of continuing vs. discontinuing DMARDs at the time of surgery revealed that the risk of infections was not

increased, but in fact decreased, when DMARDs were continued, with an RR of 0.39 (95% CI 0.17–0.91) (37,38).
Evidence indicates a low infection risk with these DMARDs in settings other than THA and TKA (37).
� Disease flares after surgery occur frequently, and continuing DMARDs decreases the risk (RR 0.06 [95% CI 0.0–1.10])

(37,40), yet flares were significantly less important than infection for the Patient Panel.

Low to moderate

RA, SpA including AS and PsA, JIA, or SLE: Withhold all current biologic agents (see Figure 1) prior to surgery in
patients undergoing elective THA or TKA, and plan the surgery at the end of the dosing cycle for that specific
medication.
� RCTs (nonsurgical) demonstrated an increase in infection risk associated with use of all biologic agents (41–87).
� Avoiding infection was significantly more important to patients than flares for patients with RA and JIA.
� Meta-analysis and network meta-analysis revealed that infection risk for biologic agents is strongly associated with

high-dose therapy and may not be associated with low-dose biologic agents (42).
� Serum half-life may not correspond to the duration of the immunosuppressant effect, so the dosing cycle was chosen as

more relevant in determining the withholding interval (88–91).
� Until further studies have clarified and established differences in risk between biologic agents, there was insufficient

evidence to support separating biologic agent management in the perioperative period (43–89).
� For SLE, there was a paucity of data supporting perioperative benefit in SLE (93–95).
� A systematic review of rituximab vs. placebo (and occasionally vs. control treatment including nonbiologic DMARDs)

in nonsurgical patients with RA and SLE revealed the risk of all serious adverse events with a range of RRs from 0.85
(95% CI 0.62–1.17) to 0.89 (95% CI 0.7–1.14) (59,92).
� Observational studies reveal that patients with SLE, particularly those with active or severe SLE, are at a higher risk

for adverse events after surgery.
� Belimumab is indicated for use in not-severe SLE, which is not thought to increase perioperative risk (95,96).
� As an example, using this guideline, patients treated with rituximab every 6 months would schedule their surgery, when

possible, at the week after the first withheld dose during month 7. Patients receiving belimumab, which is given every 4
weeks, would schedule their surgery during week 5.
� Patients treated with adalimumab, dosed at 2-week intervals, would plan their surgery in week 3, while patients treated

with infliximab, when dosed every 8 weeks, would schedule their surgery in the week after the first withheld dose
during week 9.

Low

RA, SpA including AS and PsA, or JIA: Withhold tofacitinib for at least 7 days prior to surgery in patients undergoing
THA or TKA.
� Indirect evidence from systematic reviews and meta-analyses of tofacitinib vs. placebo (and occasionally vs. control

treatment including nonbiologic DMARDs) in nonsurgical patients shows that the risk of serious infections was
increased with tofacitinib with an incidence rate of 2.91 (95% CI 2.27–3.74) (97) and higher risk of all infections with
an RR of 5.7 (95% CI 1.8–18.1) (48).
� Although this drug has an extremely short serum half-life, little is known about the duration of immunosuppression

after the drug is withheld. Therefore, the Panel recognized that the recommendation for the duration of withholding
may change in the future, as physician and patient experience with this drug grows (41,47,48,51,77,79,97,98).

Low

Severe SLE: Continue the current dose of mycophenolate mofetil, azathioprine, cyclosporine, or tacrolimus through the
surgical period in all patients undergoing THA or TKA (see Figure 1).
� The Panel recognized that there is a great deal of uncertainty and little published experience regarding risks associated

with perioperative medication management in patients with severe SLE.
� Indirect evidence with organ transplant patients supports continuing anti-rejection therapy without interruption at the

time of surgery (99,100).
� Decisions regarding elective surgery in patients with severe SLE should be made on an individual basis with the

patient’s rheumatologist.

Low

SLE (not severe): Withhold the current dose of mycophenolate mofetil, azathioprine, cyclosporine, or tacrolimus 1 week
prior to surgery in all patients undergoing THA or TKA.
� The time course to flares in not-severe SLE is not known.
� The morbidity of prosthetic joint infection may be more severe than a flare in SLE that is not severe.
� These medications can be withheld 1 week prior to surgery, permitting return of some immune function, and restarted

at 3–5 days after surgery in the absence of wound healing complications or infection at the surgical site or elsewhere.
� There are multiple mechanisms postulated for immunosuppression with these medications, including leukopenia, inter-

ference with T cell costimulatory signaling, and blocking the de novo pathway of purine synthesis, with different time
courses for onset and reversal (101,102).
� Suggest a conservative withhold of 7 days prior to surgery until additional research increases understanding of these

medications.

Low
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after surgery, but there is no approved role for these bio-
logic agents for patients with severe SLE, including peri-
operative risk mitigation. SLE manifestations of rash
and synovitis are the common clinical indications for
belimumab (95,96), and are not thought to increase
perioperative risk. There is no direct evidence, however,
linking perioperative infection risk to the use of these
biologic agents, and little is known about the association
of surgical risk with biologic agents for patients with
SLE. Since the duration of the immunologic effects of
these drugs does not correspond to the serum level, the
Panel based the recommendation on the dosing interval
(88–91). The Patient Panel did not include patients with
SLE, and they were reluctant to vote on SLE medication
management strategies because they were uncertain about
the value SLE patients would place on flares, which might
be organ-threatening, compared to infection risk.

As an example, using this guideline, patients
treated with adalimumab, routinely dosed at 2-week
intervals, would plan their surgery in week 3, while
patients treated with infliximab, when dosed every 8
weeks, would schedule their surgery in the week after
the first withheld dose during week 9. Patients treated
with rituximab every 6 months would schedule their sur-
gery, when possible, at the week after the first withheld
dose during month 7. Patients with SLE receiving
belimumab, which is given every 4 weeks, would sched-
ule their surgery during week 5.

3. RA, SpA including AS and PsA, or JIA

Withhold tofacitinib for at least 7 days prior to sur-
gery in patients with RA, SpA including AS and PsA,
or JIA undergoing THA or TKA (Table 2).

This recommendation was based on indirect evi-
dence from systematic reviews and meta-analyses of
tofacitinib versus placebo (and occasionally versus control
treatment including nonbiologic DMARDs) in nonsurgi-
cal patients showing that the risk of serious infections was
increased with tofacitinib, with an incidence rate of 2.91
(95% CI 2.27–3.74) (97) and higher risk of all infections,
with an RR of 5.7 (95% CI 1.8–18.1) (48). Although this
drug has an extremely short serum half-life, little is known
about the duration of immunosuppression after the drug
is withheld, although indirect translational data suggest
that host defense returns to normal at 7 days. Therefore,
the Panel recognized that the recommendation for the
duration of withholding may change in the future, as phy-
sician and patient experience with this drug grows
(41,47,48,51,77,79,97,98).

4. Severe SLE (as defined in Table 1)

Continue the current dose of methotrexate,
mycophenolate mofetil, azathioprine, cyclosporine, or
tacrolimus through the surgical period in all patients
undergoing THA or TKA (Table 2).

Table 2. (Cont’d)

Recommendation/strength of recommendation (bold indicates conditional) Level of evidence

RA, SpA including AS and PsA, JIA, or SLE: Restart biologic therapy in patients for whom biologic therapy was with-
held prior to undergoing THA and TKA once the wound shows evidence of healing (typically ~14 days), all sutures/
staples are out, there is no significant swelling, erythema, or drainage, and there is no clinical evidence of non–surgical
site infections, rather than shorter or longer periods of withholding.
� The decision to restart antirheumatic therapy should be based on careful assessment of the patient’s wound status and

clinical judgment for absence of surgical and non–surgical site infections. Normal wound closure typically requires ;14 days.

Low

RA, SpA including AS and PsA, or SLE: Continue the current daily dose of glucocorticoids in patients who are receiving
glucocorticoids for their rheumatic condition and undergoing THA or TKA, rather than administering perioperative
supra-physiologic glucocorticoid doses (so-called “stress dosing”).
� This recommendation specifically refers to adults with RA, AS, PsA or SLE who are receiving glucocorticoids for their

rheumatic condition, and does not refer to JIA patients receiving glucocorticoids who may have received glucocorti-
coids during childhood developmental stages, or to patients receiving glucocorticoids to treat primary adrenal insuffi-
ciency or primary hypothalamic disease.
� The literature review found information on hemodynamic instability in a systematic literature review on patients with

rheumatic diseases whose mean prednisone (or equivalent) dose was #16 mg/day.
� The CDC considers the cutoff for immunosuppression at 20 mg of prednisone/day for at least 2 weeks, and

observational studies demonstrate an increase in arthroplasty infection risk with long-term steroid use .15 mg/day.
� Optimization for THA and TKA should include carefully tapering the glucocorticoid dose prior to surgery

to ,20 mg/day, when possible (102,103).

Low

* THA 5 total hip arthroplasty; TKA 5 total knee arthroplasty; RA 5 rheumatoid arthritis; SpA 5 spondyloarthritis; AS 5 ankylosing spondylitis;
PsA 5 psoriatic arthritis; JIA 5 juvenile idiopathic arthritis; SLE 5 systemic lupus erythematosus; DMARDs 5 disease-modifying antirheumatic
drugs; RCTs 5 randomized controlled trials; RR 5 relative risk; 95% CI 5 95% confidence interval; CDC 5 Centers for Disease Control and
Prevention.
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There is a great deal of uncertainty and little
published experience regarding risks associated with peri-
operative medication management in patients with severe
SLE. There is, however, indirect evidence concerning
organ transplant patients who continue anti-rejection ther-
apy through the surgical period (99,100). The caveat to
this analogy is that the time course of organ rejection after
withholding immunosuppressant medication may be dif-
ferent from the time to SLE flare after withholding medi-
cations. These considerations led to the recommendation
to continue the current dose of methotrexate, myco-
phenolate mofetil, azathioprine, cyclosporine, or tacroli-
mus through the surgical period in all patients with severe
SLE. Nevertheless, the Panel felt that decisions regarding
elective surgery in patients with severe SLE should be
made on an individual basis with the patient’s rheumatolo-
gist.

5. Not-severe SLE (as defined in Table 1)

Withhold the current dose of mycophenolate mofetil,
azathioprine, cyclosporine, or tacrolimus 1 week prior
to surgery in all patients undergoing THA or TKA
(Table 2).

For patients with not-severe SLE, the time
course to flares after withholding medications is not
known, while there is a known infection risk associated
with these medications. The Panel felt that careful
monitoring of the patient after surgery would permit
restarting the medications prior to clinical flares in
patients with not-severe SLE, for whom the morbidity
of infection might outweigh the risk of a flare. These
medications can be withheld 1 week prior to surgery,
permitting some return of normal immune function,
and restarted at 3–5 days after surgery in the absence
of wound healing complications or infection at the sur-
gical site or elsewhere. There are multiple mechanisms
postulated for immunosuppression with these medi-
cations, including leukopenia, interference with T cell
costimulatory signaling, and blocking the de novo path-
way of purine synthesis, with different time courses for
onset and reversal (101,102).

6. RA, SpA including AS and PsA, JIA, or SLE

Restart biologic therapy in patients for whom biologic
therapy was withheld prior to undergoing THA or
TKA once the wound shows evidence of healing (typi-
cally ~14 days), all sutures/staples are out, there is no
significant swelling, erythema, or drainage, and there
is no clinical evidence of non–surgical site infections
(Table 2).

The decision to restart antirheumatic therapy can
be based on evaluation of the patient’s wound status and
clinical judgment for absence of surgical and non–surgical
site infections; wound closure is typically reached by 14
days. Therefore, biologic therapy can be restarted once the
wound shows evidence of healing (typically ;14 days), all
sutures/staples are out, there is no significant swelling, ery-
thema, or drainage, and there is no clinical evidence of
non–surgical site infections. There is no direct evidence
regarding the optimal time to restart medication after sur-
gery, but standard precautions for biologic agents warn
against use in patients with an active infection or in high-
risk settings, such as with an open wound.

7. RA, SpA including AS and PsA, or SLE

Continue the current daily dose of glucocorticoids in
adult patients with RA, SpA including AS and PsA, or
SLE who are receiving glucocorticoids for their rheu-
matic condition and undergoing THA or TKA, rather
than administering perioperative supra-physiologic
glucocorticoid doses (so-called “stress dosing”)
(Table 2).

Hemodynamic instability/hypotension and infec-
tion risk were 2 specific areas of concern with regard to
perioperative glucocorticoid dosing. Regarding hemody-
namic instability, the recommendation to continue the cur-
rent daily dose of glucocorticoids in adult patients who are
receiving glucocorticoids, rather than administering peri-
operative supra-physiologic glucocorticoid doses (“stress
dosing”), specifically refers to adults with RA, AS, PsA, or
SLE who are receiving glucocorticoids (#16 mg/day pred-
nisone or equivalent) for their rheumatic condition; it does
not refer to JIA patients receiving glucocorticoids who
may have been treated with glucocorticoids during child-
hood developmental stages, or to patients receiving gluco-
corticoids to treat primary adrenal insufficiency or primary
hypothalamic disease. Low-quality RCT evidence (rated
down for indirectness due to varying glucocorticoid doses,
heterogeneity of surgical procedures, and imprecision due
to small numbers) and evidence from observational trials
summarized in a systematic review suggested that there
was no significant hemodynamic difference between those
patients given their current daily glucocorticoid dose com-
pared to those receiving “stress-dose steroids” (103).

Regarding the infection risk, the Panel noted that
the cutoff for immunosuppression according to the Cen-
ters for Disease Control and Prevention was 20 mg/day of
prednisone for at least 2 weeks, in the context of risk asso-
ciated with the administration of live vaccines. In addition,
observational studies demonstrate an increase in infection
risk following TJA for long-term users of glucocorticoids
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at doses of .15 mg/day. A patient in optimal condition for
elective THA or TKA would be receiving a dose of predni-
sone or equivalent that was ,20 mg/day, when possible,
and receive their usual daily dose rather than the “stress
dose” in light of the effect on infection risk (102,103).

DISCUSSION

The 2017 ACR/AAHKS guideline for the perioper-
ative management of antirheumatic drug therapy for adults
undergoing elective THA and TKA was designed for use
by clinicians and patients during the perioperative period.
Included recommendations address the use of treatment
with antirheumatic drugs (including DMARDs, tofacitinib,
biologic agents, and glucocorticoids) for the adult patient
with RA, SpA including AS and PsA, JIA, or SLE, recog-
nizing that antirheumatic medication is frequently used at
the time of THA or TKA, and that rates of infection and
adverse events, including readmission, are increased in this
population. The optimal management of antirheumatic
medications to treat these diseases may mitigate risks. We
have used GRADE methodology to synthesize the best
available evidence and have been transparent regarding
both the strength of the recommendation and the limited
quality of the evidence for each recommendation.

This project brought together major stakeholders
(orthopedic arthroplasty surgeons, rheumatologists, meth-
odologists, and patients) to create a patient-centric, expert-
led group to determine optimal management of these
high-risk patients through a group consensus process. To
date, there has been little to no consensus among orthope-
dic surgeons or rheumatologists on the optimal way
to manage antirheumatic medications during the TJA
perioperative period, which often leads to uncertainty
in decision-making for physicians and patients alike.

A major limitation of this guideline is the paucity of
high-quality, direct evidence regarding medications and
perioperative risk of infection and flare. The indirect
nature of the evidence was the primary reason the quality
of evidence was considered low, which led to a conditional
designation for all the recommendations. Nonetheless,
because patients with rheumatic diseases frequently
undergo THA and TKA while receiving DMARDs and
biologic agents, we sought to fulfill the need for guidance
based on the best available evidence and agreement among
stakeholders. The Patient Panel thought infection risk was
much more important than flare risk, and this drove the
direction of the recommendations (uniformly in favor of
withholding any medications in which evidence from non-
operative populations suggested an increase in infection).

Topics such as cardiac risk, deep venous thrombo-
sis risk, risk of 90-day readmissions, and management and

care of the cervical spine are related to the perioperative
care of patients with rheumatic disease who are undergo-
ing THA or TKA. The guideline was limited, however, to
risks attributable to perioperative management of anti-
rheumatic drug therapy.

Antirheumatic medications and disease states were
initially evaluated individually. Due to a lack of evidence,
however, for each individual medication and disease state,
the medications were combined by category and diseases,
with the exception of SLE.

With regard to patients with SLE, the Panel recog-
nized that recommendations for perioperative medication
management in a complex disease such as SLE would be
challenging, as SLE is frequently complicated by multiple
organ involvement, as well as complex or unusual medica-
tion regimens. Moreover, SLE flares may be organ-
threatening, and SLE patients may be more averse to risk
of flare than to infection; therefore, the lack of SLE
patients on the Patient Panel was a limitation. Nonethe-
less, the orthopedic and rheumatology stakeholders felt
strongly that perioperative medication management guid-
ance was needed for SLE patients.

The recommendation to restart biologic agents was
based on the patient’s wound healing (generally requiring
a minimum of 14 days) and clinical judgment for the
absence of both surgical site and non–surgical site infec-
tion. While there are differences in practice patterns and
many patients do not return to their surgeon within 2
weeks of discharge, screening mechanisms to assess the
wound, including utilizing visiting nurse services, and tak-
ing photographs of the wound for review by e-mail,
smartphone, or other mobile health technologies, would
help to identify those who should be evaluated in person
prior to restarting biologic agents.

The Voting Panel thought it worthwhile to sug-
gest a research roadmap for future studies that could be
conducted as part of a collaboration between the 2
organizations. The team discussed the following topics and
recommended that they be targeted for future research: 1)
Perioperative glucocorticoid management. While the RCT
data support continuing the current glucocorticoid dose
rather than “stress dosing,” limited numbers of patients
and heterogeneity of dose, diagnosis, and surgical proce-
dure leave us with only low-quality evidence; 2) Periopera-
tive management of biologic agents. The Voting Panel
suggested investigating existing biologic agents through
registries and administrative databases, as well as planning
multicenter RCTs to define the optimal medication man-
agement strategy; and 3) Perioperative management of
DMARDs. Currently, data from RCTs for patients under-
going surgery reflect older, lower-dose regimens for meth-
otrexate, and studies of leflunomide include small
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numbers of patients. Multicenter RCTs should be per-
formed to determine the optimal perioperative manage-
ment regimens and include assessment of comorbidities
and glucocorticoid use in the study design.

The recommendations that form this guideline are
not treatment mandates, but can be used to provide guid-
ance and promote discussion regarding medication man-
agement prior to surgery. The authors recognize that not
all potential perioperative clinical scenarios are covered by
this guideline, but the most common clinical scenarios are
addressed. This guideline does not replace perioperative
clinical assessment and optimization, and does not pre-
clude a discussion of the risks and benefits of surgery as
patients and their physicians prepare for THA and TKA.

In summary, this guideline provides clinicians and
patients with a working document regarding how to man-
age antirheumatic drugs in the time leading up to elective
THA and TKA. The recommendations provide important
guidance that was informed by the available literature, clin-
ical expertise and experience, and patient values and pref-
erences. The acknowledgment of low-quality evidence in
this area should lay the foundation for future research.
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May You Live in Interesting Times

Challenges and Opportunities in Lupus Research

I~naki Sanz

It was the best of times, it was the worst of times, it was the
age of wisdom, it was the age of foolishness, it was the epoch
of belief, it was the epoch of incredulity, it was the season of
Light, it was the season of Darkness, it was the spring of
hope, it was the winter of despair, we had everything before
us, we had nothing before us.

Charles Dickens
A Tale of Two Cities

In reflecting on the state of affairs in lupus
research, one could be forgiven for recalling Dickens’
introduction to one of his best-known novels. After all,
research into the pathogenesis and treatment of lupus can
resemble a roller coaster, with an ever-growing number of
promising leads turning into apparent dead ends and dis-
appointment, as recently illustrated yet again by the failure
of phase III trials of drugs with strong scientific rationale
and promising phase II results (epratuzumab) (1) or lack
of efficacy signals in early studies of well-documented
pathways (anti–interferon-g [anti-IFNg]) (2). The failure
of epratuzumab to meet the primary end point in the Effi-
cacy and Safety for Epratuzumab in Patients with Moder-
ate/Severe Active Systemic Lupus Erythematosus
(EMBLEM) study was particularly bitter given that this
anti-CD22 antibody targets activated mature B cells, long
thought to play a pathogenic role in systemic lupus erythe-
matosus (SLE), thereby extending previous negative
results with anti-CD20 antibodies.

Despite the approval and rather extensive clinical
use of belimumab, additional questions about the efficacy
and best utilization of anti–B cell agents are also raised by
the negative or inconsistent results that have been obtained
with other antagonists of tumor necrosis factor superfamily
receptors that regulate B cell tolerance, activation, and sur-
vival, including atacicept (previously known as TACI-Ig; a
fusion protein that blocks B lymphocyte stimulator [BLyS]
and APRIL) and tabalumab (a human IgG4 monoclonal
antibody that binds soluble and membrane-bound BLyS)
(2). All the while, there continues to be a great need for
better treatments, as indicated by evidence that even in the
2000s the risk of end-stage renal disease may be .40%
over 15 years in patients with class IV lupus nephritis (3),
and by the rarity of sustained disease remission, with dis-
ease remaining in remission for 3 years in only 15% of
patients and for .10 years in ,4% of patients (4–7).

The difficulty with clinical trials in SLE

Two main problems are likely to account for the
lack of expected efficacy of B cell therapies and other
agents in SLE. First, conventional clinical trials have signifi-
cant drawbacks, including short duration, efficacy of back-
ground therapy, outcome measurements, and the
magnitude of the placebo effect, among others. These
topics have been extensively discussed elsewhere (8–10)
and will not be further considered here. Second, SLE is a
highly heterogeneous disease in which separate clinical
manifestations and, accordingly, therapeutic responses
may be mediated by distinct mechanisms. Hence, this per-
spective is focused on the difficulties and opportunities
afforded by our growing understanding of the complexity
of the disease process itself, since it is imperative that we
dissect disease heterogeneity in ways that are relevant to
treatment decisions (9). As summarized in this opinion
piece, an integrated analysis of recent progress offers ample
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reason to be optimistic while also providing a roadmap for
future efforts. Arguably, everything should be before us.

Advances in SLE research

An optimistic view of lupus research is supported by a
continuously growing understanding of disease pathogenesis,
recently illustrated by studies of newly identified pathogenic
and regulatory cells and mechanistic pathways (summarized
in Table 1). Moreover, the field also benefits from an unprec-
edented ability to interrogate these players individually and at
the system level through technologies that have the power to
identify complex patterns and reveal unheralded emergent
features (11,12) (Figure 1). Thus, immune repertoires can be
dissected in large scale through cellular next-generation
sequencing, ultra high-throughput single-cell monoclonal
antibody generation, and serum autoantibody proteomics
(13,14). In turn, an array of “-omics” technologies, including
transciptomics, genomics, proteomics, and metabolomics, to
name a few, permit unsupervised cellular and molecular anal-
ysis of disease components. Together, the combination of
improving technology and bioinformatics offers unprece-
dented opportunities to integrate molecular programs and
immune function while at the same time discovering cellular
heterogeneity through single-cell interrogation (15).

New therapeutic targets in SLE

Growing experimental prowess is complemented
by the ability to generate drugs tailored to specific cells or
molecules, and in silico analysis of public data can be
applied to repurpose drugs that are currently available for
other diseases, for the treatment of SLE (16). As a result,
areas of major therapeutic promise aimed at different cel-
lular and molecular targets continue to develop (summa-
rized in Table 2), including direct cytokine inhibition, a
strategy exemplified by the use of belimumab, the first bio-
logic agent ever developed and approved for SLE (17).

Targeting interferons in SLE

Currently, cytokine inhibition is best illustrated by
IFN blockade, an approach supported by genetic and tran-
scriptional studies, and a growing understanding of innate
sensing pathways and downstream effectors (18). The
rationale for IFN blockade has also been enhanced by the
recognition of several Mendelian type I interferonopathies
with lupus-like manifestations (19). While initial studies of
narrow anti-IFNa antibodies (rontalizumab) were dis-
appointing, sifalimumab, an antibody capable of neutraliz-
ing most IFNa subtypes, achieved its primary efficacy end
point (SLE Responder Index [SRI] of 4 at 365 days) (20)
despite a high placebo effect (45.4%) and the fact that

these agents fail to inhibit IFNb, another type I IFN of
growing significance and pathogenic potential (21,22).

Consistent with this concept, promising results have
been reported for anti-IFN receptor antibodies that should
inhibit signaling by all type I IFNs. Thus, in a phase II study
of 351 SLE patients with moderate-to-severe disease activ-
ity and inadequate response to standard of care (A Phase
II, Randomized Study to Evaluate the Efficacy and Safety
of MEDI-546 in Subjects with SLE [MUSE]), treatment
with anifrolumab, a human IgG1k monoclonal antibody
directed against type I IFN receptor subunit 1, met the pri-
mary efficacy end point (an SRI of 4 on day 169) at the
lower dose of 300 mg, in the context of a lower
placebo response (17.6%, versus 34.3% with anifrolumab).
Anifrolumab also met its secondary SRI end point on day
365. Updated results from that study presented at the 2016
Annual Congress of the European League Against Rheu-
matism also indicate that global type I IFN blockade can
ameliorate disease in multiple organ domains (2), includ-
ing skin and musculoskeletal manifestations, with sugges-
tive trends in cardiorespiratory, vascular, hematologic, and
constitutional domains also observed. Anifrolumab also
improved immunologic biomarkers and reduced the need
for glucocorticoids (2). Nevertheless, while highly promis-
ing, these studies again portend an inevitable variability in
response. Not surprisingly, this variability may be deter-
mined in part by baseline IFN activity, since anifrolumab
suppressed the IFN gene signature more strongly than
sifalimumab (23), and patients with a high IFN gene signa-
ture fared better in the MUSE study.

Owing to the significance of the IFN pathway, mul-
tiple other strategies to inhibit either the production or the

Table 1. New insights into disease mechanisms of relevance to
SLE research*

Phenotype and function of pathogenic and regulatory cells
B cells and plasma cells (13,53–58)
T cells (59–62)
Myeloid cells (28,57,63–67)

Understanding disease progression
Early events leading to disease development (22,68)
Mechanisms of end-organ damage and repair (28)
In situ adaptive and innate immune reactions in the kidney

(69,70)
Antigenic triggers

DNaseL1-sensitive apoptotic particles (67)
Endogenous DNA (71)
Oxidized mitochondrial DNA (65,66)
Ro60 and endogenous retroviruses (72)
Apoptotic cells as inducers of autoreactive Th17 cells (73)

Inflammatory loops
Innate and adaptive pathways (74)
Nucleic acids and new inducers of the IFN pathway

(65,66,72,75,76)
Inflammasome (77)

* SLE 5 systemic lupus erythematosus; IFN 5 interferon.
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activity of this cytokine family are currently under develop-
ment. As illustrated in Table 2, potential approaches
include targeting of plasmacytoid dendritic cells, inhibition
of Toll-like receptors and other nucleic acid sensors, and
JAK/STAT inhibition of IFN signaling (24).

Understanding disease heterogeneity

As the scientific community and the pharmaceuti-
cal industry continue to make strides in multiple therapeu-
tic areas, it seems inescapable that the central challenge
faced by lupus researchers is how to assemble all of the
pieces into a coherent quilt in order to enhance the benefit
of current therapies and inform new strategies (9). In par-
ticular, it is imperative that we dissect disease heterogene-
ity in ways that are relevant to treatment decisions (9).

While the clinical heterogeneity of SLE has long
been recognized, the underpinnings and, by extension, the
biomarkers of variable clinical manifestations and treat-
ment responses, remain poorly understood. Lupus hetero-
geneity is surely determined by the assortment of genetic
susceptibility variants in individual patients and by poorly
known epigenetic modifications (25,26), the endogenous
microbiome (27), and environmental elements, including
biologic and chemical factors and social stressors. To fur-
ther complicate the picture, heterogeneity is also likely to
be enhanced by disease stage (early versus late and acute
versus chronic) and to contribute to diverse outcomes not
only through the induction of distinct pathogenic path-
ways, but also through differential engagement of repair
and compensatory mechanisms, a factor that may be criti-
cal in lupus nephritis (28).

Figure 1. Schematic illustration of the process of translating systemic lupus erythematosus (SLE) disease heterogeneity into targeted therapies.
Serum, cell, and tissue samples are analyzed using “-omics” technologies to identify complex patterns and immune responses. Mechanistic sub-
sets are defined, treatment targets are identified, and clinical trials based on biologic segmentation are designed. In-depth analysis of responders
and nonresponders generates mechanistic information for the design of new studies and/or adaptive clinical trials.
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Appropriately then, increasing efforts are being
applied to deciphering lupus heterogeneity on all of these
fronts, starting with genetic studies that now encompass
multiple ethnic groups and have, through the use of
whole-genome sequencing, a much greater ability to reveal
individual genetic variants with either pathogenic or pro-
tective effects (29,30). It stands to reason that we need to
integrate complementary approaches in order to fully
understand the confluence of genetic variants, epigenetic
regulation, and the endogenous and exogenous environ-
ments. Accomplishing these goals is certainly within our
reach through a combination of high-throughput “-omics”
technologies, including genomics, transcriptomics, proteo-
mics, and metabolomics, as well as state-of-the-art cytome-
try, all tools with proven ability to decipher and even
predict immune responses (12,31) (Figure 1).

Undoubtedly, these efforts are starting to paint a
much more nuanced picture of individual genetic variabil-
ity and of its functional consequences in ways that should

be incorporated in the near future into study design and
therapeutic decision making. To date, global transcriptome
analysis has contributed the most to our ability to segment
lupus and identify severe disease, although some studies
have not shown a correlation between the global IFN sig-
nature and disease activity (32,33).

More recently, sophisticated modular analyses of
whole blood transcriptomics data have unveiled an unprec-
edented level of disease heterogeneity in a longitudinal
cohort of pediatric patients (34). Multiple molecular
modules identified a global lupus profile defined by IFN,
neutrophil, inflammation, cell cycle, erythropoiesis, and
histone modules. In at least a subset of samples, a plasma-
blast signature provided the best association with disease
activity measured by the SLE Disease Activity Index
(SLEDAI) (35). In contrast, a neutrophil signature was
enriched in patients with nephritis, and distinctive modular
differences could be detected between untreated prolifera-
tive and membranous nephritis and between the two types
of nephritis after treatment with mycophenolate mofetil.
Finally, weighted gene coexpression network analysis of
longitudinally samples established correlations between
transcription modules and disease activity and different
clinical manifestations in individual patients. This strategy
stratified SLE patients into 7 groups on the basis of distinct
combinations of 5 immune signatures correlating with the
SLEDAI, including erythropoiesis, IFN response, myeloid
lineage/neutrophils, plasmablasts, and lymphoid lineage.
Moreover, analysis of hundreds of weighted gene
coexpression network analysis modules identified individ-
ual correlates with singular clinical and laboratory manifes-
tations, thereby raising the tantalizing possibility of
personalized immune monitoring and, by extension, preci-
sion therapy. Global transcription analysis also provides a
promising way to understand the heterogeneity of inflam-
matory pathways in lupus nephritis (36).

Disease heterogeneity and clinical response to B cell
therapies

As noted in the introduction, despite the postulated
central role of B cells and autoantibodies in SLE, demon-
strating the efficacy of interventions that target this com-
partment continues to create significant challenges. As for
other modalities, the contribution of disease heterogeneity
remains largely unexplored. Indeed, despite the known
diversity of autoantibodies in SLE and, in some cases, their
differential expression in different ethnic groups, very few
studies have incorporated this variable in their design. Sim-
ilarly, while multiple abnormalities of individual B cell and
plasma cell subsets are characteristic of SLE, an integrated
characterization of pathogenic and regulatory B cell

Table 2. New and emergent therapies for SLE*

B cell and plasma cell targeting
New B cell depletors (2,78)
B cell receptor signaling inhibitors (79–81)
Histone deacetylase inhibitors (82)
Plasma cell depletors (83)

T cells
T helper cell modulation (laquinimod) (2)
Calcineurin inhibitors (2)
Inducing CD8 T cell exhaustion through IL-7R or enforcement of

inhibitory checkpoints (43,44)
Modulation of costimulatory pathways

CD40L (CD154) blockade (2)
ICOSL blockade (2)

Enforcement of tolerance checkpoints
PD-1 and other inhibitory pathways (44)

Inhibition of the NLPR3 inflammasome (77)
Blockade of TLRs and other RNA and DNA sensors (24)
Cellular therapies

Regulatory T cells and B cells and mesenchymal stem cells
(84–86)

In vivo induction of regulatory T cells by low-dose IL-2 (87)
Antigen-specific cytotoxic chimeric antigen receptor T cells (88)
Antigen-specific regulatory chimeric antigen receptor T cells (89)

Cytokine inhibition
BAFF (2)
IFN blockade

Anti-IFN and anti-IFNR antibodies (2)
JAK kinase inhibition of signaling (tofacitinib, baricitinib) (2,24)
PDC depletion (PCDA2 and CD123 antibodies, Bcl2 inhibition) (24)

Multiple cytokine inhibition
JAK kinase inhibition of signaling (baricitinib: type I and II

IFN, IL-6,
IL-23, GM-CSF, and IL-12) (24)

IL-21, IL-6, IL-12/23, and others (90)

* SLE5 systemic lupus erythematosus; IL-7R 5 interleukin-7 receptor;
ICOSL 5 inducible costimulator ligand; PD-15 programmed death 1;
TLRs 5 Toll-like receptors; IFN 5 interferon; anti-IFNR 5 anti–type I
IFN receptor; PDC 5 plasmacytoid dendritic cell; GM-CSF 5 granulocyte–
macrophage colony-stimulating factor.
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populations leading to B cell profiling capable of disease
segmentation remains to be performed (37). As indicated
by the finding that a plasmablast signature may correlate
with disease activity in only a fraction of patients (34), B
cell profiling may provide a rational basis for the design
and analysis of B cell targeting interventions.

Experimental challenges and opportunities

It is important to note that different mechanisms
may be identified through transcriptomics analysis of puri-
fied cell fractions, a strategy that can be used to pinpoint
patterns that may be obscured by the relative abundance
of different populations in whole blood (38–41). In particu-
lar, analysis of fractionated samples has identified tran-
scription signatures of activated CD8 memory T cells as
the strongest predictor of disease prognosis without corre-
lation with ongoing disease activity, in both SLE and anti-
neutrophil cytoplasmic antibody–associated vasculitis (39).
Moreover, poor prognosis was ascribed to the engagement
of the interleukin-7 receptor (IL-7R) pathway. These data
are consistent with previous demonstrations of the promi-
nence of activated CD8 T cells in active SLE and the corre-
lation between intrarenal CD8 T cells and poor outcome
in proliferative lupus nephritis (42).

Follow-up studies have formulated an important
mechanistic paradigm invoking the inability of chronically
stimulated autoimmune CD8 memory T cells to establish
programs of cellular exhaustion similar to those induced
by chronic viral infection (38). Hence, the combined evi-
dence points to IL-7R–high CD8 T cells as an attractive
therapeutic target for either elimination or modulation.
The latter goal could be accomplished in several ways,
including IL-7R receptor blockade, as initially investigated
in multiple sclerosis and currently in type 1 diabetes melli-
tus (43), or by enforcement of negative regulatory
checkpoints (44), both interventions that might induce
conversion from activation to exhaustion. It is also interest-
ing to consider that, at least in some models, the absence
of B cells promotes the death of activated CD8 T cells (45)
and that, in keeping with that role, B cell depletion–
induced changes in CD8 T cells have been postulated as a
mechanism of action for rituximab in several autoimmune
diseases, including SLE (46).

Translating heterogeneity into better and more
specific treatments

It is therefore clear that agnostic studies can reveal
significant biologic variability in SLE patients, narrowly
identify new therapeutic targets, and guide their applica-
tion to a suitable disease segment. At the same time, the

striking level of heterogeneity being unearthed should
make us ponder how to incorporate increasing levels of
segmentation into the design of clinical trials and, ulti-
mately, into actionable treatment decisions. Are we going
to heaven or rather, in the opposite direction?

Ultimately, an integrated effort between scientists
and clinicians will be required to design clinical trials based
on biologic segmentation (Figure 1). The most productive
scenario would require incisive, relatively small, mechanis-
tically informed phase II trials to assess the benefit of tar-
geting specific pathways in well-defined disease subsets. I
believe, however, that before this can be done with confi-
dence a number of challenges will have to be overcome.
First, validation of extant information and a more defini-
tive association of biologic pathways with disease subtypes
and different outcomes will have to be established through
in-depth study of well-characterized patient cohorts and
the use of clinical measurements and outcomes beyond
the imprecise information provided by the SLEDAI and
similar instruments. In the end, however, while these
approaches will clearly unravel disease heterogeneity in
SLE, they are also unlikely to adjudicate causality, a goal
that may require extensive functional studies and in-depth
characterization of clinical responses to specific agents.
In particular, it can be argued that incisive mechanistic
substudies should be conducted both in poor responders
and in elite responders, even when the latter may represent
a relatively minor fraction of patients in clinical trials with
overall negative results. Unfortunately, this continues to be
an elusive area of research since many clinical studies lack
in-depth mechanistic analyses.

Nevertheless, some important principles can be
gleaned from extant studies. Thus, it seems apparent that
even within discrete patient groups multiple pathways are
engaged in active disease. If so, it follows that in order for
monotherapy to successfully induce disease remission we
would need to identify shared upstream triggers of these
pathways.

Otherwise, we would be bound to use pleiotropic
agents, including glucocorticoids or agents capable of
inhibiting multiple cytokines, as indicated in Table 2, to
induce remission and/or to minimize damage. Subse-
quently, remission could be maintained with more specific,
targeted agents. Alternatively, it is possible that combina-
tion therapy with multiple agents may be required at least
for remission induction and clinically for rapidly progres-
sive disease. A corollary is that precision strategies with
single-agent, pathway-specific approaches might be better
suited for maintenance therapy and individualized preven-
tive interventions aimed at avoiding flares or averting dis-
ease development in high-risk populations. Accordingly,
these considerations should be part of clinical trial design
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and interpretation. Specifically, the level of information
generated by the technologies described above provides a
unique opportunity for innovative adaptive design trials
informed by precise mechanistic measurements of suscep-
tibility and response to different agents (47).

In closing, we must believe that this is the best of
times for lupus research. The field continues to generate
insightful technological and scientific advances and to gen-
erate new data that are publicly available for analysis. We
also benefit greatly from strong clinical and research con-
sortia, patient advocacy and support, patient cohorts
encompassing most ethnic groups in the US (http://www.
cdc.gov/lupus/index.htm) and around the world (48–51),
and unprecedented capability for targeted drug design.
Epidemiology, outcomes, and disparity research continue
to make great strides (52) and philanthropy keeps on grow-
ing (http://lupusresearchinstitute.org/lupus-news/2016/07/
14/three-leaders-lupus-merge-form-lupus-research-alliance).
Unquestionably, however, challenges remain to ensure
continuation and expansion of progress. Concerted
efforts, such as the recent Accelerating Medicine Partner-
ship (https://www.nih.gov/research-training/accelerating-
medicines-partnership-amp), should pursue enhanced
and streamlined collaborations between academia, gov-
ernment, and industry. Also important will be improved
patient participation in clinical trials. Last, but in no way
least, it will be critical to ensure that current funding
trends and overall research support by medical schools
and academic health care systems do not compromise our
ability to attract, train, and retain the best young minds
for lupus research.
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Objective. To examine trends in rheumatoid arthri-
tis (RA) as an underlying cause of death (UCD) in 31 coun-
tries across the world from 1987 to 2011.

Methods. Data on mortality and population were
collected from the World Health Organization mortality
database and from the United Nations Population
Prospects database. Age-standardized mortality rates
(ASMRs) were calculated by means of direct standardiza-
tion. We applied joinpoint regression analysis to identify
trends. Between-country disparities were examined using
between-country variance and the Gini coefficient. Due to
low numbers of deaths, we smoothed the ASMRs using a
3-year moving average. Changes in the number of RA
deaths between 1987 and 2011 were decomposed using 2
counterfactual scenarios.

Results. The absolute number of deaths with RA
registered as the UCD decreased from 9,281 (0.12% of all-
cause deaths) in 1987 to 8,428 (0.09% of all-cause deaths)
in 2011. The mean ASMR decreased from 7.1 million
person-years in 1987–1989 to 3.7 million person-years in
2009–2011 (48.2% reduction). A reduction of ‡25% in the
ASMR occurred in 21 countries, while a corresponding
increase was observed in 3 countries. There was a persis-
tent reduction in RA mortality, and on average, the ASMR
declined by 3.0% per year. The absolute and relative
between-country disparities decreased during the study
period.

Conclusion. The rates of mortality attributable to
RA have declined globally. However, we observed substan-
tial between-country disparities in RA mortality, although
these disparities decreased over time. Population aging
combined with a decline in RA mortality may lead to an
increase in the economic burden of disease that should be
taken into consideration in policy-making.

Rheumatoid arthritis (RA) affects ;0.5–1.0% of
the adult population in most developed countries (1). The
global prevalence of RA is reported to be somewhat lower
(;0.24%), with a 3 times higher prevalence in women
compared with men (2). RA is associated with reduced
mobility, disability, poor quality of life, and death. Glob-
ally, RA accounted for 0.49% of years lived with disability
and 0.19% of disability-adjusted life-years in 2010 (2).
Approximately one-fourth of RA patients are reported to
have work disability within 3 years of diagnosis, and ;35%
of patients are reported to have work disability within 10
years (3).

It is well recognized that the risk of death is higher
in patients with RA compared with that in the general pop-
ulation, with the lifespan of RA patients being shortened
by 4–10 years (4). A recent meta-analysis showed that the
standardized mortality ratio was 1.5 in patients with RA,
and that this ratio remained stable over time (5). Several
studies have investigated RA as the underlying cause of
death (UCD), and the observed proportion of RA deaths
from all causes ranged from 0.03% in Sao Paolo, Brazil (6)
to 0.17% in Sweden (7).

Although previous studies demonstrated a stable
or declining trend over time in RA mortality, these studies
were conducted in a single state or a single country. One
meta-analysis combined data from different single-era
studies and suggested that the trend decreased (5). How-
ever, there has been no comprehensive assessment of mor-
tality trends in RA over time, using repeated data from the
same countries. The aim of the current study was to
address the knowledge gap regarding potential cross-
country differences in RA mortality as the UCD and to
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Skåne University Hospital, Clinical Epidemiology Unit, Klinikgatan
22, SE-221 85 Lund, Sweden. E-mail: aliasghar.ahmad_kiadaliri@
med.lu.se.

Submitted for publication October 17, 2016; accepted in
revised form March 2, 2017.

1560



determine whether RA mortality has been changing in dif-
ferent countries.

MATERIALS AND METHODS

Data sources. Data on the UCD were obtained from
the World Health Organization (WHO) mortality database
(http://www.who.int/healthinfo/mortality_data/en/). This database
contains country-level data on deaths according to sex, age, and
UCD submitted annually by WHO member states from their civil
registration systems and includes only medically certified deaths.
Data completeness and quality are assessed annually according
to the Health Facility Data Quality Report Card. International
Classification of Diseases (ICD) codes were used to extract data
on deaths, with RA registered as the UCD (ICD, Ninth Revision
[ICD-9] codes 714, and ICD, Tenth Revision [ICD-10] codes
M05 and M06). Based on data available from the database and
excluding the countries with no RA deaths for most years of the
study period, a total of 31 countries from Europe, North Amer-
ica, and Australasia were included (England and Wales, North-
ern Ireland, and Scotland were included separately). All
countries except Singapore and Greece applied both the ICD-9
and the ICD-10 during the study period (see Supplementary
Table 1 and Supplementary Figure 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40091/abstract).

Data for the years 2004–2005 in Italy and 1997–1998 in
Poland were missing and were replaced by the mean of 10
imputed values using Poisson regression adjusted for year, sex,
age group, and ICD revision with population as exposure. Popu-
lation data according to sex and age were obtained from the
United Nations World Population Prospects database (http://esa.
un.org/unpd/wpp/).

Trend analysis. We computed age-standardized mor-
tality rates (ASMRs) per million population for each country-

year by means of direct standardization, using the WHO Refer-
ence Population (8). Due to low numbers of RA-associated
deaths, we smoothed these ASMRs by 3-year moving averages
and used the midpoint of each 3-year period as the time point in
our analysis (i.e., year 1988 for 1987–89, year 1989 for 1988–90,
and so on). We computed the overall percent change as the dif-
ference between 1988 and 2010 rates divided by the rate for 1988.

We used Joinpoint Regression Program version 4.2.0.2
from the Surveillance Research Program of the US National
Cancer Institute (http://surveillance.cancer.gov/joinpoint) for
temporal trend analysis. Joinpoint regression analysis identifies
points with a significant change in trend (“joinpoints”) and
determines linear trends between joinpoints (9). For each
joinpoint, an annual percent change (APC) is estimated by fitting
a regression line to the natural logarithm of the ASMRs, using
calendar year as a predictor. The average APC as the weighted
average of APCs was computed to provide a summary measure
of the trend for the whole time period.

Analysis of between-country disparity. The absolute
between-country disparity was measured using between-country
variance, which is equal to the sum of the squared differences in
each country ASMR from the pooled ASMR of all countries and
weighted by each country’s proportion of the total population of
all countries (10). The relative between-country disparity was
measured by Gini coefficient based on use of the Lorenz curve to
plot the cumulative share of population ranked by RA mortality
rate, in increasing order, against the cumulative share of RA mor-
tality (10). The Gini coefficient is equal to twice the area between
the Lorenz curve and the diagonal line. Its value ranges from 0
(perfect equality) to 1 (maximum possible inequality).

Decomposition analysis. The drivers of changes in
the number of RA-associated deaths between 1987 and 2011
were decomposed into 3 components (population growth, popu-
lation aging, and epidemiologic changes) (11). The expected
number of RA-associated deaths in 2011 was computed using 2

Figure 1. Changes in the proportion of rheumatoid arthritis deaths from musculoskeletal (MSK) disorders and all deaths, 1987–2011.

TREND IN RA MORTALITY 1561

http://www.who.int/healthinfo/mortality_data/en
http://onlinelibrary.wiley.com/doi/10.1002/art.40091/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40091/abstract
http://esa.un.org/unpd/wpp
http://esa.un.org/unpd/wpp
http://surveillance.cancer.gov/joinpoint


counterfactual scenarios: 1) population growth scenario, in
which the size of the population in 2011 was considered to have
the same age and sex structure and RA death rates as in 1987,
and 2) population growth and aging scenario, in which the size
of the population in 2011 had the actual age–sex structure of
2011, but RA death rates were the same as those in 1987. The
difference between the actual number of deaths in 1987 and the
expected number in scenario 1 is change due to population
growth. The difference between the expected number of deaths
in scenarios 1 and 2 is change due to population aging. The dif-
ference between the actual number of deaths in 2011 and the
expected number in scenario 2 is change due to epidemiologic
changes. The epidemiologic changes are changes in the age-,
sex-, and cause-specific rates of death and include all changes in
mortality that cannot be explained by population growth and
aging (11). The actual change in the number of deaths is equal
to the net change in these components.

RESULTS

Number of deaths. During 1987–2011, a total of
219,189 patients in 31 countries died, in whom RA was

registered as the UCD. These deaths represent 22.2% of
total deaths attributed to musculoskeletal disorder deaths
and 0.1% of all-cause deaths (see Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40091/abstract).
The number of deaths decreased from 9,281 in 1987 to
8,428 in 2011, representing a 9.2% reduction. The propor-
tion of RA deaths relative to total musculoskeletal disorder
deaths (and relative to all-cause deaths) declined from 30%
(0.12% of all-cause deaths) in 1987 to 17.7% (0.09% of all-
cause deaths) in 2011 (Figure 1). The proportion of RA
deaths relative to total musculoskeletal disorder deaths and
to all-cause deaths increased in 5 countries between 1987
and 2011 (see Supplementary Table 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40091/abstract).

Age-standardized mortality rate. The mean
ASMR, on average for all countries over the entire time
period, was 5.2 per million person-years (3.0 per million

Figure 2. Mean age-standardized rheumatoid arthritis mortality rates per million person-years, 1987–2011. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40091/abstract.
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person-years in men and 6.7 per million person-years in
women, corresponding to a female/male rate ratio of 2.25
[95% confidence interval 2.23–2.26]). Singapore and Fin-
land had the lowest and the highest mean ASMRs, respec-
tively (Figure 2). Female/male rate ratios were .1 in all
countries, ranging from 1.79 in Belgium to 3.38 in the
Czech Republic (see Supplementary Table 3, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40091/abstract).

The mean age-standardized RA mortality rate
declined from 7.1 per million person-years in 1987–1989 to
3.7 per million person-years in 2009–2011, representing a
48.2% reduction (Table 1). Reductions of $25% were
observed in 21 countries, while corresponding increases
were seen only in Croatia, Israel, and Slovenia. In absolute
terms, the greatest reduction in the ASMR in patients with
RA was observed in Finland (20.6 fewer deaths per million
person-years), and the greatest increase was seen in Croatia
(3.7 more deaths per million person-years). Although the
age-standardized female/male RA mortality rate ratio

slightly declined from 2.28 in 1987–1989 to 2.19 in 2009–
2011, the absolute difference decreased from 5.1 deaths per
million person-years to 2.6 deaths per million person-years.

Age-specific RA mortality rates declined in all age
groups, with the greatest reduction observed in the youngest
age group and the smallest reduction observed in the 2
oldest age groups (see Supplementary Figure 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40091/abstract). However, there
were between-country variations in age-specific RA mortal-
ity rates, particularly in older age groups (e.g., age-specific
RA mortality rates in the 2 oldest age groups increased in 10
countries).

Joinpoint regression analysis. The Joinpoint
regression analyses (see Supplementary Figure 3 and Sup-
plementary Table 4, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40091/abstract) demonstrated that, on average for
all countries, the mean RA ASMR decreased by 3.2% per
year up to 1998, remained stable for 4 years, and then

Table 1. Changes in rheumatoid arthritis age-standardized mortality rates per million person-years in 31 countries, 1987–
2011*

Mortality rate % change AAPC (95% CI)

Country 1987–1989 2000–2002 2009–2011 1987–2011 2000–2011 1987–2011 2000–2011

All countries 7.1 5.2 3.7 248.2 229.3 23.0 (23.5, 22.5) 23.9 (24.6, 23.2)
Australia 9.0 5.6 4.6 249.3 217.8 23.0 (23.9, 22.1) 22.4 (23.2, 21.6)
Austria 6.4 4.0 2.2 265.2 244.1 24.9 (26.4, 23.3) 27.1 (29.5, 24.7)
Belgium 5.7 3.8 1.9 267.6 251.6 24.7 (25.8, 23.7) 26.9 (28.1, 25.7)
Bulgaria 0.9 0.9 0.5 241.6 236.2 22.6 (26.4, 1.4) 24.5 (212.5, 4.2)
Canada 6.0 6.2 4.1 232.2 234.0 21.7 (22.5, 20.8) 24.5 (25.1, 23.9)
Croatia 1.6 1.9 5.3 226.4 170.7 7.4 (1.3, 13.8) 9.9 (6.6, 13.3)
Czech Republic 2.4 0.3 0.7 269.6 174.3 211.7 (215.6, 27.6) 11.8 (216.8, 50.1)
England and Wales 15.7 8.0 5.8 263.4 227.9 24.8 (26.1, 23.5) 24.6 (25.5, 23.7)
Finland 25.3 10.3 4.6 281.6 255.0 27.2 (28.2, 26.3) 27.2 (28.5, 25.9)
France 4.9 3.9 2.3 253.9 242.9 23.4 (24.1, 22.7) 26.2 (27.4, 25.0)
Germany 8.1 2.4 2.0 275.5 217.6 26.4 (27.2, 25.5) 21.8 (24.1, 0.5)
Greece 0.8 1.6 1.0 14.2 238.1 1.4 (26.2, 9.6) 26.0 (29.3, 22.5)
Hong Kong SAR 1.0 1.2 1.0 9.2 211.8 20.3 (23.9, 3.3) 21.8 (23.2, 20.3)
Hungary 6.8 3.9 2.8 258.8 229.0 23.7 (24.4, 23.0) 23.1 (24.4, 21.8)
Ireland 16.3 9.8 7.3 254.9 225.5 23.4 (24.7, 22.1) 22.3 (26.2, 1.8)
Israel 0.7 2.2 1.5 108.5 233.0 6.2 (2.1, 10.4) 24.9 (28.3, 21.4)
Italy 4.2 3.7 3.4 218.8 28.2 20.7 (21.2, 20.3) 21.2 (21.8, 20.6)
Japan 10.3 6.4 4.2 259.1 234.3 24.2 (24.5, 23.8) 24.4 (24.9, 23.9)
The Netherlands 13.9 5.4 2.8 279.5 247.0 27.4 (28.5, 26.2) 27.7 (28.7, 26.6)
New Zealand 10.8 10.2 6.7 238.2 234.7 22.8 (24.4, 21.2) 25.3 (26.9, 23.8)
Northern Ireland 6.9 8.2 7.3 5.1 210.9 20.1 (23.6, 3.5) 22.0 (24.7, 0.8)
Norway 14.2 7.6 4.5 268.0 240.1 24.9 (25.9, 23.9) 24.6 (25.8, 23.4)
Poland 11.4 5.5 4.2 263.0 222.8 24.4 (24.8, 23.9) 23.2 (23.7, 22.8)
Portugal 3.7 3.4 2.3 238.4 232.7 23.6 (27.5, 0.5) 28.2 (212.6, 23.7)
Republic of Korea 2.2 5.8 2.4 4.9 259.6 20.6 (22.3, 1.2) 211.9 (214.3, 29.5)
Scotland 11.1 12.8 9.4 215.1 226.4 20.4 (22.4, 1.7) 22.5 (23.9, 21.0)
Singapore 3.1 0.7 0.2 295.0 278.9 214.2 (218.3, 29.9) 221.4 (245.6, 13.6)
Slovenia 5.5 3.8 6.9 25.7 83.2 0.9 (21.6, 3.5) 4.2 (20.1, 8.7)
Spain 3.4 3.3 2.3 231.1 229.7 21.9 (22.6, 21.2) 23.9 (24.4, 23.4)
Sweden 8.3 7.8 5.3 236.1 23.18 21.8 (23.2, 20.4) 23.7 (24.5, 22.8)
USA 4.5 5.9 4.4 22.3 225.6 20.3 (20.7, 0.1) 23.3 (23.5, 23.1)

* AAPC 5 average annual percent change; 95% CI 5 95% confidence interval.
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decreased by 4.2% per year thereafter, resulting in an aver-
age annual reduction of 3.0% for the whole study period.
Although the magnitude and shape of temporal trends var-
ied between countries, RA mortality declined in most
countries over the study period. Although there was no
joinpoint (i.e., a constant linear trend) in the Czech
Republic and Singapore, in 26 of 31 countries there were
at least 2 joinpoints over the study period. During the most
recent decade, RA mortality declined in all countries
except Croatia and Slovenia.

Between-country disparities. The between-country
variance decreased from 16 deaths per million person-
years in 1987–1989 to 1.8 deaths per million person-years in
2009–2011, and the Gini coefficient decreased from 0.31 to
0.19 at the same time (Supplementary Figure 4), both
reflecting declined between-country disparity over time.

Drivers of changes in the number of RA deaths.
Despite population growth and population aging, the num-
ber of RA deaths declined from 1987 to 2001 because of a
large reduction due to epidemiologic changes (see Supple-
mentary Table 5, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40091/abstract). In 23 countries, the number of RA deaths
increased due to population growth and population aging
and decreased due to epidemiologic changes. In 15 of these
countries, this combination led to a decline in the number of
RA deaths. In 5 countries, the number of deaths due to all 3
components increased. In Bulgaria, Hungary, and Croatia,
the number of deaths due to population growth decreased.
However, in Hungary and Croatia only, this reduction was
accompanied by declines due to epidemiologic changes,
which led to actual decreases in the number of RA deaths.

DISCUSSION

In the current study, the first cross-country analysis
of mortality with RA as the UCD was conducted. On aver-
age, the number of RA deaths, the proportion of these
deaths relative to musculoskeletal- and all-cause deaths,
and RA ASMRs declined over the study period. However,
there were substantial between-country disparities in the
magnitude and temporal trend of RA deaths, although the
disparities decreased over time.

It has been suggested that changes in the manage-
ment of RA toward early and aggressive treatment with
disease-modifying antirheumatic drugs (DMARDs) and
subsequent biologic therapies has led to better health status
and lower mortality over time for most patients with RA
(4,5). In addition, it has been suggested that RA may be
becoming a milder disease in general (12). Furthermore,
large reductions in the prevalence of smoking in patients
with RA over recent decades, improvements in diagnosis,

increased public awareness of RA, and general improve-
ments in cardiovascular mortality might also partially
explain the observed declining trend in our study. Com-
paring RA mortality with all-cause mortality in 29 countries
for which our study had complete data (excluding Italy and
Poland) suggested that the RA mortality rate declined at a
higher pace compared with all-cause mortality over the
study period (3.1% versus 1.7% annual reduction). A recent
study using data from the UK indicated a greater degree of
improvement in RA mortality rates compared with that in
the general UK population between 1999 and 2014 (13).
The findings from the Global Burden of Disease Study
(http://vizhub.healthdata.org/epi/) suggest that in high-
income countries, the prevalence and incidence of RA
increased in both sexes during 1990–2011. These findings, in
addition to aging of the population and a decline in mortal-
ity, may lead to an increase in the number of patients with
RA. Given that it appears that patients with RA are now liv-
ing longer, an increase in the burden of RA on healthcare
systems is expected, and policy makers should be aware of
this to appropriately plan for this anticipated increase.

The magnitude and temporal trend of RA mortality
varied across countries. We observed that countries in
northern Europe, on average, had a higher mortality rate
compared with the rate in other regions. Higher incidence
and prevalence rates of RA in northern European and
North American countries compared with that in southern
European and developing countries have been previously
reported (14) and might partially explain our finding.
Moreover, differences in the genetic, epidemiologic, and
clinical profile of RA, distribution of RA risk factors includ-
ing environmental exposures, and socioeconomic status
might also partially explain our findings (14). Between-
country disparities in the validity and use of the RA diagno-
sis and access to treatments including DMARDs might be
other potential reasons for the observed disparity in RA
mortality. Moreover, the impact of differences in cause-of-
death coding practices, including time of the introduction
of ICD-10, cannot be ruled out, although this cannot
explain the observed disparities in the most recent decade,
because most countries were applying ICD-10 during this
time period. Furthermore, although most countries
included in our study have a vital statistics registration with
satisfactory quality (15), differences in quality of cause-of-
death registration might still be another potential reason
for the observed disparities in RA mortality.

Several limitations of this study should be consid-
ered when interpreting the findings. It is known that RA is
underreported as the UCD on death certificates (4). The
registration, reporting, and analysis of contributory causes
of death would have alleviated this problem, but such data
are, unfortunately, not available at present. In addition,
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cause-of-death registrations are subject to errors and
incompleteness. Variations in attribution of causes of
death, underreporting, and inaccuracy across countries and
over time are of concern. Change in ICD revisions might
produce discontinuities in mortality data and can bias mor-
tality trends. However, in many countries RA mortality
rates started to decline prior to the introduction of ICD-10,
implying that the observed decreasing trend is not artificial.
Most of the countries included in this study are high-
income countries, implying that generalizability of the
results to low- and middle-income countries is limited. The
small number of RA deaths might limit the power of
joinpoint modeling to detect significant joinpoints. In addi-
tion, the wide confidence intervals for the average APC in
some countries and also the sensitivity of our between-
country disparity measures to outliers call for caution when
interpreting the results. This is a descriptive aggregate-level
analysis, and all given explanations for mortality trends are
speculative, and no causal inference can be made.

Herein, we report the first cross-country analysis of
mortality with RA as the UCD, strongly suggesting that RA
mortality decreased in many countries over a 25-year period.
There were substantial but declining between-country dis-
parities in RA mortality, with countries in northern Europe
having the highest RA mortality rates. An increase in the
number of patients with RA due to population aging com-
bined with a reduction in RA-associated mortality imply
that the burden of disease will increase in coming decades,
and this should be taken into consideration in policy-making
by international and national health authorities.
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Twenty-Year Outcome and Association Between Early
Treatment and Mortality and Disability in an Inception Cohort

of Patients With Rheumatoid Arthritis

Results From the Norfolk Arthritis Register

James M. Gwinnutt,1 Deborah P. M. Symmons,2 Alexander J. MacGregor,3

Jacqueline R. Chipping,3 Tarnya Marshall,3 Mark Lunt,1 and Suzanne M. M. Verstappen1

Objective. To describe the outcome in patients with
rheumatoid arthritis (RA) over 20 years from symptom
onset, and to assess the association between early treat-
ment (with disease-modifying antirheumatic drugs/
steroids) and mortality and disability during follow-up.

Methods. Patients recruited to the Norfolk Arthri-
tis Register (NOAR) between 1990 and 1994 who met the
2010 American College of Rheumatology/European League
Against Rheumatism RA criteria at baseline were included
in this analysis. Demographic and clinical variables were
collected at baseline and at years 1–3, 5, 7, 10, 15, and 20.
Disease activity (swollen joint count [SJC]/tender joint
count [TJC]), disability (Health Assessment Questionnaire
disability index [HAQ DI]), and mortality over 20 years
were determined. Associations between treatment group
(early treatment [ET], treatment £6 months after symptom
onset; late treatment [LT], treatment >6 months after
symptom onset; never treatment [NT], no treatment) and

mortality and disability were assessed using weighted pooled
logistic regression and weighted multilevel mixed-effects
linear regression, respectively. Inverse weights were used to
account for confounding by indication and censoring.

Results. This study included 602 patients with RA
(median age 56 years [interquartile range 44–68 years];
65.9% women). The median SJCs and TJCs were low dur-
ing the follow-up period (1–3 swollen joints and 3–6 tender
joints). The median HAQ DI score increased after year 1
but remained at low/moderate levels (median 1.25 after
year 10). The risk of mortality was reduced in the ET and
LT groups compared with that in the NT group. The ET
group and the NT group had comparable HAQ DI scores
during the follow-up period (b 5 0.03, 95% confidence
interval [95% CI] 20.06, 0.12), while the HAQ DI score
was increased in the LT group (for LT versus NT, b 5 0.10
[95% CI 0.02, 0.17]).

Conclusion. The results of this study indicate the
importance of early treatment with regard to the long-
term outcomes in patients with RA.

Early rheumatoid arthritis (RA), a type of inflam-
matory polyarthritis, is a chronic disease primarily charac-
terized by synovial joint inflammation (1). Both conditions
(RA and inflammatory polyarthritis) may lead to progres-
sive joint destruction and premature mortality (2–5). With
appropriate therapy, however, this outcome can potentially
be ameliorated (6–8), although there are relatively few
studies investigating the long-term outcome in patients
with RA (9–16). A previous study from the UK described
the outcomes in 112 patients with RA who were recruited
between 1964 and 1966 (prevalent cases) (mean age at
symptom onset 45 years). Twenty years later, 35% of these
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patients had died, and an additional 43% of the patients
were classified as having moderate-to-high functional dis-
ability (17). The patients in this cohort were predominantly
treated with steroids, gold, and chloroquine, which were
standard treatments at that time.

Gathering new data on outcomes in the modern
era is important, because over the last 2 decades there
have been significant advances in available treatments and
strategies for the management of RA (18,19). Methotrex-
ate (MTX) has become the first-choice synthetic disease-
modifying antirheumatic drug (DMARD) (18), and a
number of biologic DMARDs have been introduced since
2000 (20). Previous research in patients with RA demon-
strated an association between a reduced mortality risk
and ever-exposure to MTX treatment over a mean of 6
years (6), reduced mortality risk and exposure to tumor
necrosis factor inhibitor (TNFi) treatment over a mean of
4.9 years (21), as well as improved functional disability
with MTX and TNFi therapy (22–25).

The aforementioned advances in treatment strat-
egy included a shift toward initiating synthetic DMARD
therapy early in the disease course, with the aim of treating
patients within a “window of opportunity” in order to
achieve maximal beneficial outcome (26,27). We previ-
ously showed that in patients with early inflammatory
arthritis who received early treatment with synthetic
DMARDs or steroids (initiation ,6 months after symp-
tom onset), the odds of having a high score ($1) on the
Health Assessment Questionnaire disability index (HAQ
DI) (28) at 5 years were comparable with the odds in
patients who never required treatment, after adjustment
for differences in disease severity between the treatment
groups. Those in whom therapy was initiated later ($6
months after symptom onset) had 2-fold increased odds of
having high HAQ DI scores compared with those who
were never treated (29). Furthermore, those treated early
showed a decrease in HAQ DI scores from baseline to
year 10, which approached significance, while those treated
later had increased HAQ DI scores at year 10 compared
with baseline, again after adjustment for differences in dis-
ease severity between groups (30). Other groups of investi-
gators have also shown the negative consequences of
delayed assessment in terms of remission rates and joint
destruction (31). However, the benefits of early treatment
have yet to be demonstrated to extend past 10 years. It is
also possible that the underlying natural history of RA
may have changed over time (32).

In the current study, we investigated the outcome
in patients with early RA over the course of 20 years,
including mortality, disease activity, and physical function.
We also examined the relationship between early synthetic

DMARD or steroid therapy and mortality risk and physi-
cal function over 20 years.

PATIENTS AND METHODS

A total of 1,098 patients with inflammatory polyarthritis
were recruited by the Norfolk Arthritis Register (NOAR)
between 1990 and 1994. Detailed information about NOAR is
presented elsewhere (33). Briefly, NOAR aimed to recruit and
follow up prospectively all incident cases of inflammatory polyar-
thritis in the former Norwich Health Authority region, Norfolk,
UK. These patients with inflammatory polyarthritis were referred
by primary care physicians (a large majority of the UK population
[99%] is registered with a primary care practice) or consultant
rheumatologists. The inclusion criteria for this analysis were as
follows: $16 years of age and $2 swollen joints for $4 weeks.
Patients were excluded if they were recruited more than 2 years
following symptom onset (76 patients were excluded). For this
analysis, only patients who met the American College of Rheuma-
tology (ACR)/European League Against Rheumatism (EULAR)
2010 criteria for RA were included (34). The criteria were applied
retrospectively to the baseline characteristics of the patients who
were included (n 5 614). Patients gave written consent, and the
study was approved by the Norfolk and Norwich University Hos-
pital Local Research Ethics Committee.

Assessments. Patients were assessed at baseline and at
1, 2, 3, 5, 7, 10, 15, and 20 years after registration. Patients were
assessed beyond year 5 only if they had documented swollen
joints on $2 occasions or had received DMARDs or oral corti-
costeroids by the fifth-year assessment (8 patients were excluded).
Date of birth and sex were recorded at baseline. At each assess-
ment, research nurses administered a standardized questionnaire
(including smoking status [never/former/current]). The start and
stop dates of treatment with all DMARDs and steroids were col-
lected from patients at each follow-up visit. Patients who were
receiving synthetic DMARDs or steroids before symptom onset
(n 5 12) were excluded from the analysis. Patients were classified
into 1 of 3 treatment groups, with treatment being synthetic
DMARDs and steroids: the early treatment (ET) group, in which
patients received treatment #6 months after symptom onset; the
late treatment (LT) group, in which patients received treatment
.6 months after onset; and the never treatment (NT) group, in
which patients never received treatment.

Comorbidities were self-reported at and after baseline
and were coded based on the relevant chapters of the Interna-
tional Classification of Diseases, Ninth Edition and Tenth Edition
(see Supplementary File 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40090/abstract). Once a patient reported a comorbidity, he or she
was coded as having that comorbidity throughout the remainder
of the follow-up period. Research nurses performed swollen joint
counts (SJCs) and tender joint counts (TJCs) in 51 joints, from
which 28-joint counts were derived (except at follow-up visits 5
and 7). Blood samples were obtained at baseline. Serum was
stored frozen, for determination of C-reactive protein (CRP; mg/
liter), rheumatoid factor (RF; latex agglutination test, positive cut-
off 40 units/ml), and anti–cyclic citrullinated peptide 2 (anti–CCP-
2) antibodies (tested using a Diastat Anti-CCP kit, cutoff 5 units/
ml [Axis-Shield]). Blood samples were then obtained every 5
years; in these samples, only the CRP level was determined. Dis-
ease activity was measured with the Disease Activity Score, using
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3 variables: the number of swollen joints, the number of tender
joints, and the CRP level (35), when CRP data were available.

Outcomes. Disease activity was analyzed based on the
SJC in 51 joints and the TJC in 51 joints, as described above. All
patients were flagged with the Office for National Statistics
(ONS), the holders of the UK death register, which provided cop-
ies of death certificates including date of death and the underly-
ing cause of death. The ONS also provided age- and sex-specific
mortality rates by calendar year for the Norfolk population
(1990–2013). Patients were censored at their 20th anniversary
assessment or 20 years after symptom onset (if they did not
attend the 20th assessment), with the exception of patients who
left the country, who were censored on their departure date (7
patients with RA). At each assessment, patients completed the
British Modification of the HAQ disability index (36), a validated
self-report measure of functional disability that yields a score
from 0 (no disability) to 3 (maximum disability).

Statistical analysis. Descriptive statistics were used to
describe baseline demographic and clinical variables. Baseline
scores were compared between treatment groups using the
Kruskal-Wallis or chi-square test, depending on the type and dis-
tribution of data.

The standardized mortality ratio (SMR) was calculated
for the cohort by comparing the observed numbers of deaths with
the expected number of deaths for the local population based on
age- and sex-specific mortality rates. Patients were included in
this analysis until death, 20 years after symptom onset, or the end
of 2013, whichever came first. The association between baseline
variables, including age, sex, SJC in 51 joints, TJC in 51 joints,
HAQ DI, CRP, RF, and anti–CCP-2, and mortality was assessed
using a multivariate Cox proportional hazards model. To assess
the association between treatment group and mortality, initially a
Cox proportional hazards model, adjusted for age and sex, was
used, and Kaplan-Meier survival curves were plotted. The SMR
for each treatment group was also calculated. To account for con-
founding by indication, a weighted multivariate pooled logistic
regression model was used (37,38), which produces odds ratios
(ORs) that are equivalent to hazard ratios. Covariates included
baseline measures (sex, smoking status, RF, anti–CCP-2, HAQ
DI, 51-joint SJC, 51-joint TJC, and CRP), and data for time-
varying measures where collected (HAQ DI, 51-joint SJC, 51-
joint TJC, CRP, and comorbidities).

The median 51-joint SJC, 51-joint TJC, and HAQ DI
scores and the numbers and proportions of patients receiving syn-
thetic DMARDs were determined for each time point. The rela-
tionship between treatment group and disability over 20 years
was assessed using a multilevel mixed-effects linear regression
model, which is a longitudinal regression model that allows time-
varying weights. Initially, only age and sex were controlled for
using an unweighted model. To account for confounding by indi-
cation and censoring, a weighted multivariate model was then
used, with the same covariates as those used for the pooled logis-
tic regression described above (except time-varying HAQ DI
scores).

To control for confounding by indication and censor-
ing, inverse probability weights, which account for cumulative
treatment exposure as well as censoring, were used to weight
the covariates in the regression models (see Supplementary
File 2, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40090/abstract),
using methods adapted from those described by Fewell et al (37).

Multiple imputation, using iterative chained equations (5 imputed
data sets were created) conditioned on baseline, lagged, and cur-
rent assessment variables, was used to account for missing data
on the assessments that patients attended. All regression analyses
were also performed in the total population of patients with
inflammatory polyarthritis (n 5 1,000). Analysis was performed
using Stata statistical software version 13.1 (StataCorp; 2013).

RESULTS

A total of 602 patients with RA were recruited
between 1990 and 1994 and met all inclusion/exclusion cri-
teria (median symptom duration 5.4 months, interquartile
range [IQR] 2.9–9.9). The median age at symptom onset
was 56 years (IQR 44–68 years), and 397 patients (65.9%)
were women. The baseline characteristics of the patients
are shown in Table 1.

In total, 160 patients (26.6%) received treatment
within 6 months of symptom onset. Among these patients,
94 (58.8%) were prescribed sulfasalazine (SSZ), 45
(28.1%) were prescribed steroids, 8 (5.0%) were pre-
scribed MTX, and 13 (8.1%) were prescribed other
DMARDs. Among the remaining 442 patients, 88
(19.9%) received their first treatment within 6–12 months,
77 (17.4%) received treatment at 1–2 years, 84 (19.0%)
received treatment $2 years after symptom onset, and 193
(43.7%) never received treatment while attending follow-
up. Male patients were more likely to receive early treat-
ment (n 5 75 [46.9%]) compared with late treatment
(n 5 69 [27.7%]), and patients who received early treat-
ment had a shorter disease duration at presentation
(median 2.7 months) compared with those who received
late treatment (median 7.4 months). Patients who received
early treatment had worse clinical characteristics for all
baseline variables compared with those who received late
treatment or no treatment, except for TJCs and autoanti-
body status (Table 1). Similar results were seen when all
patients with inflammatory polyarthritis were included (for
details, see Supplementary File 3, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40090/abstract).

A total of 207 patients (34.4%) were available for
the 20-year assessment. During the follow-up period, 205
patients (34.1%) left the cohort due to death, 135 (22.4%)
declined further follow-up visits, 8 (1.3%) became ineligi-
ble at year 5, and 47 (7.8%) were lost to follow-up (for
details, see Supplementary File 4, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40090/abstract).

Because all patients were flagged with the ONS,
mortality data were complete for the whole cohort up to
the 20th anniversary assessment (even if follow-up ceased),
except those who left the country. During 9,774 person-
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years of follow-up (mean 14.8 years), 265 patients (44.0%)
died. The age- and sex-standardized SMR for the cohort
of patients with RA was increased compared with that for
the general population in the Norfolk area (SMR 1.25
[95% CI 1.11, 1.42]). In a multivariate Cox regression anal-
ysis, older age at symptom onset (hazard ratio [HR] 1.10
per increased year of age at onset [95% CI 1.08, 1.11]) and
male sex (HR 1.47 [95% CI 1.13, 1.92]) were associated
with increased risk of death during that time period. Being
a current smoker at baseline was independently associated
with an increased risk of death compared with never smok-
ers (HR 1.65 [95% CI 1.17, 2.33]) and former smokers
(HR 1.82 [95% CI 1.34, 2.45]).

In total, 88 (55.0%) of the patients who received
early treatment died over the course of follow-up compared
with 99 (39.8%) of the patients who received late treatment
and 78 (40.4%) of those who received no treatment. The
SMR was increased in the ET group (SMR 1.28 [95% CI
1.03, 1.59]) and the LT group (SMR 1.23 [95% CI 1.01,
1.51]), and there was a trend toward significance for the
NT group (SMR 1.25 [95% CI 0.99, 1.57]) compared with
the general population of Norfolk. Within the cohort, there
was little difference in the risk of death between treatment
groups, after adjustment for age and sex (ET versus NT,
HR 1.09 [95% CI 0.80, 1.11]; LT versus NT, HR 0.99 [95%
CI 0.73, 1.33]) (Figure 1). After weighting to account for

Table 1. Baseline characteristics of the total cohort of RA patients and according to treatment group*

Characteristic
Cohort

(n 5 602)
ET

(n 5160)
LT

(n 5 249)
NT

(n 5193) P†

Age at onset, years 56 (44–68) 62 (49–71) 54 (44–65) 55 (42–67) 0.0006‡
Female sex, no. (%) 397 (66) 85 (53.1) 180 (72.3) 132 (68.4) ,0.001§
Symptom duration,

months
5.4 (2.9–9.9) 2.7 (2.4–5.9) 7.4 (3.8–12.0) 5.1 (2.7–9.5) 0.0001‡

SJC in 28 joints 9 (4–14) 10 (5–16) 9 (4–14) 8 (4–13) 0.0243‡
SJC in 51 joints 11 (6–17) 13 (6.5–20) 11 (6–18) 10 (5–15) 0.0247‡
TJC in 28 joints 9.5 (4–16) 10 (4–17) 8 (4–15) 10 (6–16) 0.1503‡
TJC in 51 joints 14 (7–23) 13 (5–22.5) 13 (6–23) 15 (9–22) 0.2272‡
CRP, mg/liter¶ 8 (1–22) 13.5 (6.8–38) 8 (2–19) 3 (0–11) 0.0001‡
DAS28# 4.6 (3.8–5.5) 5.1 (4.1–6.0) 4.5 (3.8–5.5) 4.4 (3.7–5.3) 0.0011‡
HAQ DI score** 1.00 (0.50–1.63) 1.25 (0.63–1.88) 1.00 (0.50–1.63) 0.88 (0.25–1.50) 0.0001‡
Smoking history, no. (%)

Never smoker 177 (29.4) 42 (26.3) 80 (32.1) 55 (28.5) 0.441§
Former smoker 255 (42.4) 76 (47.5) 95 (38.2) 84 (43.5)
Current smoker 170 (28.2) 42 (26.3) 74 (29.7) 54 (28.0)

RF status††
Positive, no. (%) 221 (40.3) 71 (46.4) 112 (49.8) 38 (22.4) ,0.001§
Negative, no. (%) 327 (59.7) 82 (53.6) 113 (50.2) 132 (77.7)

Anti-CCP status§§
Positive, no. (%) 202 (41.1) 73 (52.5) 106 (54.6) 23 (14.6) ,0.001§
Negative, no. (%) 289 (58.9) 66 (47.5) 88 (45.4) 135 (85.4)

Current synthetic
DMARD treatment, no. (%)

109 (18.1) 75 (46.9) 34 (13.7) 0 (0.0) ,0.001§

Time to first treatment,
months

8.4 (4.0–19.1) 3.1 (2.0–5.0) 15.6 (10.0–36.2) – ,0.0001‡

* Complete data (100%) were available for all variables in all treatment groups, except for C-reactive protein (CRP),
Disease Activity Score in 28 joints (DAS28), Health Assessment Questionnaire disability index (HAQ DI), rheuma-
toid factor (RF), and anti–cyclic citrullinated peptide (anti-CCP). Except where indicated otherwise, values are the
median (interquartile range). RA 5 rheumatoid arthritis; SJC 5 swollen joint count; TJC 5 tender joint count.
† Across treatment groups.
‡ By Kruskal-Wallis test.
§ By chi-square test.
¶ The percent complete data for CRP level was 84.2% in the total cohort, 88.8% in the early treatment (ET) group

(treatment #6 months after symptom onset), 83.1% in the late-treatment (LT) group (treatment .6 months after
symptom onset), and 81.9% in the never treatment (NT) group (patient never received disease-modifying antirheu-
matic drugs [DMARDs] or steroids during follow-up).
# The percent complete data was 99.9% in the total cohort, 98.8% in the ET group, 98.8% in the LT group, and

99.5% in the NT group.
** The percent complete data was 99.9% in the total cohort, 98.8% in the ET group, 98.8% in the LT group, and

99.5% in the NT group.
†† The percent complete data was 91.0% in the total cohort, 95.6% in the ET group, 90.3% in the LT group, and

88.1% in the NT group.
§§ The percent complete data was 81.6% in the total cohort, 86.9% in the ET group, 77.9% in the LT group, and

88.1% in the NT group.
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confounding by indication, the association between time to
first treatment and mortality risk remained nonsignificant
for the ET group, although there was a trend toward re-
duced risk of mortality (ET versus NT, adjusted OR
[ORadj] 0.78 [95% CI 0.54, 1.11]; LT versus NT, ORadj 0.66
[95% CI 0.47, 0.92]). When all patients with inflammatory
polyarthritis were included (n 5 1,000), the results were
similar (ET versus NT, ORadj 0.82 [95% CI 0.61, 1.11]; LT
versus NT, ORadj 0.78 [95% CI 0.59, 1.03]).

Table 2 shows the median disease activity and func-
tional disability scores over follow-up for the patients with
RA, stratified by treatment group. All patients were
included in the analysis up to the point of their last follow-
up visit. The median SJCs and TJCs decreased rapidly in
the first year after baseline (median 11 swollen joints and
14 tender joints at baseline) and remained low throughout
follow-up (median SJC range 1–3, and median TJC range
3–6). Median HAQ DI scores for the total RA cohort also
declined initially but then increased from the year 2 assess-
ment onward, culminating in a median score higher than
the baseline score after year 7 (median HAQ DI score of
1.25 after year 10 [IQR 0.50–2.00]) (Figure 2). The propor-
tion of patients receiving synthetic DMARDs was higher
in the ET group compared with the LT group until assess-
ment 2, after which time the proportions were comparable
(55–65%) (Table 2). Only a small proportion of patients
received biologic DMARDs during the study (7.6%), and
these patients were evenly distributed between the ET
group and the LT group (19 [11.9%] of 160 patients in the

ET group, and 27 [10.8%] of 249 patients in the LT
group). Similar trends were observed when all patients
with inflammatory polyarthritis were included, although
with lower median scores due to lower disease severity in
this group (see Supplementary File 3, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40090/abstract).

Swollen and tender joint counts were similar
between treatment groups over the follow-up period,
excluding the baseline assessment. However, functional
disability was consistently higher in patients who received
treatment compared with patients who did not (Table 2).

After controlling for age and sex, there was an asso-
ciation between being prescribed treatment and increased
HAQ DI scores over follow-up (Table 3). When the model
was fully adjusted and inverse probability weights were
applied to account for confounding by indication, patients
in the ET group had HAQ DI scores during follow-up sim-
ilar to those in the NT group (for ET versus NT, b 5 0.03
[95% CI 20.06, 0.12]), whereas those in the LT group had
significantly higher disability scores over follow-up (LT
versus NT, b 5 0.10 [95% CI 0.02, 0.17]). Similar results
were observed when all patients with inflammatory polyar-
thritis were included in the analysis.

DISCUSSION

This study has 2 important messages: the first con-
cerns the long-term outcome in patients with RA in the

Figure 1. Survival curves for rheumatoid arthritis patients in the 3 treatment groups, after adjustment for age and sex.
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modern era treated according to best practice at the time of
presentation, and the second pertains to the benefit of early
treatment, which is still apparent into the second decade
after symptom onset with respect to functional disability.

Median SJCs and TJCs decreased after baseline
and remained low during the follow-up period. Median
functional disability decreased initially but then increased
over time to above baseline levels by year 7 and then con-
tinued to increase up to year 20. Kapetanovic et al followed
183 Swedish patients with early RA for 20 years and
showed a similar HAQ DI trajectory, with mean HAQ DI
scores increasing to .1.0 at year 10 and thereafter (13).
This level of functional disability is higher than that
reported in healthy individuals of a similar age. In a ran-
dom sample of adults in central Finland, the mean HAQ
DI scores for all groups of individuals younger than age 75

years were ,0.5 (39). Similar results were observed in a
random sample of individuals older than age 65 years in
Augsburg and Aichach-Friedberg, Germany (only 22.5%
of the cohort had an HAQ DI score of $0.5) (40).

Despite the increase in median HAQ DI scores
over 20 years, these results are encouraging. An HAQ DI
score of 1.38 represents low to moderate disability (41). In
contrast, a study that recruited 112 patients with RA in
Droitwich, UK from 1964 to 1966 and followed them for a
similar time period showed much higher levels of disability
at 20 years (17). It thus appears that long-term disability in
RA patients is now less severe. Furthermore, although the
proportion of patients who died was similar in the
Droitwich and NOAR studies, patients in the NOAR
cohort had an older mean age at symptom onset (56 years
versus 45 years in the Droitwich cohort).

Figure 2. Median Health Assessment Questionnaire disability index (HAQ DI) score at each follow-up visit in patients with rheumatoid arthritis
(A) and the full cohort of patients with inflammatory polyarthritis (B).

Table 3. Association between treatment regimen and the HAQ DI score over 20 years*

RA patients Total cohort

Model, treatment regimen
No. of

patients b (95% CI)
No. of

patients b (95% CI)

Adjusted for age and sex
NT 193 0 442 0
LT 249 0.27 (0.15, 0.39) 347 0.37 (0.28, 0.46)
ET 160 0.25 (0.11, 0.38) 211 0.36 (0.26, 0.47)

Fully adjusted†
NT 193 0 442 0
LT 249 0.10 (0.02, 0.17) 347 0.11 (0.06, 0.17)
ET 160 0.03 (–0.06, 0.12) 211 0.04 (–0.03, 0.11)

* RA 5 rheumatoid arthritis; ET 5 early treatment (treatment #6 months after symptom onset); LT 5

late treatment (treatment .6 months after symptom onset); NT 5 never treatment (patient never
received disease-modifying antirheumatic drugs or steroids during follow-up).
† Adjusted for sex and baseline anti–citrullinated protein antibodies, rheumatoid factor, smoking status,
Health Assessment Questionnare disability index (HAQ DI), swollen joint count (SJC), tender joint count
(TJC), and C-reactive protein (CRP) level, and for time-varying measures, including age, CRP level, SJC,
TJC, and comorbidities, and weighted using inverse probability of treatment/censoring weights.
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The second finding from this study relates to the
benefits of early DMARD therapy. We previously showed
that treatment within the first 6 months following symptom
onset is associated with benefits in physical function at 5
and 10 years, after appropriate adjustment for differences
in disease severity (29,30). In the current analysis, we
observed that, after adjustment for confounding by indica-
tion (i.e., adjusting for demographic and disease factors
that may have influenced the decision to start DMARD or
steroid treatment at baseline or subsequently), patients
who were treated early had levels of disability over the
follow-up period that were similar to those in patients who
did not receive treatment, while patients treated later had
significantly higher levels of disability over 20 years. This
supports the importance of the “window of opportunity”
construct for treatment, showing that early treatment leads
to improved outcomes even into the second decade follow-
ing symptom onset. Increased functional disability over
time could be attributable to worse joint damage (42,43),
and it has been shown that patients who receive later treat-
ment have higher radiologic scores at follow-up compared
with those treated early (8,44,45).

The SMRs for the total population and for the 2
treatment groups were elevated. The SMR for those who
were never treated was increased to a similar extent but
failed to reach significance. There was a trend toward
reduced mortality risk in the ET group and a significant
reduction in mortality risk in the LT group compared with
the NT group. Treatment with MTX has previously been
shown to be associated with a reduced medium-term risk
of mortality in RA patients (6), and we previously showed
that having disease in remission at least once within the
first 3 years of follow-up was associated with reduced mor-
tality risk in patients with inflammatory polyarthritis com-
pared with the risk in patients who never achieved
remission within the first 3 years of follow-up (median of
7.9 years) (46). It is the nature of the SMR that it
approaches 1.00 as the length of follow-up increases,
because all patients will eventually die.

This analysis has a number of strengths. It is one of
the largest inception cohorts of patients with RA and
inflammatory polyarthritis with a 20-year follow-up period.
By retrospectively applying the 2010 ACR/EULAR criteria
for RA (34), we have been able to study the subgroup of
patients classified as having RA according to the latest cri-
teria and compare their results with those of patients in the
whole NOAR cohort and other published RA cohorts. The
use of inverse probability weights to a longitudinal regres-
sion model allows us to control for confounding by indica-
tion over time. This is the current state-of-the art approach
in terms of controlling for confounding by indication and
differs from approaches used in our previous work (28,29).

The attrition rates in this cohort are to be expected
over a 20-year follow-up period. The use of inverse proba-
bility of censoring weights minimizes attrition bias.
Because SJCs and TJCs were not determined at follow-up
visits 5 and 7, these time points could not be included in
the longitudinal analyses. However, because we assessed a
majority of these patients at assessments 3 and 10, patient
disability should be modeled sufficiently.

A surprisingly high proportion of patients (32.1%)
never received DMARDs or steroids. This reflects the fact
that patients were recruited from primary and secondary
care settings and followed up regardless of disease severity.
If the study had been entirely based on continuing follow-
up in secondary care, then patients with mild disease
would have been discharged and contributed no follow-up
information. Our study shows that patients who never
received DMARD treatment did well and served as a use-
ful group with which to compare the groups of patients
who were treated either early or late.

Finally, these patients were recruited more than
20 years ago, meaning that the standard treatment at
that time does not reflect best treatment practices today.
Although this is a limitation, treatment practices are
constantly evolving. If we wish to understand the 20-
year outcome in RA patients, the only method is to
study patients who were exposed to the treatment strat-
egies used 20 years ago. Nevertheless, these results are
still important, because they show clear improvement in
these patients compared with patients studied in the
prior 20-year period and also show that early treatment
with predominantly SSZ or steroids is associated with
improved outcomes 20 years later. Thus, because MTX
is considered a more effective treatment than SSZ, the
benefits of early treatment with MTX may be even
greater after 20 years.

In conclusion, this cohort of RA patients had rel-
atively low median levels of disease activity from year 1
onward. In contrast, the median level of disability
increased to above baseline levels after 7 years. This dis-
ability is still moderate. Thus, on average, patients expe-
rienced relatively good long-term outcomes, particularly
compared with those observed in an earlier UK cohort
recruited from 1964 to 1966 and followed up for 20
years. As might be expected, early therapy was given to
patients with more severe disease. After adjustment for
this confounding by indication over time, functional dis-
ability was greater in the LT group compared with the
NT group over the course of follow-up, while the ET
group had levels of disability similar to those in the NT
group, indicating that the benefits of early treatment
were sustained long term.
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Genetic Variation of the a1-Antitrypsin Gene Is Associated With Increased
Autoantibody Production in Rheumatoid Arthritis
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Objective. To examine the prevalence of a1-anti-
trypsin deficiency (AATD) in rheumatoid arthritis (RA),
and to determine whether AATD is associated with higher
levels of rheumatoid factor (RF), antinuclear antibodies
(ANAs), and anti–citrullinated peptide autoantibodies
(ACPAs).

Methods. RF, ANAs, and ACPAs were measured
by standard immunoturbidimetry, immunofluorescence
assay, and enzyme-linked immunosorbent assay, respec-
tively. Characterization of AAT phenotypes was performed
by isoelectric focusing and immunofixation. The chi-
square test with Yates’ correction and the Mann-Whitney
U test were used to assess the prevalence of alleles associ-
ated with AATD in RA and to compare mean antibody
titers, respectively.

Results. Of 246 patients with RA, 24 who were het-
erozygous for AATD were identified, with no statistically
significant difference in the prevalence of AATD between

RA patients and the general population (P 5 0.39). A posi-
tive association between heterozygosity for AATD and the
production of ACPAs was observed (P < 0.0001), with
increased ACPA titers recorded in the AATD RA cohort
compared with the general population (P 5 0.01).

Conclusion. AAT heterozygous status in RA is
strongly associated with positive ACPAs and may define a
distinct subset of patients with increased disease severity.

Rheumatoid arthritis (RA) is a common autoim-
mune disease that is characterized by synovial inflamma-
tion and hyperplasia, with consequent soft tissue and bone
destruction. In .70% of cases, anti–citrullinated peptide
autoantibodies (ACPAs) are known to play a direct role in
activating and perpetuating the aberrant immune response
(1). Although it is known that such antibodies appear in
the sera of asymptomatic individuals up to a decade before
the onset of RA, the mechanisms underlying the develop-
ment of RA are not completely understood.

It is clear that a series of events leads to the devel-
opment of a proinflammatory environment in RA syno-
vium. One possible contributor is a deficient state of the
ubiquitous protease inhibitor (Pi) a1-antitrypsin (AAT).
AAT is a glycosylated hepatocyte–derived protein that
plays a pivotal role in maintaining the protease–anti-
protease balance throughout the body and is a key compo-
nent of synovial fluid (2). Furthermore, independent of
antiprotease activity, AAT possesses several important
antiinflammatory and immune regulatory properties. In
this regard, AAT has been shown to modulate signaling by
interleukin-8 (IL-8), tumor necrosis factor (3), leukotriene
B4 (4), interferon-g, and IL-1b (5), and to lower plasma
levels of neutrophil granule antigenic proteins and IgG
class anti-lactoferrin autoantibodies, all of which are
important proinflammatory mediators associated with RA
pathogenesis (6).

AAT deficiency (AATD) is an autosomal-
codominant condition characterized by low levels of AAT
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in the systemic circulation. The ATT protein is encoded
by the polyalleic SERPINA1 gene. The fully functional
M allele accounts for ;95% of all SERPINA1 alleles,
while the severe deficiency Z allele accounts for 1–2%, and
the mild deficiency S allele accounts for ;5%. The hetero-
zygous PiMS and PiMZ AATD phenotypes are associated
with circulating AAT levels of ;80% and ;60% of the
normal concentration, respectively. AATD manifests clini-
cally as early-onset panacinar emphysema (7) but also is
recognized as a systemic condition with a number of
established manifestations, including liver disease and
necrotizing panniculitis. Furthermore, anti–proteinase 3
(anti-PR3)–positive (classic antineutrophil cytoplasmic
antibody–positive) vasculitis has been reported in AATD,
with the prevalence of a Z allele in vasculitis cohorts being
significantly higher than the frequency in healthy individ-
uals (8). With regard to RA, the true relationship with
AATD has long been debated, with early studies sug-
gesting a higher incidence of AATD in RA patients than
in the general population (9,10); however, further studies
have not corroborated this association (11,12). In the cur-
rent study, we determined the AAT phenotype of one of
the largest RA cohorts to date to investigate whether the
prevalence of alleles associated with AATD was higher in
RA patients compared with the general population.

PATIENTS AND METHODS

Patient recruitment. Patients (n 5 246) were recruited
from the Rheumatology Departments at St. Vincent’s University
Hospital, Beaumont Hospital, and Mater Misericordiae Hospital
in Dublin, Ireland. All patients met the American College of
Rheumatology/European League Against Rheumatism criteria
for RA (13) and provided fully informed written consent. The
general population was represented by a cohort of 1,100 ran-
domly selected individuals from the national electoral register
previously used to determine the overall prevalence of AATD in
Ireland (14). The study was approved by the respective institu-
tional ethics committees, and research was performed in accor-
dance with the Declaration of Helsinki.

Phenotypic analysis of AAT and autoantibody mea-
surements. Isoelectric focusing to establish the AAT phenotype
was performed using a Sebia Hydrasys platform as previously
described (15). IgG ACPAs were measured using a Phadia 250
Laboratory System (Thermo Scientific) and a commercially
available second-generation anti–cyclic citrullinated peptide
(anti-CCP) enzyme-linked immunosorbent assay (ELISA).
An anti-CCP test result of ,10 units/ml was considered negative.
Two upper limits (250 units/ml and 340 units/ml) of sensitivity for
the anti-CCP test were reported by the hospital laboratories.
IgM rheumatoid factor (RF) was detected using a Phadia 250
Laboratory System with a cutoff of 20 IU/ml, above which sub-
jects were considered to be RF positive. Antinuclear antibodies
(ANAs) were detected by indirect immunofluorescence with
HEp-2 cells, using a QUANTA Lyser 160 ELISA/IFA Processor.
ANAs were considered negative if detected at a dilution of
,1:100.

Statistical analysis. The chi-square test with Yates’
correction was used to determine differences in the prevalence of
alleles associated with AATD in RA patients compared with the
general population and to determine the association with anti-
body positivity in these populations. The Mann-Whitney U test
was used to analyze the mean antibody titers. GraphPad Prism
4.0 and SPSS version 18.0 were used for statistical analysis.

RESULTS

A total of 246 patients with RA were included in
this study. Among these, 222 (90.24%) were identified as
having the PiMM phenotype for AAT, while 15 (6.1%)
patients were identified as PiMS (8) (Figure 1A). No RA
patients homozygous for the Z allele were identified, but 9

Figure 1. Analysis of a1-antitrypsin (AAT) mutations in rheumatoid
arthritis (RA). A, AAT phenotyping was performed using a Hydragel
AAT Isofocusing kit (Sebia), which separates various isoglycoforms
of AAT in plasma on the basis of their isoelectric point in a pH gra-
dient between 4.2 and 4.9. Isoelectric focusing patterns for MM, MS,
and MZ are shown. B, A cohort of 1,100 randomly selected individu-
als (general) and 246 RA patients were screened for AAT defi-
ciency. Normal (protease inhibitor [Pi] MM) and abnormal (PiMS
and PiMZ) human AAT phenotypes were recorded. There was no
statistically significant difference in the prevalence of AAT deficiency
in RA patients compared with the general population.
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(3.66%) were identified as having the PiMZ phenotype.
There was no statistically significant difference in the prev-
alence of AATD between RA patients and the general
population (P 5 0.39) (Figure 1B). Turning our attention
to the most common pathologic allele, there was no statis-
tically significant difference in the Z allele frequency
between the RA cohort (0.0183) and the general popula-
tion (0.0128; P 5 0.75).

To establish whether abnormal AAT phenotypes
were associated with increased autoantibody production,
ACPA titers were compared. ACPA titers were available
for 179 RA patients who had been phenotyped for AAT
(164 had the PiMM phenotype, 9 had the PiMS pheno-
type, and 6 had the PiMZ phenotype). Among patients
with the PiMM phenotype, 86 of 164 (52.4%) were ACPA
positive, while all 6 (100%) of the individuals with the
PiMZ phenotype had positive ACPA titers. There was a
statistically significant difference between the groups, iden-
tifying a positive association between the presence of a sin-
gle Z allele for AAT and the production of ACPAs
(P , 0.0001) (Figure 2). Moreover, among RA patients,
the mean ACPA titer in the PiMM group was significantly
lower at 108.8 6 35.5 units/ml (mean 6 SD) compared
with 255.5 6 250 units/ml in the PiMZ cohort (P 5 0.01)
(Figure 3A). There was no statistically significant differ-
ence in RF titers in seropositive RA patients when PiMM
(266.4 IU/ml) was compared with PiMZ (358.2 IU/ml)
(P 5 0.63) (Figure 3B). Similarly, when ANA titers were
compared between the PiMM and PiMZ phenotypes,
there was no statistically significant difference, but a trend
toward higher titers was observed in the PiMZ group
(mean titer 1:1,248 versus 1:630.5 in the PiMM cohort
(P 5 0.44) (Figure 3C). Of note, a mean ACPA level of
116.1 units/ml was recorded in patients with the PiMS
phenotype, but this value was not statistically significantly
different compared with that in patients with the PiMM
phenotype (P 5 0.982) (results not shown). Collectively,

these results demonstrate that the presence of 1 PiZ allele
in patients with RA leads to increased production of auto-
antibodies, in particular, high ACPA levels.

DISCUSSION

Previous studies have assessed the relationship
between AATD and RA and presented opposing data for
(9,10) and against (11,12) this relationship. By using a
phenotyping approach for AATD that is more precise
than those previously used, we have readdressed the ques-
tion of an association between AATD and RA. Our study
demonstrated no increase in the prevalence of AATD in

Figure 2. Percentages of anti–citrullinated protein antibody
(ACPA)–positive and ANCA-negative rheumatoid arthritis patients
with normal (PiMM; n 5 164) or abnormal (PiMZ; n 5 6) human a1-
antitrypsin phenotypes.

Figure 3. Levels of anti–citrullinated protein antibodies (ACPAs)
(A), rheumatoid factor (RF) (B), and antinuclear antibodies (ANAs)
(C) in rheumatoid arthritis patients with normal (PiMM; n 5 164) or
abnormal (PiMZ; n 5 6) human a1-antitrypsin phenotypes.
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RA patients compared with the general population. How-
ever, the presence of abnormal AAT phenotypes and the
reduced levels of AAT have previously been shown to
drive autoantibody production systemically (15).

In this study, we demonstrated that the AATD
PiMZ phenotype was associated with ACPA production
and significantly higher titers of antibody compared with
non–AATD-deficient phenotypes. Although there was no
statistically significant increase in the levels of ANAs or
RF in patients with the PiMZ phenotype, there was a trend
toward higher titers in this group. These findings, coupled
with the association of anti-PR3 antibody–associated vas-
culitis in AATD (8), are suggestive of a role for circulating
AATD in modulating adaptive immune responses and are
consistent with reductions in autoantibody levels in models
of autoimmunity after AAT therapy (16).

Unfortunately, because AATD is rare and often is
undiagnosed, studies in RA registries may have poor sensi-
tivity for identifying a genetic link between AATD and
RA. Nonetheless, our results indicate that patients with
RA who are heterozygous for the Z allele may be pre-
disposed to increased autoantibody production. While
there was no increased prevalence of the Z allele of AAT
in RA, this allele may impact the symptoms and severity of
RA. An association between AATD and an increase in the
numbers of specific autoantibodies in comorbid autoim-
mune diseases other than RA requires investigation.
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Objective. To characterize the specific structural
properties of the erosion-prone bare area of the human
joint, and to search for early microstructural changes in
this region during rheumatoid arthritis (RA).

Methods. In the initial part of the study, human
cadaveric hand joints were examined for exact localization
of the bare area of the metacarpal heads, followed by
detection of cortical micro-channels (CoMiCs) in this
region by high-resolution peripheral quantitative com-
puted tomography (HR-pQCT) and, after anatomic dis-
section, validation of the presence of CoMiCs by micro–
computed tomography (micro-CT). In the second part of
the study, the number and distribution of CoMiCs were
analyzed in 107 RA patients compared to 105 healthy indi-
viduals of similar age and sex distribution.

Results. Investigation by HR-pQCT combined with
adaptive thresholding allowed the detection of CoMiCs in
the bare area of human cadaveric joints. The existence of
CoMiCs in the bare area was additionally validated by

micro-CT. In healthy individuals, the number of CoMiCs
increased with age. RA patients showed significantly more
CoMiCs compared to healthy individuals (mean 6 SD
112.9 6 54.7/joint versus 75.2 6 41.9/joint; P < 0.001), with
20–49-year-old RA patients exhibiting similar numbers of
CoMiCs as observed in healthy individuals older than age
65 years. Importantly, CoMiCs were already found in RA
patients very early in their disease course, with enrichment
in the erosion-prone radial side of the joint.

Conclusion. CoMiCs represent a new form of
structural change in the joints of patients with RA.
Although the number of CoMiCs increases with age, RA
patients develop CoMiCs much earlier in life, and such
changes can even occur at the onset of the disease.
CoMiCs therefore represent an interesting new opportu-
nity to assess structural changes in RA.

Rheumatoid arthritis (RA) is characterized by local
and systemic bone loss (1,2). Local bone erosions are the
hallmark of bone damage in RA. These lesions are based
on the activation of bone-resorbing osteoclasts by disease-
specific autoantibodies and proinflammatory cytokines
(2–5). Bone erosions describe a break of the juxtaarticular
cortical bone with associated resorption of the underlying
trabecular bone. Several histologic studies have confirmed
this break of cortical bone and the changes that can occur
in the adjacent trabecular bone in patients with RA (6–9).

Bone erosions typically emerge at certain “hotspots”
in the joint, which suggests that specific anatomic properties
facilitate the development of these structural lesions at spe-
cific sites (10). Indeed, erosions typically start at the so-
called bare area of the joint, which comprises a region where
bone is not covered by articular cartilage (11,12). This
region spans between the distally located cartilage-covered
region of the bone and the proximally located insertion site
of the joint capsule. Hence, the bare area is localized
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intraarticularly, and therefore is exposed to all forms of
pathologic processes happening inside the joint.

We considered the possibility that the micro-
anatomic properties of bone in the bare area of the joint
may explain the preferential development of erosions at
this specific site. Although conventional radiography is the
standard imaging technique to detect structural bone
changes in the joints, it has limitations as a method of
assessing bone microstructure. High-resolution peripheral
quantitative computed tomography (HR-pQCT) provides
an interesting alternative to study bone microstructure
(13–16). The use of high resolution in this HR-pQCT tech-
nique allows investigators to assess bone microstructure
not only in the distal radius and tibia but also in the joints,
offering a possibility for more extensive study of the micro-
anatomic properties of the bare area. Previous studies have
used HR-pQCT to detect and quantify erosions, osteo-
phytes, or even joint space width not only in healthy individ-
uals but also in patients with RA and psoriatic arthritis
(10,17–23). However, to date, no larger study has been con-
ducted to assess the structural properties of the bare area
of the joints in healthy individuals and RA patients.

In this study, we investigated the cortical bone of
the bare area of the joints of healthy individuals in compar-
ison to RA patients. We speculated that bone at the bare
area may show signs of cortical micro-channels (CoMiCs),
which mediate the communication between the synovial
compartment and bone marrow space. We consequently
developed a standardized technique that allows for the
quantification of CoMiCs in the hand joints, and we com-
pared the frequency of CoMiCs between healthy individu-
als and RA patients across different ages.

SUBJECTS AND METHODS

Cadavers. Six cadaveric hands were received from
the Body Donation Program of the Institute of Anatomy of
the Friedrich-Alexander University Erlangen-Nuernberg and
Universit€atsklinikum Erlangen. Validation of the detection of
CoMiCs by clinical HR-pQCT was done in these same cadav-
eric samples with the use of preclinical micro–computed
tomography (micro-CT) and by determination of the relation-
ship of CoMiCs to penetration of trans-cortical blood vessels.

Healthy controls and RA patients. Healthy controls
and RA patients were recruited from the Erlangen Imaging
Cohort study, a study that prospectively assesses articular bone
composition in healthy controls and patients with arthritis. All
individuals in this cohort were recruited at the Department of
Internal Medicine of the University of Erlangen-Nuremberg.
Healthy controls were collected through a field campaign, and all
healthy individuals identified had no joint pain, swelling, or any
other sign of inflammatory disease, as well as no personal or fam-
ily history of such disease. Clinical examination was performed by
a skilled rheumatologist (JH, AJH, JR, or AK). Healthy controls

had to be negative for anti–citrullinated protein antibodies
(ACPAs) and rheumatoid factor.

Patients with RA had to fulfill the American College of
Rheumatology/European League Against Rheumatism 2010
classification criteria for RA (24). The study was conducted upon
approval of the local ethics committee of the University of
Erlangen and with the authorization of the National Radiation
Safety Agency (Bundesamt f€ur Strahlenschutz). Each patient
provided informed consent.

HR-pQCT and micro-CT scanning in cadaveric
hands. To validate the CoMiCs detected in HR-pQCT, we first
scanned cadaveric human hands using an Xtreme-CT scanner
(Scanco). After the initial HR-pQCT scan, the hands were dis-
sected and subjected to a detailed macroscopic evaluation (results
in Supplementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40148/abstract) to fit for a more detailed micro-CT scan ex vivo
(mCT40, voxel size 10 mm; Scanco).

After the micro-CT image files were exported, they were
transferred to an HR-pQCT workstation for further evaluation.
Images from both scanning modalities were registered and
transformed using 3-dimensional (3-D) rigid registration software
(Image Processing Language V5.16/regisV1.07; Scanco) (25,26),
which allows for accurate comparison of the obtained slices irre-
spective of turn angles and shifts. The 3-D rigid registration was
applied to the gray-level images to get more accurate registration.

The registration was done in 3 steps. First, registration
was performed at the coarsest level by stepwise rotation of 90
degrees along each spatial axis, to avoid false local minima. Sec-
ond, more accurate registration was performed using a 10-fold
lower-resolution image (obtained with HR-pQCT) and an 82-
fold lower-resolution image (obtained with mCT40), followed by
a full-resolution image (obtained with HR-pQCT) and an 8-fold
downscaled image (obtained with mCT40). The transformation
matrix was then applied to the gray-level HR-pQCT image and
the segmented HR-pQCT image. Corresponding slices of the
mCT40 image and transformed, segmented HR-pQCT image were
determined by careful visual examination. Eleven corresponding
pairs of transverse planes with a standardized distance of 820 mm
(distance of 11 slices for HR-pQCT and 82 slices for mCT40) were
generated (by DW and FS) from the bare area of each metacarpal
head. Gray-level micro-CT slices with a 10-mm voxel size and
corresponding HR-pQCT slices with an 82-mm voxel size were then
assessed (by DW and DS) for the presence of CoMiCs.

Vessel visualization in cadaveric hands. To examine
the nature of the CoMiCs, we additionally performed contrast-
enhanced HR-pQCT measurements of the cadaveric hands. For
this procedure, radial and ulnar arteries were dissected and a con-
trast agent (Imeron 350 Iod/ml; Bracco Imaging) was injected
through a bolus into the ulnar artery, followed by injection of a
bolus into the radial artery and continuous perfusion (perfusion
rate of 15–50 ml/minute).

HR-pQCT assessment of the bare area of the hand
joints of healthy controls and RA patients. HR-pQCT scan-
ning of the second metacarpal head was performed in each sub-
ject by trained operators using standard in vivo imaging
parameters (voxel size 82 3 82 3 82 mm, effective energy 60 kV,
current 900 mA, integration time 100 msec) in accordance with
the recommendations from the SPECTRA collaboration (27).
Strict motion grading was applied with exclusion of images with a
motion grade of more than 3/5. The complete metacarpal head
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was then contoured in the transverse plane. Semiautomatic con-
touring was performed under visual inspection of a trained opera-
tor (FS) to make minor adjustments in those cases of inaccurate
periosteal surface delineation, followed by evaluation of the cre-
ated “gobj” file. To ensure that only intraarticular surface
changes were evaluated, a subregion of the metacarpal head with
a dimension of 101 slices was chosen. Transverse slices were gen-
erated from this region using the “sub dim” feature of the manu-
facturers’ 3-D viewer. In total, 11 transverse planes with a
standardized distance of 10 slices (820 mm), comprising the area
of the metacarpal head, were generated.

Assessment of CoMiCs in the hand joints of healthy
controls and RA patients. CoMiCs were quantified in all slices
by 2 independent blinded readers (DW and DS). CoMiCs were
defined as channels ranging from the periosteal to the endosteal
region in the bare area of the joint. The total numbers of CoMiCs
per joint were counted, as well as the respective numbers in the
dorsal, ulnar, palmar, and radial subregions. Furthermore, pres-
ence or absence of bone erosions in the respective subregions was
recorded in a manner as previously described (10,28).

Statistical analysis. Data were analyzed using SPSS
software for statistics (SPSS version 21.0; IBM). Categorical vari-
ables are presented as numbers and percentages, and continuous
variables as the mean 6 SD. Assumptions of normal distributions
were tested using quantile–quantile plots as well as Kolmogorov-
Smirnov and Shapiro-Wilk tests. Differences in frequency dis-
tributions of categorical variables were assessed by chi-square test.
After testing for normal distribution, the Mann-Whitney U test or
the t-test for independent samples was applied, as appropriate.

The numbers of CoMiCs in the 3 subgroups stratified by
RA disease duration and the 3 age subgroups were compared
using the Kruskal-Wallis test, and if significant differences were
found, the Mann-Whitney U test was used for pairwise group

comparisons. Using a linear regression model with forced entry
method, the number of CoMiCs (as the dependent variable) was
assessed for correlation to age, sex, body mass index (BMI),
smoking status, ACPA-positive RA, and the presence of erosions
(as independent variables). The 95% confidence limits of the
intraclass correlation coefficient (1,1) were calculated to deter-
mine the reproducibility of CoMiC readings between 2 indepen-
dent blinded readers (DS and DW). P values of less than or equal
to 0.05 were considered significant.

RESULTS

Validation of CoMiC detection in the cadaver
study. We first performed HR-pQCT scans of the entire
human cadaveric hands to exactly define the anatomic
regions of the bare areas (Figure 1A). The cadaveric meta-
carpal head was sliced in a total of 11 transverse planes with
a standardized distance of 10 slices (820 mm) comprising
the bare area (Figure 1B). From the same area, additional
micro-CT scans were obtained and segmented in order to
exactly match the HR-pQCT scans. Analysis of HR-pQCT
and equivalent micro-CT images showed that CoMiCs
appearing in HR-pQCT could also be retrieved in the

Figure 1. Analysis of cortical micro-channels (CoMiCs) in the bare
areas of human hand joints, using high-resolution peripheral quanti-
tative computed tomography (HR-pQCT). A, The HR-pQCT image
depicts a representative whole segmented cadaveric hand. The
region of interest (ROI) is highlighted by the red box. Arrows indi-
cate the bare area (orange) where CoMiCs were found. The carti-
lage area is depicted in milky white, and the region of capsule
insertion is shown in green. B, An intraarticular ROI (left; red) and
generation of transverse planes (right) are shown. C, Transverse sec-
tions after registration and transformation are shown for identical
regions displayed by HR-pQCT (left) and ex vivo micro–computed
tomography (right). Arrows indicate CoMiCs.

Figure 2. Detection of microvessels in human hand joints by
contrast-enhanced high-resolution computed tomography. A, Consec-
utive sagittal slices of a second metacarpophalangeal joint after
application of the contrast agent are shown (left panels). Within the
dotted red box, which marks the extraarticular part of the joint
region, contrast-enhanced vessels, as well as trans-cortical and med-
ullar vessels, can be seen. The segmented joint demonstrates the
region of contrast enhancement (right). B, Segmented bone and ves-
sel trees after contrast enhancement are shown. To demonstrate vas-
cularization of the hand, palmar views (left) and dorsal views (right)
are displayed.
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micro-CT, the latter of which uses a much higher resolution
than that used for the HR-pQCT (Figure 1C).

We next investigated whether CoMiCs in the bare
area resemble small trans-cortical vessels. Contrast-
enhanced HR-pQCT images of the cadaveric hands
allowed detection of both intracortical and marrow vessels
down to a diameter of 0.15 mm. In addition, vascular trees
around the wrist and the metacarpophalangeal joints could
be visualized after 3-D segmentation (Figures 2A and B).
However, no contrast enhancement was observed in bare
areas, where CoMiCs are localized.

Increased number of CoMiCs in RA patients
compared to healthy controls. We then aimed to visual-
ize and quantify CoMiCs in humans in vivo. We therefore
analyzed the bare areas of the hand joints of 105 healthy
individuals and 107 RA patients by HR-pQCT. The demo-
graphic and disease-specific characteristics of these individu-
als are outlined in Table 1. Distributions of age and sex were
comparable between the 2 groups. CoMiCs were detected in
RA patients as well as in healthy controls. RA patients
showed significantly more CoMiCs compared to healthy
controls (mean 6 SD 112.9 6 54.7/joint versus 75.2 6 41.9/
joint; P , 0.001) (Figures 3A and B).

We then assessed localization of the CoMiCs. We
found that CoMiCs were more abundant in RA patients
compared to healthy controls in all subregions of the

metacarpal head, including the dorsal compartment
(mean 6 SD 14.7 6 10.7 in controls versus 22.1 6 13.8 in
RA patients; P , 0.001), ulnar compartment (17.4 6 11.4
in controls versus 26.0 6 14.6 in RA patients; P , 0.001),
palmar compartment (27.8 6 18.1 in controls versus 32.8 6

16.9 in RA patients; P , 0.017), and radial compartment
(15.4 6 9.52 in controls versus 32.02 6 23.66 in RA
patients; P , 0.001) (Figure 3C). Interreader correlation
coefficients for the number of CoMiCs was high, and
ranged from 0.981 to 0.997.

Anatomic distribution of CoMiCs in healthy con-
trols and RA patients. In healthy controls, most CoMiCs
were found at the palmar site (36.9% of all breaks), while
the remaining ones were located at the dorsal site (19.6%),
ulnar site (23.1%), and radial site (20.4%). In comparison
to healthy controls, RA patients showed a shift toward
radial involvement (28.3%), where CoMiCs were as fre-
quent as in the palmar site (Figure 3C). The dorsal and
ulnar sites were less frequently affected by CoMiCs (19.5%
in the dorsal site and 23.1% in the ulnar site).

CoMiCs and disease duration. To examine
whether RA patients with long-lasting disease show more
CoMiCs than in patients with early RA, 3 subgroups based
on disease duration (RA for ,1 year, 1–2 years, and .2
years) were investigated. The mean 6 SD number of
CoMiCs per joint in RA patients with a disease duration
of ,1 year was 102.5 6 44.8, and this increased to 109.5 6

55.5 in those with disease of 1–2 years and to 118.01 6

57.3 in those with .2 years of disease. Even more impor-
tantly, a significant increase in the number of CoMiCs was
observed already in the early stages of RA. Hence, RA
patients with a disease duration of ,1 year had signifi-
cantly more CoMiCs as compared to healthy controls
older than age 65 years (mean 6 SD 75.23 6 41.92/joint;
P 5 0.015).

Comparison of CoMiCs in different age subgroups
of RA patients and healthy controls. To assess whether
the number of CoMiCs depends on age, we separately ana-
lyzed 3 age subgroups (age ,50 years, 50–65 years, and
.65 years). The number of CoMiCs increased with age
both in RA patients and in healthy controls (Table 2). In
healthy controls, the mean 6 SD number of CoMiCs in
subjects older than age 65 years was significantly higher
than that in subjects younger than age 50 years
(99.7 6 51.1/joint versus 67.1 6 35.9/joint; P 5 0.001) (Fig-
ure 3D). In RA patients, the number of CoMiCs was
significantly increased in those ages 50–65 years (mean 6

SD 124.3 6 58.1/joint) and in those ages .65 years
(126.0 6 45.4/joint) (both P 5 0.008 versus the younger age
groups). The number of CoMiCs in young RA patients
(those ages 20–49 years) (mean 6 SD 95.3 6 50.9/joint)

Table 1. Demographic and clinical characteristics of the healthy
individuals and RA patients*

Healthy
controls

(n 5105)

RA
patients

(n 5 107) P

Demographic characteristic
Sex, no. male/no. female 41/64 29/78 0.064
Age, mean 6 SD years 49.9 6 16.4 52.9 6 12.7 0.134
BMI, mean 6 SD kg/m2 24.5 6 3.7 25.7 6 4.6 0.048
Smoker, no. (%) 8 (7.6) 23 (21.5) 0.001

Clinical characteristic
Disease activity, mean 6 SD DAS28 0 3.3 6 1.5 –
Duration of RA, mean 6 SD years 0 9.2 6 8.8 –
Physical function,

mean 6 SD HAQ DI score
– 0.7 6 0.7 –

ACPA positive, no. (%) 0 107 (100.0) –
RF positive, no. (%) 0 83 (77.6) –

Treatment, no. (%)
Low-dose glucocorticoids 0 36 (33.6) –
Methotrexate 0 22 (20.6) –
Other cDMARD 0 10 (9.3) –
bDMARD 0 27 (25.2) –
cDMARD and bDMARD 0 23 (21.5) –
No current DMARDs 0 25 (23.4) –

* RA 5 rheumatoid arthritis; BMI 5 body mass index; DAS28 5 Disease
Activity Score in 28 joints; HAQ DI 5 Health Assessment Questionnaire
disability index; ACPA 5 anti–citrullinated protein antibody; RF 5 rheu-
matoid factor; cDMARD 5 conventional disease-modifying antirheu-
matic drug; bDMARD 5 biologic DMARD.
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was as high as that in healthy older individuals (for visuali-
zation, see Figure 4).

Comparison of CoMiCs between men and women.
Healthy men had more CoMiCs per joint compared to

healthy women (mean 6 SD 88.4 6 39.5 versus 66.8 6 41.5;
P 5 0.002) and also showed significantly more CoMiCs in
all of the different regions, except for the palmar region, of
the hand joints (17.4 6 12.0/joint versus 12.9 6 9.4/joint in

Figure 3. In vivo assessment of cortical micro-channels (CoMiCs) in the bare areas of the hand joints of healthy controls (HC) and rheumatoid
arthritis (RA) patients. A, Examples of transverse slices through the metacarpal head of a healthy individual (left) and an RA patient (right)
(both 50-year-old male subjects). Arrows indicate CoMiCs. B, Total numbers of CoMiCs in healthy controls and RA patients. C, Numbers of
CoMiCs in the dorsal, ulnar, palmar, and radial sites of the metacarpal head in healthy controls and RA patients. D, Numbers of CoMiCs in 3
different age cohorts of healthy controls and RA patients (ages 20–49 years, 50–65 years, and .65 years). Results in B–D are the mean 6 SD of
105 healthy controls and 107 RA patients.

Table 2. Number of CoMiCs in different age groups of healthy individuals and RA patients*

CoMiCs by age

P between age groups

Age
20–49 years

Age
50–65 years

Age
.65 years

Age 20–49
years vs.

age 50–65 years

Age 20–49
years vs.

age .65 years

Age 50–65
years vs.

age .65 years

Healthy controls
No. of subjects 52 33 20
Site

Dorsal 13.3 6 10.8 13.5 6 7.8 20.3 6 12.9 0.359 0.011 0.042
Ulnar 15.9 6 10.0 16.5 6 11.7 22.7 6 13.4 0.993 0.027 0.071
Palmar 24.3 6 14.4 29.3 6 20.8 34.2 6 20.6 0.507 0.039 0.368
Radial 13.6 6 7.7 13.9 6 7.60 22.5 6 13.1 0.665 0.003 0.007
Total 67.1 6 35.9 73.1 6 40.2 99.7 6 51.1 0.433 0.001 0.060

RA patients
No. of subjects 43 45 19
Site

Dorsal 17.7 6 13.9 25.1 6 13.1 24.9 6 12.9 0.003 0.019 0.988
Ulnar 21.4 6 12.8 29.0 6 15.6 29.6 6 13.8 0.024 0.036 0.591
Palmar 29.8 6 16.1 35.4 6 18.4 33.6 6 14.8 0.128 0.213 0.802
Radial 26.4 6 19.7 34.9 6 27.8 37.9 6 19.1 0.050 0.017 0.207
Total 95.3 6 50.9 124.3 6 58.1 126.0 6 45.4 0.008 0.008 0.623

* Values for cortical micro-channels (CoMiCs) by age are the mean 6 SD number per joint. RA 5 rheumatoid
arthritis.
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the dorsal site [P 5 0.047]; 22.4 6 11.4/joint versus
14.1 6 10.3/joint in the ulnar site [P , 0.001]; 17.3 6 9.3/
joint versus 14.1 6 9.5/joint in the radial site [P 5 0.040]).
Among the patients with RA, there was no difference
between male and female patients with respect to total
CoMiC numbers. Only in the palmar and ulnar subregions
did we find significant differences, with more CoMiCs
observed in both of these subregions in the hand joints of
men as compared to women (mean 6 SD 39.6 6 17.1/joint
versus 30.3 6 16.3/joint in the palmar site [P 5 0.011];
30.6 6 16.4/joint versus 24.3 6 13.6/joint in the ulnar site
[P 5 0.049]).

Relationship between CoMiCs and bone erosions.
Erosions were detected in 46.7% of the RA patients but in
only 9.5% of the healthy controls. In RA patients, there
were 118 erosions, predominantly (65.3%) affecting the
radial compartment. In healthy controls, no difference
regarding the number of CoMiCs was found between those
with and those without erosions. In contrast, in RA patients,
those with erosions showed a significantly higher number of

CoMiCs compared to those without erosions (mean 6 SD
135 6 62.2/joint versus 92.9 6 37.4/joint; P , 0.001). These
differences between RA patients with erosions and those
without erosions were more pronounced in the dorsal and
radial sites of the metacarpal head. Moreover, the number
of CoMiCs inversely correlated with trabecular bone mass
in the metacarpal heads (r 5 20.524, P , 0.001). This
observation supports the concept that CoMiCs link inflam-
mation in the synovial compartment with bone loss in the
subchondral bone marrow.

Relationship of CoMiC numbers to clinical
characteristics. According to the results of the linear
regression model, the total number of CoMiCs was higher
with older age (P , 0.001) and also higher in the presence
of bone erosions (P 5 0.008). We could not find any corre-
lation between the total number of CoMiCs and sex, BMI,
or smoking status. Moreover, although only ACPA-
positive RA patients were analyzed in this study, the actual
ACPA titer did not correlate with the number of CoMiCs
(r 5 20.024, P 5 0.809).

DISCUSSION

In this report, we describe a new structural feature
of the bare area of the human joint, which we have termed
CoMiCs. These structures connect the synovial space with
the bone marrow. Although CoMiCs are a structural part
of the normal joint, their numbers increase with age and,
particularly, with RA. CoMiCs are small structures that
cannot be visualized by standard imaging techniques. Even
at the level of HR-pQCT (with a resolution of ,200 mm),
CoMiCs are close to the lower detection limit. We there-
fore successfully confirmed the existence of CoMiCs in a
cadaver study by the use of micro-CT scanning, which had
a resolution of 20 mm.

A structural analysis of the bare area in normal and
diseased joints has not been undertaken to date. Cortical
“porosity” has been assessed in long bones such as the
radius and the ulna (29). Stach et al first described cortical
surface changes in the finger joints, but they could not prove
that these changes correspond to true micro-channels in the
bare area (10). Scharmga et al also reported the presence of
cortical breaks in the finger joints, defined as discontinuity
in more than 2 HR-pQCT slices or more than 9 micro-CT
slices (30). Based on this approach, only larger breaks were
characterized, and analysis of gray-level images limited the
inter- and intrareader reliability due to dependency on the
contrast brightness settings.

To allow detection and reliable quantification of
CoMiCs in the bare area, we developed an entirely novel
approach. We used segmented images based on adaptive
thresholding, which has been established for standard

Figure 4. Number and distribution of cortical micro-channels
(CoMiCs). Depictions show transverse sections (radial [R], dorsal
[D], palmar [P], and ulnar [U]) through the bare areas of the meta-
carpal head, and the numbers and distribution of CoMiCs (red
circles) in the hand joints of healthy controls (HC) and rheumatoid
arthritis (RA) patients stratified by age (,50 years [left] and .65
years [right]). The results show that the number of CoMiCs increases
with age in both groups, and RA patients have a higher level of
CoMiCs. Note the substantial increase of CoMiCs at the radial side.
Gray-shaded circles represent the cortical bone. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40148/abstract.
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bone evaluation in HR-pQCT images (13). An advantage
of this method is its reliability: interreader reliability was
very good (ranging from 0.979 to 0.997). The method is
also fast and easy to use, allowing its application in larger
cohorts such as the one described herein. Furthermore, we
strictly focused our analysis to the bare area, which is noto-
riously prone to structural changes. This wave-like area of
periarticular cortical bone spanning between the cartilage
and the capsule is directly exposed to intraarticular pro-
cesses and not protected by cartilage. By going deeper into
this area by downsizing to 1 slice with the highest resolu-
tion for in vivo scanning, we were able to not only visualize
CoMiCs but also accurately quantify their number.

CoMiCs are not pathologic per se. They appear to
be a specific anatomic property of the bare area, tunneling
the cortical bone and linking the synovial and bone marrow
compartments. It has long been known that canals are pres-
ent in the cortical bone. Havers described “cortical pores”
in 1691 (31), which were later identified by Todd and
Bowmann as a canalicular system, termed “Haversian
canals” (32). The original Haversian canals, with an average
size of ;40 microns, are likely too small to be visible in HR-
pQCT but may undergo widening during inflammation.
Since 1757, it has been known that these canals can contain
blood vessels (33). These observations were confirmed in
modern times in histologic joint sections from mice with
inflammatory arthritis and osteoarthritis (7,34) as well as in
sections of human mandibular bone (35). Whether CoMiCs
actually resemble blood vessels remains unclear. We used
contrast-enhanced HR-pQCT to reconstruct the vascular
tree up to very small intraarticular, and even intramedullar,
vessels. However, all of these vessels were more proximally
localized and did not reach the distally located bare area.
Nonetheless, the possibility cannot be excluded that very
small vessels that have escaped detection in contrast-
enhanced HR-pQCT may still use the CoMiCs for penetrat-
ing cortical bone (36).

In this study, the number of CoMiCs was signifi-
cantly increased in RA patients. Indeed, even young RA
patients exhibited CoMiC numbers that were equal to
those found in older healthy controls. Several points of evi-
dence suggest that an increased frequency of CoMiCs is a
bioindicator for arthritis. First, increases in the number of
CoMiCs occurred very early in the disease course of RA.
This finding extends previous observations that patients
considered at risk of developing RA show cortical bone
changes already at the onset of disease (37). Second, the
distribution of CoMiCs shifted toward more pronounced
involvement of the radial regions, where most structural
pathologic processes are found in RA (10). Third, RA
patients with bone erosions showed a higher burden of
CoMiCs as compared to those without erosions, suggesting

that CoMiCs are associated with bone erosions and poten-
tially represent their precursors.

Pathophysiologically, CoMiCs represent an initial
direct connection between the synovial compartment and
the bone marrow space, thereby allowing communication
of the inflammatory microenvironment between the outer
synovial and inner bone marrow space (38). CoMiCs may
result from a widening of the physiologic network of
Haversian and Volkmann canals, which span through the
cortical bone. Widening of this canal system by osteoclast-
mediated bone resorption either in response to age or pre-
maturely through the emergence of autoantibodies or
inflammation in RA may render these channels detectable
for HR-pQCT imaging.

One limitation of this study is the fact that small
movement artifacts still cannot be completely excluded.
Although we were very strict with our motion grading,
small movement artifacts could escape detection and may
influence the measurement at very thin areas of cortical
bone, such as the palmar site. However, based on the
findings from our cadaver study and the consistency of the
results from our human study (involving .200 individuals),
we consider our detection of CoMiCs by HR-pQCT to be
robust.

In summary, CoMiCs represent a new structural
property immanent to the bare area of the joints. Our data
suggest that CoMiCs, which are localized inside the joint,
appear to be indicators of articular stress. While CoMiCs
accumulate with age in healthy individuals, they are mas-
sively altered in their numbers and distribution in RA
patients. Increases in the number of CoMiCs occur very
early in the disease course of RA, and such changes are
associated with the development of bone erosions. Thus,
CoMiCs may represent the first structural alteration of the
joint in patients with RA.
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Genomic Responses of Mouse Synovial Fibroblasts During
Tumor Necrosis Factor–Driven Arthritogenesis Greatly Mimic

Those in Human Rheumatoid Arthritis
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Objective. Aberrant activation of synovial fibro-
blasts is a key determinant in the pathogenesis of rheu-
matoid arthritis (RA). The aims of this study were to
produce a map of gene expression and epigenetic
changes occurring in this cell type during disease pro-
gression in the human tumor necrosis factor (TNF)–
transgenic model of arthritis and to identify commonal-
ities with human synovial fibroblasts.

Methods. We used deep sequencing to probe the
transcriptome, the methylome, and the chromatin land-
scape of cultured mouse arthritogenic synovial fibro-
blasts at 3 stages of disease, as well as synovial
fibroblasts stimulated with human TNF. We performed
bioinformatics analyses at the gene, pathway, and net-
work levels, compared mouse and human data, and val-
idated selected genes in both species.

Results. We found that synovial fibroblast
arthritogenicity was reflected in distinct dynamic pat-
terns of transcriptional dysregulation, which was espe-
cially enriched in pathways of the innate immune
response and mesenchymal differentiation. A function-
ally representative subset of these changes was associ-
ated with methylation, mostly in gene bodies. The
arthritogenic state involved highly active promoters,
which were marked by histone H3K4 trimethylation.
There was significant overlap between the mouse and
human data at the level of dysregulated genes and to an
even greater extent at the level of pathways.

Conclusion. This study is the first systematic
examination of the pathogenic changes that occur in
mouse synovial fibroblasts during progressive TNF-
driven arthritogenesis. Significant correlations with the
respective human RA synovial fibroblast data further
validate the human TNF–transgenic mouse as a reliable
model of the human disease. The resource of data gen-
erated in this work may serve as a framework for the
discovery of novel pathogenic mechanisms and disease
biomarkers.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease characterized by extensive damage to
diarthrodial joints. Our understanding of RA has largely
relied on the use of mouse models, such as collagen-
induced arthritis, collagen antibody–induced arthritis,
and the tumor necrosis factor (TNF)–transgenic animal
models. Work on the latter models established the
proof of principle for the pivotal role of TNF in disease
pathogenesis and its therapeutic targeting by anti-TNF
biologic drugs (1). The same models established the
synovial fibroblast as a key cellular player and target of
TNF in RA (2). Whereas under physiologic conditions,
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synovial fibroblasts provide nourishment and protection
for the joint, upon chronic innate immune activation,
the fibroblasts undergo a complex process that has been
referred to as arthritogenic “transformation.” That is,
they proliferate aberrantly and acquire resistance to
death, thus becoming hyperplastic, and they express
proinflammatory cytokines, matrix-degrading enzymes,
and cell adhesion molecules, thus contributing to an
inflammatory and tissue-damaging microenvironment
(3–5). Synovial fibroblasts can also migrate to distant
sites via the vasculature, maintaining and transferring
their newly acquired destructive properties, both in
humans and in mouse models (6,7).

Epigenetic changes underlie the activated and
aggressive phenotype of RA synovial fibroblasts (8).
Most of the relevant studies have examined the contri-
bution of the methylome, reporting global genomic
hypomethylation in the arthritogenic human synovial
fibroblast (9–12). In addition, microRNA dysregulations
are known to accompany both human and murine dis-
eases (13).

In order to assess the gene expression and epige-
netic changes that occur in synovial fibroblasts during
the arthritogenic process, we used next-generation
sequencing (NGS) approaches to initiate a multilevel
omics analysis of human TNF–transgenic (Tg197)
mouse synovial fibroblasts. We report the molecular
profile of the activated synovial fibroblasts at the level
of the transcriptome, the methylome, and active chro-
matin, as evidenced by histone H3K4 trimethylation.
This profile entails distinct dysregulations associated
with functional pathways (notably, those related to the
innate immune response and mesenchymal differentia-
tion), methylation changes that correlated with expres-
sion in specific genes, and an activated chromatin
profile. In the context of this key pathogenic cell type,
the human TNF–transgenic mouse model data aligned
significantly with the human data, both at the level of
the genes and even more so at the level of the pathways.

MATERIALS AND METHODS

Mouse and human synovial fibroblasts. Mouse syno-
vial fibroblasts were isolated from CBAxC57BL/6 human TNF–
transgenic (Tg197) mice (1) and their wild-type littermates at
3 disease stages: early (3 weeks), established (8 weeks), and
late (11 weeks), as previously described (14). All mice were
housed under specific pathogen–free conditions. Three bio-
logic replicates were isolated per experimental condition, and
for each condition, a mixed-sex pool of 3 mice was used. Purity
of all isolations was assessed by fluorescence-activated cell
sorting, with the following acceptance criteria: .85% positive
for CD90.2 and ,2.5% positive for CD45.

Human synovial fibroblast samples used for RNA
sequencing were isolated from the knees of 3 RA patients
and 3 healthy individuals (as defined below), as described in
detail elsewhere (15). Human RA synovial fibroblasts used
for validation assessments were isolated from synovial tissues
obtained from patients undergoing joint replacement surgery
at the Schulthess Clinic (Zurich, Switzerland). All patients
fulfilled the American College of Rheumatology/European
League Against Rheumatism 2010 criteria for the classifica-
tion of RA (16). Samples defined as healthy synovial fibro-
blasts were grown from synovial biopsy samples obtained at
the Queen Elizabeth Hospital (Birmingham, UK) from
arthralgia patients who had no clinical or histologic signs of
inflammation or cartilage destruction. Details about the study
samples are shown in Supplementary Table 1 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40128/abstract).

Human studies were approved by the local ethics com-
mittees of the University Hospital Zurich, Switzerland, and
the University of Birmingham, Birmingham, UK. Informed
consent was obtained from all study subjects.

Extraction of RNA and DNA. RNA was extracted
from mouse synovial fibroblasts with the use of an Absolutely
RNA Miniprep kit (Agilent Technologies) and from human
synovial fibroblasts with use of a miRNeasy Mini kit (Qiagen).
DNA was extracted from mouse synovial fibroblasts using a
PureLink Genomic DNA Mini kit (Invitrogen).

Enrichment for MethylCap and H3K4me3. A
MethylMiner DNA enrichment kit (Invitrogen) was used to
enrich for methylated DNA according to the manufacturer’s
instructions. DNA was first fragmented by sonication to an
average size of 250 bp with the use of a Covaris S220 focused
ultrasonicator. Enrichment was performed with a double elu-
tion (high and low salt) in order to capture both sparsely meth-
ylated and densely methylated DNA. The fractions were then
combined. To enrich for H3K4me3, DNA was processed using
an iDeal ChIP-Seq kit in combination with a ChIP-grade
H3K4me3 antibody (both from Diagenode) according to the
manufacturer’s instructions. Chromatin was first sheared by
sonication using a Bioruptor (Diagenode) and then subjected
to the H3K4me3 enrichment protocol, with a minor modifica-
tion: after performing RNase I digestion for 30 minutes at
378C, the de-crosslinked DNA was eluted using a QIAquick
polymerase chain reaction (PCR) purification kit (Qiagen).
Enrichment (as compared to nonenriched input control) was
confirmed by quantitative PCR.

Library preparations and next-generation sequenc-
ing. All library preparations, next-generation sequencing, and
quality control steps were performed at the McGill University
and Genome Quebec Innovation Centre (Montreal, Quebec,
Canada). More specifically, for RNA-Seq, TruSeq RNA
libraries were prepared and samples were run on an Illumina
HiSeq2000 platform using a 100-bp paired-end setup. For
MethylCap-Seq, TruSeq genomic DNA libraries were pre-
pared and samples were run in an Illumina HiSeq platform
using a 100-bp paired-end setup. For ChIP-Seq, TruSeq geno-
mic DNA libraries were prepared and samples were run in an
Illumina HiSeq platform using a 100-bp paired-end setup. For
human samples, preparation of libraries and next-generation
sequencing were performed as detailed elsewhere (15).

Bioinformatic analyses. General. Quality of sequenc-
ing was accessed using FastQC software (17), which also
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Figure 1. Dysregulation of arthritogenic synovial fibroblasts at the level of the transcriptome across disease stages in the human tumor necrosis
factor–transgenic (Tg197) mouse model of rheumatoid arthritis. The RNA-Seq profiles of synovial fibroblasts from Tg197 mice and wild-type controls
were compared for the 3 disease stages: early (3 weeks), established (8 weeks), and late (11 weeks). A, Volcano plots depicting differentially
expressed genes (DEGs; significantly down-regulated, no change, or significantly up-regulated) at the 3 disease stages. B, Venn diagrams showing
overlap of significant DEGs among the disease stages. C, Heatmap showing clustering of significant DEGs across disease stages (left). Genes were
found to categorize into 6 clusters, each with a distinct pattern of dysregulation (right). Functional analysis was performed on the clusters, and
descriptors summarizing the top 10 gene ontology biologic process (GO-BP) terms (ranked by q value) were illustrated with the heatmap. D,

Heatmap showing clustering of the top 25 significant GO-BP terms (ranked by q value) associated with each disease stage. E, Common transcrip-
tional network of the 3 disease stages, as identified with the Regulatory Network Enrichment Analysis tool. Color bar indicates node centrality; circle
size indicates the number of edges from the node (i.e., the number of targets). FC 5 fold change; PV 5 corrected P value; ECM 5 extracellular
matrix.
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calculates the average quality of reads. The number of mapped
reads was calculated with the use of the SAMtools tool
(-flagstat) (18). Conversion of alignment files (bam) to bed
format was done with BEDTools (bamtobed) (19). BAM files
were also converted to bedgraph with BEDTools (genomecov
-bga) and bedgraph files were converted to bigwig using the
UCSC bedGraphToBigWig utility. Volcano plots were created
in R with an in-house developed script, which is based on the
ggplot package. Heatmaps were also generated in R with the
heatmap.2 function of the gplots package. Functional analyses
were performed with the online tool Enrichr (20). For all sta-
tistical comparisons, the cut-off for significance was set to 0.05.
With the exception of KEGG pathway enrichment and human
RNA-Seq analyses, in all other comparisons P values were
adjusted for multiple comparisons. Human-mouse overlap was
tested using an online tool based on a normal approximation
to the exact hypergeometric probability (21).

RNA-Seq. Mouse RNA-Seq samples were analyzed
with the TopHat–Cufflinks pipeline (22–24). Reads were
mapped to the mm9 genome with TopHat2. Transcripts were
assembled using Cufflinks. Final transcriptome assembly was
performed with cuffmerge, and differential expression was
identified with cuffdiff. Venn diagrams were created with
InteractiVenn (25) or with the online tool Venny (26). Clus-
tering of genes was performed using K-means, based on both
the fold change and the q value for all time points. The

number of clusters was selected with the use of the elbow rule.
The average cluster profile was plotted in R using the fold
changes and the q values for the clusters’ centroids. Regula-
tory Network Enrichment Analysis (RNEA) was performed as
previously described (27). Networks were visualized in
Cytoscape (28), and the characteristics of nodes (color and
size) were based on betweenness centrality and outdegree.
Compilation of the lists of differentially expressed genes from
the human RNA sequencing data has been described else-
where (15).

MethylCap-Seq and H3K4me3-Seq. The MethylCap-
Seq and H3K4me3-Seq reads were mapped using the BWA
tool (29). Visualizations of general profiles were created with
seqplots (30). Methylation plots were generated with the use
of a pseudo-length of 10 kb, to which the genes were extended
or shrunk using linear approximation (“anchored features”).
Differential analysis was performed with diffReps (31) using
the default normalization procedure and windows of 500 bases
for MethylCap-Seq and 1,000 bases for H3K4me3-Seq.

Quantitative reverse transcription–PCR (RT-PCR).
For validation of dysregulated genes identified by RNA-Seq in
the mouse, an independent set of mouse synovial fibroblast
RNA was used, comprising triplicate biologic samples for
each condition. All primers were purchased as QuantiTect
Primer Assays (Qiagen) and were used in conjunction with a
QuantiFast SYBR Green RT-PCR kit (Qiagen) according to

Figure 1. (Cont’d)
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the manufacturer’s instructions. Thermal cycling was performed
with a Bio-Rad CFX96 Touch real-time PCR detection system.
Expression was quantified relative to b2-microglobulin.

For validations in human synovial fibroblasts, reverse-
transcribed total RNA was measured in an Applied Bio-
systems 7500 Real-Time PCR system using self-designed prim-
ers (Supplementary Table 2, available at http://onlinelibrary.
wiley.com/doi/10.1002/art.40128/abstract) in combination with
SYBR Green dye. As controls, we used no-template control
samples, dissociation curves, and samples containing the
nontranscribed RNA. Expression of hypoxanthine guanine
phosphoribosyltransferase1 (HPRT1) was used for normaliza-
tion according to the following formula: DCt 5 (target expres-
sion – HPRT1 expression).

Data availability. The data have been deposited in
the Gene Expression Omnibus database under the following
accession numbers: GSE95251, GSE95252, GSE95254, and
GSE95256.

RESULTS

Distinct patterns of transcriptional dysregula-
tion during disease progression in arthritogenic syno-
vial fibroblasts from Tg197 mice. In order to explore
cell-specific transcriptional changes accompanying dis-
ease progression in the Tg197 mouse model of RA, syno-
vial fibroblasts were isolated from diseased and healthy
animals at 3 different stages: 3 weeks (early stage of not
overtly manifested pathologic changes), 8 weeks
(established disease), and 11 weeks (late stage of severe
pathologic changes) (see Supplementary Figures 1 and
2A, available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40128/abstract). RNA samples were processed for
NGS, and the quality of sequencing was confirmed (Sup-
plementary Figures 2B and C). As can be seen in Figure
1A, more than 1,000 significant differentially expressed
genes (DEGs) were identified. The early stage of disease
was characterized by the fewest DEGs, which were equally
represented by up-regulation and down-regulation,
whereas the most DEGs were identified during the
established disease stage, where up-regulation pre-
dominated. This was also true for the late stage of disease.
A considerable number of DEGs persisted throughout the
disease stages (177 up-regulated and 114 down-regulated),
while some were also stage-specific (Figure 1B). Interest-
ingly, the vast majority of early DEGs were seen through-
out the disease stages, indicating that these genes were
ones that play a central role in disease development.

To further explore the identified patterns of dys-
regulation, we classified DEGs into 6 clusters according
to their occurrence during disease progression (Figure
1C). Three clusters were associated with up-regulated
genes and 3 with down-regulated genes. These clusters
were then subjected to functional enrichment analysis
to examine whether they were associated with distinct

functional categories. With regard to up-regulation
clusters, immune response was identified as the
most prominent functional category, being significant
throughout disease progression. Stage-specific up-regu-
lation encompassed functions of cell signaling, cell
adhesion, cytokine response, cell motility, and the
extracellular matrix. Notably, genes that were down-
regulated during all disease stages were functionally
related to differentiation. This became more pro-
nounced in the cluster of genes that were down-
regulated during the late stage, where we observed a
deficit in the culmination of differentiation processes
(termed morphogenesis). Additional functions of down-
regulation across disease stages were related to the extra-
cellular matrix and negative regulation of proliferation
(hence an overall positive proliferative potential).
Stage-specific down-regulation clusters included
functions of cell division and regulation of Wnt signal-
ing. In the context of all of these clusters, late was the
most distant hierarchically, indicating the farthest,
functionally evolved stage of disease.

In a complementary functional approach, the
dysregulation of each disease stage was subjected to
functional enrichment, and clustering was performed
according to the top 25 terms of the early stage (Figure
1D). Functions enriched in up-regulated genes mostly
corresponded to the immune response, and their enrich-
ment became more pronounced with disease progres-
sion. The majority of the top immune response–related
ontology terms enriched during the 3 disease stages
were related to the innate immune response and Toll-
like receptor (TLR) signaling. Functions enriched in
down-regulated genes were mostly linked to differentia-
tion and the extracellular matrix; the tendency across
disease stages applied here too, albeit to a lesser extent.
As with the first functional analysis, the late stage of dis-
ease was the most distant one.

We additionally sought to identify transcriptional
regulators that underlie the identified dysregulation
profiles. To this end, we used RNEA, a tool developed
in-house that performs enrichment analysis using trans-
criptome data in combination with transcriptional net-
work assignment algorithms (27). Having observed that
despite the high complexity of networks derived for
each disease stage, the top significant central players
were consistent (Supplementary Figure 3, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40128/
abstract), we focused on the common transcriptional
network that applied throughout disease. As can be
seen in Figure 1E, this transcriptional network was
found to have 3 central regulators: Nfkb1, Pparg, and
Cebpa. These transcription factors are highlighted in
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Figure 2. Global DNA methylation changes as part of the arthritogenic profile in synovial fibroblasts from human tumor necrosis factor–transgenic
(Tg197) mice. The MethylCap-Seq profiles of synovial fibroblasts from Tg197 mice and wild-type (WT) controls were compared for the 3 disease
stages. A, Volcano plots depicting differentially methylated regions (DMRs) in either promoters or gene bodies across the 3 disease stages. B, Dis-
tribution of significantly DMRs in promoters (left), gene regions (right), and in relation to CpG islands (CGIs) (bottom), for the 3 disease stages.
Relative enrichment is shown on the y-axis. C, Expression data displayed in 4 quantiles against the DNA methylation signal around the transcrip-
tion start site (TSS) and up to the transcription stop site (TES). D, Pie charts showing percentages of significantly differentially expressed genes
that were also significantly differentially methylated (DM) at each disease stage. The expected DM is shown for both the inverse correlation with
promoter methylation and the positive correlation with gene body methylation. FC 5 fold change; PV 5 corrected P value.
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our analysis as having both a central and strong impact,
placing the NF-kB and mesenchymal differentiation
pathways at the core of our transcriptome profiles and
thus at the core of Tg197 pathogenesis.

Association of global DNA methylation changes
with the activated Tg197 synovial fibroblast profile.
We next examined the methylome of the arthritogenic
synovial fibroblast. MethylCap sequencing was per-
formed using the same set of biologic samples. Quality
control metrics are shown in Supplementary Figures 2B
and C (available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40128/abstract). Approaching differential
methylation with the use of a promoter/gene body
dichotomy in our analyses, we observed that in the
promoters of the early and late stages, differentially
methylated regions (DMRs) showed similar levels of
enrichment (hypermethylation) and depletion (hypo-
methylation) (Figure 2A). In the established disease
stage, there was a tendency for more hypermethylation.
With regard to gene body methylation, there was
pronounced hypomethylation associated with the
established stage of disease. Upon examining the
distribution of these DNA methylation changes, we
found that as disease progressed, the signal tended
to spread away from the transcription start site
(Figure 2B). There was greater enrichment in gene
body methylation, most of which was exonic, while most
of the overall differential methylation was found in CpG
islands.

With regard to the relationship between DNA
methylation and expression, we first noted that if we
stratified our expression data into quantiles, then meth-
ylation appeared to be an indicator of the level of
expression, with positive expression downstream of the
transcription start site and mostly negative expression
upstream of it (Figure 2C). In our attempt to correlate
the dysregulations identified at the RNA level with the
changes in DNA methylation, we observed that approxi-
mately one-fourth of the DEGs at any disease stage were
accompanied by a change in methylation (Figure 2D). Of
these, approximately one-half followed the “canonical”
correlation between methylation and expression (inverse
for the promoter and positive for the gene body), the vast
majority of which corresponded to gene body DMRs.
Approximately one-fifth of the latter genes (i.e., those
whose dysregulation at the RNA level correlated posi-
tively with gene body methylation) were associated with
exonic DMRs.

We then confined our analysis to the genes that
were both differentially expressed and methylated in
the expected manner and performed functional enrich-
ment. This approach returned functions that were most

significantly related to the extracellular matrix during all
disease stages and were significantly related to cytokine sig-
naling, proliferation, adhesion, migration, differentiation,
and cell death during the established and late disease
stages. These enrichments constituted a representative sub-
set of the above-described functional profile based on the
RNA-Seq data.

These results suggest that DNA methylation
accompanies a subset of functionally important, disease-
associated dysregulated genes in the Tg197 mouse.

Open chromatin as a mark of synovial fibroblast
activation. To assess transcriptionally active genes, we
probed for H3K4 trimethylation, a histone mark associ-
ated with active promoters. Quality control metrics of
the sequencing are shown in Supplementary Figure 2.
Most differentially marked regions were identified at
the early time point, when H3K4me3 depletion pre-
dominated, whereas at the other 2 time points, there
were approximately equal numbers of enriched and
depleted regions (Figure 3A). Upon inspecting the distri-
bution of changes, we observed that at all 3 time points,
there was enrichment in the promoter, as expected for
this histone mark, without any clear differences in dis-
tance from the transcription start site (Figure 3B). Focus-
ing therefore around the transcription start site, we noted
that H3K4me3 signal mirrored the level of expression of
genes from both Tg197 mice and wild-type mice (Figure
3C). Interestingly, the activated state of the arthritic syno-
vial fibroblast was evident in this marker of open chroma-
tin during both the early and the established disease
stages, as H3K4 trimethylation levels in the Tg197 mouse
were higher overall.

Significant H3K4 trimethylation in synovial fibro-
blasts was hence found to be a good predictor of differ-
ential expression. The correlation between H3K4me3
and RNA expression was high for all disease stages
(rs 5 0.69 for early, 0.61 for established, and 0.72 for late
stages) (Figure 3D). Due to this high correlation,
the output of functional enrichment analysis of differen-
tially H3K4–marked and differentially expressed genes
mirrors that of the general profile (data not shown).

Based on the above findings, pathogenic activation
of the synovial fibroblast is engraved on its chromatin,
with H3K4 trimethylation being a good marker of this
activation.

Assessment of the impact of exogenously
administered TNF on the identified signatures. TNF
plays a pivotal role in RA, both in the Tg197 mouse
model and in humans, where it is a major pathogenic
cytokine in the inflammatory milieu of the arthritic joint
(1). We assessed the ex vivo impact of TNF at the level
of the transcriptome, the methylome, and the active
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chromatin to build on our understanding of the inter-
play of TNF and synovial fibroblast biology, given that
TNF stimulation is widely used in studies of human RA

synovial fibroblasts. To this end, synovial fibroblasts
from wild-type mice were treated with human TNF for
24 hours and analyzed in parallel with our above studies

Figure 3. Presence of open chromatin in activated synovial fibroblasts. The histone H3K4me3-Seq profiles of synovial fibroblasts from human
tumor necrosis factor–transgenic (Tg197) mice and wild-type (WT) controls were compared for the 3 disease stages. A, Volcano plots depicting
differentially H3K4-trimethylated regions in promoters for the 3 disease stages. B, Distribution of significantly differentially H3K4–trimethylated
regions in promoters across the 3 disease stages. C, Expression data displayed in 4 quantiles against the H3K4me3 signal around the transcrip-
tion start site (TSS). D, Scatterplots showing correlations between significant H3K4 trimethylation (y-axis) and expression (x-axis) across the 3
disease stages. FC 5 fold change; PV 5 corrected P value.

GENOMIC ALIGNMENT OF MOUSE AND HUMAN ARTHRITOGENIC SYNOVIAL FIBROBLASTS 1595



(see Supplementary Figure 1 for sequencing metrics).
Figure 4A summarizes our findings of the genes found
to be up- or down-regulated at the level of the RNA,

hyper- or hypomethylated, and enriched or depleted in
histone H3K4me3, following stimulation with human
TNF.

Figure 4. Pronounced contribution of tumor necrosis factor (TNF) to the signatures identified in synovial fibroblasts from human TNF–trans-
genic (Tg197) mice. RNA-Seq, MethylCap-Seq, and H3K4me3-Seq were performed in wild-type mouse synovial fibroblasts that had been treated
for 24 hours with 10 ng/ml of human TNF, and the results were compared to those in untreated controls. A, Volcano plots depicting changes
induced by TNF at the level of the transcriptome, methylome, and active chromatin. B, Venn diagrams showing overlap of significant dys-
regulations at the level of genes (RNA) and regions (DNA methylation and H3K4 trimethylation) as well as at the level of the KEGG pathways
(RNA) among the 3 disease stages in Tg197 mice and upon treatment with human TNF. FC 5 fold change; PV 5 corrected P value.
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At the level of differentially expressed genes
or differentially marked regions, a considerable number
of dysregulations forming part of the Tg197 mouse sig-
nature were found to be shared with the TNF-induced
profiles at all 3 disease stages: ;85% for RNA and
DNA methylation and 70% for H3K4 trimethylation

(Figure 4B). At the level of the pathways, the overlap
became more pronounced: we found that 16 of the 20
KEGG pathways that were enriched in wild-type syno-
vial fibroblasts following TNF stimulation were also
found to be enriched in the Tg197 signatures. Nonethe-
less, high numbers of significant DEGs (100 early stage,

Figure 5. Validation of selected dysregulated genes and comparisons of data from the human tumor necrosis factor–transgenic (Tg197) mouse
model with data from humans with rheumatoid arthritis (RA). A, Scatterplots showing correlations between mouse RNA-Seq data and quantita-
tive reverse transcription–polymerase chain reaction (qRT-PCR) data. B, Volcano plot showing significantly dysregulated genes in synovial fibro-
blasts from RA patients compared to healthy controls, as determined by RNA-Seq analysis. C, Venn diagrams showing overlap between
significantly up- or down-regulated genes or their respective KEGG pathways in mouse and human RNA signatures. Data from Tg197 mice rep-
resent the combination of dysregulated genes across disease stages. D, Validations of a panel of 8 genes in RA (�) and healthy (�) human
synovial fibroblasts by qRT-PCR. Values shown on the y-axis are the DCt for the gene of interest minus the HPRT1 gene. * 5 P , 0.05;

** 5 P , 0.01; *** 5 P , 0.001. E, Venn diagrams showing overlap of differentially methylated genes between mouse synovial fibroblasts (present
study) and human synovial fibroblasts (refs. 9 and 10). FC 5 fold change; PV 5 corrected P value.
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718 established, and 554 late stage) and enriched path-
ways (1, 18, and 18, respectively) were identified only in
the Tg197 profiles.

It follows from the above that as ex vivo, so in
vivo: TNF sensed by the synovial fibroblast contributes
to the creation of a proinflammatory and pathogenic
environment that is reflected, at the level of both genes
and pathways, in pathogenic changes to the transcrip-
tome, the methylome, and chromatin.

Validation of sequencing results and compari-
son with data in humans. In a technical validation of
our sequencing results, a panel of 20 genes selected
from the top dysregulated ones identified by RNA-Seq
were validated by quantitative RT-PCR, using an inde-
pendent sample set. As can be seen in Figure 5A, there
was a very high correlation between RNA-Seq and
quantitative RT-PCR data, establishing experimental
reliability (rs 5 0.96 for early, 0.90 for established, and
0.90 for late disease stages).

To assess whether our findings in the mouse can
be verified in the context of human disease, we made use
of an RNA-Seq data set comparing human RA synovial
fibroblasts to healthy synovial fibroblasts. The broad
picture of the human dysregulations we identified is
illustrated in Figure 5B. At the level of the gene, approxi-
mately one-tenth of mouse synovial fibroblast dys-
regulations were also identified in the same direction in
humans, a very significant overlap (P , 0.001), despite
differences in isolation and culturing conditions, interspe-
cies variability, and high interpatient variability in
humans (Figure 5C). At the level of the pathway, this sig-
nificant overlap became higher, with approximately one-
third of the pathways that were enriched in mouse syno-
vial fibroblasts also being enriched in human synovial
fibroblasts (P , 0.001); key pathways identified above,
such as innate immune and differentiation pathways,
were found to be shared.

Eight genes that were validated in mouse syno-
vial fibroblasts, represent key pathways, such as immune
response and differentiation, and were shared by mice
and humans were also examined by quantitative RT-
PCR in human synovial fibroblasts (Figure 5D). Five of
them were significantly dysregulated in these samples,
namely, MMP3 (up-regulated) as well as LECT1,
WNT16, PPARG, and SP7 (down-regulated). NOD2 (an
up-regulated DEG) was also found to differ significantly
upon TNF stimulation, as its baseline levels were very
low in humans (data not shown).

For a comparison of mice and humans at the
level of the methylome, we used data from 2 studies of
human synovial fibroblasts (9,10). We compared the
intersection of changes identified in these studies with

our mouse methylation data. As can be seen in Figure
5E, approximately one-half of the genes found to be
dysregulated in humans were also found in Tg197 mice;
this was a highly significant overlap (P , 0.001).

Our findings contribute to a systems-level valida-
tion of the human TNF-transgenic mouse as a model of
RA in humans, highlighting cell type–specific common-
alities in key genes and pathways.

DISCUSSION

In light of recent controversies about whether
animal models accurately reflect human disease (32,33),
we again examined one of the key mouse models of RA,
the human TNF–transgenic mouse, to develop a high-
resolution profile of the activated synovial fibroblast
and compare that to the profile in humans with RA. In
this disease-driving cell type, arthritogenicity is mirrored
in distinct expression profiles characterized by early
onset and persistent changes, indicating that even
before the joint has been extensively damaged, patho-
genic molecular processes are already at work.

Functionally, continuous up-regulation of gene
expression was connected with the innate immune
response, emphasizing the role of the synovial fibroblast
as an innate immune sensor (34–36). Down-regulation
was linked to functions related to cell differentiation,
with 2 of the 3 central transcriptional regulators identi-
fied, namely, Cebpa and Pparg, being involved in mesen-
chymal differentiation (37,38); the latter was also
validated in human RA synovial fibroblasts by quantita-
tive RT-PCR. Given the unclear relationship between
mesenchymal stem cells and RA synovial fibroblasts and
the importance of differentiation processes in disease
pathogenesis (39,40), the aspect of synovial fibroblast
ontogeny in physiology and pathology merits further
exploration and presents a good case for the use of omics
data as the starting point for more-focused studies.

To date, the most studied epigenetic change in
RA has been DNA methylation. The examination of our
data from the perspective of the gene body, which repre-
sents the majority of the gene space, reveals a hypometh-
ylated profile, which is consistent with previous reports of
studies of human RA synovial fibroblasts (12). Genome-
wide correlations between DNA methylation and gene
expression are hampered by the complexity of the former
as an epigenetic phenomenon. Nevertheless, we have
been able to link differential methylation, most abun-
dantly at the level of the gene body, with approximately
one-fourth of the expression changes we identified.

In concert with the above-described functional
highlights, we also found highly significant examples of
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mesenchymal differentiation processes and the innate
immune response among the functions enriched in dif-
ferentially methylated and expressed genes. Sox10,
through methylation-dependent transcription, has been
implicated as a suppressor of stemness by binding to
b-catenin; it is also expressed by a novel rat synovial stem
cell population capable of giving rise to mesenchymal
lineages (41,42). Moreover, this is the first report of the
methylation-modulated expression of TLR-2, a known
innate immune–sensing receptor in synovial fibroblasts,
as observed in other inflammatory conditions (34,43). It
is also the first time that increased expression of Pdpn,
the gene for podoplanin, which is well-documented in
the arthritic synovium of humans, has been linked with
changes in promoter methylation, similar to other cells of
mesenchymal origin (44–46).

Furthermore, this work represents the first
attempt to explore histone H3K4 trimethylation in syno-
vial fibroblasts. Their arthritogenicity was shown to be
defined by activated chromatin, making the promoters
of pathogenic genes highly active and ready to drive
disease-promoting transcription. Interestingly, it is
known that in macrophages, another innate immune
cell type, TLR signaling induces H3K4 trimethylation so
as to facilitate the rapid transcription of target genes
(47). This histone mark has also been reported to play a
role in mesenchymal differentiation (48). Even if
genome-wide experiments cannot resolve the causal link
between histone modifications and gene expression
changes, time-dependent approaches such as the one
presented here could provide the basis for more sophis-
ticated models that could be used to address this issue.

Bioinformatic probing of the present Tg197
mouse RNA-Seq data by functional enrichment analysis
against the human-specific dbGaP database (49)
revealed that the most significant term returned in all 3
disease stages was “rheumatoid arthritis,” a finding that,
when combined with the overall high similarity between
the mouse and human data presented here, reinforces
the value of this model. Despite its TNF dependency
and the observed overlap between the Tg197 mouse
profiles and those identified upon treatment with
human TNF, the latter failed to include many gene dys-
regulations, especially those of the established and late
stages of disease. More importantly, the mouse path-
ways that collectively account for the resemblance to
human disease were significantly enriched only in the
Tg197 mouse profiles, which highlights the importance
of analyses deriving from in vivo contexts.

To our knowledge, this is the first cell type–
specific multilevel characterization of a mouse model of
RA in alignment with human disease. With our current

findings, we posit that, rather than comparing mixed
and often secondarily activated material from animal
models and humans, careful validation of primarily
disease-associated cell types, such as synovial fibroblasts
in RA, should be ensured before concluding that an ani-
mal model mimics or does not mimic the human disease
and the extent to which that occurs. The present com-
pendium of data can serve as the foundation for a range
of future studies, from the basic mechanistic investiga-
tion of disease pathogenesis to the translational exami-
nation of novel biomarkers and from the preclinical
testing of therapeutics to the comparative alignment of
readouts against reference profiles presented herein.
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7. Lefèvre S, Knedla A, Tennie C, Kampmann A, Wunrau C,
Dinser R, et al. Synovial fibroblasts spread rheumatoid arthritis
to unaffected joints. Nat Med 2009;15:1414–20.

8. Klein K, Gay S. Epigenetic modifications in rheumatoid arthritis,
a review. Curr Opin Pharmacol 2013;13:420–5.

GENOMIC ALIGNMENT OF MOUSE AND HUMAN ARTHRITOGENIC SYNOVIAL FIBROBLASTS 1599



9. De la Rica L, Urquiza JM, G�omez-Cabrero D, Islam AB, L�opez-
Bigas N, Tegn�er J, et al. Identification of novel markers in rheu-
matoid arthritis through integrated analysis of DNA methylation
and microRNA expression. J Autoimmun 2013;41:6–16.

10. Nakano K, Whitaker JW, Boyle DL, Wang W, Firestein GS.
DNA methylome signature in rheumatoid arthritis. Ann Rheum
Dis 2013;72:110–7.

11. Whitaker JW, Shoemaker R, Boyle DL, Hillman J, Anderson D,
Wang W, et al. An imprinted rheumatoid arthritis methylome
signature reflects pathogenic phenotype. Genome Med 2013;5:40.

12. Karouzakis E, Gay RE, Michel BA, Gay S, Neidhart M. DNA
hypomethylation in rheumatoid arthritis synovial fibroblasts.
Arthritis Rheum 2009;60:3613–22.

13. Pandis I, Ospelt C, Karagianni N, Denis MC, Reczko M, Camps
C, et al. Identification of microRNA-221/222 and microRNA-
323–3p association with rheumatoid arthritis via predictions
using the human tumour necrosis factor transgenic mouse
model. Ann Rheum Dis 2012;71:1716–23.

14. Armaka M, Gkretsi V, Kontoyiannis D, Kollias G. A standard-
ized protocol for the isolation and culture of normal and
arthritogenic murine synovial fibroblasts. Protoc Exch 2009:1038.

15. Frank-Bertoncelj M, Trenkmann M, Klein K, Karouzakis E,
Rehrauer H, Bratus A, et al. Epigenetically driven anatomical
diversity of synovial fibroblasts guides joint-specific fibroblast
functions. Nat Commun 2017;8:14852.

16. Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham
CO III, et al. 2010 rheumatoid arthritis classification criteria: an
American College of Rheumatology/European League Against Rheu-
matism collaborative initiative. Arthritis Rheum 2010;62:2569–81.

17. Andrews S. FastQC: a quality control tool for high throughput
sequence data. 2010. URL: http://www.bioinformatics.babraham.
ac.uk/projects/fastqc.

18. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N,
et al. The Sequence Alignment/Map format and SAMtools. Bio-
informatics 2009;25:2078–9.

19. Quinlan AR. BEDTools: the Swiss-army tool for genome feature
analysis. Curr Protoc Bioinformatics 2014;47:11.12.1–34.

20. Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV,
et al. Enrichr: interactive and collaborative HTML5 gene list
enrichment analysis tool. BMC Bioinformatics 2013;14:128.

21. Lund J. Statistical significance of the overlap between two groups
of genes. URL: http://nemates.org/MA/progs/overlap_stats.html.

22. Trapnell C, Roberts A, Goff L, Pertea G, Kim D, Kelley DR,
et al. Differential gene and transcript expression analysis of
RNA-seq experiments with TopHat and Cufflinks. Nat Protoc
2012;7:562–78.

23. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg
SL. TopHat2: accurate alignment of transcriptomes in the pres-
ence of insertions, deletions and gene fusions. Genome Biol
2013;14:R36.

24. Trapnell C, Pachter L, Salzberg SL. TopHat: discovering splice
junctions with RNA-Seq. Bioinformatics 2009;25:1105–11.

25. Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R.
InteractiVenn: a web-based tool for the analysis of sets through
Venn diagrams. BMC Bioinformatics 2015;16:169.

26. Oliveros JC. Venny: an interactive tool for comparing lists with
Venn’s diagrams. URL: http://bioinfogp.cnb.csic.es/tools/venny/
index.html.

27. Chouvardas P, Kollias G, Nikolaou C. Inferring active regulatory
networks from gene expression data using a combination of prior
knowledge and enrichment analysis. BMC Bioinformatics 2016;
17 Suppl 5:181.

28. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage
D, et al. Cytoscape: a software environment for integrated mod-
els of biomolecular interaction networks. Genome Res 2003;13:
2498–504.

29. Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 2009;25:1754–60.

30. Stempor P. Seqplots: an interactive tool for visualizing NGS sig-
nals and sequence motif densities along genomic features using
average plots and heatmaps. 2014. URL: http://przemol.github.
io/seqplots/.

31. Shen L, Shao NY, Liu X, Maze I, Feng J, Nestler EJ. diffReps:
detecting differential chromatin modification sites from ChIP-
seq data with biological replicates. PLoS One 2013;8:e65598.

32. Seok J, Warren HS, Cuenca AG, Mindrinos MN, Baker HV, Xu
W, et al. Genomic responses in mouse models poorly mimic
human inflammatory diseases. Proc Natl Acad Sci U S A 2013;
110:3507–12.

33. Takao K, Miyakawa T. Genomic responses in mouse models
greatly mimic human inflammatory diseases. Proc Natl Acad Sci
U S A 2015;112:1167–72.

34. Pierer M, Rethage J, Seibl R, Lauener R, Brentano F, Wagner
U, et al. Chemokine secretion of rheumatoid arthritis synovial
fibroblasts stimulated by Toll-like receptor 2 ligands. J Immunol
2004;172:1256–65.

35. Sacre S, Lo A, Gregory B, Stephens M, Chamberlain G, Stott P,
et al. Oligodeoxynucleotide inhibition of Toll-like receptors 3, 7,
8, and 9 suppresses cytokine production in a human rheumatoid
arthritis model. Eur J Immunol 2016;46:772–81.

36. Brentano F, Schorr O, Gay RE, Gay S, Kyburz D. RNA
released from necrotic synovial fluid cells activates rheumatoid
arthritis synovial fibroblasts via Toll-like receptor 3. Arthritis
Rheum 2005;52:2656–65.

37. Chen W, Zhu G, Hao L, Wu M, Ci H, Li YP. C/EBPa regulates
osteoclast lineage commitment. Proc Natl Acad Sci U S A 2013;
110:7294–9.

38. Rosen ED. The transcriptional basis of adipocyte development.
Prostaglandins Leukot Essent Fatty Acids 2005;73:31–4.

39. El-Jawhari JJ, El-Sherbiny YM, Jones EA, McGonagle D. Mes-
enchymal stem cells, autoimmunity and rheumatoid arthritis.
QJM 2014;107:505–14.

40. De Bari C. Are mesenchymal stem cells in rheumatoid arthritis
the good or bad guys? Arthritis Res Ther 2015;17:113.

41. Lee BL, Tang Z, Wang A, Huang F, Yan Z, Wang D, et al.
Synovial stem cells and their responses to the porosity of micro-
fibrous scaffold. Acta Biomater 2013;9:7264–75.

42. Tong X, Li L, Li X, Heng L, Zhong L, Su X, et al. SOX10, a
novel HMG-box-containing tumor suppressor, inhibits growth
and metastasis of digestive cancers by suppressing the Wnt/
b-catenin pathway. Oncotarget 2014;5:10571–83.

43. Benakanakere M, Abdolhosseini M, Hosur K, Finoti LS, Kinane
DF. TLR2 promoter hypermethylation creates innate immune
dysbiosis. J Dent Res 2014;94:183–91.

44. Hantusch B, Kalt R, Krieger S, Puri C, Kerjaschki D. Sp1/Sp3
and DNA-methylation contribute to basal transcriptional activa-
tion of human podoplanin in MG63 versus Saos-2 osteoblastic
cells. BMC Mol Biol 2007;8:20.

45. Ekwall AK, Eisler T, Anderberg C, Jin C, Karlsson N, Brisslert M,
et al. The tumour-associated glycoprotein podoplanin is expressed
in fibroblast-like synoviocytes of the hyperplastic synovial lining
layer in rheumatoid arthritis. Arthritis Res Ther 2011;13:R40.

46. Croft AP, Naylor AJ, Marshall JL, Hardie DL, Zimmermann B,
Turner J, et al. Rheumatoid synovial fibroblasts differentiate
into distinct subsets in the presence of cytokines and cartilage.
Arthritis Res Ther 2016;18:270.

47. Kayama H, Ramirez-Carrozzi VR, Yamamoto M, Mizutani T,
Kuwata H, Iba H, et al. Class-specific regulation of proinflam-
matory genes by MyD88 pathways and IkBz. J Biol Chem 2008;
283:12468–77.

48. Matsumura Y, Nakaki R, Inagaki T, Yoshida A, Kano Y,
Kimura H, et al. H3K4/H3K9me3 bivalent chromatin domains
targeted by lineage-specific DNA methylation pauses adipocyte
differentiation. Mol Cell 2015;60:584–96.

49. Mailman MD, Feolo M, Jin Y, Kimura M, Tryka K,
Bagoutdinov R, et al. The NCBI dbGaP database of genotypes
and phenotypes. Nat Genet 2007;39:1181–6.

1600 NTOUGKOS ET AL

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://nemates.org/MA/progs/overlap_stats.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://przemol.github.io/seqplots/
http://przemol.github.io/seqplots/


ARTHRITIS & RHEUMATOLOGY

Vol. 69, No. 8, August 2017, pp 1601–1611

DOI 10.1002/art.40133

VC 2017 The Authors. Arthritis & Rheumatology published by Wiley Periodicals, Inc.
on behalf of American College of Rheumatology. This is an open access article under

the terms of the Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly cited.

Matriptase Induction of Metalloproteinase-Dependent
Aggrecanolysis In Vitro and In Vivo

Promotion of Osteoarthritic Cartilage Damage by Multiple Mechanisms

David J. Wilkinson,1 Angela Habgood,1 Heather K. Lamb,1 Paul Thompson,1

Alastair R. Hawkins,1 Antoine D�esilets,2 Richard Leduc,2 Torsten Steinmetzer,3

Maya Hammami,3 Melody S. Lee,4 Charles S. Craik,4 Sharon Watson,1 Hua Lin,1

Jennifer M. Milner,1 and Andrew D. Rowan1

Objective. To assess the ability of matriptase, a
type II transmembrane serine proteinase, to promote
aggrecan loss from the cartilage of patients with osteoar-
thritis (OA) and to determine whether its inhibition can
prevent aggrecan loss and cartilage damage in experimen-
tal OA.

Methods. Aggrecan release from human OA carti-
lage explants and human stem cell–derived cartilage discs
was evaluated, and cartilage-conditioned media were used
for Western blotting. Gene expression was analyzed by
real-time polymerase chain reaction. Murine OA was
induced by surgical destabilization of the medial menis-
cus, and matriptase inhibitors were administered via

osmotic minipump or intraarticular injection. Cartilage
damage was scored histologically and aggrecan cleavage
was visualized immunohistochemically using specific
neoepitope antibodies.

Results. The addition of soluble recombinant
matriptase promoted a time-dependent release of aggre-
can (and collagen) from OA cartilage, which was sensitive
to metalloproteinase inhibition and protease-activated
receptor 2 antagonism. Although engineered human (nor-
mal) cartilage discs failed to release aggrecan following
matriptase addition, both matrix metalloproteinase– and
aggrecanase-mediated cleavages of aggrecan were detected
in human OA cartilage. Additionally, while matriptase did
not directly degrade aggrecan, it promoted the accumula-
tion of low-density lipoprotein receptor–related protein 1
(LRP-1) in conditioned media of the OA cartilage
explants. Matriptase inhibition via neutralizing antibody
or small molecule inhibitor significantly reduced cartilage
damage scores in murine OA, which was associated with
reduced generation of metalloproteinase-mediated aggre-
can cleavage.

Conclusion. Matriptase potently induces the
release of metalloproteinase-generated aggrecan fragments
as well as soluble LRP-1 from OA cartilage. Therapeutic
targeting of matriptase proteolytic activity reduces metallo-
proteinase activity, further suggesting that this serine pro-
teinase may have potential as a disease-modifying therapy
in OA.

Osteoarthritis (OA) is the most common form of
arthritis and a major cause of pain and disability in older
adults. Although often considered a degenerative joint dis-
ease mediated by wear and tear and an inevitable
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consequence of aging, OA results from abnormal remodel-
ing of joint tissues. Common risk factors include age, sex,
prior joint injury, obesity, and mechanical factors. More-
over, there is now greater appreciation of the role of inflam-
mation in human OA, and animal studies suggest that
multiple, distinct biologic pathways contribute to disease
initiation and progression in different OA models. Various
mediators include double-stranded RNA, Toll-like recep-
tors (1,2), Wnt, transforming growth factor b, CXC
chemokines, Indian hedgehog, alarmins, and intracellular
zinc (3,4). Such observations have led to the paradigm that
during OA progression, chondrocytes undergo a pheno-
typic shift which detrimentally disturbs cartilage
homeostasis.

Our findings in previous studies have implicated ser-
ine proteinases in the proteolytic cascades that lead to carti-
lage destruction (5–8), and proteinase localized at the cell
surface would be ideally placed to initiate the observed peri-
cellular degradation of articular cartilage (9). In particular,
we have reported a novel mechanism in OA whereby the
type II transmembrane serine proteinase matriptase can
drive cartilage collagenolysis by directly inducing and acti-
vating the pro forms of matrix metalloproteinases (MMPs)
as well as by activating the G protein–coupled receptor,
protease-activated receptor 2 (PAR-2) (10). PAR-2, which
can also be activated by several other serine proteinases, is
expressed in numerous tissues (11) and has been demon-
strated to be a pivotal player in mediating chronic joint
inflammation (12). PAR-2 deficiency is chondroprotective
in the destabilization of the medial meniscus (DMM)
murine model of OA (13), in which abnormal biomechanics
trigger and potentiate OA (14). Recent findings confirm
the high mechanosensitivity proteinase genes which are
rapidly expressed following induction of experimental OA
(15), and our own previous data confirmed elevated expres-
sion of both matriptase and PAR-2 following DMM (10).

Taken together, these findings suggest that target-
ing PAR-2 activators (which vary between tissues), rather
than PAR-2 directly, will help provide specificity and could
therefore have potential as a disease-modifying OA drug
(DMOAD). Indeed, the proteolytic loss of type II collagen
from cartilage is essentially irreversible (16), making such
contributors to this process key therapeutic targets. Despite
the well-characterized involvement of metalloproteinases,
including MMPs, inhibitors targeting this family of
proteinases have not proven efficacious in arthritis (17).

The loss of the highly sulfated proteoglycan, aggrecan,
from cartilage is considered to be an essential prerequisite
for collagenolysis to ensue during disease (18,19); ADAMTS
enzymes, such as the mechanosensitive aggrecanase
ADAMTS-5 (15), are widely implicated. Thus, blockade of

aggrecanolysis could provide long-term benefit to the integ-
rity of the cartilage extracellular matrix.

The aim of the present study was to investigate the
ability of matriptase to affect aggrecan release from human
cartilage. We also sought to determine whether matriptase
inhibition could reduce aggrecanolysis, and thus diminish
the severity of cartilage damage, in murine OA.

MATERIALS AND METHODS

Reagents. All chemicals and reagents were of the highest
purity available. Interleukin-1a (IL-1a) was a generous gift from
Dr. Keith Ray (GlaxoSmithKline, Stevenage, UK). Oncostatin M
(OSM) was produced in-house as previously described (20), or pur-
chased from R&D Systems. GM6001, a broad-spectrum MMP
inhibitor, was purchased from Calbiochem. ENMD-1068 was from
Enzo Life Sciences. ADAMTS-5 was a kind gift from Professor
Hideaki Nagase (Oxford, UK). MMP-13 was produced as previ-
ously described (21). Bovine trypsin was from Sigma-Aldrich. Puri-
fied full-length human placental low-density lipoprotein receptor–
related protein 1 (LRP-1) was from BioMac. Anti–LRP-1 anti-
bodies 8G1 (ab20384) and 5A6 (ab28320) were from Abcam, and
neoepitope N-terminal aggrecan fragment antibodies BC-3 and
BC-14 were generously provided by Professor Bruce Caterson
(Cardiff, UK). Antibodies to neoepitope C-terminal aggrecan
fragments (VDIPEN and NVTEGE), MMP-13–cleaved collagen
II neoepitope (GPHyGPQG), and the aggrecan G1 domain were
kind gifts from Dr. John Mort (Montreal, Quebec, Canada). Anti-
matriptase antibody A11 was produced as previously described
(22), and deglycosylated aggrecan was prepared as described (23).
Boc-Gln-Ala-Arg-NHMec (Boc-QAR-NHMec) was from Bachem
and Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 (FS-6) was
from Sigma-Aldrich. The matriptase inhibitor (S)-3-amino-N-(3-
(N-(1-(4-(2-aminoethyl)piperidin-1-yl)-3-(3-carbamimidoylphenyl)-
1-oxopropan-2-yl)sulfamoyl)phenyl)propanamide 3 3HCl (referred
to as compound 59 in ref. 24) was produced in-house (24,25) or bulk
synthesized by Sygnature.

Recombinant matriptase expression. Recombinant
matriptase (catalytic domain; amino acids 596–855) was prepared
at 48C essentially as described previously (26). Following expres-
sion, pelleted bacterial cells (50 gm) were sonicated for 20
minutes (15 mm amplitude) in 2 3 450 ml of 0.1M Tris, 0.3M
NaCl (pH 8.0) (buffer 1) while cooling in an ice/water mix, and
then centrifuged at 10,000g for 40 minutes. Pellets were washed
with buffer 1 before combining with 450 ml of 50 mM Tris, 6.0M
urea, 1 mM b-mercaptoethanol (pH 8.0) (buffer 2), sonicated,
stirred for 15 minutes, and centrifuged at 10,000g for 60 minutes.
The supernatant was applied to a ProBond column (50 ml; Life
Technologies), equilibrated with buffer 2, and purified with His-
tagged protein, according to the instructions of the manufacturer.
Matriptase-containing fractions, identified by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE; Life
Technologies), were pooled and dialyzed (each 5 liters) (once in
50 mM Tris, 3.0 M urea, 10% weight/volume [w/v] glycerol, 1 mM
b-mercaptoethanol [pH 9.0] and twice in 50 mM Tris, 1 mM b-
mercaptoethanol [pH 9.0] [buffer 3]). After dialysis, matriptase
was purified on a MONO Q 10/100 GL column with an elution
gradient of 0.0–1.0M NaCl in buffer 3. Fractions containing
matriptase, identified by SDS-PAGE (.95% purity), were
pooled and stored at 2808C.
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Enzyme assays and inhibitor characterization.
Active-site titration of serine proteinases was performed using 4-
methylumbelliferyl 4-guanidinobenzoate HCl. Serine proteinase
activity assays were performed in 0.1M Tris HCl, 0.15M NaCl (pH
9.0), 500 mg/ml bovine serum albumin, 0.01% (w/v) Brij-35, while
MMP activity assays used 0.1M Tris, 0.15M NaCl, 10 mM CaCl2,
0.05% (w/v) Brij-35, 0.1% (w/v) polyethylene glycol 6000 (pH 7.5).
Serine proteinase and MMP activities were monitored by mea-
surement of the increase in fluorescence from 50 mM Boc-QAR-
NHMec (excitation 360 nm; emission 460 nm) or 50 mM FS-6
(excitation 320 nm; emission 405 nm), respectively, at 378C in an
LS50B fluorometer (PerkinElmer); 4-APMA was included in
MMP assays to assess total MMP activity as previously described
(27). The inhibitory property of compound 59 was verified by
determination of the 50% inhibition concentration against
matriptase, calculated from the percentage inhibition across a
range of inhibitor concentrations. Dose-response curves were gen-
erated using GraphPad Prism 5.0 software. Ki values were then
determined using the Cheng-Prusoff equation (28).

Animals. Experiments were performed on 10-week-old
male wild-type C57BL/6J mice (weighing 25–30 gm). Mice were
housed in standard cages with food and water available ad libitum
(maintained in a thermoneutral environment). All procedures
were performed in accordance with current UK Home Office
regulations. OA in C57BL/6J mice was induced surgically by
DMM; in a previous study, this resulted in medial and posterior
rotation of the medial meniscus, leading to a mild form of OA (15).

Sham operations were performed in some animals. Anti-
body A11 was delivered via intraperitoneal osmotic pump (Alzet
1004) of 100 ml capacity, delivering 1.5 mg of antibody/day at a
rate of 0.11 ml/hour for 4 weeks. Compound 59 was delivered at
5, 25, or 50 mg/kg/day via a subcutaneously implanted osmotic
pump (Alzet 2004) of 200 ml capacity with a delivery rate of 0.25
ml/hour for 4 weeks. Both reagents were formulated in 0.9%
saline, which was also used as vehicle-only control. After 4 weeks,
fresh osmotic pumps were inserted, with identical contents. Com-
pound 59 was also administered to separate animals via 5 ml
intraarticular injection of a 10 mg/ml solution (or saline alone as
a control) at the time of surgery and again 1 week postsurgery.
Mice treated with intraarticular injections or minipumps were
killed 4 weeks or 8 weeks, respectively, after surgery, and knee
joints harvested for histologic examination. Cartilage damage and
osteophytes were graded under blinded conditions by 2 indepen-
dent observers. according to previously described grading systems
(29,30).

Immunohistochemistry. Decalcified murine knee joints
were embedded in paraffin wax. Sections of joint tissue (6 mm)
were deparaffinized and rehydrated, and antigen retrieval was
performed using 1% (w/v) hyaluronidase (from bovine testes)
incubated at 378C for 30 minutes. Sections were then blocked
with horse serum for 20 minutes and incubated with one of the
following antibodies for 30 minutes at room temperature: anti-
VDIPEN (MMP-cleaved aggrecan; 1:500 dilution), anti-NVTEGE
(ADAMTS-cleaved aggrecan; 1:400 dilution), or anti-GPHyGPQG
(collagenase-cleaved type-II collagen; 1:400 dilution). After wash-
ing, sections were incubated with ImmPress Reagent (Vector)
for 30 minutes. Signal was developed using 3,30-diaminobenzidine
tetrahydrochloride (Dako) with hematoxylin counterstaining,
according to the protocol recommended by the manufacturer
(Dako). Images were captured using a 3-CCD color video camera
(JVC).

Human cartilage. Macroscopically normal articular car-
tilage was obtained from patients with OA (age range 59–85 years;
92% female) who had undergone total knee replacement surgery
in hospitals in Newcastle upon Tyne. The patients provided
informed consent and the study was performed with ethics com-
mittee approval. Cartilage was dissected into ;2 3 2 3 2–mm
pieces, plated into 24-well tissue culture plates (3 pieces/well,
n 5 4) in serum-free medium, and incubated for 14 days in the
presence of soluble recombinant matriptase (with or without
inhibitors), with medium changed after 7 days, as previously
described (10). For comparison purposes, some cartilage speci-
mens were cultured with the potent catabolic stimulus of IL-1 plus
OSM, as previously reported (10).

Viability of cartilage explants was assessed by screening
for adenylate kinase (AK) production using the ToxiLight Bioas-
say Kit (Lonza) (10). No increases in AK levels with any of the
matriptase treatments were observed. Serum was excluded from
explants since it can contain anabolic factors that can markedly
alter the metabolism of cartilage; such exclusion does not affect
tissue viability or responsiveness (31).

Cartilage discs derived from human mesenchymal stem
cells (MSCs; Lonza) were generated as described (32) and used
as a model of normal human cartilage. In all cartilage experiments,
we used 100 nM matriptase, a concentration that was determined
empirically to be optimal for the induction of human OA cartilage
collagen and glycosaminoglycan (GAG) release (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract).
Total RNA from cultured knee cartilage samples was prepared
as described (7), or cartilage remaining at the final day of cul-
ture was digested with papain (31), and all samples were stored
at 2208C until assayed. Measurements of hydroxyproline (33)
and sulfated GAG (34) were used as estimates of cartilage col-
lagen and aggrecan, respectively. Cumulative release was calcu-
lated and expressed as a percentage of the total for each well,
as described previously (31).

In vitro assays, SDS-PAGE, and immunoblotting.
Recombinant human matriptase (or bovine trypsin) was incu-
bated with either aggrecan (1:40 enzyme:substrate ratio) or with
purified LRP-1 (1:5 enzyme:substrate ratio) in 0.1M Tris HCl
(pH 8.5), 0.15M NaCl, 0.01% (w/v) Brij-35 at 378C. Products
were separated by SDS-PAGE and gels were stained with silver
or semidry blotted onto PVDF. Aggrecan digests were probed
with an antibody recognizing the G1 domain of aggrecan, while
LRP-1 immunoblotting was performed under nonreducing con-
ditions in accordance with the instructions of the manufacturer.
Reactivity was detected with enhanced chemiluminescence sub-
strate and visualized using Genesnap photo capture software
(Syngene). Since loading controls for cartilage conditioned media
are not possible due to the absence of control proteins in serum-
free medium, equal volumes of conditioned media from human
OA cartilage explants were resolved by SDS-PAGE and subse-
quently immunoblotted.

Real-time polymerase chain reaction (PCR) of rela-
tive messenger RNA levels. For TaqMan PCR, relative gene
expression was calculated using the DDCt method and corrected
according to 18S ribosomal RNA levels. Cycling conditions
(7900HT system; Applied Biosystems) for TaqMan PCR
(TaqMan gene expression Master Mix; Applied Biosystems)
were as follows: 10 minutes at 958C, then 40 cycles of 15 seconds
at 958C, and 1 minute at 608C. Human primer/probe sequences
for TaqMan PCR have been previously described (35).
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Statistical analysis. Cartilage experiments were per-
formed at least in quadruplicate for 3 different cartilage samples,
and as .2 conditions were compared simultaneously, significance
was assessed using analysis of variance with Bonferroni post hoc
test for multiple comparisons, using GraphPad Prism 5.0 soft-
ware. Standard TaqMan experiments were performed at least in
triplicate on a minimum of 2 separate samples, with data analyzed
using Student’s 2-tailed t-test. Significant differences between car-
tilage damage scores of knee joints (typically n 5 10 per treat-
ment group) were assessed by Mann-Whitney 2-tailed U test, or,
for experiments comparing .1 dose, a Kruskal-Wallis nonpara-
metric test with Dunn’s multiple comparison test. For clarity,
only selected comparisons are presented in some figures, where P
values were ,0.001, ,0.01, or ,0.05.

RESULTS

Aggrecan release from OA cartilage promoted
by matriptase. Addition of recombinant matriptase to
human OA cartilage in ex vivo culture over a 14-day period
resulted in a time-dependent release of collagen, as previ-
ously reported (10), unlike the findings obtained with the
potent pro-catabolic stimulus IL-1 plus OSM (Figure 1A).
This effect was markedly blocked by inclusion of the

metalloproteinase inhibitor GM6001 (Figure 1B). Release
of aggrecan following matriptase stimulation was as pro-
nounced as that observed with IL-1 plus OSM stimulation
(Figure 1A), and was again reduced to control levels in the
presence of GM6001 (Figure 1B). Cartilage remained via-
ble on day 14 in serum-free medium as shown previously
(5), and only IL-1 plus OSM exhibited slight toxicity
(,10%) (see Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40133/abstract) (36). Further-
more, inclusion of the PAR-2 antagonist ENMD-1068
reduced aggrecan release (data not shown), as described
previously (10). Finally, assessment of the expression of
the ADAMTS aggrecanases ADAMTS4 and ADAMTS5
revealed a rapid, significant induction of ADAMTS4 on
day 1 following addition of matriptase to human OA carti-
lage. Although not significant, this trend continued to day
7 (Figure 1C); no alterations in ADAMTS5 expression
were observed.

Time-course data from studies of conditioned
media from OA cartilage revealed that matriptase
appeared to promote both MMP- and ADAMTS-

Figure 1. Promotion of aggrecan and collagen release from osteoarthritis (OA) cartilage by matriptase. Human OA cartilage explants were incu-
bated with control medium or with interleukin-1 (IL-1) plus oncostatin M (OSM) (1 ng/ml and 10 ng/ml, respectively) or matriptase (100 nM)
with or without GM6001 (10 mM). Cultures were stimulated for 1, 7, or 14 days (A), 14 days (B), or 3 days (C). A and B, Collagen release
(expressed as a percentage of the total collagen present) was determined by hydroxyproline measurement (top panels), and aggrecan release
(expressed as a percentage of the total) was measured as glycosaminoglycan (GAG) release (bottom panels). Values are the mean 6 SD (n 5 4).

*** 5 P , 0.001 versus control medium; ††† 5 P , 0.001 versus matriptase only; ### 5 P , 0.001 versus IL-1 plus OSM only, by analysis of vari-
ance with Bonferroni post hoc test. C, For measurement of matriptase-induced expression of ADAMTS proteinases, total RNA was isolated,
reverse transcribed, and subjected to real-time polymerase chain reaction. Results are relative expression levels normalized to the 18S ribosomal
RNA housekeeping gene. Values are the mean 6 SEM. * 5 P , 0.05 versus control, by Student’s 2-tailed t-test. All data in A–C are representa-
tive of 2–4 independent experiments.

1604 WILKINSON ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract


mediated cleavage of aggrecan within the interglobular
domain, as evidenced by specific neoepitope antibodies
(Figure 2A). Consistent with the lack of collagen release
from human OA cartilage, IL-1 plus OSM promoted only
ADAMTS-mediated cleavage and not that generated by
active MMPs. Specificity of the neoepitope antibodies was
confirmed using recombinant MMP-13 and ADAMTS-5
with deglycosylated aggrecan (data not shown). We also
found that matriptase, unlike trypsin, failed to degrade the
aggrecan monomer in vitro as evidenced by silver staining
and anti-G1 antibody staining (Figure 2B), suggesting little
capacity to directly cleave the aggrecan core protein. To
assess the ability of matriptase to promote aggrecan
release from normal human cartilage, we used a stem cell–
derived model (Figure 2C). We found that matriptase
alone failed to significantly induce either collagen release
(as previously reported) (10) or aggrecan release (Figure

2D). Conversely, IL-1 plus OSM alone was able to pro-
mote significant aggrecan release, and in combination with
matriptase also promoted the release of collagen, which
was associated with the presence of active MMPs in the
conditioned medium (Figure 2D).

Release of LRP-1 by matriptase. Since LRP-1,
an endocytic receptor for ADAMTS-5, ADAMTS-4, and
MMP-13 (37–39), has been shown to be a key regulator of
the proteolytic burden in cartilage, we hypothesized that
matriptase could promote its release—a process likely to
be important during cartilage destruction in OA (37).
While low levels of high molecular weight LRP-1 were
detected in control cultures, as has also been observed by
others previously (Yamamoto K: personal communica-
tion), addition of matriptase to human OA cartilage led to
the detection of soluble fragments of the N-terminal a sub-
unit of LRP-1 in day 7–conditioned medium (Figure 3A).

Figure 2. Promotion of matrix metalloproteinase (MMP)– and aggrecanase-mediated aggrecan breakdown from OA cartilage by matriptase.
Human OA cartilage explants were incubated with control medium with or without matriptase (100 nM) or IL-1 plus OSM (1 ng/ml and 10 ng/
ml, respectively). A, Western blotting of conditioned media (10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis [SDS-PAGE]) with
the MMP-specific neoepitope antibody BC-14 (top) or the ADAMTS-specific neoepitope antibody BC-3 (bottom) was performed for the indi-
cated numbers of days. The results demonstrate cumulative increases in both neoepiptopes over time with matriptase treatment, and in the
ADAMTS-specific epitope with IL-1 plus OSM treatment. B, Deglycosylated aggrecan was incubated with matriptase or trypsin, and the
resulting cleavage products were resolved by 7.5% SDS-PAGE and visualized by silver staining (top) or Western blotting with an anti-G1 anti-
body (bottom). C, Cartilage discs derived from human mesenchymal stem cells were assessed for proteoglycan content by staining with Safranin
O (top) or Alcian blue (middle), and for collagen content by staining with Masson’s trichrome (bottom). Original magnification 3 5. D, After the
discs were cultured in the presence of IL-1 plus OSM and/or matriptase for 14 days, cumulative collagen release and aggrecan (GAG) release
was measured (top). MMP activity (either active or total [pretreated with APMA]) in day 14 conditioned media was determined using the
fluorogenic substrate FS-6 (bottom). Values are the mean 6 SD (n 5 5 or more samples per group). *** 5 P , 0.001; ** 5 P , 0.01 versus control
with no stimulation, by analysis of variance with Bonferroni post hoc test. All results are representative of 2–4 separate experiments. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract.
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Figure 3. Matriptase cleavage of low-density lipoprotein receptor–related protein 1 (LRP-1). A, Conditioned media from unstimulated (control)
and matriptase-stimulated human osteoarthritis cartilage were harvested for the indicated number of days. Equal volumes of media (24 ml) were
separated by 6% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting with an anti–LRP-1 antibody
recognizing the N-terminal domain. B, Matriptase was incubated with purified LRP-1 in vitro at a 1:5 enzyme:substrate ratio for the indicated
number of hours. Digested products were separated by either 6% or 4–15% SDS-PAGE and Western blotting with anti–LRP-1 antibodies recog-
nizing the N-terminal (top) and C-terminal (bottom) domains, respectively. Results are representative of 3 independent experiments.

Figure 4. Matriptase-neutralizing antibody protects against in vivo aggrecan loss in an osteoarthritis (OA) model. OA was induced in C57BL/6J
mice following destabilization of the medial meniscus (DMM) surgery. Simultaneously, antibodies in 0.9% saline (either the A11 neutralizing
matriptase antibody [n 5 12] or an isotype control [n 5 6]), at 1.5 mg/day were administered via intraperitoneal osmotic minipump. Pumps were
replaced at 4 weeks, and animals were killed at 8 weeks postsurgery. A, Consecutive knee joint sections (6 mm) were stained with hematoxylin–
Safranin O–fast green. Sections from 2 representative DMM-treated animals and 1 representative sham-treated animal in each antibody-treated
group are shown. Original magnification 3 10. B, Approximately 10 sections from each mouse were graded by 2 independent observers who were
blinded with regard to treatment group, using the following scoring systems: for cartilage damage, 0 (normal) to 6 (vertical clefts/erosion to the
calcified cartilage extending to .75% of the articular surface) (29); for osteophyte size relative to the adjacent cartilage, 0 (none), 1 (small: simi-
lar thickness), 2 (medium: 1–3-fold increased thickness), or 3 (large: .3-fold increased thickness) (30). Bars show the mean 6 SD of the highest
scores in the medial tibial and femoral condyles for each joint. ** 5 P , 0.01, by Mann-Whitney U test. NS 5 not significant. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract.
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This was not reduced following inclusion of the metallo-
proteinase inhibitor GM6001, and no LRP-1 C-terminal b

subunit fragments were detected in these experiments
(results not shown). To confirm cleavage by matriptase,
purified LRP-1 incubated with matriptase-generated
degradation fragments of the 515 kd a subunit of LRP-1
(but not the 85 kd b subunit of LRP-1) were detected, con-
sistent with ex vivo findings (Figure 3B).

Reduction of in vivo aggrecanolysis by inhibi-
tion of matriptase activity in experimental OA. The
neutralizing antibody A11 has been shown to be an effective
matriptase inhibitor (22), and treatment of mice with A11
following OA induction by DMM reduced cartilage damage
as evidenced by Safranin O staining (Figure 4A) and as
shown by decreased cartilage damage scores (Figure 4B),
while osteophyte grading showed no reduction in the size of
osteophytes with A11 antibody treatment (Figure 4B). Ki

determination data confirmed a very similar inhibitory pro-
file for the small molecule matriptase inhibitor, compound
59 (Ki 5 3.7 nM), as reported previously (24), while isother-
mal titration calorimetry measurements confirmed a 1:1
stoichiometry with high affinity (Kd 5 20 nM) between

compound 59 and matriptase (see Supplementary Figure 3
and Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40133/abstract). Compound 59 reduced aggre-
can loss and cartilage damage scores even at the lowest dose
used (Figures 5A and B). While there was a trend toward
reduced osteophyte size with increasing dose of compound
59, this did not reach statistical significance (P 5 0.0525 at
50 mg/kg/day) (Figure 5B). Furthermore, 2 intraarticular
injections of compound 59 on days 0 and 7 post–DMM sur-
gery were sufficient to confer significant protection against
cartilage damage (Figures 5C and D), but no difference in
osteophyte size was observed (Figure 5D). No cartilage
damage was observed following intraarticular injection of
saline in sham-treated joints.

We also observed no differences in osteophyte matu-
rity between vehicle- and matriptase inhibitor–treated joints
(results not shown). As previously reported (14), we found
cartilage damage to the tibial plateau to be most marked fol-
lowing DMM (Figures 6A and B). Immunohistochemical
assessment of DMM-treated joint sections with 3 neoepitope
antibodies recognizing ADAMTS-cleaved (anti-NVTEGE)

Figure 5. Matriptase inhibition protects against in vivo aggrecan loss in an osteoarthritis (OA) model. OA was induced in C57BL/6J mice following
destabilization of the medial meniscus (DMM) surgery, while some animals underwent only sham surgery. Simultaneously, 0.9% saline alone (con-
trol; n 5 15) or compound 59 in 0.9% saline at 5 mg/kg/day (n 5 15), 25 mg/kg/day (n 5 14), or 50 mg/kg/day (n 5 13) was administered via subcuta-
neous osmotic minipump. Pumps were replaced at 4 weeks, and animals were killed at 8 weeks postsurgery (A and B). Alternatively, mice received
5-ml intraarticular injections (10 mg/ml; n 5 12 in both groups) on days 0 and 7 postsurgery (C and D). Consecutive knee joint sections (6 mm)
were stained with hematoxylin–Safranin O–fast green. Images from a representative animal in each treatment group are shown. Original
magnification 3 10 (A and C). Sections from each mouse were graded (as described in Figure 4) by 2 independent observers who were blinded with
regard to treatment group. Bars show the mean 6 SD of the highest scores in the medial tibial and femoral condyles for each joint. ** 5 P , 0.01;

*** 5 P , 0.001, by Kruskal-Wallis test with Dunn’s multiple comparison test (B) or by Mann-Whitney U test (D). NS 5 not significant. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40133/abstract.
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and MMP-cleaved (anti-VDIPEN) aggrecan, as well as
collagenase-cleaved type II collagen (anti-GPHyGPQG),
confirmed that matriptase inhibition reduced antibody
staining at or adjacent to sites of damage compared to
that in saline-treated control joints (Figures 6C and D).

DISCUSSION

The discovery that distinct biologic pathways (for
review, see refs. 3 and 4) are involved in OA initiation and
progression represents major breakthroughs in the quest
for effective therapies for this debilitating disease.
Although there are currently no effective DMOADs, we
are now beginning to better understand OA pathogenesis
and, importantly, where such interventions could be effec-
tive. Our discovery of matriptase as a novel initiator of
human cartilage degradation in OA represents one such
pathway with therapeutic potential (10). In the present
study, our findings demonstrated that matriptase is a

potent inducer of aggrecan and collagen release from OA
cartilage and that this is dependent upon metalloprotein-
ase activity. The rapid release of aggrecan was associated
with the generation of both MMP- and ADAMTS-
mediated cleavages of aggrecan unlike the potent cytokine
stimulus of IL-1 plus OSM which only affected ADAMTS-
mediated cleavages.

Moreover, multiple immunoreactive aggrecan
fragments further highlight the potent consequences of
matriptase action via numerous metalloproteinases. We
hypothesize that although stimulation of human cartilage
with IL-1 plus OSM typically induces the expression and
production of proMMPs (27), activation of such pre-
cursors to levels sufficient to drive collagenolysis does not
occur in culture, as demonstrated by the absence of detect-
able collagen fragments from human OA- or MSC-derived
cartilage. Exogenous addition of the proMMP activator
plasminogen is, however, sufficient to drive collagen
release in, for example, IL-1 plus OSM–stimulated human

Figure 6. Matriptase inhibition blocks in vivo metalloproteinase activity in an osteoarthritis (OA) model. OA was induced in C57BL/6J mice fol-
lowing destabilization of the medial meniscus surgery. Simultaneously, 0.9% saline alone (A and C) or compound 59 in 0.9% saline at 50 mg/kg/
day (B and D) was administered via subcutaneous osmotic minipump. Pumps were replaced at 4 weeks, and animals were killed at 8 weeks
postsurgery. Consecutive knee joint sections (6 mm) were stained with hematoxylin–Safranin O–fast green. Sections were stained with neoepitope
antibodies (C and D), showing matrix metalloproteinase–cleaved aggrecan sequence VDIPEN (i), ADAMTS-cleaved aggrecan sequence
NVTEGE (ii), or collagenase-cleaved type II collagen sequence GPHyPGPQG (iii), or with no primary antibody (control) (iv). Images from a
representative animal in each treatment group (n 5 3 per group) are shown. Bars 5 50 mm. In A and B, areas denoted by dashed lines in the
upper panels are shown at higher magnification in the lower panels (original magnification 3 20 and 3 40, respectively).
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OA cartilage explants (5), and we have previously demon-
strated the ability of matriptase to activate proMMPs and
enhance cytokine-stimulated cartilage breakdown (10),
consistent with the data from the present study.

Interestingly, although matriptase is a trypsin-like
serine proteinase, it did not significantly degrade the
aggrecan monomer in vitro, unlike trypsin itself. This sug-
gests that the substrate specificity of matriptase is more
restricted than that of trypsin, which is supported by previ-
ous studies (40,41), such that the observed aggrecanolysis
is essentially indirect by other proteinases. This was further
supported by the finding that ADAMTS4 (but not
ADAMTS5) as well as MMPs (10) were induced following
matriptase addition to OA cartilage.

The cell surface scavenger receptor LRP-1
mediates cellular reuptake of several molecules that are
important for maintaining cartilage homeostasis, including
metalloproteinases such as ADAMTS-5, MMP-13, and
ADAMTS-4 (37–39). It has been hypothesized that LRP-1
“shedding” from the chondrocyte surface may play a key
role in the accumulation of destructive proteinases during
OA cartilage degradation in the absence of increased pro-
teinase expression.

In the present study, we demonstrated for the first
time that matriptase has the capacity to cleave LRP-1 in
both ex vivo and in vitro systems. The most common
region for LRP-1 ligand binding is cluster II, close to the
N-terminus (Yamamoto K: personal communication).
Given that the 515-kd fragment of LRP-1 along with
matriptase-generated fragments of 200 kd and 100 kd
were detected in vitro by Western blotting with an anti-
body specific for the N-terminus, we conclude that if such
cleavage occurs in vivo, cluster II would be released.
Although these findings provide interesting insight into the
potential “shedding” of LRP-1 by matriptase, further stud-
ies are required to identify specific cleavage sites and con-
firm pathologic significance. Membrane-bound MMP-14
has been shown to shed LRP-1 (42), and our data clearly
suggests that matriptase may also play a further indirect
role in cartilage degradation via cleavage of LRP-1,
resulting in an accumulation of metalloproteinases and
thus elevating the proteolytic burden within the extracellu-
lar matrix.

Our previous study demonstrated that PAR-2 and
matriptase are coexpressed in murine OA cartilage (10).
The absence of cartilage damage in DMM-treated PAR-2–
deficient mice further highlights the importance of PAR-2
in murine OA (13), as well as in inflammatory arthritis
(12,43,44). Moreover, we have previously reported that nor-
mal human cartilage fails to resorb following addition of
exogenous matriptase, which was further supported in the

present study by our use of MSC-derived human cartilage.
We hypothesize that this was due to PAR-2 levels being
below a critical threshold level, as indeed are (latent) MMP
levels (10). Therapeutic targeting of PAR-2 is being
explored (43), although this may be hampered by the ubiq-
uitous expression of this G-protein–coupled receptor, which
is thought to be critical in development, inflammation,
immunity, and angiogenesis (44), as well as important in
protecting musculoskeletal tissues from the destructive
effects of inflammation and in promoting regeneration (45).

Since our ex vivo findings were made using only the
recombinant catalytic domain of matriptase, and since
inclusion of matriptase inhibitors abolished cartilage degra-
dation (results not shown), we concluded that our observa-
tions are dependent on matriptase activity. Indeed,
inhibition of matriptase activity as a potential therapeutic
approach to treating OA was demonstrated using 2 differ-
ent methods of inhibiting this transmembrane serine pro-
teinase. We previously reported the potent inhibitory
capacity of antibody A11 for matriptase (22,46), and in the
present study we demonstrated its ability to reduce carti-
lage damage when administered in vivo to DMM-operated
mice at a similar dosage as that used for a neutralizing
PAR-2 antibody study (13). Furthermore, both systemic
administration and intraarticular delivery of a small
molecule inhibitor of matriptase, compound 59 (24,25), sig-
nificantly reduced cartilage damage in a dose-dependent
manner. Immunohistochemistry revealed this was likely due
to reduced metalloproteinase activity (consistent with the use
of GM6001 in matriptase-stimulated human OA cartilage) as
evidenced by reduced ADAMTS- and MMP-mediated
aggrecan cleavage as well as reduced collagenase-mediated
cleavage of type II collagen.

The relatively low level of staining for the
aggrecanase-mediated NVTEGE epitope is likely due to
the concomitant MMP activity which effectively facilitates
diffusion of the short ADAMTS/MMP-generated aggrecan
fragment (Phe342-Glu373; human sequence numbering)
(47) while leaving a residual G1 aggrecan monomer with
the MMP-generated VDIPEN C-terminus. Although we
did not confirm the presence of the Phe342-Glu373 peptide
from matriptase-treated human OA cartilage, if it is pres-
ent, this bioactive peptide could further contribute to carti-
lage breakdown via Toll-like receptor 2 (48). Together,
these findings reveal that modulation of matriptase activity
can regulate the in vivo proteolytic burden of OA cartilage.

We and others have previously demonstrated the
ability of matriptase to activate several proMMPs (10) and
have proposed that proMMP activation represents a key
rate-limiting step in cartilage destruction in disease
(5–7,21). The mechanisms by which matriptase is regulated
in cartilage are unknown, although we have detected
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matriptase in murine cartilage following OA induction
(10), which suggests that biomechanical mechanisms are
important in this process. An intriguing feature of
matriptase is that it automatically activates by a process that
remains somewhat unclear (10,49). This unusual property
for a serine proteinase ideally places it as an initiator of pro-
teolytic cascades, and our findings further support the con-
cept that matriptase is a key proMMP activator in OA (10).

Osteophyte formation is a characteristic of OA, but
a correlation with cartilage damage is not always apparent.
For example, osteophytes in MMP-13–deficient mice were
no different in size at 8 weeks post-DMM (30), and in our
previous study, we found no osteophyte differences in
DMM-treated mice with exacerbated cartilage damage
(29). Furthermore, results from our recent study showed
reduced osteophyte size in PAR-2–deficient mice following
DMM, which are protected against cartilage damage (50),
although an increase in osteophyte bone density was evi-
dent. With increasing doses of matriptase inhibitor we saw
a trend toward reduced osteophyte size, suggesting perhaps
that sufficient delivery of a potent matriptase inhibitor
would also reduce osteophyte formation. Further research
will be required to fully assess this latter possibility.

The cumulative impact of cartilage damage, which
is perpetuated by multiple direct and indirect mechanisms
over many years, is a significant contributing factor to OA
progression and offers the potential for therapeutic inter-
vention. Since aggrecanolysis appears to be a fundamental
prerequisite for the essentially irreversible collagen break-
down (16,19), there has been intense debate surrounding
the most appropriate target for future therapy (51). In the
present study, our findings demonstrate that matriptase
indirectly promotes potent destruction of aggrecan via the
action of both MMPs and aggrecanases, the levels of which
may remain elevated in OA cartilage due to LRP-1 release
by matriptase. Finally, since effective inhibition of
matriptase activity markedly reduces metalloproteinase
activities and cartilage damage in vivo, we conclude that
this serine proteinase is attractive therapeutically, and we
suggest that targeting matriptase activity could serve as a
potent, effective DMOAD.
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A Prospective Study of the Impact of Current Poverty, History
of Poverty, and Exiting Poverty on Accumulation of Disease

Damage in Systemic Lupus Erythematosus

Edward Yelin,1 Laura Trupin,2 and Jinoos Yazdany2

Objective. To estimate the effect of current pov-
erty, number of years in poverty, and exiting poverty on
disease damage accumulation in systemic lupus erythe-
matosus (SLE).

Methods. For this study, 783 patients with SLE
were followed up from 2003 to 2015 through annual
structured interviews. Respondents were categorized in
each year by whether they had a household income of
£125% of the US federal poverty level. Linear and
logistic regression analyses were used to assess the
impact of poverty in 2009, number of years in poverty
between 2003 and 2009, and permanent exits from pov-
erty as of 2009 on the extent of disease damage
(according to the Brief Index of Lupus Damage [BILD]
score) or accumulation of a clinically meaningful
increase in disease damage (defined as a minimum
2-point increase in the BILD damage score) by 2015.

Results. After adjustment for sociodemographic
features, health care characteristics, and health behav-
iors, poverty in 2009 was associated with an increased
level of accumulated disease damage in 2015 (mean dif-
ference in BILD damage score between poor and non-
poor 0.62 points, 95% confidence interval [95% CI]
0.25–0.98) and increased odds of a clinically important
increase in damage (odds ratio [OR] 1.67, 95% CI 0.98–
2.85). Being poor in every year between 2003 and 2009
was associated with greater damage (mean change in

BILD score 2.45, 95% CI 1.88–3.01) than being poor for
one-half or more of those years (mean change in BILD
score 1.45, 95% CI 0.97–1.93), for fewer than one-half of
those years (mean change in BILD score 1.49, 95% CI
1.10–1.88), or for none of those years (mean change in
BILD score 1.34, 95% CI 1.20–1.49). Those exiting
poverty permanently had similar increases in disease
damage (mean change in BILD score 1.30, 95% CI 0.90–
1.69) as those who were never in poverty (mean change
in BILD score 1.36, 95% CI 1.23–1.50) but much less
damage than those who remained in poverty (mean
change in BILD score 1.98, 95% CI 1.59–2.38).

Conclusion. The effects of current poverty,
“dose” of poverty, and exiting poverty suggest that pov-
erty plays a critical role in the accumulation of damage
in patients with SLE.

Despite many years of research showing the effect
of poverty on disease outcomes and mortality in general
(1,2), and in systemic lupus erythematosus (SLE) or
other autoimmune conditions specifically (3–6), our
understanding of the reasons behind these effects is lim-
ited. It is not yet established whether it is poverty per se
or factors associated with poverty that account for its
effects. Such factors could include inadequate access
to health care and lower quality of care (7–9), harmful
health behaviors, residual effects of long-term poverty
on human capital (the combination of formal training,
skills, and experience) to deal with disease (10,11), or the
immediate effects of such phenomena as exposure to
adverse neighborhoods, stress, and economic deprivation
(12,13).

In the present report, we describe the results of a
longitudinal study of observational data from patients
with SLE evaluating the extent to which the relationship
between poverty and disease outcomes meets the crite-
ria for causal plausibility. We tested several hypotheses
as to why the poor experience dramatically poorer
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outcomes, including stress, economic deprivation, adverse
neighborhood circumstances, depression, and cognitive
impairment. We also evaluated the impact of poverty at
one time point, the impact of the number of years in pov-
erty, and the effect of permanently exiting poverty on the
extent of subsequent damage accumulation in patients
with SLE.

PATIENTS AND METHODS

Data source. The data source for the present study is
the Lupus Outcomes Study (LOS) (14). The LOS began in
2003 by enrolling individuals who had previously participated
in studies of genetic risk factors for lupus. Two-thirds of the
participants were recruited from such nonclinical sources as
public service announcements, patient support groups, and
word of mouth; the remainder were recruited from academic
and community clinical practices. To ensure that every individual
included in the LOS met the American College of Rheumatol-
ogy diagnostic criteria for lupus (15), the medical records of
each participant were reviewed by rheumatologists or nurses
working under a rheumatologist’s supervision. The sampling
outside of tertiary care centers permitted us to evaluate a wide
range of kinds and quality of care for SLE, including a range of
specialties assuming primary responsibility for the care of SLE
and the extent of health insurance coverage.

The principal data collection for the LOS was an
annual structured telephone interview lasting ;45 minutes.
The survey covered the following information: signs and symp-
toms of disease; validated measures of disease activity (16)
and accumulated damage (the Brief Index of Lupus Damage
[BILD] [17]); assessments of cognitive status and mood
(18,19); a complete enumeration of all health care encounters
for lupus, including specialty of the physicians evaluating the
condition and patients’ current medications as ascertained
using questionnaire formats adapted from the National Health
Interview Survey (20); measures of quality of SLE care (21);
assessment of the nature of the interactions between patients
and providers and health systems (22,23); health behaviors,
including height and weight and smoking history, as determined
using items from the Behavioral Risk Factor Surveillance Sys-
tem (24); a record of health insurance coverage based on items
from the Medical Expenditures Panel Survey (25); the extent of
stress as determined by the Perceived Stress Scale (26); the
extent of economic deprivation, such as food, housing, and
medical care insecurity (27); and standard demographic
measures.

LOS participants reported on their household income
in each annual survey, which, when combined with data on
household size, enabled us to categorize each participant into
those whose household income was at or below 125% of the
US federal poverty level (the cutoff defining poverty in the
present study) versus those whose household income was
above 125% of the US federal poverty level. This definition
was chosen because it is the cutoff for eligibility for several
federal programs and because many of the LOS respondents
live in expensive areas of the country.

Contextual information about the area surrounding
the participants’ residential addresses was matched via geo-
coding to survey data from the American Community Survey

at various levels of geographic aggregation. Most of the con-
textual information was added at the level of the US Census
block group, encompassing between 600 and 3,000 individuals
in the immediate neighborhood. The data included the pro-
portion of neighbors in poverty, median income, median earn-
ings, rates of home ownership, and racial composition (28).
Information on income inequality from the Census data was at
the level of the county in which the LOS participants resided
(29). Because of its relationship to personal poverty, the prin-
cipal contextual measure was whether the neighborhood was
an area of concentrated poverty, which could exacerbate the
effect of personal poverty. For the study analyses (reported
below), areas of concentrated poverty were those in which at
least 30% of individuals met the federal poverty standard
defined above.

Study analyses. The goal of treatment in lupus is to
reduce the frequency and magnitude of flares in disease activ-
ity and to reduce the subsequent accrual of damage to organ
systems (30). Prior studies of lupus outcomes required peri-
odic access to specialists to assess activity and damage, both of
which precluded annual measurement and limited studies to
participants with some ongoing contact with research centers.
In contrast, in the present study, we developed and validated
measures of accumulated disease damage and quality of care
based on patient self-report and validated a previously devel-
oped measure of disease activity (16,21,31). All of these mea-
sures were available as of the 2009 interview. Accordingly, at
the time of the 2015 interviews, we assessed the impact of sets
of variables, i.e., those measured in 2009 or earlier that were
previously hypothesized to affect long-term outcomes in
patients with SLE, on change in the BILD damage score as of
2015. The principal independent variables included poverty
status in 2009 and poverty status since the inception of the
LOS through 2009; the latter permits the estimation of the
impact of episodic poverty contrasted against permanent pov-
erty, as well as the effect of permanently leaving poverty.

We began by developing a base model of outcomes
incorporating poverty status and sociodemographic features
(age, sex, education, race/ethnicity, and marital status), health
behaviors (smoking status and body mass index), and health
care characteristics (number of physician visits, managed care
versus fee-for-service sector, specialty mix of the providers
treating lupus, and whether the lupus care met a standard of
high quality, defined as a pass rate of $85% on the validated
set of quality indicators [services provided] for the care of
lupus patients [32]).

We then tested various mitigating circumstances that
might reduce or exacerbate the impact of poverty on out-
comes, including the persistence of poverty and residence in
an area of concentrated poverty, as well as other characteris-
tics of the community, as outlined above. We also assessed
whether the impact of income on outcomes continued
throughout the income distribution or, instead, was limited to
those in the lowest tiers of income. In additional analyses, we
focused on whether higher education levels, a proxy for human
capital, can offset the impact of poverty-level incomes;
whether intergenerational socioeconomic status, as measured
by parental education, worsened the effect of current poverty;
the extent to which current stress as measured by the Per-
ceived Stress Scale (26) accounted for the effect of poverty;
and whether exiting poverty had a beneficial impact on
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outcomes. Poverty may be associated with receipt of substan-
dard care, which could result in greater accumulation of SLE
damage. Accordingly, in sensitivity analyses, we also evaluated
the impact of 3 different regimens involving the use of predni-
sone: prednisone monotherapy, defined as a dosage of 7.5 mg/
day for at least 3 months in the prior year in the absence of
other immunosuppressive medications; prednisone use at a
dosage of at least 10 mg/day for at least 3 months in this same
time period; or prednisone use at a dosage of 20 mg/day for at
least 3 months in this same time period.

We then assessed the conjoint impact of the level of
perceived stress, social support, cognitive function, and
depressed mood on outcomes beyond the economic, demo-
graphic, and health characteristics outlined above. In addition,
we assessed whether tangible measures of economic depriva-
tion, such as food, housing, and medical care insecurity,
expected in the ensuing 2-month period after the annual inter-
view had effects beyond that of the generalized measure of
stress. On a community level, we also evaluated the incremen-
tal effect of the number of friends and family available to pro-
vide tangible social support (33) to mitigate the effects of
living in areas of concentrated poverty.

We used ordinary least squares regression to estimate
the impact of poverty and other characteristics on change in
the extent of accumulated damage between 2009 and 2015.
We also analyzed the impact of poverty on whether a mini-
mum clinically important difference (MCID) in damage had
occurred. In the BILD damage measure, the MCID was
defined as a clinically meaningful increase in the damage score
of $2 points based on the ability to predict an elevated risk of
subsequent mortality (34). Logistic regression was used to esti-
mate the impact of poverty and covariates on the probability
of a change in the BILD score for newly accumulated damage
at the level of at least the MCID as defined above.

In 2009, there were 849 respondents to the LOS survey
who had been interviewed continuously since 2003. Of these,
67 had died by 2015 (7.9%) and were excluded from the pres-
ent analysis. Of the remaining 782 patients, 643 (82.2%) were
interviewed continuously between 2009 and 2015, 36 (4.7%)
were lost to follow-up between 2009 and 2015, and 103
(13.2%) declined to continue in the study during this time
frame. Among the 643 who had been interviewed continuously
between 2009 and 2015, 97 (15.1%) had a missing value for 1
of the principal variables in the analysis.

To account for the impact of attrition due to loss to
follow-up, lack of participation, or item nonresponse, we used
multiple imputation with chained equations to model missing
values, based on 15 replications (35–37). We herein report the
results based on the use of multiple imputation, but in no
instance were the results substantially different in direction or
magnitude from those in the analyses among patients inter-
viewed continuously through 2015. As a sensitivity analysis, we
included those who were deceased by 2015 in analyses com-
pleted with multiple imputation. As expected, including the
deceased subjects strengthened the relationship between pov-
erty and accumulated damage, because those who subse-
quently died were more likely both to have been poor and,
prior to death, to have experienced a higher level of accumu-
lated damage. The results reported herein, however, are based
on the primary analyses, in which those who died as of 2015
were excluded.

In addition to the foregoing estimations, we evaluated
whether there were statistically significant interactions
between poverty and select other characteristics, including liv-
ing in an area of concentrated poverty, cognitive impairment,
extent of symptoms of depression (as measured using the Cen-
ter for Epidemiologic Studies Depression Scale [CES-D] [38]),
and level of perceived stress. Despite the fact that those in
poverty had more adverse levels of each of these variables, the
only variable for which the interaction with poverty status was
statistically significant, and thus the only one reported in the
main analysis, was living in an area of concentrated poverty.

Several of the mechanisms proposed—for example,
having symptoms of depression, cognitive impairment, high lev-
els of perceived stress, or low technical quality of care—could
be said to mediate the impact of poverty on the outcomes.
Accordingly, we formally tested whether the impact of poverty
on the outcomes was a direct effect or whether it operated
through the proposed mechanisms (39–41). In no instance did
the proposed mediating variables account for more than one-
quarter of the variance in outcomes associated with poverty,
even though the mediating variables were significantly related
to the outcomes, indicating that lack of statistical power did not
account for the small effect of the variables on the outcomes.
Finally, we assessed the impact of community characteristics
other than concentrated poverty, but none of these other char-
acteristics had a substantial effect on outcomes.

RESULTS

Among the LOS participants, the mean age was
49.8 years, the mean duration of lupus was 16.9 years,
94% were female, and 37% were members of racial/
ethnic minority groups (Table 1). In total, ;15% of the
783 participants met the study definition of poverty.
Among the LOS participants, ;8% lived in areas
of concentrated poverty and ;8% reported having
extreme difficulty living on their incomes.

Those LOS participants in poverty, compared to
the remaining participants who did not meet the study
definition of poverty (designated non-poor), reported
higher disease activity levels, higher levels of accumu-
lated damage, higher CES-D scores (worse depression),
and higher levels of cognitive impairment (as measured
using the z score on the Hopkins Delayed Recall Test
[42]). LOS participants in poverty were much more
likely to report high levels of perceived stress and
slightly smaller social networks (Table 1).

The results for BILD scores of accumulated
damage between 2009 and 2015 by poverty status,
in models with or without adjustment for demographic
characteristics, disease duration, health care characteris-
tics, and health behaviors, are shown in Table 2. From
2009 to 2015, the mean change in the BILD disease
damage score was substantial, at 1.43, representing an
;75% increment over the 2009 mean score of 1.9.
Those SLE patients in poverty experienced substantially
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Table 1. Characteristics of the Lupus Outcome Study participants in 2009, in the whole cohort and by poverty status*

Poverty status

Total
(n 5 783)

#125% federal
poverty limit

(n 5 117)

.125% federal
poverty limit

(n 5 666)

Demographic characteristics
Age, mean 6 SD (range) years 49.8 6 12.3 (20–83) 46.7 6 13.9† 50.1 6 12.8
Female, % 94 96 93
Race/ethnicity, %

White, non-Hispanic 63 44† 67
African American 10 14† 9
Hispanic 10 22† 7
Asian American 11 7† 11
Other/mixed/unknown 6 13† 6

Education level, %
Patient

High school or lower 13 38† 13
Some college or higher 87 62† 87

Parents
High school or lower 46 54 44
Some college or higher 55 46 56

Marital status, %
Never married 16 36† 16
With partner 21 36† 17
Widowed, separated, divorced 63 28† 67

Lupus status, mean 6 SD (range)
Disease duration, years 16.9 6 8.3 (1–51) 15.5 6 8.8 16.9 6 8.6
Disease activity score 11.1 6 7.4 (0–83) 15.6 6 9.4† 10.7 6 7.3
Disease damage score 1.9 6 2.0 (0–12) 2.4 6 2.4† 1.9 6 2.0

Health behavior
Body mass index, mean 6 SD (range) kg/m2 27.2 6 7.1 (15–65) 29.4 6 8.5† 26.7 6 7.0
Smoking status

Current smoker, % 8 18 7
Past smoker, % 30 31 30
Never smoker, % 62 51 63
No. of pack-years among ever smokers, mean 6 SD (range) 13.1 6 22.9 (0–68) 13.5 6 19.1 13.0 6 23.7

Health care characteristics
No. of physician visits, mean 6 SD (range) 14.3 6 10.2 (2–54) 16.6 6 15.3 14.7 6 12.8
Insurance status, %

No insurance 2 6† 2
Managed care 30 16† 29

Visit by specialty, %
Rheumatologist, no generalist 15 24† 14
Rheumatologist, generalist 63 54† 65
No rheumatologist, generalist 18 18† 18
Other specialties only 4 5† 3

Quality indicator pass rate of $85%, % 18 12 19
Psychological and cognitive status, mean 6 SD (range)

CES-D score 12.3 6 10.9 (0–48) 19.9 6 12.8† 11.9 6 11.1
Hopkins Delayed Recall Test z score 20.1 6 1.2 (26.8, 1.4) 20.8 6 1.4† 20.03 6 1.2

Economic deprivation, %
Living in area of concentrated poverty 8 22† 8
Extreme difficulty living on income 8 25† 6

Perceived Stress Scale score, mean 6 SD (range) 4.9 6 3.4 (0–16) 6.7 6 3.5† 4.9 6 3.4
Social network, mean 6 SD (range) no. of close friends/relatives 5.3 6 2.3 (0–8) 4.7 6 2.6† 5.4 6 2.1

* Disease activity was assessed on the Systemic Lupus Activity Questionnaire (potential score range 0–47, with higher scores indicating higher
disease activity). Disease damage was assessed using the Brief Index of Lupus Damage (potential score range 0–18, with higher scores indicating
higher levels of damage). The quality indicator pass rate was assessed as the proportion of systemic lupus erythematosus patients with eligible
services (defined quality indicators) received. The Center for Epidemiological Studies Depression Scale (CES-D) score was assessed with a
potential score range of 0–60 (with higher scores indicating greater depression). The Hopkins Delayed Recall Test z score was determined using
the Hopkins Verbal Learning Test—Revised. Areas of concentrated poverty were defined using US Census block groups with .30% of
households with an income of #125% of the federal poverty limit. The Perceived Stress Scale score was assessed with a potential score range of
0–16 (with higher scores indicating greater stress levels). The social network score was determined using the Berman Social Network scoring
system.
† P , 0.05 versus those not in poverty (.125% of the federal poverty limit).
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greater accrual of disease damage between 2009 and
2015 than those who were not in poverty. The mean dif-
ference in change in the BILD damage score between
the poor and non-poor was 0.68 (95% confidence inter-
val [95% CI] 0.34–1.02) before adjustment, and was 0.62
(95% CI 0.25–0.98) after adjustment (Table 2).

We also compared the groups for the proportion
of patients who experienced a clinically meaningful
increase in the BILD damage score, defined as a 2-point

increment, or MCID, in the score. In both unadjusted
and adjusted models, those in poverty had a higher likeli-
hood of experiencing an MCID increase in the BILD
score (unadjusted odds ratio [OR] 1.71, 95% CI 1.11–
2.67; adjusted OR 1.67, 95% CI 0.98–2.85) (Table 2).

Living in an area of concentrated poverty accen-
tuated the effect of personal poverty on the extent of
accrued damage (Table 3). Personal-level poverty was
associated with damage accrual regardless of residential

Table 2. Change in accumulated damage and odds of experiencing a clinically meaningful difference
in the damage score from 2009 to 2015 by poverty status, in unadjusted and adjusted models*

Accumulated disease damage, mean 6 SD†
Damage score in 2009 in whole cohort 1.9 6 2.0
Change in damage score in whole cohort 1.43 6 1.76

Difference in damage score in poor versus non-poor, mean (95% CI)
Unadjusted model 0.68 (0.34–1.02)†
Adjusted model‡ 0.62 (0.25–0.98)†

MCID in score for accumulated damage (at a cutoff of 2 points)
Patients with MCID, % 36
OR (95% CI) for MCID in poor versus non-poor

Unadjusted model 1.71 (1.11–2.67)†
Adjusted model‡ 1.67 (0.98–2.85)§

* Disease damage was assessed using the Brief Index of Lupus Damage (potential score range 0–18).
95% CI 5 95% confidence interval; MCID 5 minimum clinically important difference; OR 5 odds ratio.
† P , 0.05 for poor versus non-poor.
‡ Adjusted for demographic characteristics, disease duration, health care characteristics, and health
behaviors.
§ P value versus non-poor was not significant (P , 0.10).

Table 3. Effect of personal and neighborhood poverty, persistence of poverty, and household income
level on change in damage score between 2009 and 2015, in unadjusted and adjusted models*

Mean change in damage score (95% CI)

Economic status variable Unadjusted model Adjusted model†

Combination of personal and neighborhood poverty
Not poor, not living in area of concentrated poverty 1.35 (1.21–1.49) 1.36 (1.22–1.50)
Not poor, living in area of concentrated poverty 1.35 (0.87–1.84) 1.29 (0.82–1.77)
Poor, not living in area of concentrated poverty 1.82 (1.46–2.20) 1.75 (1.38–2.13)
Poor, living in area of concentrated poverty 2.59 (1.82–3.35) 2.71 (1.93–3.49)
P for interaction 0.121 0.029

Persistence of poverty prior to baseline
Never poor 1.32 (1.18–1.46) 1.34 (1.20–1.49)
Poor fewer than one-half of the years 1.54 (1.16–1.92) 1.49 (1.10–1.88)
Poor one-half or more of the years 1.59 (1.11–2.07) 1.45 (0.97–1.93)
Poor all of the years 2.52 (1.99–3.05) 2.45 (1.88–3.01)
P for overall association ,0.001 0.0037

Median level of household income
#$20,000/year 1.89 (1.62–2.17) 1.73 (1.42–2.04)
$20,001–40,000/year 1.76 (1.48–2.03) 1.76 (1.49–2.03)
$40,001–60,000/year 1.33 (1.03–1.64) 1.37 (1.07–1.67)
$60,001–80,000/year 1.17 (0.84–1.50) 1.13 (0.80–1.47)
.$80,000/year 1.15 (0.94–1.36) 1.24 (1.02–1.47)
P for overall association ,0.001 0.0164

* Damage scores were assessed using the Brief Index of Lupus Damage (potential score range 0–18,
with higher scores indicating higher levels of damage). Neighborhood poverty was defined as a US Cen-
sus block group with $30% of the residents in poverty. 95% CI 5 95% confidence interval.
† Adjusted for poverty status as well as demographic characteristics, disease duration, health care char-
acteristics, and health behaviors.
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area, but the poor living in areas of concentrated pov-
erty accrued far more damage than the poor not living
in such areas (after adjustment, mean change in BILD
score 2.71 points, 95% CI 1.93–3.49). In contrast, there
was no effect of the racial composition of the local com-
munity, the median level of household income and earn-
ings, and inequality of local income on damage accrual
(data not shown).

The data in Table 3 also show that the extent of
damage accrual was proportional to the “dose” of pov-
erty prior to 2009, with the persistence of poverty having
a significant effect on the extent of damage accrual.
Thus, in models with or without adjustment for demo-
graphic characteristics, disease duration, health care
characteristics, and health behaviors, those who were
never poor prior to 2009 experienced less damage
accrual than those who were episodically poor, the latter
of whom, in turn, experienced less damage accrual than
those who were always poor during the study period.
LOS participants who reported household incomes of
up to $40,000 per year had significantly higher levels of
damage accrual than those with higher incomes. Beyond

a household income of $40,000 per year, however, dam-
age accrual did not differ by level of income, suggesting
that there is a ceiling effect.

We also investigated several mechanisms that
could account for the impact of poverty on damage
accrual, starting with the education level of the LOS par-
ticipants and that of their parents. As shown in Table 4,
we found no difference in damage accrual between those
in poverty who had at least some college and those with a
high school education or lower, both of whom experi-
enced higher levels of damage accrual than those who
were not in poverty. We also observed no difference in
accrued damage between the poor whose parents had at
least some college versus those whose parents had a high
school education or lower, with both groups having higher
levels of damage accrual than those not in poverty.

In both unadjusted and adjusted analyses, LOS
participants who were never in poverty during the study
time period, in whom the mean BILD score of newly
accumulated damage from 2009 to 2015 was 1.36 (95%
CI 1.23–1.50), had similar levels of damage accrual as
those who left poverty (mean change in BILD score

Table 4. Effect of economic status in terms of mitigating or exacerbating the effect of poverty on
accumulated damage between 2009 and 2015, in unadjusted and adjusted models*

Mean change in damage score (95% CI)

Economic status variable
Models with economic

status variable only
Fully adjusted

models†

Poverty income alone
At or below 125% of FPL (poverty income) 2.02 (1.70–2.35) 1.97 (1.63–2.31)
Above 125% of FPL (not in poverty) 1.33 (1.20–1.46) 1.34 (1.21–1.47)
P for overall association ,0.001 0.001

Conjoint poverty and education
Poverty income

Individual with at least some college 2.05 (1.65–2.46) 1.88 (1.47–2.30)
Individual with high school education or lower 1.97 (1.45–2.49) 2.16 (1.56–2.76)

Not in poverty 1.33 (1.20–1.46) 1.34 (1.21–1.47)
P for overall association ,0.001 0.003

Intergenerational SES
Poverty income

Parents with at least some college 2.10 (1.58–2.61) 2.06 (1.56–2.56)
Parents with high school education or lower 1.96 (1.51–2.41) 1.89 (1.43–2.36)

Not in poverty 1.33 (1.20–1.46) 1.34 (1.21–1.47)
P for overall association 0.001 0.01

Exiting poverty
Remained in poverty 2.08 (1.72–2.45) 1.98 (1.59–2.38)
Left poverty permanently 1.40 (0.99–1.80) 1.30 (0.90–1.69)

Left poverty 1 year before baseline 1.47 (0.80–2.15) 1.24 (0.60–1.88)
Left poverty 2–3 years before baseline 1.43 (0.84–2.03) 1.44 (0.85–2.02)
Left poverty 5–11 years before baseline 1.17 (0.27–2.07) 1.08 (0.22–1.94)

Never in poverty 1.33 (1.19–1.47) 1.36 (1.23–1.50)
P for overall association ,0.001 0.009

* Damage scores were assessed using the Brief Index of Lupus Damage. 95% CI 5 95% confidence
interval; FPL 5 US federal poverty level; SES 5 socioeconomic status.
† Adjusted models included poverty status as well as demographic characteristics, disease duration,
health care characteristics, and health behaviors.
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1.30, 95% CI 0.90–1.69), in contrast to those who
remained in poverty, who had a mean score of accumu-
lated damage of 1.98 (95% CI 1.59–2.38). Those who
left poverty as recently as 1 year before the 2009 base-
line interview experienced a level of damage accrual
very similar to those who were never in poverty.

To evaluate the extent to which those who were
destined to leave poverty differed from those who
remained poor, we compared their baseline damage
scores. The 2 groups did not differ significantly or sub-
stantially in baseline damage scores, suggesting that any
selection bias in those who subsequently were to leave
poverty was minimal (data not shown).

In sensitivity analyses, we evaluated the differen-
tial impact of prednisone usage between the poor and
non-poor. The poor were significantly more likely than
the non-poor to receive prednisone at a dosage of at
least 7 mg/day for at least 3 months in the absence of
any other immunosuppressive agents in the prior year
(3.8% versus 1.5%; P , 0.01), to receive prednisone at a
dosage of 10 mg/day for at least 3 months in this period
(20.3% versus 6.9%; P , 0.01), and to receive predni-
sone at a dosage of 20 mg/day for at least 3 months in
this period (7.6% versus 2.4%; P , 0.01). Each of the
prednisone regimens was associated with a significantly
greater amount of accumulated damage. However, the
regimens did not have a significant or substantial impact
on the effect of poverty on accumulated damage (data
on the effect of the regimens not shown).

Potential mechanisms for the effect of poverty on
accumulated damage include the level of perceived stress,
extent of cognitive impairment, and presence of symp-
toms of depression. Each of these phenomena was signif-
icantly associated with accrued damage in unadjusted
and adjusted models that included poverty status (data
not shown). However, the combined effect of all of these
potential mechanisms reduced the impact of poverty on
damage by ;43%, from a mean change in BILD score of
0.68 to 0.39 (Figure 1), but still left a residual effect of
poverty. When the measure of personal economic depri-
vation was added, a self-report of having extreme diffi-
culty living on one’s income had little effect beyond the
more encompassing measure of stress levels (data not
shown). Although the higher prevalence of stress,
impaired cognition, and depressed mood contributed to
damage accrual among the poor, there was no interaction
of any of these variables with poverty; that is, the effect of
each of these did not differ by poverty status.

DISCUSSION

The present study of patients with SLE advances
the literature on poverty and outcomes in this disease in
several ways. We observed not only that poverty at any
one time period was related to the extent of subsequent
accumulation of damage, but also that the “dose” of pov-
erty, in terms of the proportion of years with a poverty-
level income, also affected the amount of damage accrual.
Furthermore, exiting poverty permanently was associated
with a disease course that closely resembled that experi-
enced by individuals who were not poor at any time dur-
ing the study period, as opposed to the disease course of
those who were episodically poor, an effect observed
within 1 year or 2 years of having first left poverty.

The LOS permitted us to test several hypotheses
from the literature about the mechanisms underlying the
relationship between poverty and outcomes. We first
developed a basic model incorporating demographic
characteristics, health status, health behaviors, number of
physician visits, and the characteristics of the health care
system. This model accounted for a small part of the
effect of poverty on accumulated damage. Stress, cogni-
tive impairment, and symptoms of depression accounted
for more of the effect. Nevertheless, even after taking all
of these factors into account, there remained a residual
effect of poverty. Taken together with the finding that
exiting poverty resulted in a lower level of accumulated
damage, the observation that the poor living in areas of
concentrated poverty had worse outcomes than the poor
living elsewhere suggests that poverty itself plays a large
role in why the poor experience worse outcomes of SLE.

Figure 1. Incremental effect of poverty on disease damage in the
study population. The difference between the poor and non-poor in
change in Brief Index of Lupus Damage scores of accumulated dam-
age between 2009 and 2015 was examined in models with poverty
alone or with poverty in combination with demographic, health status,
health behavior, and health care characteristics, poverty in combina-
tion with all of these factors plus stress, or poverty in combination
with all of these factors plus cognitive impairment and symptoms of
depression. Bars show the mean with 95% confidence interval.
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In observational studies, the plausibility of an
association, even one in which the exposure precedes
the outcome, is increased when the outcome is propor-
tional to the “dose” of the exposure and when the with-
drawal of the exposure leads to improved outcomes.
In the present study, we were able to observe that the
number of years in poverty affects the magnitude of
accumulated damage. While we could not experimentally
remove the exposure of poverty, we were able to observe
that those who left poverty experienced less accumulated
damage than those who remained in poverty, and in fact,
the damage levels were similar to those in subjects who
were never in poverty, consistent with the view that
exiting poverty may improve outcomes in SLE.

Finally, the impact of income on the extent of accu-
mulated damage occurred only among those with house-
hold incomes below $40,000 per year, suggesting that it is
low income, rather than gradations in income beyond low
income levels, that affects damage accrual, a finding that is
at odds with that reported in population-wide studies of
the health impacts of income gradations (43).

However, even in an observational study with 12
years of follow-up, it is not possible to completely disen-
tangle the effect of poverty from the other characteristics
of the poor beyond their poverty. The fact that we did not
observe that those who exited poverty had substantially or
significantly lower levels of accumulated damage prior to
exiting poverty than those who remained in poverty sug-
gests that selection bias probably did not account for all of
the impact of exiting poverty. Another risk of observa-
tional studies is that severe disease may cause some indi-
viduals to fall into poverty, rather than the notion that
poverty causes poor outcomes. In this study, however, we
measured poverty status for 6 years prior to measuring
the extent of accumulated damage, increasing the proba-
bility that the poverty was antecedent to the outcome.

Finally, the use of a self-report proxy for
physician-observed damage measures may have biased
the results, although we had previously established that
the BILD is a reliable indicator when compared to
physician-observed measures (16), and we validated its
use for longitudinal studies (34). Use of the proxy did
permit us to include individuals with SLE who had mini-
mal contact with the health system, in turn permitting
the analysis of a wider variation in the kind and quality
of health care than in studies conducted among patients
in tertiary care settings. The study design also permitted
us to observe damage accumulation from 2009 forward,
in effect modeling the increment of damage from the
point of presentation to health care providers. However,
because we did not follow up respondents from the
point of disease onset forward, it is possible that the

effects of health care may have been substantial prior to
enrollment in the LOS.

The results indicating that variations in health care
and health behaviors play a limited role in explaining dif-
ferences between the poor and non-poor in the extent of
accumulated damage in SLE should be seen in the con-
text of dramatic improvements in SLE care over the last
several decades (4,44,45), improvements that probably
have been sufficiently diffused to encompass the care of
both groups. Further improvements in care may, there-
fore, play an important role in attenuating disparities
between the poor and non-poor in the extent of accumu-
lated damage in SLE.

We previously demonstrated that technical quality
of care and ratings of interactions with providers and
health plans, especially coordination of care, by patients
with SLE is predictive of subsequent outcomes of the dis-
ease (32,46). The sensitivity analyses in which we evalu-
ated the impact of 3 prednisone regimens as a possible
additional factor contributing to outcome differences
between the poor and non-poor indicate that, although
the poor are more likely to receive each of the tested
regimens, little of the difference in accumulated damage
was due to their more frequent receipt of each of the
regimens. This is consistent with the results of the pri-
mary analysis that showed limited effects of variations in
health care in explaining differences in damage accrual
between the poor and non-poor. Overall, the present
study shows that the effects of poverty extend far beyond
variations in technical quality of care and in how patients
with SLE interact with providers and health systems to
incorporate the life circumstances of the individual.

The observation that stress, cognitive impairment,
and symptoms of depression account for a significant
amount of variation in extent of accumulated damage
associated with poverty and that exiting poverty sets
patients with SLE on a more benign course of disease all
raise important questions about what should be done to
deal with the poverty status of those with SLE and who
might best address these concerns. Coordination of care
is traditionally seen in terms of the medical care services
needed, which, in the case of patients with SLE, includes
helping individuals with the condition gain access to
Medicaid and organizing referrals to the range of provid-
ers to deal with the diversity of manifestations common
in this disease. However, such care coordination might
also encompass ensuring access to the benefits that
reduce the impacts of poverty, a role that is not tradition-
ally seen as within the purview of health care providers.
These benefits might include income support programs,
the Supplemental Nutrition Assistance Program (i.e.,
food stamps) (47), and housing assistance, for example,
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rent subsidies and vouchers to move to better
neighborhoods (48). Of course, such coordination of ser-
vices, traditionally provided by social workers, is difficult
to fund in the present US health care system, and is likely
to become more difficult if such mechanisms as the
Accountable Care Organizations, a provision in the cur-
rent US Patient Protection and Affordable Care Act, are
not maintained in health policy in the years to come.

The observation that high levels of perceived stress
account for a significant amount of the effect of poverty
suggests that attention within the health care system to
stress management may be a worthwhile supplement to
traditional medical care for SLE. However, there is likely
to be a limit to the amount that the profound stress asso-
ciated with persistent poverty and living in areas of con-
centrated poverty can be mitigated by stress management
programs, primarily because dealing with the daily issues
of food, housing, and medical care insecurity reduces the
capacity to handle other issues that arise (13), including
the development of a severe illness such as SLE.

The potential value of the opportunity to move
out of neighborhoods with high concentrations of pov-
erty (49) was made clear by the findings of the present
study, in which, among the poor, accumulated damage
was found to be greater in those living in such areas. The
burgeoning literature on the salutary effects of moving
out of areas of concentrated poverty incorporates a range
of effects, such as the likelihood of high school gradua-
tion, attendance at and completion of college, and subse-
quent earnings, with the positive effects greater for those
who left areas of concentrated poverty at younger ages
(49). However, the evidence for health effects is, at pres-
ent, limited to the observation that risk factor profiles
(50) and self-reported subjective health (51) may
improve. Nevertheless, advocacy for patients with SLE to
obtain housing vouchers so that they have the option of
leaving adverse neighborhoods may be warranted; at the
very least, research to evaluate the impact of such a strat-
egy should be initiated.

In the present study, we could explain only part of
the role that poverty plays in subsequent disease damage
through the specific mechanisms tested, including the
extent of human capital of the individual and the individu-
al’s parents, variations in kind and quality of medical care,
health behaviors, level of stress (or experience of eco-
nomic deprivation), and cognitive and mental health sta-
tus. It is possible that one could account for a greater
amount of the effect of poverty on outcomes through a
more extensive list of potential mechanisms or through
better measurement of each mechanism. However, it is
likely that there is much more about poverty that results
in adverse disease outcomes than can be captured by

these mechanisms, and that, although we can ask health
providers to be cognizant of the impact of poverty in their
clinical encounters (52), indeed to assume some responsi-
bility for what goes on outside of the health care setting
(53), much of the impact of poverty lies beyond health
care and must encompass anti-poverty policy more gener-
ally. In addition, there may be hidden but profound differ-
ences between individuals with SLE who do exit poverty
and those who do not exit poverty that limit the potential
effect of anti-poverty efforts for the long-term poor.

The results reported herein speak to the impor-
tance of poverty in the accumulation of disease damage
in SLE, but the extent to which redress of the impacts of
poverty can occur within clinical settings remains an open
question. The findings of the present study add to the evi-
dence that there is something etiologically important
about poverty with respect to SLE damage, but much
more needs to be done to know to what extent the effects
of poverty can be mitigated within the health care system,
even construed to include advocacy for benefits such as
housing vouchers, which are not traditionally thought to
be within the purview of health care providers.

AUTHOR CONTRIBUTIONS

All authors were involved in drafting the article or revising it
critically for important intellectual content, and all authors approved
the final version to be published. Dr. Yelin had full access to all of the
data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.
Study conception and design. Yelin, Trupin, Yazdany.
Acquisition of data. Yelin.
Analysis and interpretation of data. Yelin, Trupin, Yazdany.

REFERENCES

1. Raphael D. Social determinants of health: an overview of key
issues and themes. In: Raphael D, editor. Social determinants of
health. Toronto: Canadian Scholars’ Press; 2009. p. 2–19.

2. Glymour M, Avendano M, Kawachi I. Socioeconomic status and
health. In: Berkman L, Kawachi I, Glymour M, editors. Social
epidemiology. New York: Oxford University Press; 2014. p. 17–
62.

3. Alarcon GS. Lessons from LUMINA: a multiethnic US cohort.
Lupus 2008;17:971–6.

4. Demas K, Costenbader K. Disparities in lupus care and out-
comes. Curr Opin Rheumatol 2009;21:102–9.

5. Trupin L, Tonner MC, Yazdany J, Julian LJ, Criswell LA, Katz
PP, et al. The role of neighborhood and individual socioeco-
nomic status in outcomes of systemic lupus erythematosus.
J Rheumatol 2008;35:1782–8.

6. Yang G, Bykerk VP, Boire G, Hitchon CA, Thorne JC, Tin D,
et al. Does socioeconomic status affect outcomes in early inflam-
matory arthritis? Data from a Canadian multisite suspected
rheumatoid arthritis inception cohort. J Rheumatol 2015;42:46–
54.

7. Alley DE, Asomugha CN, Conway PH, Sanghavi DM. Account-
able health communities: addressing social needs through Medi-
care and Medicaid. N Engl J Med 2016;374:8–11.

1620 YELIN ET AL



8. Baicker K, Taubman SL, Allen HL, Bernstein M, Gruber JH,
Newhouse JP, et al. The Oregon experiment: effects of Medicaid
on clinical outcomes. N Engl J Med 2013;368:1713–22.

9. Wolfe B. Health programs for non-elderly adults and children.
In: Bailey M, Danziger S, editors. Legacies of the war on pov-
erty. New York: Russell Sage Foundation; 2013. p. 237–67.

10. Cohen S, Janicki-Deverts D, Chen E, Matthews KA. Childhood
socioeconomic status and adult health. Ann N Y Acad Sci 2010;
1186:37–55.

11. Hagger-Johnson G, Batty GD, Deary IJ, von Stumm S. Child-
hood socioeconomic status and adult health: comparing forma-
tive and reflective models in the Aberdeen Children of the 1950s
Study (prospective cohort study). J Epidemiol Community
Health 2011;65:1024–9.

12. Lynch JW, Smith GD, Kaplan GA, House JS. Income inequality
and mortality: importance to health of individual income, psy-
chosocial environment, or material conditions. BMJ 2000;320:
1200–4.

13. Shah AK, Mullainathan S, Shafir E. Some consequences of hav-
ing too little. Science 2012;338:682–5.

14. Yelin E, Trupin L, Katz P, Criswell L, Yazdany J, Gillis J, et al.
Work dynamics among persons with systemic lupus erythemato-
sus. Arthritis Rheum 2007;57:56–63.

15. Tan EM, Cohen AS, Fries JF, Masi AT, McShane DJ, Rothfield
NF, et al. The 1982 revised criteria for the classification of sys-
temic lupus erythematosus. Arthritis Rheum 1982;25:1271–7.

16. Karlson EW, Daltroy LH, Rivest C, Ramsey-Goldman R,
Wright EA, Partridge AJ, et al. Validation of a Systemic Lupus
Activity Questionnaire (SLAQ) for population studies. Lupus
2003;12:280–6.

17. Yazdany J, Trupin L, Gansky SA, Dall’era M, Yelin EH,
Criswell LA, et al. The Brief Index of Lupus Damage: a patient-
reported measure of damage in systemic lupus erythematosus.
Arthritis Care Res (Hoboken) 2011;63:1170–7.

18. Julian LJ, Yazdany J, Trupin L, Criswell LA, Yelin E, Katz PP.
Validity of brief screening tools for cognitive impairment in
rheumatoid arthritis and systemic lupus erythematosus. Arthritis
Care Res (Hoboken) 2012;64:448–54.

19. Julian LJ, Yelin E, Yazdany J, Panopalis P, Trupin L, Criswell LA,
et al. Depression, medication adherence, and service utilization in
systemic lupus erythematosus. Arthritis Rheum 2009;61:240–6.

20. Kovar M, Poe S. The National Health Interview Survey Design,
1973–1984 and procedures, 1975–1983. Vital and Health Statis-
tics 1985;1.

21. Yazdany J, Panopalis P, Gillis JZ, Schmajuk G, Maclean CH,
Wofsy D, et al. A quality indicator set for systemic lupus erythe-
matosus. Arthritis Rheum 2009;61:370–7.

22. Morales LS, Elliott MN, Weech-Maldonado R, Spritzer KL,
Hays RD. Differences in CAHPS adult survey reports and
ratings by race and ethnicity: an analysis of the National CAHPS
benchmarking data 1.0. Health Serv Res 2001;36:595–617.

23. Stewart AL, Napoles-Springer A, Perez-Stable EJ. Interpersonal
processes of care in diverse populations. Milbank Q 1999;77:
305–39, 274.

24. Stein A, Lederman R, Shea S. The behavioral risk factor surveil-
lance system questionnaire: its reliability in a statewide sample.
Am J Public Health 1993;83:1768–72.

25. Cohen J, Monheit A, Beauregard K, Cohen SB, Lefkowitz DC,
Potter DE, et al. The medical expenditures panel survey: a
national information resource. Inquiry 1996–1997;33:373–89.

26. Cohen S, Kamarck T, Mermelstein R. A global measure of per-
ceived stress. J Health Soc Behav 1983;24:385–96.

27. Yelin E, Trupin L. Disability and the characteristics of employ-
ment. Mon Labor Rev 2003:20–31.

28. US Bureau of the Census. American community survey: design
and methodology. April 2009. URL: https://www.census.gov/con-
tent/dam/Census/library/publications/2010/acs/acs_design_method-
ology.pdf.

29. Bee CA. American community survey briefs: the geographic con-
centration of high-income households: 2007–2011. February
2013. URL: https://www.census.gov/prod/2013pubs/acsbr11-23.
pdf.

30. Bertsias G, Fanouriakis A, Boumpas D. Treatment of systemic
lupus erythematosus. In: Firestein G, Budd R, Gabriel S,
McInnes IB, O’Dell J, editors. Kelley’s textbook of rheumatol-
ogy. 9th ed. Philadelphia: Elsevier Saunders; 2013. p. 1304–30.

31. Yazdany J, Yelin EH, Panopalis P, Trupin L, Julian L, Katz PP.
Validation of the Systemic Lupus Erythematosus Activity Ques-
tionnaire in a large observational cohort. Arthritis Rheum 2008;
59:136–43.

32. Yazdany J, Trupin L, Schmajuk G, Katz PP, Yelin EH. Quality
of care in systemic lupus erythematosus: the association between
process and outcome measures in the Lupus Outcomes Study.
BMJ Qual Saf 2014;23:659–66.

33. Berkman LF, Syme SL. Social networks, host resistance, and
mortality: a nine-year follow-up study of Alameda County
residents. Am J Epidemiol 1979;109:186–204.

34. Katz P, Trupin L, Rush S, Yazdany J. Longitudinal validation of
the Brief Index of Lupus Damage. Arthritis Care Res (Hobo-
ken) 2014;66:1057–62.

35. White IR, Royston P, Wood AM. Multiple imputation using
chained equations: issues and guidance for practice. Stat Med
2011;30:377–99.

36. Rubin D. Multiple imputation for non-response in surveys. New
York: Wiley; 1987.

37. Schafer J. Analysis of incomplete multivariate data. London:
Chapman and Hall; 1997.

38. Radloff L. The CES-D Scale: a self-report depression scale for
research in the general population. Appl Psychol Meas 1977;1:385–
401.

39. Imai K, Keele L, Tingley D. A general approach to causal medi-
ation analysis. Psychol Methods 2010;15:309–34.

40. King G, Tomz M, Wittenberg J. Making the most of statistical
analyses: improving interpretation and presentation. Am J Pol
Sci 2000;44:341–55.

41. Cheng J, Cheng NF, Guo Z, Gregorich S, Ismail A, Gansky S.
Mediation analysis for count and zero-inflated count data. Stat
Methods Med Res 2016:962280216686131.

42. Benedict RHB, Schretlen D, Groninger L, Brandt J. Hopkins
Verbal Learning Test—Revised: normative data and analysis of
inter-form and test-retest reliability. Clin Neuropsychol 1998;12:
43–55.

43. Brunner E, Marmot M. Social organization, stress, and health.
In: Marmot M, Wilkinson R, editors. Social determinants of
health. Oxford: Oxford University Press; 2011. p. 6–30.

44. Crow M. Etiology and pathogenesis of systemic lupus erythema-
tosus. In: Firestein G, Budd R, Gabriel S, McInnes IB, O’Dell J,
editors. Kelley’s textbook of rheumatology. 9th ed. Philadelphia:
Elsevier Saunders; 2013. p. 1269–82.

45. Domsic R, Ramsey-Goldman R, Manzi S. Epidemiology and
classification of systemic lupus erythematosus. In: Hochberg M,
Silman AJ, Smolen J, Weinblatt M, Weisman M, editors. Rheu-
matology. 4th ed. Philadelphia: Mosby Elsevier; 2004. p. 1211–6.

46. Yelin E, Yazdany J, Trupin L. Relationship between process of
care and a subsequent increase in damage in systemic lupus ery-
thematosus. Arthritis Care Res (Hoboken) 2016. E-pub ahead of
print.

47. Waldfogel J. The safety net for families with children. In: Bailey
M, Danziger S, editors. Legacies of the war on poverty. New
York: Russell Sage Foundation; 2013.

48. Olsen E, Ludwig J. Performance and legacy of housing policies.
In: Bailey M, Danziger S, editors. Legacies of the war on pov-
erty. New York: Russell Sage Foundation; 2013.

49. Chetty R, Hendren N, Katz L. The effects of exposure to better
neighborhoods on children: new evidence from the moving to
opportunity experiment. Am Econ Rev 2016;106.

POVERTY AND DISEASE DAMAGE IN SLE 1621

https://www.census.gov/content/dam/Census/library/publications/2010/acs/acs_design_methodology.pdf
https://www.census.gov/content/dam/Census/library/publications/2010/acs/acs_design_methodology.pdf
https://www.census.gov/content/dam/Census/library/publications/2010/acs/acs_design_methodology.pdf
https://www.census.gov/prod/2013pubs/acsbr11-23.pdf
https://www.census.gov/prod/2013pubs/acsbr11-23.pdf


50. Ludwig J, Sanbonmatsu L, Gennetian L, Adam E, Duncan GJ,
Katz LF, et al. Neighborhoods, obesity, and diabetes:
a randomized social experiment. N Engl J Med 2011;365:1509–
19.

51. Ludwig J, Duncan GJ, Gennetian LA, Katz LF, Kessler RC,
Kling JR, et al. Neighborhood effects on the long-term well-
being of low-income adults. Science 2012;337:1505–10.

52. Kim K, Choi JS, Choi E, Nieman CL, Joo JH, Lin FR, et al. Effects
of community-based health worker interventions to improve chronic
disease management and care among vulnerable populations: a sys-
tematic review. Am J Public Health 2016:e1–e26.

53. Sandel M, Faugno E, Mingo A, Cannon J, Byrd K, Garcia DA, et al.
Neighborhood-level interventions to improve childhood opportunity
and lift children out of poverty. Acad Pediatr 2016;16:S128–35.

1622 YELIN ET AL



ARTHRITIS & RHEUMATOLOGY

Vol. 69, No. 8, August 2017, pp 1623–1635

DOI 10.1002/art.40142

VC 2017, American College of Rheumatology

Bone Marrow–Derived Mesenchymal Stem Cells From
Patients With Systemic Lupus Erythematosus Have a

Senescence-Associated Secretory Phenotype Mediated by a
Mitochondrial Antiviral Signaling Protein–Interferon-b

Feedback Loop

Lin Gao, Anna K. Bird, Nida Meednu, Kristin Dauenhauer, Jane Liesveld,
Jennifer Anolik, and R. John Looney

Objective. Bone marrow–derived mesenchymal
stem cells (BM-MSCs) create a special microenviron-
ment for hematopoiesis and immunity and display
robust immunomodulatory properties that are impaired
in systemic lupus erythematosus (SLE). This study was
undertaken to identify the mechanisms of defects in
human SLE BM-MSCs.

Methods. Patients fulfilling SLE classification cri-
teria and healthy controls (n 5 6 per group) were recruited
according to an institutional review board–approved pro-
tocol. BM-MSCs were isolated with low-density Ficoll-
Hypaque, verified by flow cytometry, and studied using
immunocytochemistry, real-time polymerase chain reac-
tion, Western blotting, comet assay, b-galactosidase assay,
and RNA interference.

Results. SLE BM-MSCs had a senescent pheno-
type characterized by a reduced proliferation rate,
increased production of reactive oxygen species,

increased DNA damage and repair, increased expression
of p53 and p16, which block the cell cycle, and altered
cytokine production (increased proinflammatory cyto-
kine production and decreased immunomodulatory
cytokine production). Moreover, SLE BM-MSCs had a
5-fold increase in interferon-b (IFNb) levels (P < 0.05
versus healthy controls) and increased IFNb-induced
messenger RNAs (mRNAs), including mRNA for the
intracellular nucleic acid–sensing adaptor protein mito-
chondrial antiviral signaling protein (MAVS), whose
expression was highly correlated with IFNb levels
(r > 0.9, P < 0.01). Since MAVS is known to induce IFNb
production, we hypothesized that there is a positive
feedback loop between MAVS and IFNb. Notably,
silencing of MAVS markedly decreased IFNb, p53, and
p16 protein levels and expression of mRNAs for proin-
flammatory cytokines.

Conclusion. This study demonstrates a novel
pathway for elevated IFNb signaling in SLE that is not
dependent on stimulation by immune complexes but
rather is cell intrinsic and critically mediated by IFNb
and MAVS, implicating new pathways as potential ther-
apeutic targets.

Systemic lupus erythematosus (SLE) is a multisys-
tem autoimmune disease with substantial morbidity and
mortality that disproportionately affects young women.
SLE pathogenesis is characterized by autoantibody pro-
duction, immune complex formation, and systemic or
organ-specific inflammation (1). Bone marrow–derived
mesenchymal stem cells (BM-MSCs) provide a supportive
microenvironment for the maintenance of hematopoietic
stem cells and for hematopoiesis. BM-MSCs are also
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capable of differentiating into various cell types, such as
bone, fat, and cartilage. In recent years, human MSC
transplantation has become an interesting but controver-
sial approach to treating SLE and other human autoim-
mune diseases (2). MSC transplantation in murine
models of lupus has been promising (3), and the immu-
nomodulatory potential of human MSCs has been clearly
demonstrated in these murine models (4). Open trials of
MSC transplantation in humans have also shown prom-
ise, but well-controlled clinical trials are lacking (5).
Interestingly, MSCs from humans with lupus are abnor-
mal, and even the earliest studies have indicated that
these abnormalities might be related to the pathogenesis
of the disease (6). BM-MSCs from humans with lupus
and from murine models of lupus do not grow well, show
evidence of senescence, and have poor immunomodula-
tory capacity compared to BM-MSCs from healthy con-
trols (6,7). The aim of the present study was to determine
the mechanism of BM-MSC abnormalities, and, in partic-
ular, the role of type I interferon (IFN), in SLE.

A predominant paradigm in SLE research is that
self-nucleic acids, particularly when oxidized or com-
plexed with autoantibodies, stimulate leukocytes via
Fc receptor (FcR)–mediated uptake and ligation of
Toll-like receptor 7 (TLR-7), TLR-8, and TLR-9 in
endocytic vesicles (8). Chronic TLR stimulation is pre-
sumed to drive ongoing elevation in type I IFN produc-
tion, particularly IFNa, in turn driving elevated levels of
type I IFN biologic activity in serum and a type I IFN
signature in peripheral blood leukocytes (9,10). How-
ever, in human clinical trials, blocking of IFNa has led
to only limited inhibition of the IFN signature and no or
limited clinical efficacy (11,12). Trials of agents that
block the type I IFN receptor have been more successful
in blocking the IFN signature, and preliminary studies
suggest clinical efficacy (13).

The type I IFN system consists of multiple iso-
types (13 IFNa, 1 IFNb, 1 IFNd, 1 IFNk, and 1 IFNv),
which all bind to the same type I IFN receptor (14).
IFNa and IFNb are the best studied of the type I IFNs.
They both induce antiviral responses, but IFNb binds
with a much higher affinity to the type I IFN receptor
and induces unique antiproliferative and immunomodu-
latory effects in a cell type–specific and “tunable” man-
ner (15). For example, IFNb has been shown to induce
reactive oxygen species (ROS), DNA damage, and p53-
dependent cellular senescence, properties not shared
by IFNa (16). Constitutive production of IFNb also
plays an important role in priming the immune system
(17), e.g., regulating the response to TLR-4 ligands by
macrophages, response to TLR-7 ligands by B cells, and
IFNa production by fibroblasts (18,19). Originally

known as fibroblast IFN, IFNb is the major IFN pro-
duced by mesenchymal cells. Thus, it seemed possible
that some of the defects in SLE MSCs could be related
to IFNb. Of note, modular transcriptome repertoire
analysis provided evidence of IFNb production in some
patients with SLE (20,21). For example, module 3.4 is
increased in peripheral blood cells from a subset of SLE
patients (20,21). Module 3.4 is not up-regulated by
IFNa in patients with hepatitis C but is up-regulated in
multiple sclerosis patients receiving IFNb (21).

Although FcR and endosomal TLRs (especially
TLR-7 and TLR-9) are important in triggering IFN pro-
duction by leukocytes, different mechanisms are in-
volved in triggering IFN production by non-leukocytes
such as MSCs. Mitochondrial antiviral signaling protein
(MAVS), also known as IFNb promoter stimulator pro-
tein 1, is a strong stimulator of IFNb in a variety of cell
types. MAVS is an adaptor protein linking cytoplasmic
sensors of nucleic acid such as retinoic acid–inducible
gene 1 (RIG-1) and melanoma differentiation–associated
protein 5 (MDA-5) with production of IFN and activa-
tion of NF-kB. Overexpression of MAVS constitutively
stimulates type I IFN and type I IFN–stimulated genes
(22). MAVS is critical for host defenses and IFN produc-
tion in responses to RNA viruses. In addition, IFNb can
be triggered in response to cytosolic DNA by signaling
involving RNA polymerase III, RIG-1, and MAVS (23).
A gain-of-function mutation of MDA-5 has been associ-
ated with risk of SLE (24), and MAVS polymorphisms
have been linked to manifestations of SLE in a Chinese
population (25).

The present study focuses on the intrinsic BM-
MSC defects in SLE and the underlying mechanisms of
these defects. We describe striking abnormalities in
MSCs isolated from SLE BM, with several features of
cellular senescence, including decreased replication, evi-
dence of DNA damage, increased ROS, high levels of
cell cycle arrest proteins p53 and p16, and increased
senescence-associated proinflammatory cytokines. Fur-
ther, IFNb and MAVS both mediate these defects via a
positive feedback loop, as silencing of MAVS com-
pletely reverses the senescent phenotype.

PATIENTS AND METHODS

Human BM-MSC isolation and culture. Detailed
written informed consent was obtained from all patients and
healthy donors, in accordance with protocols approved by
the Human Subjects Institutional Review Board of the Univer-
sity of Rochester Medical Center. SLE patients fulfilled the
American College of Rheumatology classification criteria (26).
Clinical data included a comprehensive medical history, medi-
cations profile, clinical laboratory tests, and assessment of SLE
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disease activity by SLE Disease Activity Index (27) (Table 1).
Research BM aspirates were obtained from 6 SLE patients and
6 healthy controls as previously described (28). Genomic sam-
ples from SLE patients were genotyped at the rs11905552 site in
the MAVS gene for the C79F MAVS single-nucleotide poly-
morphism (SNP) (29). BM-MSCs were isolated from the BM of
healthy donors and SLE patients using Ficoll Premium (1.073
gm/ml). Ten milliliters of BM samples was diluted with 2 parts
of phosphate buffered saline (PBS) and then 12 ml of Ficoll Pre-
mium (1.073 gm/ml) was placed underneath. The mixture was
centrifuged at room temperature at a relative centrifugal force
of 400g for 30 minutes. The BM-MSC layer was removed,
washed, plated in a 6-well plate, and cultured at 378C in 5% oxy-
gen. Medium was changed every other day until the cells
reached 80% confluence.

Western blotting. Western blotting was performed as
previously described (30). The antibodies used included IFNb,
MAVS, p53, p16, 53BP1, and actin (Thermo Fisher Scientific).

Quantitative real-time reverse transcriptase–polymerase
chain reaction (RT-PCR). Total RNA from cultured cells
was isolated using an RNeasy kit (Qiagen). Total RNA (1 mg)
from cells or articular tissue was reverse transcribed into com-
plementary DNA using an iScript cDNA Synthesis kit (Bio-
Rad). Real-time PCR was performed on a Rotor-Gene 6000
real-time DNA amplification system (Qiagen) using PerfeCTa
SYBR Green Supermix (Quanta BioSciences) according to
the manufacturer’s instructions. See Supplementary Table 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40142/abstract, for a
list of primers used.

Immunofluorescence labeling. Human BM-MSCs
were cultured in chamber slides for 24 hours. After washing
with PBS, the cells were fixed with 4% paraformaldehyde at
48C for 1 hour. The cells were incubated with antibodies
against histone gH2AX and pATM (Fisher Scientific) diluted
in PBS containing 5% bovine serum albumin and 0.5% Tween
20, and further incubated at 48C for 12 hours. This was fol-
lowed by incubation with a fluorophore-conjugated secondary
antibody (Jackson ImmunoResearch) at room temperature for

1 hour. The chamber slides were rinsed with water, air-dried,
and mounted with Vectashield (Vector).

Comet assay. A comet assay was performed as previ-
ously described (31). Briefly, MSCs from healthy controls and
SLE patients were isolated from BM and subjected to neutral
lysis and electrophoresis for detection of DNA double-strand
breaks. Slides were stained with DAPI before analysis.

Beta-galactosidase assay. A b-galactosidase (b-gal)
assay was performed using a b-gal assay kit (Thermo Fisher
Scientific) according to the manufacturer’s protocol.

Flow cytometric analysis. Single-cell suspensions of
BM-MSCs (106/sample) were labeled at 48C with predetermined
optimal concentrations of fluorophore-conjugated monoclonal
antibodies against CD34, CD45, CD73, CD90, CD105, CD31,
CD19, CD11b, HLA–A/B/C, CD44, CD29, and HLA–DR sur-
face markers (eBioscience). Pair-matched isotype controls were
also used. ROS was detected using CellROX (Thermo Fisher
Scientific). Ki-67 was used for proliferation analysis according to
the manufacturer’s protocol (eBioscience).

Cytokine enzyme-linked immunosorbent assay (ELISA).
Interleukin-6 (IL-6), IL-8, and granulocyte–macrophage colony-
stimulating factor (GM-CSF) levels in the supernatants of BM-
MSCs were evaluated with human IL-6, IL-8, and GM-CSF
immunoassay kits (R&D Systems) following the manufacturer’s
protocol.

Statistical analysis. Data are the mean 6 SEM. Sta-
tistical significance was determined by Student’s t-test or as
indicated in the figure legends. P values less than 0.05 were
considered significant.

RESULTS

SLE BM-MSCs display MSC markers and
behavior. BM-MSCs were isolated with Ficoll from the
BM of healthy donors and SLE patients. It has been
reported that the C79F MAVS SNP leads to a MAVS
loss-of-function mutation by impairing MAVS–tumor
necrosis factor receptor–associated factor 3 interaction,

Table 1. Characteristics of the SLE patients*

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Ethnicity African
American

White White White African
American

African
American

Age, years 33 57 50 46 64 33
Age of paired healthy donor, years 31 58 51 44 59 36
Sex Female Female Female Female Female Female
Passage 2 2 2 2 2 2
Total SLEDAI score 6 6 2 7 0 2
Anti-RNP, AI (normal 0.0–0.9) .7.3 3.3 ND 1.2 ,0.2 .8.0
Anti-Sm, AI (normal 0.0–0.9) .8.0 0.2 ND .8.0 ,0.2 ,0.2
Anti-Sm/RNP, AI (normal 0.0–0.9) .8.0 .8.0 ND .8.0 ,0.2 1.2
Anti-Ro, AI (normal 0.0–0.9) .8.0 ,0.2 7.4 .8.0 ,0.2 .8.0
Anti-La, AI (normal 0.0–0.9) 1.5 ,0.2 2 1.6 ,0.2 0.5
Anti-DNA, units/ml (normal 0–4) 17 14 194 24 3 ,1
C3, mg/dl (normal 90–180) 84 129 120 80 97 151
C4, mg/dl (normal 10–40) 15 21 31 9 31 31
Fold change in IFNb mRNA level

compared to healthy controls
3.4 3.1 2.7 4.3 1.7 2.9

* SLE 5 systemic lupus erythematosus; SLEDAI 5 SLE Disease Activity Index; AI 5 antibody index;
ND 5 not determined; IFNb 5 interferon-b.
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and this mutation is more frequent in individuals of Afri-
can origin (32). Therefore, the genomic samples from
SLE patients were genotyped at the rs11905552 site in
the MAVS gene for the C79F MAVS SNP (29). No

C79F MAVS SNP was found in the SLE patients in this
study (data not shown), ruling out the possibility that the
MAVS loss-of-function mutation could have contributed
to the phenotypes observed in the present work.

Figure 1. Characterization of human bone marrow–derived mesenchymal stem cells (BM-MSCs) from patients with systemic lupus erythematosus.
A, Flow cytometric analysis using CD45, CD34, CD73, CD90, and CD105 antibodies (Ab). B, Morphology of BM-MSCs when attached to a plastic
surface. C, Alcian blue staining for chondrogenesis, alkaline phosphatase staining for osteogenesis, and oil red O staining for adipogenesis.
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Figure 2. Increased DNA double-strand breaks and activated DNA damage and repair pathways in bone marrow–derived mesenchymal stem cells
(BM-MSCs) from patients with systemic lupus erythematosus (SLE). A, Comet assay for DNA double-strand breaks (left) and fold change in comet
tail moments (right) in healthy and SLE BM-MSCs. B, Confocal images of staining of healthy and SLE BM-MSCs for histone gH2AX (left) and
fold change in number of histone gH2AX–positive cells (right). C, Confocal images of staining of healthy and SLE BM-MSCs for pATM (left) and
fold change in number of pATM-positive cells (right). D, Western blot analysis of 53BP1 antibody (top) and fold change in relative protein expres-
sion (bottom) in healthy and SLE BM-MSCs. In A–C, bars 5 10 mm. Values are the mean 6 SEM. * 5 P , 0.05 by Student’s t-test.
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To identify the cell types isolated, the cells were
phenotyped by flow cytometric analysis of cell surface
markers. More than 95% of the isolated second-passage
cells were positive for CD73, CD90, and CD105 and
negative for CD34 and CD45 (Figure 1A). In addition,
further analysis revealed that the isolated cells were also
positive for CD29, CD44, and HLA–A/B/C and negative
for CD31, CD11b, CD19, and HLA–DR (Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40142/abstract). No difference in the MSC surface
markers was observed between healthy donors and SLE
patients. When the isolated cells were plated on cell cul-
ture discs, they adhered to the plastic surface in spindle
shapes (Figure 1B). To assess the differentiation poten-
tial of these cells, conditional medium for osteogenesis,
chondrogenesis, or adipogenesis was applied. At the
end of the induction, the isolated cells were stained with
alkaline phosphatase, Alcian blue, or oil red O to iden-
tify differentiation to these respective cell lineages (Fig-
ure 1C). Taken together, these findings indicate that the
isolated cells are MSCs with MSC cell surface markers
and 3 lineage differentiation potentials.

Activation of DNA damage and repair pathways
by DNA double-strand breaks in SLE BM-MSCs.
Given that DNA damage and aberrant DNA products
have been found in the serum of SLE patients (33), we
next evaluated DNA double-strand breaks in BM-MSCs
using a comet assay (Figure 2A). SLE BM-MSCs had 5-
fold more comet tail moments than healthy controls
(Figure 2A), suggesting that SLE BM-MSCs have more
DNA double-strand breaks. We then investigated the
cell response to the DNA double-strand breaks: the
DNA damage and repair pathways. Immunofluores-
cence imaging demonstrated that the phosphorylation
of the histone variant H2AX, an early and specific DNA
damage marker, was strongly activated in SLE BM-
MSCs (Figure 2B). ATM is a key mediator in DNA
damage and repair pathways, becoming phosphorylated
upon activation. The pATM immunofluorescence stain-
ing demonstrated that ATM was activated in SLE BM-
MSCs (Figure 2C). Levels of 53BP1, a DNA damage
and repair protein found in persistent DNA damage
foci (34), were increased in SLE BM-MSCs (Figure
2D). These findings demonstrate that persistent DNA
double-strand breaks activate the DNA damage and
repair pathway in SLE BM-MSCs.

SLE BM-MSCs undergo senescence and have
reduced immunomodulatory function. Given that
DNA damage accumulation can result in senescence
and senescence-related secretory phenotypes, we next
evaluated SLE BM-MSC senescence and senescence-

associated secretory phenotype. Since growth arrest is a
hallmark of senescence, proliferation was assessed by
determining Ki-67 expression using flow cytometry
(Figure 3A). SLE BM-MSCs had a significantly reduced
percentage of proliferating cells when compared to
healthy controls, suggesting growth arrest in SLE BM-
MSCs. A number of proteins compatible with senes-
cence induction, including p53 and p16, were markedly
increased in SLE BM-MSCs (Figure 3B). Senescence is
also associated with senescence-associated b-gal expres-
sion (35). In the healthy controls, senescence-associated
b-gal–positive cells were barely detected, as compared to
the markedly elevated senescence-associated b-gal activity
in SLE BM-MSCs (Figure 3C).

The senescence-associated secretory phenotype
indicates a phenomenon whereby senescent cells increase
the expression and secretion of certain cytokines,
chemokines, and other proteins (36). Notably, expression
of senescence-associated secretory phenotype–related
genes (IL-6, IL-8, growth-related oncogene 1, monocyte
chemotactic protein 2, RANTES, and GM-CSF) was sig-
nificantly higher in SLE BM-MSCs than in healthy con-
trols (Figure 3D). When IL-6, IL-8, and GM-CSF in the
supernatant were evaluated by ELISA, increased concen-
trations of these cytokines were observed in the superna-
tant of SLE BM-MSCs compared to healthy controls
(Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40142/abstract). In contrast, the immuno-
regulatory genes (transforming growth factor b [TGFb],
indoleamine 2,3-dioxygenase 1 [IDO-1], and leukemia
inhibitory factor [LIF]) were down-regulated in SLE BM-
MSCs (Figure 3E). Taken together, these findings demon-
strate that SLE BM-MSCs undergo senescence and have
impaired immunomodulatory function.

Activation of the nucleic acid–sensing protein
MAVS and its target IFNb in SLE BM-MSCs. It has
been reported that MAVS plays an important role
in the senescence-associated secretory phenotype in
contexts other than SLE. When MAVS was silenced
in senescent human umbilical vein endothelial cells,
expression of IL-6 and IL-8 was suppressed (37). There-
fore, we evaluated MAVS in SLE BM-MSCs. MAVS
expression was significantly elevated in SLE BM-MSCs
(Figure 4A). As an IFNb stimulator, MAVS protein
activates IFNb production (38). RT-PCR and Western
blotting results revealed that IFNb expression was dra-
matically up-regulated in SLE BM-MSCs (Figure 4A).
Notably, the expression levels of MAVS and IFNb were
highly correlated (r . 0.9, P , 0.01) (Figure 4B).

IFNb and IFNa are both type I IFNs that com-
prise the type I IFN signature in SLE. We next evaluated
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Figure 3. Bone marrow–derived mesenchymal stem cells (BM-MSCs) from patients with systemic lupus erythematosus (SLE) have a senescence-
associated secretory phenotype and reduced immunomodulatory factor expression. A, Flow cytometric analysis of Ki-67 expression in healthy and SLE
BM-MSCs (left) and percent of cells that were Ki-67 positive (right). B, Western blot analysis of p53 and p16 antibodies in healthy and SLE BM-
MSCs (left) and fold change in relative protein expression (right). In the right panel, bars on the left in each group indicate healthy BM-MSCs and
bars on the right in each group indicate SLE BM-MSCs. C, Senescence-associated (SA) b-galactosidase (b-gal) staining of healthy and SLE BM-
MSCs. Original magnification 3 10. D, Reverse transcriptase–polymerase chain reaction (RT-PCR) analysis of senescence-associated secretory pheno-
type–associated factors. E, RT-PCR analysis of immunomodulatory factors. Values are the mean 6 SEM. * 5 P , 0.05 by Student’s t-test.
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IFNb-specific transcripts in BM-MSCs by stimulating
BM-MSCs with either IFNa or IFNb. Similar to human
fibrosarcoma cells (16), the genes ARID3a, protein tyro-
sine phosphatase N11, hypoxia-inducible factor 1a (HIF-
1a), and AP3M2 responded only to IFNb stimulation,
and not to IFNa stimulation, in human BM-MSCs (see

Supplementary Figure 3, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40142/abstract). Moreover, IFNb activates
MAVS (Supplementary Figure 3). Next, we compared the
IFNb-specific genes in healthy versus SLE BM-MSCs.
These IFNb-specific targets were markedly up-regulated

Figure 4. Elevated interferon-b (IFNb), mitochondrial antiviral signaling protein (MAVS), and reactive oxygen species (ROS) levels in bone
marrow–derived mesenchymal stem cells (BM-MSCs) from patients with systemic lupus erythematosus (SLE). A, Western blot analysis of IFNb

and MAVS antibodies in healthy and SLE BM-MSCs (top) and fold change in relative protein expression (bottom). In the bottom panel, bars
on the left in each group indicate healthy BM-MSCs and bars on the right in each group indicate SLE BM-MSCs. B, Correlation between
MAVS mRNA and IFNb mRNA. C, Reverse transcriptase–polymerase chain reaction analysis of IFNb-specific genes. D, Flow cytometric analy-
sis of ROS expression using CellROX (left) and mean fluorescence intensity (MFI) of healthy and SLE BM-MSCs (right). Values are the
mean 6 SEM. * 5 P , 0.05 by Student’s t-test.
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Figure 5. Silencing of mitochondrial antiviral signaling protein (MAVS) rescues bone marrow–derived mesenchymal stem cells (BM-MSCs) from
patients with systemic lupus erythematosus (SLE) from the senescence-associated secretory phenotype. A and B, Reverse transcriptase–polymerase chain
reaction (RT-PCR) analysis of MAVS (A) and interferon-b (IFNb) (B) genes in healthy and SLE BM-MSCs. C, Western blot analysis of MAVS,
IFNb, p53, and p16 antibodies in healthy and SLE BM-MSCs (left) and fold change in relative protein expression (right). In the right panel, bars on
the left in each group indicate healthy BM-MSCs and bars on the right in each group indicate SLE BM-MSCs. D, RT-PCR analysis of senescence-
associated secretory phenotype–associated factors. Values are the mean 6 SEM. * 5 P , 0.05 by Student’s t-test. siRNA 5 small interfering RNA.

SENESCENCE-ASSOCIATED SECRETORY PHENOTYPE OF SLE BM-MSCs 1631



in SLE BM-MSCs (Figure 4C). Because the activation of
both MAVS and IFNb is linked to ROS production and
DNA damage (16,39), we also evaluated the ROS level in
SLE BM-MSCs. SLE BM-MSCs had 2-fold more ROS
than healthy controls (Figure 4D). These findings suggest
that the nucleic acid sensor MAVS is activated in SLE
BM-MSCs, and that MAVS together with IFNb and ROS
may be key regulators of DNA damage and senescence in
SLE BM-MSCs.

Silencing of MAVS blocks IFNb expression, re-
duces senescence-associated secretory phenotype–related
cytokine production, and improves immunomodulatory
factor expression in SLE BM-MSCs. To further explore
the role of MAVS in the senescence-associated secretory
phenotype of SLE BM-MSCs, MAVS small interfering
RNA (siRNA) was introduced into both healthy and SLE
BM-MSCs. MAVS expression was significantly silenced
following siRNA application (Figures 5A and C). In addi-
tion, silencing of MAVS led to inhibition of IFNb expres-
sion (Figures 5B and C). More surprisingly, the senescence-
compatible proteins p53 and p16 were blocked following
application of MAVS siRNA (Figure 5C). Senescence-
associated secretory phenotype–related cytokine produc-
tion was also inhibited (Figure 5D). When immunomodula-
tory factors were evaluated, silencing of MAVS alleviated
the inhibition of TGFb, IDO-1, and LIF in SLE BM-MSCs
(Supplementary Figure 4, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40142/abstract). These findings further establish
the key role of MAVS together with IFNb in regulating
SLE BM-MSC senescence-associated secretory phenotype
and immunomodulatory function (Supplementary Figure
5, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40142/abstract).

DISCUSSION

The present work demonstrates for the first time that
SLE BM-MSCs have a proinflammatory and senescence-
associated phenotype that is mediated by a MAVS and
IFNb feedback loop. Compared to healthy controls, SLE
BM-MSCs produced increased amounts of IFNb and had
increased messenger RNA (mRNA) for genes induced
specifically by IFNb rather than IFNa. They also had
decreased proliferation, increased ROS, increased DNA
damage and repair, a senescence-associated secretory phe-
notype, and increased levels of senescence-associated
b-gal. MAVS mRNA was induced by IFNb, and there was
a very strong correlation between levels of MAVS mRNA
and IFNb mRNA. MAVS was originally characterized
based on its ability to induce IFNb, setting up the potential

for an IFNb–MAVS–mediated positive feedback loop pro-
moting cellular senescence. Silencing of MAVS disrupts
the IFNb positive loop by down-regulating IFNb and p53
and p16 proteins, and inhibits the expression of proinflam-
matory cytokines in SLE BM-MSCs. These results estab-
lish the critical role of an IFNb–MAVS positive feedback
loop in SLE and provide a strong rationale for targeting
this feedback loop in SLE and potentially other autoim-
mune diseases.

A distinguishing function of IFNb is the induc-
tion of ROS, double-strand breaks, DNA repair mecha-
nisms, and cellular senescence (16,40). Exogenously
added IFNb has been found to induce double-strand
breaks and senescence in cell lines (16). Similarly,
endogenously produced IFNb can play an important
role in senescence as well, e.g., anti-human IFNb anti-
bodies rescued normal fibroblasts as well as fibroblasts
from patients with Werner syndrome (a type of adult-
onset progeria) from replicative senescence, decreased
protein markers of DNA damage and senescence (p53
and p16), and reduced expression of the senescence-
associated marker b-gal (40). Conversely, double-strand
DNA breaks from radiation, genotoxic agents, or
genetic manipulation stimulate IFNb secretion (40).
Thus, a DNA damage–IFNb feedback loop with the
potential to promote and perpetuate inflammation and
cellular dysfunction has previously been described in
several other systems, but as far as we know not in SLE.
In this study we provide evidence of similar senescence-
associated processes and IFNb production in BM-
resident MSCs from SLE patients, strongly suggesting
that targeting IFNb may reverse some of these abnor-
malities. Indeed, silencing of MAVS, the primary
inducer of IFNb in many cell types, blocked IFNb pro-
duction and reversed several of the molecular markers
of senescence.

The molecular epidemiology of SLE suggests a
role of cytoplasmic sensing of nucleic acids in pathogen-
esis. A gain-of-function mutation of MDA-5 has been
associated with an increased risk of SLE (24), and
MAVS polymorphisms have been linked to different
manifestations of SLE in Chinese patients (25). More-
over, prion-like MAVS aggregation was found in the
peripheral blood of a subset of lupus patients with
increased type I IFN levels (41). A MAVS loss-of-
function mutation has been reported in 27.6% of a sub-
Saharan African population, 1.7% of Europeans, and
9.4% of African Americans (32). This mutation was
present in 12.6% of African American patients with
SLE. These African American SLE patients had lower
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levels of type I IFN (P 5 0.0032), and the percentage of
patients who lacked autoantibodies against RNA bind-
ing proteins was increased (odds ratio 2.6; P 5 0.00084).
In animal studies MAVS and IFNb were found to be
essential for the expression and function of TLR-7 in
B cells, and TLR-7 has been shown to be essential for
the generation of antibodies against RNA binding pro-
teins (18,42). Thus, lack of autoantibodies against
RNA binding proteins in African American lupus
patients with the MAVS loss-of-function mutation
may be secondary to a defect in expression of TLR-7
in B cells.

A role of intracellular nucleic acid sensing in idi-
opathic lupus is also suggested by the association of
SLE with a mutation in the 30 DNA repair exonuclease
TREX1 (43). Mutations in TREX1 lead to increased
cytosolic DNA and activation of the stimulator of IFN
genes (STING) pathway. Moreover, the activation of
mutations of STING, another molecule involved in cyto-
plasmic sensing of nucleic acids, has been associated
with an inflammatory syndrome having some lupus-like
features (44). Thus, there are hints from the literature
that cytoplasmic sensors of nucleic acids may be impor-
tant in the pathogenesis of SLE. In this study we have
directly demonstrated a critical role of MAVS in the
activation of and IFNb production by SLE BM-MSCs.

BM-MSCs play an important role in bone and
cartilage metabolism by differentiating into osteoblasts
and chondrocytes and are critical for the development
of hematopoietic stem cells into blood and lymphoid
cells. Thus, BM-MSC abnormalities in SLE patients
may be directly related to an increased risk of osteopo-
rosis and avascular necrosis of bone (45). In addition,
SLE BM-MSCs may have cell non-autonomous effects
on the microenvironment due to their reduced immuno-
modulatory capacity, as suggested by the down-
regulation of immunomodulatory factors (TGFb, IDO-
1, and LIF). However, Opitz et al (46) reported a novel
finding that TLR enhances the immunosuppressive
function of MSCs by activating IDO-1 via IFNb. They
also noted that this finding contradicted the findings of
a previous study by Liotta et al (47), possibly due to a
shorter exposure time of MSCs to TLR ligand. In our
studies, BM-MSCs from lupus patients would have been
chronically stimulated in vivo. Thus, it is not surprising
that our results are similar to those of Liotta et al, and
that long-term stimulation suppressed IDO-1 expression
in lupus BM-MSCs.

Thus, alterations in BM-MSC function in SLE
may jeopardize the BM microenvironment, potentially
skewing hematopoiesis and altering immune responses.
Indeed, there are published reports of increased levels

of ARID3a, a protein induced by IFNb but not IFNa,
in B cells from a subset of patients with SLE (48).
ARID3a has been linked to development of B-1 cells in
mice, and hematopoietic stem cells from SLE patients
with high levels of ARID3a in B cells when transferred
to mice produced increased levels of autoantibodies
(48). Moreover, innate and type I IFN pathways are
markedly up-regulated in B cells with high levels of
ARID3a (49). We found that ARID3a was up-regulated
in BM-MSCs, and ARID3a mRNA was down-regulated
in addition to IFNb mRNA when MAVS was silenced.
We speculate that IFNb production in the BM microen-
vironment is also responsible for the induction of
ARID3a in hematopoietic stem cells and B cells and
that BM-MSCs are an important source of IFNb.

Taken together, our findings show increased
IFNb production in SLE BM-MSCs and indicate that
MAVS acts as a critical player by regulating IFNb pro-
duction, with an IFNb–MAVS positive feedback loop
(Supplementary Figure 5). We propose that IFNb and
its target gene products contribute to chronic inflamma-
tion and ROS, damaging DNA which is then sensed by
MAVS. In turn, MAVS stimulates the IFNb promoter
and increases IFNb expression and secretion, which fur-
ther contributes to chronic inflammation and ROS gen-
eration. Under the influence of this IFNb positive
feedback loop, cells eventually exit the cell cycle and
undergo senescence but continue to release IFNb and
other inflammatory factors altering adjacent cells and
the BM microenvironment. This IFNb–MAVS feedback
loop in BM-MSCs has the potential to alter the develop-
ment of immune cells in the BM and contribute to SLE
pathogenesis. In ongoing work we will explore where
other cell types in SLE are similarly activated and
potentially contribute to accelerated development of
inflammation, degenerative disease, and organ dysfunc-
tion in SLE (50).
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Podocyte Activation of NLRP3 Inflammasomes Contributes to
the Development of Proteinuria in Lupus Nephritis
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Objective. Development of proteinuria in lupus
nephritis (LN) is associated with podocyte dysfunction.
The NLRP3 inflammasome has been implicated in the
pathogenesis of LN. The purpose of this study was to
investigate whether NLRP3 inflammasome activation is
involved in the development of podocyte injury in LN.

Methods. A fluorescence-labeled caspase 1 inhibi-
tor probe was used to detect the activation of NLRP3
inflammasomes in podocytes derived from lupus-prone
NZM2328 mice and from renal biopsy tissues obtained
from patients with LN. MCC950, a selective inhibitor of
NLRP3, was used to treat NZM2328 mice. Proteinuria,
podocyte ultrastructure, and renal pathology were evalu-
ated. In vitro, sera from diseased NZM2328 mice were
used to stimulate a podocyte cell line, and the cells were
analyzed by flow cytometry.

Results. NLRP3 inflammasomes were activated in
podocytes from lupus-prone mice and from patients with
LN. Inhibition of NLRP3 with MCC950 ameliorated

proteinuria, renal histologic lesions, and podocyte foot
process effacement in lupus-prone mice. In vitro, sera
from diseased NZM2328 mice activated NLRP3 inflam-
masomes in the podocyte cell line through the production
of reactive oxygen species.

Conclusion. NLRP3 inflammasomes were acti-
vated in podocytes from lupus-prone mice and from LN
patients. Activation of NLRP3 is involved in the pathogen-
esis of podocyte injuries and the development of protein-
uria in LN.

Systemic lupus erythematosus (SLE) is a prototypical
autoimmune disease. It occurs in women of childbearing age
and often involves multiple organs. Lupus nephritis (LN) is
one of the major manifestations of SLE. Although existing
treatments were shown to improve the prognosis of LN, only
70–80% of treated patients responded well (1). Indeed, 10–
15% of LN patients experience progression to end-stage
renal disease within 10 years (2). In order to identify novel
and effective therapeutic approaches, a better understanding
of the pathogenic mechanism of LN is needed.

Podocytes are the major component of the glomeru-
lar filtration apparatus and are important for the mainte-
nance of renal function. Proteinuria is one of the major
features of LN, and the development of proteinuria is asso-
ciated with podocyte dysfunction. Indeed, podocyte injuries
are present in most LN patients (3). Possible mechanisms
include genetic factors, inflammation, toxic injury, and met-
abolic disturbances (4). Although deposition of immune
complexes and/or complement activation contributes to
podocyte injury through the initiation of glomerular inflam-
mation in LN, podocytes have rarely been considered a
major player in these processes. The results of a recent study
of diabetic nephropathy demonstrating the importance of
activation of the NLRP3 inflammasome in non–myeloid-
derived cells suggest that podocytes are an active participant
in the production of the inflammatory cytokine interleukin-
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1b (IL-1b), resulting in further recruitment of inflammatory
cells (5).

The NLRP3 inflammasome is an important mem-
ber of the innate immune system. Many extracellular and
endogenous danger signals can induce NLRP3 inflamma-
some activation and assembly (6). After activation, the
leucine-rich repeat (LRR) domain of NLRP3 binds to
the ligand, causing oligomerization of NLRP3, recruiting
the downstream adapter proteins ASC and procaspase 1
to form the NLRP3 inflammasome, which subsequently
self-catalyzes procaspase 1 to become caspase 1, generat-
ing the active p10 and p20 fragments. Active caspase 1 can
cleave inactive proIL-1b and proIL-18 into their mature
forms (IL-1b and IL-18) and initiate inflammation (7).

The NLRP3 inflammasome has been implicated in
the pathogenesis of LN. We have shown that inhibition of
NLRP3 inflammasome activation or blockage of its
upstream P2X7 receptor reduced proteinuria in lupus-
prone mice (8,9). However, it is not clear whether NLRP3
inflammasome activation is involved in podocyte injury in
LN. In this study, we examined the role of NLRP3 activa-
tion in podocytes during LN induction.

PATIENTS AND METHODS

Animals. NZM2328 mice, a new NZM strain produced
by extended backcrosses of (NZB 3 NZW)F1 mice with NZW
mice (10), were provided by the University of Virginia animal
care facility and maintained in the specific pathogen–free colony
at the Experimental Animal Center at Sun Yat-sen University.
The study protocol was approved by the Ethics Committee of
Sun Yat-sen University, and all experiments were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals published by the National Academy of Sciences. Only
female mice were used in this investigation.

Preparation of single-cell suspensions of glomeruli
for fluorescence-activated cell sorting (FACS). Isolation of
renal glomeruli and preparation of single-cell suspensions were per-
formed as described by Takemoto et al (11) and modified by Sung
et al (12). Single-cell suspensions were stained for glomerular resi-
dent cells using anti-mouse phycoerythrin (PE)–conjugated CD26
(BioLegend), Alexa Fluor 647–conjugated nephrin (Bioss), PE–
Cy7–conjugated CD105 (eBioscience), PerCP–Cy5.5–conjugated
CD31 (BioLegend), allophycocyanin–eFluor–conjugated CD45
(eBioscience), and a FAM-FLICA caspase 1 probe (Immuno-
Chemistry Technologies). All FACS analyses were done with a
Gallios flow cytometer (Beckman Coulter). This procedure has
been described in detail by Sung et al (12).

Generation of an NZM2328 podocyte cell line and its
response to stimulation with NZM2328 mouse sera. An
immortalized podocyte cell line was generated by transfecting iso-
lated podocytes from an NZM2328 mouse with severe protein-
uria by use of the retrovirus containing the vector plpcx-SVtsa58,
which has the temperature-sensitive SV40 (tsSV40) large T anti-
gen. This vector has a puromycin-resistant gene as a selection
marker, and it is similar to pZiptsa58 (13,14). The cell line
plpcxtSVtsa58/TeFlyMo clone 24 was kindly provided by Dr. P.

Jat (Department of Neurodegenerative Disease, UCL Institute
of Neurology, London, UK). The supernatant of this clone has
the desired packaged viral particles for transforming epithelial
cells. Briefly, podocytes isolated from a female NZM2328 mouse
with severe proteinuria were incubated with the supernatant
from plpcxtSVtsa58/TeFlyMo clone 24 cells. The cells were cul-
tured at 338C in an atmosphere containing 5% CO2 in RPMI
1640 (Life Technologies) supplemented with 10% fetal calf
serum (FCS; Gibco), 100 units/ml of penicillin, and 100 mg/ml of
streptomycin on plates coated with rat tail type I collagen (Sigma-
Aldrich). The cells were allowed to grow to confluence and
digested with trypsin and plated at a density of 1 3 104. Some of
the cells were cloned by limiting dilution. One of the clones that
were positive for nephrin was used in this study.

For maintenance of the podocyte cell line, undifferenti-
ated podocytes were grown under permissive conditions at 338C
in an atmosphere of 5% CO2 in RPMI 1640 supplemented with
10% FCS, 100 units/ml of penicillin, and 100 mg/ml of streptomy-
cin on plates coated with rat tail type I collagen. For differentia-
tion, podocytes were cultured under growth-nonpermissive
conditions at 378C in an atmosphere of 5% CO2 in RPMI 1640
supplemented with 10% FCS, 100 units/ml of penicillin, and
100 mg/ml of streptomycin for 14 days.

Well-differentiated podocytes from the cell line were cul-
tured in 6-cm culture dishes and treated with 4 different stimuli:
phosphate buffered saline (PBS), sera from 12-week-old
NZM2328 mice without proteinuria or anti–double-stranded
DNA (anti-dsDNA) antibody, sera from 36-week-old NZM2328
mice with 31 proteinuria and anti-dsDNA antibody, and sera
from 36-week-old NZM2328 mice without IgG, which had been
depleted with Protein A/G Plus–Agarose (Beyotime Biotechnol-
ogy). For NLRP3 inflammasome inhibition experiments, well-
differentiated podocytes were cultured and primed with 1 mM the
selective NLRP3 inhibitor MCC950 (Selleck Chemicals) or 100
mM Mito TEMPO (Sigma Aldrich) for 1 hour in the presence or
absence of sera from diseased mice for 12 hours. After this incuba-
tion, cells were subjected to flow cytometry and Western blotting
for determination of NLRP3 inflammasome activation, mitochon-
drial membrane potential (DCm), and production of reactive oxy-
gen species (ROS).

MCC950 treatment in vivo. MCC950 was diluted at
1 mg/ml in vehicle (saline solution). NZM2328 mice ages 20
weeks were randomized into 2 groups (n 5 8 per group): vehicle-
treated and MCC950-treated. Mice were treated with either
MCC950 (10 mg/kg) or an equal volume of vehicle intraperitone-
ally every 2 days from age 20 weeks to age 26 weeks. Urine was
collected every week. At the end of treatment, mice were anes-
thetized, and the kidneys were harvested and analyzed. Another
2 groups of mice (n 5 8 per group) were treated as described
above for only 2 weeks. After treatment, single-cell suspensions
of mouse kidneys were prepared and stained for flow cytometry.

Histology, immunofluorescence, and transmission elec-
tron microscopy (TEM) of mouse tissues. Mice were anesthe-
tized and perfused through their hearts with 40 ml of cold PBS.
For histologic examination, kidneys were fixed in 10% neutral for-
malin and embedded in paraffin for sectioning (2 mm), followed by
staining with periodic acid–Schiff. Histopathologic evaluation was
performed by 2 observers (CG and SW) who were blinded with
regard to the protocol, as previously described (8). Glomerular
lesions were graded on a scale of 0 (normal) to 3 (severe cell prolif-
eration/infiltration and crescent formation).
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For confocal microscopy, frozen kidneys were fixed in
acetone, and cryostat sections (4 mm) were obtained. Sections
were washed 3 times with PBS and blocked for 30 minutes with
1% bovine serum albumin (BSA) in PBS. After blocking, sections
were incubated with Alexa Fluor 555–conjugated polyclonal anti-
mouse synaptopodin antibody (Santa Cruz Biotechnology), and a
FAM-FLICA caspase 1 assay kit was used to detect caspase 1
activation in glomerular podocytes. After washings, the cells were
mounted in Vectashield antifade mounting medium with DAPI
(Vector). It should be noted that the polyclonal anti-mouse syn-
aptopodin antibody also reacts with human synaptopodin. In this
study, the antibody from Santa Cruz Biotechnology was used for
both human and mouse tissues. A Zeiss LSM 710 confocal micro-
scope was used for microscopy.

For TEM, kidney tissue was fixed in 2.5% glutaralde-
hyde and 2% paraformaldehyde (weight/volume) in 0.1M phos-
phate buffer, pH 7.4. The fixed tissue was processed for electron
microscopy and examined with a Tecnai G2 Spirit Twin electron
microscope.

Analysis of proteinuria and measurement of renal
IL-1b. Mouse urine samples were tested with proteinuria analy-
sis strips (Albustix; Bayer). Six distinct colors indicate negative,
trace, 30, 100, 300, and $2,000 mg/dl of protein. Urinary protein
levels $300 mg/dl were designated as severe proteinuria. IL-1b
in the renal protein extract was measured with an IL-1b enzyme-
linked immunosorbent assay kit (eBioscience) according to the
manufacturer’s protocol.

Western blot analysis. Kidney tissues and cells from
the NZM2328 podocyte cell line were processed for Western
blot analysis as described by Zhao et al (8). Proteins were
transferred onto a PVDF membrane (Merck Millipore). After
blockade with 5% nonfat dry milk in Tris buffered saline–
0.1% Tween 20 (TBST), the membranes were incubated over-
night at 48C with the following antibodies: mouse anti–P2X7

receptor (Abcam), mouse anti-NLRP3 (AdipoGen), rabbit
anti–caspase 1-p20 (AdipoGen), and rabbit anti-GAPDH
(Cell Signaling Technology) antibodies. After washing 3 times
with TBST, blots were incubated with their corresponding sec-
ondary antibodies. Signals were detected with a chemilumines-
cence analysis kit (Thermo).

Human kidney immunofluorescence and urinary cell
smears. Kidney biopsy was performed for diagnostic purposes,
and samples were obtained from patients with LN (class IV and
class V). Renal tissue dissected adjacent to a renal tumor was
obtained from a patient undergoing therapeutic nephrectomy;
this tissue was considered to be normal. Acetone-fixed cryostat
sections (4 mm) of the kidneys were washed 3 times with PBS
and blocked for 30 minutes with 1% BSA in PBS. For staining
of human kidney sections, Alexa Fluor A647–conjugated anti-
synaptopodin antibody, FAM-FLICA caspase 1 probe, and
Alexa Fluor A555–conjugated mouse monoclonal antibody
against human IL-1b (R&D Systems) were used. Fresh morn-
ing urine samples (100 ml) were collected from LN patients
with marked proteinuria and healthy volunteer donors and

Figure 1. Activation of the NLRP3 inflammasome in podocytes obtained from diseased NZM2328 mice. A, Expression of NLRP3 and caspase
1-p20 (normalized to GAPDH and caspase 1, respectively) in the kidneys of 36-week-old and 12-week-old NZM2328 mice, as demonstrated in
representative Western blots (left) and the relative expression levels (right) in each group. B, Levels of interleukin-1b (IL-1b) in renal extracts
of kidneys from NZM2328 mice. Glomeruli were isolated from NZM2328 mice and single-cell suspensions were prepared and analyzed. C and
D, Levels of active caspase 1 in podocytes (C) and endothelial cells (D), as determined by flow cytometry. Values are the mean 6 SD of 3 mice
per group. * 5 P , 0.05; ** 5 P , 0.01. MFI 5 median fluorescence intensity; NS 5 not significant.
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centrifuged for 10 minutes at 1,500 revolutions per minute. The
pellets were washed 3 times with PBS and suspended in a small
volume of Dulbecco’s modified Eagle’s medium (Life Technol-
ogies). The cells were spun onto slides by a cytospin centrifuge
and fixed with acetone. The cells were stained with Alexa Fluor
A555–conjugated antisynaptopodin antibody and FAM-
FLICA caspase 1 probe or Alexa Fluor A488–conjugated
mouse monoclonal antibody against human IL-1b. A Zeiss
LSM 710 confocal microscope was used for microscopy.

Written informed consent was obtained from all subjects
before study entry. The study was approved by the Ethics Com-
mittee of the First Affiliated Hospital, Sun Yat-sen University.

Statistical analysis. Statistical analysis was performed
using SPSS 17.0 software. Results are expressed as the mean 6

SD. Differences were assessed by t-test or one-way analysis of var-
iance. Chi-square analysis was performed to compare the
incidence of severe proteinuria between groups. P values (2-
tailed) less than 0.05 were considered statistically significant.

RESULTS

Activation of the NLRP3 inflammasomes in
podocytes from diseased NZM2328 mice. The onset of
severe proteinuria is observed in some female NZM2328
mice at 16 weeks of age. By 30 weeks of age, the cumulative
incidence of severe proteinuria is ;70% (10). To assess
whether NLRP3 inflammasomes were activated in mice
with severe proteinuria, we evaluated 36-week-old
NZM2328 mice (proteinuria 31). The diseased mice had
circulating anti-dsDNA antibodies. We used 12-week-old
NZM2328 mice (proteinuria-negative without anti-dsDNA
antibodies) as controls. Enhanced expression of NLRP3
and activated caspase 1, which was detected as caspase 1-
p20, was observed in the kidneys of the 36-week-old
NZM2328 mice but not the 12-week-old NZM2328 mice

Figure 2. Activation of the NLRP3 inflammasome in podocytes derived from renal biopsy tissue obtained from patients with lupus nephritis (LN).
Kidney biopsy samples were collected and prepared for immunofluorescence staining. An antisynaptopodin antibody (red), a FAM-FLICA caspase
1 probe (green), and an anti-human interleukin-1b (IL-1b) monoclonal antibody (green) were used to detect active caspase 1 and IL-1b in
podocytes from human kidney sections. A, Normal kidney section obtained from a nondiseased area of a kidney from a patient with renal cell can-
cer. B and C, Kidney biopsy sections obtained from patients with LN, showing class IV (B) and class V (C) changes. Original magnification 3 400.
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(Figure 1A). Renal IL-1b levels in the 36-week-old
NZM2328 mice were significantly higher than those in the
12-week-old NZM2328 mice (Figure 1B).

Glomeruli were isolated, and single-cell suspensions
were prepared from mice of both age groups. A
fluorescence-labeled inhibitor probe (FAM-FLICA caspase
1) that specifically binds to intracellular active caspase 1 was
used to measure levels of active caspase 1 in renal cells. The
median fluorescence intensity (MFI) of active caspase 1 in
nephrin-positive podocytes from the 36-week-old NZM2328
mice was significantly higher than that in the 12-week-old
NZM2328 mice (Figure 1C). There was no significant differ-
ence in the MFI of active caspase 1 in CD31-positive endo-
thelial cells from the two groups (Figure 1D).

Activation of NLRP3 inflammasome in renal
podocytes from biopsy tissues obtained from LN patients.
We next examined whether NLRP3 inflammasome activa-
tion is also present in podocytes from LN patients. With
the use of a fluorescence-labeled antisynaptopodin anti-
body to mark podocytes and a FAM-FLICA caspase 1
probe to label active caspase 1 enzyme, confocal micros-
copy revealed the colocalization of synaptopodin and active
caspase 1 in the kidney biopsy samples from LN patients.

Nine patients with class IV LN and 4 patients with
class V LN were studied. In all cases, activation of the
NLRP3 inflammasome was detected in podocytes. Repre-
sentative images of class IV and class V LN samples are
presented in Figure 2. As shown in Figure 2A, activation of

Figure 3. Activated NLRP3 inflammasomes in podocytes derived from the urine of patients with lupus nephritis (LN). Fresh urine was col-
lected, and cells were spun onto a cytospin slide. An antisynaptopodin antibody (red), a FAM-FLICA caspase 1 probe (green), and an anti-
human interleukin-1b (IL-1b) monoclonal antibody (green) were used to detect active caspase 1 and IL-1b in urinary podocytes. DAPI was
used to stain nuclei (blue). Caspase 1 (A) and IL-1b (B) were expressed in urinary podocytes from LN patients but not normal subjects. Original
magnification 3 630.
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the NLRP3 inflammasome was not detected in the
podocytes of normal kidneys, and there was no staining for
IL-1b. Both NLRP3 inflammasome activation and IL-1b

expression were present in the tubular cells, however. In
contrast, both activation of the NLRP3 inflammasome and
expression of IL-1b were readily detected in samples from
both class IV and class V LN kidneys (Figures 2B and C).
It is of note that the intensity of staining for caspase 1 and
IL-1b was similar in class IV and class V specimens. The
staining of tubular cells for both caspase 1 and IL-1b was
stronger in LN kidneys than in normal kidneys.

Activated NLRP3 inflammasome in urinary
podocytes. To further confirm activation of the NLRP3
inflammasome in podocytes from LN patients, we exam-
ined podocytes in the urine of patients with active LN and
normal individuals. As shown in Figure 3, podocytes identi-
fied in the urine by synaptopodin staining were seen in both
normal volunteers and patients with LN. Colocalization of
synaptopodin and active caspase 1 was observed only in the
urinary podocytes from patients with active LN (Figure
3A). There was also colocalization of synaptopodin with

IL-1b in these urine cells (Figure 3B). Podocytes from the
urine of healthy volunteers did not stain for active caspase 1
or IL-1b. These findings were observed in 5 patients with
class IV LN and in 3 healthy controls.

Reduced caspase 1 activation after MCC950
treatment in podocytes from NZM2328 mice. MCC950,
a selective NLRP3 inhibitor, was used to treat NZM2328
mice. Following 6 weeks of treatment, the expression of
NLRP3 and caspase 1-p20, the active form of caspase 1,
was significantly inhibited as compared to the vehicle group
(Figures 4A–C). MCC950 treatment significantly reduced
the production of IL-1b in the kidneys (Figure 4D).
Fluorescence-conjugated antisynaptopodin antibody and a
FAM-FLICA caspase 1 probe were then used to detect active
caspase 1 expression in glomerular podocytes. As shown in
Figure 4E, podocytes from mice treated with vehicle had
brighter green staining than did those from the MCC950-
treated group (Figure 4E), suggesting that activation of cas-
pase 1 was inhibited by MCC950. The MFI of active caspase
1 in both podocytes and endothelial cells was significantly
reduced following MCC950 treatment (Figures 4F and G).

Figure 4. Inhibited activation of the NLRP3 inflammasome and reduced production of interleukin-1b (IL-1b) in NZM2328 mice following
MCC950 treatment. After 6 weeks of treatment with MCC950, mouse kidneys were collected for analysis. A–C, Expression of caspase 1 and its
active form caspase 1-p20, as demonstrated in representative Western blots (top) and the relative expression levels (B and C) in each group. D,

Levels of IL-1b in kidney extracts, as determined by enzyme-linked immunosorbent assay. E, Expression of caspase 1 (green) in glomerular
podocytes, as determined with antisynaptopodin antibody (red) and a FAM-FLICA caspase 1 probe (green). DAPI was used to identify cell nuclei
(blue). Original magnification 3 400. F and G, Levels of active caspase 1 in podocytes (F) and endothelial cells (G) after 2 weeks of treatment, as
determined by flow cytometry. Values are the mean 6 SD of 8 mice per group. * 5 P , 0.05; ** 5 P , 0.01. MFI 5 median fluorescence intensity.
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It appears that MCC950 did not significantly block the activa-
tion of caspase 1 in the tubular cells.

Reduced proteinuria and renal lesions after
MCC950 treatment in NZM2328 mice. We further
assessed the effects of inhibition of NLRP3 activation in
podocytes during the onset of proteinuria. As shown in Fig-
ure 5A, vehicle-treated NZM2328 mice began to present
severe proteinuria ($31) from 23 weeks of age (week 3
after the start of vehicle treatment). Compared with the
vehicle-treated group, the proportion of mice with severe
proteinuria was significantly lower in the MCC950-treated
group. Transmission electron microscopy showed that
MCC950 treatment significantly attenuated foot process
effacement (Figure 5B). The glomerular histologic findings
were also significantly improved in the treated group, which
showed lower histopathology scores (Figures 5C and D).

Activation of the NLRP3 inflammasome in
podocytes from NZM2328 mice after treatment with serum
from diseased NZM2328 mice. To ascertain the role of
autoantibodies in NLRP3 activation in podocytes, cells of
the NZM2328 podocyte cell line were stimulated with sera
from diseased NZM2328 mice. Compared to pooled

control sera and PBS, sera from mice with severe protein-
uria and anti-dsDNA antibodies were shown to activate
NLRP3 inflammasomes in the NZM2328 podocyte line, as
determined by Western blotting (Figure 6A) and by flow
cytometry (Figure 6C), and to increase the production of
IL-1b (Figure 6B). The production of ROS, as measured
with 20,70-dichlorodihydrofluorescein diacetate (Figure
6D), was significantly increased, and mitochondrial mem-
brane potentials, as measured with rhodamine 123 (Figure
6E), were significantly decreased in cells treated with
pooled sera from mice with severe proteinuria. However,
the expression of P2X7 receptor was not elevated after
stimulation with pooled sera from diseased mice (Figure
6F). Furthermore, MCC950, which specifically inhibits
NLPR3 inflammasome activation (15), and MitoTempo, a
mitochondria-targeted antioxidant, significantly inhibited
activation of the NLRP3 inflammasome (Figures 6A and
C) and the production of IL-1b (Figure 6B). Additional
experiments were carried out using IgG-depleted serum
from diseased mice. IgG-depleted serum samples failed to
activate caspase 1, suggesting that the active component in
the sera from diseased mice was IgG (Figure 6G).

Figure 5. Reduction of renal lesions and proteinuria in NZM2328 mice following MCC950 treatment. A, Severity of proteinuria, as recorded
weekly, in mice treated with vehicle or with MCC950. B, Assessment of podocyte foot processes by transmission electron microscopy. Boxed
area in the left panel is shown at higher magnification at right. Original magnification 3 5,800 (left) and 3 26,500 (right). C, Features of glomer-
ulonephritis in renal sections stained with periodic acid–Schiff. Original magnification 3 400. D, Histopathology scores in the 2 treatment
groups. Values are the mean 6 SD of 8 mice per group. * 5 P , 0.05; ** 5 P , 0.01.
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DISCUSSION

Podocytes are highly specialized cells located out-
side the basement membrane of glomeruli. They express

markers such as synaptopodin, Wilms’ tumor protein, glo-
merular epithelial protein 1, and nephrin. These molecules
play important roles in maintaining filtration barrier

Figure 6. Activation of the NLRP3 inflammasome in podocytes treated with sera from diseased NZM2328 mice. The NZM2328 podocyte cell
line was stimulated for 24 hours with phosphate buffered saline (PBS), control serum, serum from a diseased NZM2328 mouse, or IgG-depleted
serum from a diseased NZM2328 mouse in the presence or absence of MCC950 or MitoTempo. A, Caspase 1-p20 expression in representative
Western blots (left) and relative expression levels (normalized to caspase 1) (right), in podocytes from each group. B, Levels of interleukin-1b

(IL-1b) in supernatants treated with the same stimuli as in A. Values are the mean 6 SD. * 5 P , 0.05; ** 5 P , 0.01. C–E, Levels of active cas-
pase 1 (C), production of reactive oxygen species (D), and the mitochondrial membrane potential (E) of podocytes, as determined by flow
cytometry using caspase 1, dichlorodihydrofluorescein diacetate (DHCF-DA), and rhodamine 123, respectively. F, Expression of purinergic
receptor P2X7, as determined by Western blotting. G, Expression of caspase 1-p20 following stimulation with serum from a diseased mouse or
IgG-depleted serum from a diseased mouse. NS 5 not significant; MFI 5 median fluorescence intensity.
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integrity (16). With the identification of podocyte-specific
markers, it is now feasible to study the podocyte response
to injuries in various disease states. In this study, we used
biomarkers to isolate intrinsic renal cells from a mouse
model of lupus nephritis. We documented that NLRP3 is
activated in podocytes in patients with LN in response to
immunologic injury. However, the mechanisms by which
these processes relate to podocyte injury remain to be elu-
cidated. Nevertheless, our observations document that
podocytes play an active role in the disease process in LN,
adding credence to our long-held hypothesis that end-
organ resistance to damage under genetic control plays an
important role in the pathogenesis of LN (17,18).

Our observations provide the impetus to focus more
on investigating intraglomerular cellular interactions in the
pathogenesis of LN. In this regard, it would be of interest
to determine whether similar observations would be made
in female NZM2328.c1R27 (R27) mice (19), which are
resistant to the progression of proliferative immune com-
plex–mediated nephritis to severe proteinuria and end-
stage renal disease. This is of particular relevance in view
of our recent observation that unique intraglomerular
macrophages (CD11b1F4/80–I-A–) are seen in NZM2328
mouse kidneys with chronic glomerulonephritis and severe
proteinuria but not in those from R27 mice (12).

The exact mechanism of podocyte injury is not yet
fully elucidated. Inflammation has been implicated in the
podocyte dysfunction in renal diseases with proteinuria
(4). In this study, by using a probe for active caspase 1, we
showed the activation of NLRP3 inflammasomes in
podocytes from human LN renal biopsy tissues and in uri-
nary podocytes. Activation of the NLRP3 inflammasome
was also confirmed in isolated primary podocytes from
lupus-prone NZM2328 mice with severe proteinuria. In
contrast, no activation of NLRP3 was found in podocytes
from NZM2328 mice without proteinuria. Our results may
favor the interpretation that the activation of inflamma-
somes is associated with podocyte injury in LN. More-
definitive evidence may be forthcoming with the genera-
tion of a conditional knockout of NLPR3 in podocytes in
the NZM2328 mouse.

Much interest has recently focused on the activation
of the NLRP3 inflammasome in kidney disease and auto-
immunity (20–22). Using a similar approach as that in the
present study, Xiong et al (20) demonstrated the activation
of caspase 1 in podocytes in patients with focal segmental
glomerulosclerosis, mesangial proliferative glomerulone-
phritis, and membranous nephropathy. To a lesser degree,
some podocytes in patients with IgA nephropathy were
shown to express caspase 1. The latter finding corroborates
the recent observation that NLRP3 localized to the tubular

epithelium in human kidneys correlates with outcome in
IgA nephropathy (23).

Activation of the NLRP3 inflammasome in tubular
cells has been considered a mechanism of kidney damage
in acute and chronic kidney injuries caused by ischemia-
reperfusion injury, drugs, rhabdomyolysis, glucose, crystals,
and unilateral nephrectomy (21,22,24). Little information
is available regarding the role of podocyte responses with
regard to these insults in the kidney. In the present study,
caspase 1 activation was seen in the tubular cells of normal
kidneys, and this activation was enhanced in the tubular
cells from renal biopsy tissues from patients with class IV
and class V LN. It remains to be determined whether this
activation contributes significantly to the pathogenesis of
LN or is the byproduct of proteinuria (25).

The role of NLRP3 in adaptive immunity should
also be considered. Hutton et al (21) considered the major
effect of the NLRP3 inflammasome on adaptive immunity
to be through its modulating effects on T helper cell sub-
sets, skewing development in favor of Th17 and Th1 cells.
Since few T cells reside within the glomeruli, the effects of
intraglomerular NLRP3 inflammasome activation may not
have much effect on the overall intrarenal T cell subsets.
On the other hand, because most infiltrating renal T cells
are located in the periglomerular region, the activation of
NLRP3 inflammasomes in tubular and interstitial cells
may have paramount effects on T cells. It should be noted
that in the MCC950-treated mice, activation of the NLRP3
inflammasome was not significantly down-regulated in
the tubular and interstitial cells. This observation suggests
that with our treatment protocol, activation of NLRP3
inflammasomes may not have been affected in the intersti-
tium. The Th1 and Th17 cell subsets in the kidneys of
MCC950-treated and vehicle-treated mice may therefore
be similar. The effect of NLRP3 inflammasome activation
on adaptive immunity can be ascertained by assaying Th1
and Th17 subsets in kidneys treated with MCC950.

Our study documents that IL-1b is expressed by
podocytes as a result of NLRP3 activation. IL-1b is a
potent proinflammatory cytokine and has been shown to
repress nephrin promoter activity and the transcription
of nephrin in podocytes (26). The down-regulation of
nephrin expression may interfere with the integrity of
podocytes as a filtration barrier, providing a mechanism
for podocyte injury and renal impairment. In the present
study, podocytes were shown to express IL-1b in both
renal tissues and urinary podocytes from patients with
LN. This observation supports the previous observation
that podocytes are the major source of IL-1b in human
and rat glomerulonephritis (27,28). Together with our
published results, our present observation that treatment
of NZM2328 mice with the specific NLRP3 inhibitor
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MCC950 suppresses the activation of NLRP3 in podocytes,
resulting in reduced podocyte foot process effacement.
Decreased proteinuria would again support the thesis that
IL-1b would be a target in the treatment of LN. This is
particularly relevant in repositioning approved drugs for
the treatment of LN in view of the approval of IL-1 recep-
tor antagonist (IL-1Ra) for the treatment of rheumatoid
arthritis.

There are conflicting results regarding the effec-
tiveness of IL-1Ra in the treatment of glomerulonephritis.
IL-1Ra is effective in preventing the development of anti–
glomerular basement membrane (anti-GBM) nephritis as
well as in the treatment of established anti-GBM nephritis
(29–31). However, it has been reported that it is not effec-
tive in reversing established nephritis in MRL/lpr mice
(32). It was partially effective in treating nephritis in (NZB
3 NZW)F1 mice (33). Our previously published data (8,9)
and the results of the present investigation indicate that
targeting the NLRP3/IL-1b pathway is beneficial in
treating LN in mouse models. In view of the recent obser-
vation that inhibition of IL-1 receptor signaling prevented
or even reversed diabetic nephropathy in mice (5), further
investigation is needed to determine whether targeting the
NLRP3/IL-1b signaling pathway would be beneficial in
the treatment of LN.

NLRP3 inflammasomes can be activated by a vari-
ety of stimuli; among them, mitochondrial injury is a com-
mon and most important intracellular stimulus (34). When
mitochondria are injured or stressed, the mitochondrial
membrane potential decreases, resulting in the release of
harmful molecules such as ROS. These molecules then
activate NLRP3 inflammasomes and up-regulate IL-1b

and IL-18, thus exacerbating inflammation (35). In our
study, sera from diseased lupus-prone mice activated
NLRP3 inflammasomes and increased the production of
IL-1b in podocytes from the NZM2328 cell line but did
not interfere with the expression of K1 channel P2X7

receptor, an upstream molecule of the NLRP3 pathway. In
addition, the mitochondrial membrane potential was
shown to decrease with significantly increased production
of ROS. The activation of NLRP3 inflammasomes was
inhibited by mitochondrial ROS inhibitors. These findings
indicate that sera from diseased mice activated NLRP3
inflammasomes through ROS generated by injured
mitochondria.

Thus far, we have documented that the active com-
ponent in the sera of diseased mice is IgG. How these IgG
molecules cause mitochondrial damage remains to be
determined. One plausible mechanism is that these IgG
molecules enter podocytes via neonatal Fc receptor
(FcRn). This mechanism is supported by the recent obser-
vation that IgG from lupus patients entered podocytes via

the FcRn receptor and up-regulated Ca21/calmodulin-
dependent protein kinase IV, which was followed by
increased expression of genes related to podocyte damage
and T cell activation (36). It should be clear that other
mechanisms are plausible.

Podocytes appear in the urine of healthy subjects,
and increased urinary excretion of podocytes (podocyturia)
is found in proteinuric states (37). Urinary podocytes have
been used to assess disease activity in LN (38). In this
study, we identified urinary podocytes according to positive
staining for activated caspase 1 and IL-1b. Whether such
podocytes are associated with disease activity in the kidneys
of patients with SLE needs further investigation.

In conclusion, our studies show that NLRP3
inflammasomes are activated in podocytes of both LN
patients and lupus-prone mice. Activation of NLRP3 is
involved in the pathogenesis of podocyte injury and the
development of proteinuria in LN. In addition, our
findings support the idea that targeting the NLRP3/IL-1b

pathway for the treatment of LN may hold promise.
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Haploinsufficiency of NADPH Oxidase Subunit
Neutrophil Cytosolic Factor 2 Is Sufficient to Accelerate

Full-Blown Lupus in NZM 2328 Mice

Chaim O. Jacob,1 Ning Yu,1 Dae-goon Yoo,2 Lizet J. Perez-Zapata,2 Emilia Alina Barbu,2

Mariana J. Kaplan,3 Monica Purmalek,3 Jeanette T. Pingel,2 Rachel A. Idol,2 and
Mary C. Dinauer2

Objective. We have previously established that
the gene for neutrophil cytosolic factor 2 (NCF-2) pre-
disposes to lupus, and we have identified lupus patients
with point mutations that are predicted to cause
reduced NADPH oxidase activity. We undertook this
study to investigate the relationship between reduced
leukocyte NADPH oxidase activity and immune dysreg-
ulation associated with systemic lupus erythematosus
(SLE).

Methods. We generated NCF-2–null mice, in
which NADPH oxidase activity is absent, on the non-
autoimmune C57BL/6 (B6) mouse background and on
the NZM 2328 mouse background, a polygenic model in
which mice spontaneously develop lupus. Clinical dis-
ease, serology, and immunopathology were evaluated.

Results. NCF-2–null mice on the B6 background
were susceptible to Aspergillus fumigatus pneumonia
characteristic of chronic granulomatous disease, but
did not develop systemic lupus disease. In contrast,

NCF-2–null and even NCF-2–haploinsufficient mice
on the NZM 2328 background developed accelerated
full-blown lupus with significantly accelerated lupus
kidney disease. This was characterized by more rapid
development of hyperactive B cell and T cell immune
compartments, increased expression of type I interferon–
responsive genes, and generation of neutrophil extracel-
lular traps, which were observed even in the absence of
NADPH oxidase activity.

Conclusion. Just as patients with chronic granu-
lomatous disease who lack NADPH oxidase rarely
develop SLE, NCF-2–null mice on a nonautoimmune
background were susceptible to a chronic granuloma-
tous disease–like opportunistic infection but did not
develop lupus. In contrast, on a lupus-prone back-
ground, even haploinsufficiency of NCF-2 accelerated
the development of full-blown lupus disease. This
establishes an interaction between reduced oxidase activ-
ity and other lupus-predisposing genes, paralleling
human SLE–associated variants predicted to have
only reduced NADPH oxidase activity.

Systemic lupus erythematosus (SLE) is a multi-
system autoimmune disorder with extensive immune
dysregulation and chronic inflammation affecting multi-
ple organs. Its development is influenced by the effects
of variants in multiple genes associated with immune
regulation. Genome-wide association approaches fol-
lowed by targeted association studies in SLE patients of
various ethnicities and in relevant control subjects have
established that NCF2, the gene for neutrophil cytosolic
factor 2 (NCF-2), a critical NADPH oxidase (NOX)
subunit, predisposes to lupus (1–4).

Leukocyte NADPH oxidase activates electron
transfer from NADPH, generating O2
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reactive oxygen species (ROS). The complex is com-
posed of multiple subunits, 2 of which (cytochrome b
a-chain [CYBA] and cytochrome b b-chain [CYBB], the
latter of which is also known as NOX-2) are localized in
cellular membranes. Upon activation, the 3 cytosolic
subunits (NCF-1, NCF-2, and NCF-4) translocate to the
membrane, where they, along with GTP-bound Rac
(Rac-GTP) (Rac1 or Rac2), form the active NOX-2
enzyme (5,6). In resting cells, Rac-GDP is present as a
complex with Rho-GDP dissociation inhibitor, but this
complex rapidly dissociates and Rac-GTP forms in stim-
ulated cells (6). This process is facilitated by activation
of guanine nucleotide exchange factors (GEFs) and is
accompanied by translocation of Rac to the membrane
(5,6). The Vav proteins (Vav-1, Vav-2, and Vav-3) are a
family of GEFs for Rho family GTPases; Vav-1 and
Vav-3 expressed in leukocytes regulate Rac. Upon phos-
phorylation, Vav has GEF activity for Rac, facilitating
the transition of Rac to an active GTP-bound state (7).

Superoxide-generating leukocyte NADPH oxi-
dase has long been considered to be of main importance
for the generation of ROS inside the phagosome, where
these ROS promote the killing of microbes, or for the
release of extracellular ROS, which are mainly thought
to contribute to tissue damage. However, there is
increasing recognition that NADPH oxidase–derived
ROS also have immunomodulatory effects.

NADPH oxidase activity is absent or profoundly
decreased in patients with chronic granulomatous dis-
ease, an inherited immune deficiency due to recessive
mutations in CYBB, CYBA, NCF1, NCF2, or NCF4 that
results in bacterial and fungal infections and aberrant
inflammation (8,9). An inflammatory bowel disease–like
syndrome occurs in ;20% of patients with chronic gran-
ulomatous disease (10), and lesions resembling discoid
lupus occur in ;10% of these patients (11). However,
full-blown autoimmune disease, including SLE, is uncom-
mon (12–14).

Our prior work identified SLE patients who har-
bor 1 of 2 variant alleles encoding NCF-2. Both variant
alleles have point mutations in the NCF-2 PB1 domain
that interacts with NCF-4, another critical oxidase sub-
unit, and with the Vav GEF, an important regulator
of NADPH oxidase. One of the mutations causes a
histidine-to-glutamine substitution at amino acid 389
(H389Q) in North American lupus subjects of European
(2) or Hispanic descent (4), while the other results in an
arginine-to-tryptophan substitution at amino acid 395
(R395W) in North American lupus subjects of Hispanic
descent but not those of European ancestry (4). Likely
mechanisms for the functional consequences of these
variants were obtained using protein–protein docking and

chemical surface complementarity analyses. The H389Q
mutation was predicted to reduce NCF-2 binding effi-
ciency to Vav. Indeed, our site-specific mutations and
model cell expression studies showed that the H389Q
mutation caused a 2-fold decrease in ROS production
downstream of Vav-dependent Fcg receptor signaling,
but had no effect on Vav-independent NADPH oxidase
activity elicited by phorbol myristate acetate (PMA) (2).
Similar computational modeling studies showed that
NCF-2 395R is located at the critical junction of NCF-2,
NCF-4, Vav, and Rac. The R395W substitution in NCF-2
is predicted to destabilize these interactions and to cause
reduced oxidase activity (4).

Because of the substantial variability in human
SLE (including clinical, genetic, and disease activity
factors and medication regimens encountered in human
disease), mechanistic studies using human leukocyte
samples to understand the role of NCF-2 mutations
in SLE would be highly challenging to interpret. On
the other hand, the components of NADPH oxidase
are all extremely well conserved between mice and
humans (4). To study the effects of absent or reduced
(haploinsufficient) NCF-2 expression in a more uni-
form setting, we produced NCF-2–null mice on the non-
autoimmune C57BL/6 (B6) background and backcrossed
the mutation onto NZM 2328 mice, a model of spontane-
ous lupus (15). We present the results of our investiga-
tion of the relationship between reduced leukocyte
NADPH oxidase activity and immune dysregulation asso-
ciated with SLE. Our findings link the genetic association
between NCF-2 variants and lupus to experimental evi-
dence showing that even haploinsufficient NCF-2 expres-
sion (and consequent reduction in NADPH oxidase
activity) accelerates the development of lupus when other
genetic risk factors are present, as in NZM 2328 mice.

MATERIALS AND METHODS

Mice. All mice at Washington University School of
Medicine in St. Louis and the University of Southern Califor-
nia School of Medicine were maintained in specific pathogen–
free quarters. The corresponding experiments in each institu-
tion were approved by the Washington University School of
Medicine in St. Louis Animal Studies Committee or the Uni-
versity of Southern California School of Medicine Institutional
Animal Care and Use Committee.

C57/B6N JM8.N4 embryonic stem (ES) cells with a
mutant Ncf2 allele (Ncf2tm1a(EUCOMM)Wtsi) (Figure 1A) were
purchased from the European Conditional Mouse Mutagenesis
Program and used to generate NCF-2–null mice. This allele
harbors a conditional-ready insertion and loxP sites that
can delete Ncf2 exon 3, which encodes a portion of the
Rac-binding domain, to generate a frameshifted transcript and
null allele. Following ES cell injection into B6(Cg)-Tyrc-2J/J blas-
tocysts, male offspring with high-level chimerism were bred to
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B6(Cg)-Tyrc-2J/J females. One of 3 male chimeras conferred
germline transmission of the Ncf2tm1a(EUCOMM)Wtsi allele to mul-
tiple offspring. These offspring were bred to B6 mice, and their
offspring were intercrossed. Homozygous Ncf2tm1a(EUCOMM)Wtsi

mice were then bred to the generalized deleter strain, B6 EIIa-
Cre mice (B6.FVB-Tg(EIIa-cre)C5379Lmgd/J; The Jackson
Laboratory), in order to globally delete Ncf2 exon 3. This exon
3–deleted allele, Ncf2tm1b(EUCOMM)Wtsi (Figure 1A), will be
referred to herein simply as Ncf22.

We established a colony of NCF-22/2 and NCF-21/2

B6 mice with the Cre transgene bred out. The structure of the
Ncf2tm1a(EUCOMM)Wtsi allele in ES cells and in mice heterozy-
gous for germline transmission was verified by Southern blot
analysis (not shown). Cre-mediated excision of exon 3 in mice
harboring Ncf2tm1b(EUCOMM)Wtsi was established by polymer-
ase chain reaction (PCR) assays, and the absence of NCF-2
protein and NADPH oxidase activity was established by immu-
noblotting and NADPH oxidase assays using NCF-22/2 B6
mouse neutrophils (see Supplementary Figure 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40141/abstract).

The NCF-22/2 mice on the B6 background were
backcrossed onto the SLE-prone NZM 2328 mice (hereinafter
called NZM mice). Introgression of the genotypes was acceler-
ated by a marker-assisted selection protocol using microsatel-
lite markers spanning the entire genome and including
markers to ensure that all known SLE susceptibility loci
remained intact (16,17). Results are presented for mice from
the N6 backcross generation or later, at which time all mice
bore the NZM genotype at all tested markers. NCF-22/2 B6
mice housed in the same facility were used for control studies
in the B6 background.

Aspergillus fumigatus pneumonia induction. A fumigatus
(clinical isolate 90240; ATCC) was grown, and conidia
were harvested as previously described (18), with minor
modifications. A fumigatus was cultured on Sabouraud dex-
trose agar for 3 days at 378C. Conidia were harvested by
pipetting 5–10 ml of phosphate buffered saline (PBS) onto
each plate, gently scraping with a cell scraper, and filtering
through Miracloth (Sigma-Aldrich) and a 40 mm strainer. Via
nasopharyngeal instillation, mice received 1 million conidia
suspended in 25 ml PBS containing 5% colloidal carbon. Mice
were killed after 48 hours, and lungs were lavaged with 1 ml of
PBS containing 2 mM EDTA and 2% fetal bovine serum
(FBS). Lavage fluid was spun down, and after red blood cell
lysis with ACK lysis buffer, cell counts were quantified on a
hemocytometer, and cytospin slides were prepared for Wright-
Giemsa staining and analyzed by light microscopy. Lungs were
inflated with neutral buffered formalin, fixed overnight, and
embedded in paraffin. Sections were stained with hematoxylin
and eosin (H&E) for assessment of pathologic changes and
with Gomori’s methenamine–silver for assessment of hyphae.

NADPH oxidase activity. NADPH oxidase activity in
bone marrow–derived macrophages (BMMs) and bone
marrow–derived dendritic cells (BMDCs) was assessed using a
1-hour–long kinetic chemiluminescence assay with 300 mM
lucigenin in a SpectraMax L luminometer (Molecular Devices)
and analyzed by SoftMax Pro Software (Molecular Devices).
After overnight culture, cells were washed with PBS 3 times
before lucigenin was added. To measure ROS, BMMs or

BMDCs were either left untreated or treated with 160 mg/ml
serum-opsonized zymosan, as described elsewhere (19). Total
ROS and intracellular ROS following treatment with serum-
opsonized zymosan were measured as relative luminescence
units (RLUs) and presented as the percentage of response in
wild-type (WT) mice following stimulation with serum-
opsonized zymosan. Superoxide production by neutrophils was
assessed either by the kinetic reduction of cytochrome c at
378C for 1 hour using a SpectraMax 340PC microplate reader
(Molecular Devices) (20) or by a kinetic chemiluminescence
assay with 125 mM luminol in a SpectraMax L luminometer
(21). Neutrophils were either left untreated or treated with
200 or 250 ng/ml PMA, and data were analyzed by SoftMax
Pro Software. Data are presented as Vmax (nmoles O2

–/
minute/107 cells) or RLUs.

Renal histology score. Sections of formalin-fixed kid-
neys were stained with H&E, Masson’s trichrome, and peri-
odic acid–Schiff and were assessed by light microscopy for
glomerular activity (hypercellularity, necrotizing lesions, kary-
orrhexis, cellular crescents, hyaline deposits), tubulointerstitial
activity (interstitial cellular infiltration, tubular cell necrosis),
chronic glomerular pathology (glomerulosclerosis, fibrous
crescents), and chronic tubulointerstitial pathology (tubular
atrophy, interstitial fibrosis). Each category was subjectively
scored on a 0–3 scale, for a maximum composite score of 12.

Quantitative real-time PCR for type I interferon
(IFN)–responsive gene transcription. Total RNA from spleen
was prepared using an RNeasy Plus Mini kit (Qiagen) and was
reverse transcribed to complementary DNA using random hexa-
mers with a SuperScript III Reverse Transcriptase kit in accor-
dance with the instructions of the manufacturer (Invitrogen).
TaqMan gene expression primers were used for the indicated
genes, and reverse transcriptase (RT)–PCR was performed on
a 7900HT Fast Real-Time PCR System (Applied Biosystems)
using TaqMan Universal PCR Master Mix (Thermo Fisher
Scientific). GAPDH primers were used to normalize gene
expression. Using the 2–DDCt method, target Ct – GAPDH Ct

was analyzed and multiplied with an arbitrary number (106)
for graphs showing relative expression.

Analysis of neutrophil extracellular traps (NETs).
NETosis assays were performed generally as described previ-
ously (22,23). Purified neutrophils were resuspended in RPMI
1640 without serum and transferred to poly-L-lysine–coated
wells in 8-well Lab-Tek II glass chamber slides (Thermo Fisher)
at 2 3 106/ml (2 3 105 cells per well). Fifty microliters of each
stimulus (serum obtained from 8–9-month-old female NZM
mice, diluted to 1% in RPMI 1640, PMA 100 nM concentration
or media alone) was added, and slides were incubated at 378C
in 5% CO2 for 7 hours. Cells were then fixed with 4% parafor-
maldehyde for 20 minutes and washed with PBS. After blocking
with 2% bovine serum albumin and 2% goat serum in PBS–
0.05% Tween for 1 hour, cells were stained with primary anti–
neutrophil elastase (rabbit polyclonal, 1:80 dilution; Abcam) or
anti–histone H3 (citrulline 2, 8, 17) (rabbit polyclonal, 1:200
dilution; Abcam) followed by Alexa Fluor 488–labeled goat
anti-rabbit antibody (1:400 dilution; Invitrogen) and ProLong
Gold Antifade with DAPI (Life Technologies), and coverslips
were then affixed. Photographs were taken at 4003 magnifica-
tion with a Zeiss AxioCam HRc attached to an Olympus BX60
microscope, and images were scored in a blinded manner to
enumerate cells and cells undergoing NETosis. Criteria for
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scoring a neutrophil as undergoing NETosis were based on the
release of extracellular DNA that colocalized with citrullinated
histone or neutrophil elastase; at least 200 neutrophils were
scored for each subject.

Anti-NET and anti–cathelicidin-related antimicrobial
peptide (anti-CRAMP) enzyme-linked immunosorbent assays.
Assays were adapted from Knight et al (22). High-binding 96-
well Costar assay plates (Corning) were coated with 100 ng/ml
of NET proteins or 5 mg/ml of mouse CRAMP (AS-61305;
AnaSpec) in PBS and incubated overnight at 48C. NET pro-
tein was prepared by incubating NZM mouse bone marrow
neutrophils with 2.5 mM PMA for 6 hours, collecting super-
natants, and digesting with micrococcal nuclease and DNase.
Plates were then blocked with 10% FBS in PBS for 1 hour at
room temperature, followed by overnight incubation at 48C
with experimental mouse serum diluted 1:100 in blocking
buffer. Plates were then incubated with anti-mouse IgG
(Sigma) followed by horseradish peroxidase–conjugated strep-
tavidin (SouthernBiotech), each diluted 1:2,000 in blocking
buffer for 1 hour at room temperature. Finally, tetramethyl-
benzidine substrate (Sigma) was added, and absorbance was
measured at 450 nm after addition of a stop reagent (Sigma).
(For additional details, see Supplementary Methods, http://
onlinelibrary.wiley.com/doi/10.1002/art.40141/abstract.)

Statistical analysis. All analyses were performed using
SigmaStat software (SPSS). Parametric testing between 2 groups
was performed by unpaired t-test and among $3 groups by one-
way analysis of variance (ANOVA). When data were not nor-
mally distributed or the equal variance test was not satisfied,
nonparametric testing was performed by Mann-Whitney rank
sum test between 2 groups and by Kruskal-Wallis one-way
ANOVA on ranks among $3 groups. Proteinuria and survival
curves were constructed according to the Kaplan-Meier non-
parametric method.

RESULTS

Establishment of NCF-2–null and haploinsufficient
mice. We generated mice with a null allele for Ncf2
using C57/B6N ES cells with a mutant Ncf2 allele har-
boring a conditional-ready insertion and loxP sites that
can delete exon 3 to generate a frameshifted transcript
and null allele (Figure 1A). These mice were bred to a
generalized deleter strain to globally excise Ncf2 exon 3.
We established a colony of NCF-22/2 and NCF-21/2 B6
mice with the Cre transgene bred out. Absence of NCF-2
protein and NADPH oxidase activity in NCF-22/2 B6
mice was verified by immunoblotting and enzyme assays
(see Supplementary Figure 1, http://onlinelibrary.wiley.
com/doi/10.1002/art.40141/abstract).

Development of A fumigatus pneumonia in NCF-
2–null mice but not NCF-2–haploinsufficient mice.
NADPH oxidase is essential to preventing progressive
pneumonia with the opportunistic mold A fumigatus
following inhalation of spores (conidia), which is a
life-threatening infection in patients with chronic granu-
lomatous disease. However, heterozygous carriers are

not at any risk. NCF-21/1, NCF-21/2, and NCF-22/2 B6
mice were challenged with 1 3 106 conidia (4 mice of
each genotype), and the lungs were analyzed 48 hours
later. NCF-21/1 and NCF-21/2 B6 mice showed little if
any inflammatory cell infiltrate and no germinated
hyphae on histologic examination of either lung tissue or
bronchoalveolar lavage (BAL) fluid (Figure 1B; also see
Supplementary Figure 2, http://onlinelibrary.wiley.com/
doi/10.1002/art.40141/abstract). However, lungs from all
4 NCF-22/2 mice showed multiple foci of inflammatory
cells that contained germinated hyphae (Figure 1B), and
numerous neutrophils, many associated with hyphae,
were present in BAL fluid (see Supplementary Figure 2).
The incidence of pneumonia in NCF-22/2 mice (4 of
4 mice) was significantly greater than that in NCF-21/1

and NCF-21/2 mice (0 of 4 mice in each group) (P , 0.005).
Thus, NCF-22/2 mice were susceptible to A fumigatus
pneumonia, while both WT and NCF-21/2 heterozygous
mice were resistant.

Accelerated lupus nephritis in NCF-2–null and
NCF-2–haploinsufficient female NZM mice. We bred
NCF-22/2 B6 mice to NZM mice to analyze the effect
of complete or partial Ncf2 deletion on full-blown SLE.
Using the NZM strain eliminates the need to backcross
a transgene separately to the NZB and NZW parental
background. We used a marker-assisted selection proto-
col, which accelerates the introgression of genes by
using genetic markers to facilitate this process (16,24).
Furthermore, the use of locus-specific markers ensures
that the identified SLE susceptibility loci in NZM mice
remain intact during backcrossing. This is especially rel-
evant in our case because both the Sle1 locus and the
Ncf2 gene are on chromosome 1. Ncf2 is at 65.05 cM,
while Sle1 is at 76.73 cM. Their 11-cM separation means
that we expected a recombination event 11% of the time
(i.e., for 100 mice screened, 11 mice would have both
sites). This methodology ensured the generation of
NCF-22/2 NZM mice with the lupus susceptibility locus
Sle1 intact.

As shown in Figure 1C, NCF-2 protein was not
detected in BMMs and BMDCs from NCF-2–null NZM
mice, while NCF-21/2 NZM mice showed reduced ex-
pression of NCF-2. Similar results were obtained for neutro-
phils (not shown). NADPH oxidase activity in macrophages,
DCs, and neutrophils was absent in the NCF-2–null NZM
mice, while heterozygous (haploinsufficient) mice showed
partially reduced, but statistically significant, levels of ROS
in all 3 cell subsets compared to WT mice (Figures 1D
and E).

Large groups of female NCF-22/2 and NCF-21/2

mice on the NZM background were studied for 12 months
and compared to female WT NZM mice and NCF-2–null
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B6 mice. Clinical disease, serology, and immunopathol-
ogy were evaluated in each group. NCF-22/2 NZM mice
had accelerated full-blown disease, while NCF-22/2 mice
on the non-lupus B6 background did not develop lupus-

like disease. As shown in Figure 2A, female NCF-22/2

mice displayed accelerated kidney disease, as determined
by both proteinuria and mortality. Furthermore, even
NCF-21/2 lupus mice with haploinsufficiency and reduced,

Figure 1. Schema, expression, NADPH oxidase activity, and Aspergillus fumigatus challenge of neutrophil cytosolic factor 2 (NCF-2) mutant
mice. A, Structure of the mutant Ncf2 allele Ncf2tm1a(EUCOMM)Wtsi and exon 3–deleted Ncf2tm1b(EUCOMM)Wtsi (referred to herein as Ncf22) fol-
lowing Cre-mediated excision of the region between the 5� and 3� LoxP sites (not to scale). FRT 5 Flp recombinase target site; Neo 5 neomycin
resistance gene. B, Lung tissue obtained 48 hours after challenge of C57BL/6 (B6) mice of the indicated genotypes with 1 million A fumigatus

conidia, stained with hematoxylin and eosin (H&E) (i, iii, and v) or Gomori’s methenamine–silver (GMS) (ii, iv, and vi). H&E and GMS images
were obtained for 1 mouse of each genotype, representative of 4 mice studied from each genotype. Original magnification 3 10 in i, iii, and v;
3 40 in ii, iv, and vi. C, Western blots of cell lysates probed with antibodies to NCF-2, cytochrome b b-chain (CYBB), and actin. Each lane rep-
resents 1 mouse. Densitometric analyses are shown in Supplementary Figure 6, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40141/abstract. D, NADPH oxidase activity assayed using lucigenin chemiluminescence. Results are shown
for unstimulated cells and following activation with serum-opsonized zymosan (SOZ). Values are the mean 6 SD (n 5 5–7 mice). Results were
similar using IgG beads. E, NADPH oxidase activity determined by cytochrome c reduction assay, following isolation of mature neutrophils from
NZM 2328 mouse bone marrow. Results are shown for unstimulated cells and following activation with phorbol myristate acetate (PMA). Values
are the mean 6 SD (n 5 4 mice). ND 5 not detected.
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but definitely not absent, NADPH oxidase activity (Fig-
ures 1D and E) had significantly accelerated lupus kid-
ney disease. This is a crucial finding, as it shows that
even a partial reduction in NADPH oxidase activity can
accelerate the development of lupus. Both NCF-22/2 and
NCF-21/2 NZM mice were significantly different from
the corresponding WT NZM mice in both proteinuria
and mortality (both P , 0.001 by log rank test [Kaplan-
Meier method]). The fact that development of severe
proteinuria ($300 mg/dl) closely correlated with mor-
tality in each mouse cohort supports the notion that
these mice died as a consequence of kidney disease.

Development of renal immunopathology was con-
sonant with their clinical course. Renal pathology, includ-
ing glomerular hypercellularity, glomerular crescents,
mesangial matrix deposition, and interstitial inflamma-
tion, was seen in 4-month-old female NCF-22/2 mice
(Figure 2B) as well as glomerular deposition of IgG
and C3. Quantitatively, 4-month-old female NCF-22/2

and NCF-21/2 mice showed significantly greater renal
histology scores than did age-matched female WT NZM
mice (Figure 2C). In fact, the renal histology score in
female NCF-22/2 mice at age 4 months was not

significantly different from that of female WT NZM mice
at age 7.5 months (Figure 2C).

Using flow cytometry, a hyperactive B cell
immune compartment in NCF-2–mutated lupus mice
was evident by age 3.5–5 months. Thus, as shown in
Figures 3A–G, compared to 5–7-month-old WT NZM
mice, there was an increase in total B cells and
increased numbers of germinal center (GC) B cells, fol-
licular B cells, CD691 activated B cells, and antibody-
producing plasma cells as well as enhanced CD80 and
CD86 expression. Furthermore, the NCF-2–mutated
lupus mice showed increased autoantibody levels.
Among the different autoantibodies found in lupus, IgG
anti–double-stranded DNA (anti-dsDNA) antibodies
are the most closely correlated with clinical outcome in
mice and humans with SLE (25). Figure 3H compares
levels of IgG anti-dsDNA antibodies between the differ-
ent cohorts of female mice. NCF-22/2 and NCF-21/2

lupus mice both showed increased anti-dsDNA levels
compared to 3–5-month-old WT NZM mice. Finally,
both the NCF-22/2 and NCF-21/2 NZM mice showed
spontaneous GC formation (see Supplementary Figure
3A, http://onlinelibrary.wiley.com/doi/10.1002/art.40141/

Figure 2. Clinical disease and renal immunopathology in neutrophil cytosolic factor 2 (NCF-2)–deficient mouse lines. A, Kaplan-Meier plots
showing severe proteinuria ($300 mg/dl) and mortality in female wild-type (WT; NCF-21/1) NZM 2328 (NZM) mice, NCF-21/2 (heterozygous;
het) NZM mice, NCF-22/2 (knockout; KO) NZM mice, and NCF-22/2 C57BL/6 (B6) mice. Each survival curve differs significantly from all the
others (P , 0.001 for each survival curve). B, Representative kidney sections from 4-month-old female NCF-22/2, NCF-21/2, and WT NZM
mice, stained with hematoxylin and eosin (H&E) and with IgG and C3 for demonstration of immune complex deposition. Original magnification
3 400. C, Composite renal histology score for 7–9 female mice in each cohort. Each symbol represents an individual mouse. Data are shown as
box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the
10th and 90th percentiles.
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abstract). Although nonautoimmune B6 mice did not
show spontaneous GC formation, this was observed in a
small proportion (3 of 11) of NCF-22/2 B6 mice (see
Supplementary Figure 3B). These were the mice that
also showed evidence of anti-dsDNA autoantibody pro-
duction (Figure 3H).

A hyperactive T lymphocyte compartment was
also demonstrated in NCF-2–mutated mice on the NZM
background (Figure 4), including elevated total CD31 T
cells (Figure 4A) and increased numbers of both CD41

and CD81 T cells (Figures 4B and C). Notably, a sub-
stantial fraction of CD41 T cells displayed the phenotype

Figure 3. Hyperactive B cell compartment in NCF-2–mutated lupus mice. B lymphocyte subsets of spleen cells from the indicated mouse
cohorts were analyzed by flow cytometry. A, Total B cell count. B, Germinal center B cells. C, Follicular B cells. D, CD69-expressing B cells. E,

CD80-expressing B cells. F, CD86-expressing B cells. G, Plasma cell count. Values are the mean 6 SEM (n 5 7–12 mice per group). H, IgG anti–
double-stranded DNA (anti-dsDNA) autoantibody levels in serum from the indicated mouse cohorts. Each symbol represents an individual
mouse. Data are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines out-
side the boxes represent the 10th and 90th percentiles. Unless otherwise labeled, female NCF-22/2 NZM mice were age 3.5–5 months, while
NCF-21/2 NZM mice were age 5–6 months. WT NZM, WT B6, and NCF-22/2 B6 mice were age 5–7 months. PNA 5 peanut agglutinin (see
Figure 2 for other definitions).
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of activated memory T cells (CD41CD44highCD62l8w/2)
(Figure 4F) and/or recently activated T cells (CD41

CD691) (Figure 4G). There was a gradual shift toward
this T cell phenotype in lupus-prone NZM female mice,
with peak levels coinciding with full-blown lupus nephri-
tis at age 7.5–10 months (Figure 4F). Notably, Treg cells
were increased in the NCF-21/2 mice, but CD41 Th17
cells were not significantly affected in the mutant mice
(Figures 4D and E).

Up-regulated transcription of type I IFN–
responsive genes in NCF-2–deficient mice. Given that
patients and mice with chronic granulomatous disease
show a type I IFN signature (26), we analyzed the ex-
pression of these genes in NCF-2–null lupus mice
using quantitative RT-PCR. At age 8 weeks, the com-
position of immune cells in the B cell, T cell, and mye-
loid compartments was similar in NCF-22/2 NZM
mice and WT NZM mice (see Supplementary Figure
4, http://onlinelibrary.wiley.com/doi/10.1002/art.40141/

abstract). However, as shown in Figure 5A, we identi-
fied a type I IFN signature in splenocytes from NCF-
2–deficient NZM lupus mice that was already evident
by age 7–8 weeks, as demonstrated by the significantly
increased expression of IFN-responsive genes com-
pared to that in age-matched WT NZM mice. In con-
trast, expression of type I IFN genes in splenocytes
from 7–8-week-old NCF-22/2 B6 mice was similar to
that in splenocytes from WT B6 mice (Figure 5B).

NETosis in NCF-2–null NZM mice. A form of
neutrophil cell death called NETosis in which DNA
coated with various proteins is released into the extra-
cellular environment forming a NET (27,28) appears to
be integral to SLE pathology. While NADPH oxidase–
derived ROS are required for NETosis induced by
PMA, recent studies show that NADPH oxidase was not
required to induce NETs elicited by soluble IgG
immune complexes (ICs) (29) or RNP ICs (30,31). We
evaluated the ability of NCF-2–deficient NZM mice to

Figure 4. Hyperactive T cell compartment in NCF-2–mutated lupus mice. T lymphocyte subsets of spleen cells from the indicated mouse
cohorts were analyzed by flow cytometry. A, Total T cell count. B, CD41 T cells. C, CD81 T cells. D, CD41 Treg cells. E, Interleukin-17–
positive (IL-171) CD41 T cells. F, Activated memory T cells. G, Recently activated CD691 T cells. Values in A–E and G are the mean 6 SEM
(n 5 7–12 mice per group). In F, each symbol represents an individual mouse. All groups not labeled B6 are NZM mice. Data are shown as box
plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent the 10th
and 90th percentiles. Unless otherwise labeled, female NCF-22/2 NZM mice were age 3.5–5 months, while NCF-21/2 NZM mice were age 5–6
months. WT NZM, WT B6, and NCF-22/2 B6 mice were age 5–7 months. See Figure 2 for other definitions.
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generate extracellular traps. Neutrophils isolated from
the marrow of WT NZM and NCF-22/2 NZM mice at
age 4–5 months exhibited spontaneous NETosis (Figure
6A). In contrast, there was minimal or no spontaneous
NETosis in WT and NCF-22/2 B6 mice (Figure 6B).
We quantitated the percentage of neutrophils under-
going spontaneous NETosis (Figure 6D), which was sig-
nificantly higher in WT NZM and NCF-22/2 NZM
mice than in corresponding age- and sex-matched
nonautoimmune WT B6 and NCF-22/2 B6 control
mice. There was no significant difference in NETosis
between WT NZM and NCF-22/2 NZM mice.

As expected, neutrophils from NCF-22/2 NZM
mice did not exhibit NETosis in response to PMA (see
Supplementary Figure 5, http://onlinelibrary.wiley.com/
doi/10.1002/art.40141/abstract). However, neutrophils
from NCF-22/2 NZM mice were capable of undergoing
lupus serum–induced NETosis in vitro, as did neutro-
phils from WT NZM mice (Figure 6C; also see Supple-
mentary Figure 5). Furthermore, NCF-22/2 NZM mice
appeared capable of generating NETs in vivo. Anti-
NET antibody levels in NCF-2–deficient lupus mice

were similar to those seen in NCF-2–sufficient (WT)
NZM mice (Figure 6E). CRAMP is the mouse homolog
of the human neutrophil granule protein LL37, an
important component of NETs and NET-associated
plasmacytoid dendritic cell (PDC) activation in human
lupus (32). As shown in Figure 6F, NCF-22/2 NZM
mice also had NETosis-associated anti-CRAMP auto-
antibodies in their serum, further supporting the in
vivo occurrence of NETosis in these mice. While levels
of anti-NET and anti-CRAMP autoantibodies were
not significantly different between NCF-22/2 NZM and
WT NZM mice, they were significantly increased in
comparison to their levels in B6 control mice (Figures
6E and F).

DISCUSSION

Forward genetic approaches, in which human
populations were investigated in order to identify the
genes involved in SLE, have clearly established NCF-2
variants as part of the genetic predisposition to disease
development (2–4). Further mechanistic analyses of the

Figure 5. Relative expression of interferon-regulated genes in splenocytes from 7–8-week-old NZM mice (A) and 7–8-week-old B6 mice (B),
which were assessed using real-time polymerase chain reaction assays. Each symbol represents an individual mouse. Bars show the mean 6 SEM.
Significance was determined by Mann-Whitney test. NS 5 not significant (see Figure 2 for other definitions). Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40141/abstract.
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Figure 6. NETosis in NCF-2–null NZM mice. A–C, Representative fluorescence microscopy images used for analysis of the release of neutrophil
extracellular traps (NETs). Purified bone marrow neutrophils were incubated for 7 hours as described in Materials and Methods and then fixed
and stained with DAPI and anti–citrullinated (CIT) histone H3. Arrows indicate neutrophils undergoing NETosis, visible as extruded DNA
(DAPI) costained with anti–citrullinated histone H3. Arrowheads indicate intact neutrophils showing normal lobulated nuclei. Original magnifi-
cation 3 400. A, Spontaneous NETosis in 4–5-month-old NCF-22/2 and WT NZM mice. B, Absence of spontaneous NETosis in NCF-22/2 and
WT B6 mice. C, NETosis in 7–8-week-old NCF-22/2 and WT NZM mice induced by lupus serum from NZM mice. D, Percentage of neutrophils
undergoing spontaneous NETosis in NCF-22/2 and WT NZM mice and in NCF-22/2 and WT B6 mice, quantitated by microscopy as described
in Materials and Methods. E and F, Autoantibodies to NETs (E) or cathelicidin-related antimicrobial peptide (CRAMP) (F) in serum, tested as
described in Materials and Methods. Sera from 4–5-month-old female NCF-22/2 NZM mice, WT NZM mice, and WT B6 mice were compared.
The OD index compares each absorbance value to the mean value in B6 controls. Each symbol represents an individual mouse. Data are shown
as box plots. Each box represents the 25th to 75th percentiles. Lines inside the boxes represent the median. Lines outside the boxes represent
the 10th and 90th percentiles. NS 5 not significant (see Figure 2 for other definitions).
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role of NCF-2 in human subjects with SLE have inher-
ent shortcomings due to involvement of multiple genes,
in which each gene contributes modestly to the disease
phenotype, often in interaction with other genes and/or
environmental factors, rendering infeasible experimen-
tation to isolate the effect of reduced expression of
NCF-2. In the present study, we used a reverse genetic
approach, in which we characterized the effect of the
NCF-2 gene by perturbing it in the NZM mouse model
of spontaneous lupus and then elucidated its effects on
the phenotype of SLE. Our results show that not only
NCF-2–null mice, but also NCF-21/2 haploinsufficient
lupus mice with only partial reduction in NADPH oxi-
dase activity, have significantly accelerated development
of full-blown lupus disease. This is demonstrated on the
clinical, pathologic, serologic, and immune cellular levels.

As in chronic granulomatous disease in humans,
NCF-22/2 mice on the nonautoimmune B6 background
developed severe A fumigatus pneumonia when chal-
lenged with the opportunistic mold A fumigatus, similar
to gene-targeted mice with chronic granulomatous dis-
ease lacking either the CYBB or NCF-1 NADPH oxi-
dase subunits (18,33,34). However, WT and NCF-21/2

heterozygous mice were both resistant, also as in
humans. Importantly, NCF-22/2 mice did not develop
lupus-like disease, although skin and soft tissue infec-
tions resembling those described in other colonies of
mice with chronic granulomatous disease (35) occurred
in ;5% of these mice. A similar small minority of
NCF-22/2 mice on the NZM background also devel-
oped such infections. Such lupus mice have been
excluded from the experiments reported here. On the
other hand, NCF-2–haploinsufficient mice did not
develop a chronic granulomatous disease–like infection
at all. It is also noteworthy that only a small minority of
NCF-22/2 B6 mice tested positive for spontaneous GC
formation and autoantibodies, including anti-dsDNA,
but none of the NCF-22/2 B6 mice in our colonies
developed full-blown lupus-like autoimmune disease.

Our findings in mice resemble the situation in
humans: although elevated autoantibodies and some
other signs of autoimmunity are described in subjects
with chronic granulomatous disease who have signifi-
cantly diminished NADPH oxidase activity, full-blown
SLE is very rare. On the other hand, in the context of a
lupus genetic background, NCF-2–haploinsufficient
NZM mice with reduced, but definitely not absent,
NADPH oxidase activity have significantly accelerated
lupus disease. This is a crucial finding, as it shows that
even a partial reduction in NADPH oxidase activity
can accelerate the development of lupus, a situation
paralleling that in humans with SLE who have variants

predicted to confer only reduced NADPH oxidase
activity.

An emerging theme in the pathogenesis of SLE
is the interplay among neutrophils, their release of
NETs, activation of PDCs to produce type I IFNs, and
lupus-associated endothelial and organ damage (36).
ICs as well as interleukin-17 and other cytokines are
among the agents that can induce NETosis, which can
be enhanced by IFNs (32,37). NET fragments delivered
to PDCs in vitro have a proinflammatory effect,
resulting in the production of type I IFN (32,38), which
may be relevant to the IFN gene signature observed
in ;50% of patients with SLE (39). NET material may
also be a source of autoantigens (32,36,40). NZM mice
replicate most features of human lupus associated
with NET formation, including the tendency toward
enhanced baseline NETosis, the ability of lupus serum
to induce NET formation in normal mouse neutrophils,
the ability of NET-derived material to serve as a source
of autoantigens, and deposition of NET-like material in
diseased kidney (22).

The current study demonstrated that neutrophils
from NCF-2–deficient NZM mice were able to generate
NETs similar to those generated by neutrophils from
NCF-2–sufficient (WT) NZM mice upon stimulation in
vitro with lupus serum from NZM mice. Moreover,
NCF-22/2 NZM mice exhibited anti-NET and anti-
CRAMP autoantibodies, which supports the conclusion
that NETs can be generated in vivo even in the absence
of NADPH oxidase activity in lupus-prone mice. In con-
trast, Campbell and colleagues (41) reported that X-
linked CYBB (NOX-2)–null MRL-Faslpr mice have
exacerbated lupus disease despite lacking the ability to
generate NETs, and they therefore proposed that
NETosis does not contribute to SLE pathogenesis and
its absence may even exacerbate SLE. However, only
PMA-induced NETosis in vitro was analyzed in that
study, and recent studies showed that NETs elicited by
soluble IgG ICs (29) or RNP ICs (30,31) do not have a
requirement for NADPH oxidase–generated ROS.
While the role played by NETosis in the onset and pro-
gression of lupus remains to be fully understood, an
important conclusion from our work presented herein
is that lupus-associated NETosis does not require
NADPH oxidase activity.

Of note, NCF-2–deficient NZM mice exhibited
increased expression of type I IFN–responsive genes
compared to NCF-21/1 NZM mice, which preceded the
development of full-blown disease; this is noteworthy
given the well-known association of an activated type I
IFN axis with SLE (39). This observation suggests that
one potential mechanism by which NADPH oxidase
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deficiency acts as a risk factor in a lupus-prone genetic
background is through increased expression of type I
IFN–regulated genes. Additional work needs to be done
to determine the drivers of type I IFN–regulated gene
expression in NADPH oxidase deficiency, which also
occurs in the absence of autoimmune disease in
NADPH oxidase–deficient humans and mice, including
those raised under gnotobiotic conditions (26).

Additional mechanisms by which diminished
NADPH oxidase activity might promote inflammation
and autoimmunity include impaired digestion of mi-
crobes or debris, followed by increased Toll-like receptor
stimulation and/or altered redox status of cellular pro-
teins resulting in increased proinflammatory cytokine
production via up-regulated MAP kinase, NF-kB, and
other pathways (42–44). Collectively, our results are
consistent with the mechanistic notion that reduced
NADPH oxidase activity amplifies multiple proinflamma-
tory signaling pathways that synergize with other lupus-
predisposing genes in inducing pathogenesis. Thus,
NCF-22/2 and NCF-21/2 lupus mice both show evidence
of accelerated onset of lupus nephritis with marked renal
deposition of inflammatory cells, increased anti-dsDNA
levels, and characteristic hyperactivity in both B and
T cell compartments with both compartments expressing
increased activation markers in flow cytometry analyses
of spleen cells. Moreover, neutrophils from NCF-22/2

NZM mice were capable of NETosis, and antibodies con-
sistent with the occurrence of NETosis in vivo were
detected.

Interestingly, the NCF-2 variants we have
described (2,4) increase the risk of developing SLE, but
so far, we have not detected any striking differences in
the clinical spectrum of disease between SLE patients
with these NCF-2 variants and SLE patients without
them. Similarly, while the disease phenotype appears
earlier and is accelerated in our NCF-2–deficient lupus
mice, the clinical, serologic, and pathologic phenotype is
no different qualitatively from that seen in the slower
disease development in the original NZM mouse model.
The fact that we have not as yet identified any unique
phenotype in NCF-2–deficient NZM mice that is
not seen in NCF-2–sufficient NZM mice parallels the
lack of a unique clinical phenotype in subjects with SLE
who have NCF-2 mutations. It is therefore likely that
the proinflammatory immunologic effects of reduced
NADPH oxidase activity in our mice, as in humans with
NCF-2 variants, occur in the original process of disease
establishment.

Taken together, our reverse genetic results are
consistent with and enhance our forward genetic work
in human SLE. Our findings suggest that NADPH

oxidase–derived ROS, in addition to their microbicidal
effects, may act as essential regulatory molecules with
the capacity to affect a variety of cellular processes
of importance for immune regulation and limiting
inflammation. While impaired host defense results from
absent NADPH oxidase activity, even haploinsufficiency
accelerated the development of lupus when combined
with other lupus-predisposing genes. This study iden-
tifies a new experimental system that will aid in dis-
secting underlying mechanisms by which a deficiency of
NADPH oxidase–derived ROS affects the development
of lupus. This work also advances our understanding of
lupus pathogenesis and may inform future therapeutic
approaches for the subgroup of patients with NADPH
oxidase gene variants.
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The patient, a previously healthy 19-year-old woman, presented with a 4-year history of recurrent pain and swelling of the right forearm,
along with occasional self-limiting mild fevers and polyarthralgia. On physical examination, her right forearm was stiff, edematous, and
tender. Her wrist, elbow, knee, and ankle joints were swollen. Laboratory test results were consistent with mild inflammation. She was nega-
tive for autoantibodies, including rheumatoid factor, anti–citrullinated protein antibodies, and antinuclear antibodies. Blood cultures were
negative. Radiography showed marked expansion of the distal two-thirds of the radius, which was primarily sclerotic with smaller areas of
lucency (A and B). Magnetic resonance imaging (MRI) with a STIR sequence showed diffuse bone marrow edema within the lesion (C).
Whole-body bone scintigraphy revealed significant uptake in the radius and mild uptake in multiple joints (D). Bone biopsy of the radius
showed chronic osteomyelitis without malignancy, and tissue cultures of the specimens were negative. On the basis of these findings,
chronic nonbacterial osteomyelitis was diagnosed. This is a rare autoinflammatory bone disorder usually affecting children and adolescents.
Bone lesions may be unifocal or multifocal, typically occurring in the metaphyses of tubular bones. The clinical course varies from self-
limiting to chronically recurrent. Radiography often reveals characteristic lytic and/or sclerotic bone lesions. Whole-body bone scintigraphy
or MRI is useful in detecting clinically occult sites and multifocal bone lesions. Because the clinical presentation may mimic infectious osteo-
myelitis or bone malignancy, it is important to perform a bone biopsy. Chronic nonbacterial osteomyelitis may also present with fever and
arthritis (seen in this patient), skin lesions (e.g., acne, palmoplantar pustulosis, and psoriasis), and/or autoimmune disease such as Crohn’s
disease and ulcerative colitis (1–3). Our patient was started on daily loxoprofen, the mainstay treatment, which partially relieved her pain
and improved laboratory indicators of inflammation. Supplementation with bisphosphonates has also been reported to be effective (1,2).
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The Therapeutic Efficacy of Botulinum Toxin in Treating
Scleroderma-Associated Raynaud’s Phenomenon

A Randomized, Double-Blind, Placebo-Controlled Clinical Trial

Ricardo J. Bello, Carisa M. Cooney, Eitan Melamed, Keith Follmar,
Gayane Yenokyan, Gwendolyn Leatherman, Ami A. Shah, Fredrick M. Wigley,

Laura K. Hummers, and Scott D. Lifchez

Objective. To assess the therapeutic efficacy of
local injections of botulinum toxin type A (Btx-A) in
improving blood flow to the hands of patients with
Raynaud’s phenomenon (RP) secondary to scleroderma.

Methods. In this randomized, double-blind, placebo-
controlled clinical trial, patients with scleroderma-
associated RP received Btx-A (50 units in 2.5 ml sterile
saline) in one randomly selected hand and sterile saline
(2.5 ml) in the opposite hand. Follow-up at 1 and 4
months postinjection included laser Doppler imaging of
hands, patient-reported outcomes, and physical exami-
nation. We compared outcomes using paired t-tests and
population-average generalized models with generalized
estimating equations.

Results. Of 40 patients enrolled, 25 had limited
scleroderma and 15 had diffuse scleroderma. From base-
line to 1-month follow-up, there was a greater reduction in
average blood flow in Btx-A–treated hands compared to
placebo-treated hands. The model estimated that this dif-
ference was statistically significant (average difference

230.08 flux units [95% confidence interval 256.19,
23.98], P for interaction 5 0.024). This difference was
mainly influenced by patients with longstanding RP and
diffuse scleroderma. Change in blood flow at 4-month
follow-up was not significantly different between groups.
Clinical measures (QuickDASH, McCabe Cold Sensitivity
Score, pain on a visual analog scale, and Raynaud’s Con-
dition Score) improved slightly for Btx-A–treated hands.

Conclusion. Our laboratory-based laser Doppler
imaging flow data do not support using Btx-A to treat RP
in all scleroderma patients. The secondary clinical out-
comes suggest some positive effect, but its clinical mean-
ingfulness is questionable. The role of Btx-A in treating
RP should be further studied with more homogeneous
patient populations and in unique clinical situations such
as acute digital ischemia.

Raynaud’s phenomenon (RP) is present in most
patients with scleroderma and is often the presenting
symptom of the disease process (1). This painful and debil-
itating condition results from increased vascular reactivity
combined with structural vascular disease in the cutaneous
arterial supply to the digits (1–3). RP strongly impacts
patient quality of life (4) and can result in recurrent digital
ulcers and critical ischemic events in scleroderma (5),
which may require partial amputations of the affected
digits.

Despite the heavy burden of RP on patients with
scleroderma, treatment options are not ideal. Symptom
control and prevention of disease progression rely on non-
drug measures coupled with pharmacologic treatment with
vasodilators such as calcium-channel blockers, phosphodi-
esterase 5 inhibitors, endothelin receptor antagonists, and
prostacyclins (1). If this treatment fails or the patient
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cannot tolerate its side effects, patients are left with few
options. Surgical treatment, requiring time- and skill-
intensive microsurgery, consists of periarterial sympathec-
tomy and is generally limited to patients with RP refractory
to medical therapy (6). Repair of larger vessel occlusive
disease is a very uncommon surgical option.

Botulinum toxin type A (Btx-A) injected locally
into the hand is considered a possible alternative therapy
for RP. Several mechanisms are proposed for the potential
effect of Btx-A on RP, involving the inhibition of sympa-
thetic adrenergic or cholinergic vasoconstriction, inhibition
of sensory nerves, and/or endothelial exocytosis of endo-
thelin 1 (3,7). Studies in animal models show a positive
effect of Btx-A increasing vascular blood flow by inhibiting
sympathetic vasoconstriction (8). Observational studies
involving patients with RP show that Btx-A injected into
the perivascular space of the affected digits provides signif-
icant symptomatic relief (9–15). Most of these studies are
retrospective case series (10,11,13,15); the 2 prospective
cohort studies reported have low internal validity due to
lack of randomization, placebo controls, and/or blinding
(12,14). Most studies have had heterogeneous patient pop-
ulations, including patients with primary RP, secondary
RP associated with other connective tissue disorders, and/
or acute digital ischemia (10,11,13,15). Only 2 studies have
focused specifically on RP secondary to scleroderma
(12,14), limiting interpretation of the evidence for this
patient population. Anecdotal evidence from 1 case series
suggests that patients with scleroderma may be less
responsive to Btx-A injections compared to other patients
with RP (11). We conducted a randomized, double-blind,
placebo-controlled clinical trial to determine if local injec-
tions of Btx-A would be an efficacious intervention to con-
trol RP by improving blood flow and symptoms in patients
with RP secondary to scleroderma.

PATIENTS AND METHODS

Study design and setting. This was a randomized,
double-blind, parallel-group, placebo-controlled clinical trial con-
ducted at the Johns Hopkins Scleroderma Center in Baltimore,
MD. Participants were enrolled between January and May 2015;
follow-up was completed by September 2015.

Participants. Eligible participants included adults age
$18 years with bilateral RP (16) and scleroderma. Patients
enrolled had a diagnosis of scleroderma according to the Ameri-
can College of Rheumatology (ACR) preliminary classification
criteria (17) and the ACR/European League Against Rheuma-
tism 2013 classification criteria (18), had at least 3 of 5 features of
CREST syndrome (calcinosis, RP, esophageal dysmotility, sclero-
dactyly, telangiectasias), or had definite RP, abnormal nailfold
capillaries, and a scleroderma-specific autoantibody. Patients
were excluded if they had active infection in either hand, acute
digital ischemia, a history of myasthenia gravis, any known aller-
gies or hypersensitivity to botulinum toxin preparations, had

previously received botulinum toxin vaccine, had previously
undergone upper extremity vascular surgery (including surgical
sympathectomy), were currently receiving aminoglycoside antibi-
otics, or were pregnant or lactating.

Interventions. Participants received Btx-A (onabotu-
linumtoxinA; Allergan) in one randomly selected hand and sterile
saline in the opposite hand. Injections were performed by 2 hand
surgeons (EM and SDL) using a 3-ml syringe and a 30-gauge nee-
dle through the dorsal surface in 7 locations per hand: adjacent to
the second, third, and fourth common digital arteries through the
web spaces (10 units each5 30 units or 1.5 ml) and the radial side
of the index finger proximal phalanx base, the ulnar side of the small
finger proximal phalanx base, and each side of the thumb proximal
phalanx base (5 units each 5 20 units or 1 ml). Figure 1 illustrates
the injection protocol. Hands in the experimental group received a
total of 50 units of Btx-A, reconstituted in 2.5 ml of sterile saline.
Hands in the control group received a total of 2.5 ml of sterile saline
as placebo.

Randomization, blinding, and allocation concealment.
The study pharmacists generated a random sequence with blocks
of 4 patients for treatment group allocation in a 1:1 ratio using
Microsoft Excel 2007. Study participants and all study team
members (including hand surgeons and the study statistician),
except for the study pharmacists, were blinded with regard to
treatment allocation and the size of randomization blocks. Both
injections were clear and visually not distinguishable. The study
coordinator enrolled all study participants. The study pharmacists
assigned treatment allocation and maintained allocation conceal-
ment throughout the study period.

Data collection and outcome measures. Follow-up
consisted of a safety phone call (or optional in-person study visit)
at 7 days (63 days) postinjection and in-person study visits at
1 month (68 days) and 4 months (615 days) postinjection.

Figure 1. Sites of injection and dose.
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In-person visits included noninvasive laser Doppler imaging of
hands, pulse oximetry, and physical examination for digital ulcer-
ation. Patient-reported outcomes were collected specifically for
each hand, using instruments that have been validated in other
upper extremity and hand conditions (QuickDASH [19], McCabe
Cold Sensitivity Score [20], and pain on a visual analog scale
[VAS] [21]) and specifically for RP (Raynaud’s Condition Score
[RCS] [22]). Patients were asked at each visit their opinion on
which hand they thought had been treated with Btx-A; this
helped in assessment of the success of blinding (23).

The primary outcome measure was the change in blood
flow from baseline to 1-month follow-up, measured using an
LDI2-IR scanner (Moor Instruments). By scanning tissues with a
low-energy laser beam, laser Doppler imaging quantifies the
Doppler effect between red blood cells and the scanner to deter-
mine blood flow speed, allowing noninvasive, objective measure-
ment of superficial cutaneous blood flow (24). Laser Doppler
imaging has been proposed as an outcome measure for micro-
vascular research (25) and has been used extensively for
scleroderma-associated secondary RP (24,26–29). The study
room temperature was maintained at 778F (258C), and the study
staff waited 30 minutes after the patient arrived in the room to
allow temperature equilibration before performing scans. Laser
Doppler imaging readings were analyzed using LDI Review ver-
sion 6.0 software (Moor Instruments), plotting regions of interest
including the second, third, and fourth digits, limited by a line
from the fourth web space to the lateral aspect of the second digit
over the flare of the metacarpophalangeal joint. Mean flux units
within this region were calculated, and the results of 3 consecutive
scans were averaged for each visit. Within-patient intraclass corre-
lation of consecutive scans of each hand was 95.6%, calculated
using a 3-level linear mixed-effect model with participant and
treatment as random intercepts.

Secondary outcome measures were the change in blood
flow to 4 months postinjection, patient-reported outcomes
(QuickDASH, McCabe Cold Sensitivity Score, and pain on a
VAS) at 1 month and 4 months postinjection, and weekly RCS
completed until 17 weeks postinjection. Tertiary outcome mea-
sures were the number of active digital ulcers per physical exami-
nation (defined clinically by the investigators) and findings on
standardized photography of the digits.

Data on weekly ambient temperature at study partici-
pants’ zip codes were collected from a publicly available web site
(www.weather.com). Clinical characteristics relating to disease
severity were tabulated from a prospective database maintained at
the Johns Hopkins Scleroderma Center, including history of renal
crisis or pulmonary hypertension, scleroderma subtype, diagnosis
year, RP onset year, and Medsger RP severity score. The Medsger
severity scale is a set of validated severity grading scales for each
organ system involved in scleroderma. The scale for peripheral
vascular involvement classifies patients as follows: grade 0 5 no
RP, grade 1 5 RP, grade 2 5 digital pitting scars, grade 3 5 digital
tip ulcerations, grade 4 5 digital gangrene (30).

Sample size. Using data from the literature (31), a sam-
ple of 40 study participants (or 80 paired blood flow measure-
ments) was estimated to provide at least 80% power to detect a
paired difference of 1.3 kHz, equivalent to 87% difference from
baseline in blood flow measurements, with a Type I error of 5%
and conservatively assuming a within-person correlation of blood
flow measurements between 0.3 and 0.5 and standard deviation
of ,2.9 kHz for the paired difference.

Statistical analysis. Continuous variables were sum-
marized using means and SDs or medians and interquartile
ranges (IQRs), as appropriate, and categorical variables were
summarized using proportions. Using a paired t-test, an interim
analysis was performed for the primary outcome measure once
the first 20 patients had completed 1-month postinjection study
visits. A stopping rule established that if either group was found
to have significant improvement over the other, study enrollment
and interventions would stop.

The final analysis assessed changes in blood flow and
secondary outcome measures by fitting generalized linear
population-average models with robust variance using general-
ized estimating equations and exchangeable working correlation
structure. Models included treatment group (Btx-A versus pla-
cebo), time point (1 month versus baseline and 4 months versus
baseline), and their interaction. Interaction terms tested whether
blood flow (or secondary outcome) trajectories differed by treat-
ment group. Unlike other secondary variables, RCS data included
weekly measurements for the study duration (17 weeks). A sepa-
rate model estimated changes in RCS over time, and, to adjust
for ambient temperature, temperature data were included as a
fixed effect in the model. Significance was set at an alpha level of
#0.001 for the interim analysis, an alpha level of #0.049 for final
analysis of the primary outcome measure (to account for the
interim analysis) (32), and an alpha level of #0.050 for all other
analyses.

Before conducting data analysis or unblinding, 4 vari-
ables were defined for subgroup analysis: 1) cutaneous subtype
(diffuse skin disease versus limited scleroderma), according to
the classification system of LeRoy et al (33); 2) RP severity, quan-
tified as the maximum peripheral vascular disease/RP score
(from the Medsger severity scale) ever recorded from first sclero-
derma center visit to study enrollment; 3) years since RP onset;
and 4) use of calcium-channel blockers at baseline. This analysis
was intended for hypothesis generation rather than hypothesis
testing, and to potentially guide future studies.

Ethical considerations. The study conformed to the
Declaration of Helsinki ethical principles for medical research.
Institutional Review Board (IRB) approval was obtained from the
Johns Hopkins Medicine IRB (protocol no. NA_00087346). Three
independent faculty members at our institution served as an
Adverse Events Committee to monitor and oversee serious and/or
unexpected adverse events. No major changes to the protocol were
made during the study with regard to eligibility criteria, interven-
tions, examinations, data collection, analytic methods, or outcome
measures.

RESULTS

Patient characteristics. Forty patients were
enrolled, all of whom completed 1-week postinjection
phone calls and 1- and 4-month postinjection study follow-
up visits. One patient chose the optional 1-week postinjec-
tion study visit; all others chose the safety phone call.

Of the study participants, 25 had limited sclero-
derma and 15 had diffuse scleroderma. Thirty-one patients
(77.5%) were women and 9 (22.5%) were men. Their
mean 6 SD age was 51.9 6 12.3 years (range 21–75), the
median time since scleroderma diagnosis was 14 years
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(IQR 6–19.5), and the median time since RP onset was
15.6 years (IQR 10.7–23.2). The maximum Medsger score
of severity of vascular disease ever recorded was 1 for 11
patients (28.21%), 2 for 15 patients (38.46%), and 3 for 13
patients (33.33%). One patient did not have the severity
score recorded.

The most common comorbidities were hyperten-
sion (43%) and dyslipidemia (43%), followed by chronic
obstructive pulmonary disease (15%), atrial fibrillation
(10%), arthritis (8%), diabetes mellitus (3%), and coro-
nary artery disease (3%). At baseline, 2 patients (5%) had
a history of scleroderma renal crisis and 1 patient (3%) had
pulmonary hypertension. Two patients (5%) were current
smokers; 10 patients (25%) were former smokers. These
12 patients had a median of 20 pack-years (IQR 15.63–
28.75).

At baseline, most participants (72.5%) were being
treated with calcium-channel blockers for RP. Other drug
therapy with vasoactive potential, not necessarily being
used for the treatment of RP, included phosphodiesterase
5 inhibitors (17.5%), fluoxetine (12.5%), and losartan
(12.5%). One patient was treated with oral bosentan for
pulmonary hypertension throughout the study duration.

Outcome measure data at baseline. Baseline
measurements of blood flow, QuickDASH score, McCabe
Cold Sensitivity Score, VAS pain score, oxygen saturation,
and number of active ulcers are shown in Table 1. There
were no significant differences between hands allocated to
the Btx-A group and hands allocated to the placebo group.

Interim analysis. Our interim analysis compar-
ing blood flow change from baseline to 1 month postinjec-
tion between groups did not show a significant difference
(P 5 0.741). Therefore, study recruitment continued until
the target sample size was achieved and follow-up was
completed.

Laser Doppler imaging blood flow (Table 1).
The mean 6 SD baseline blood flow in hands allocated to
the Btx-A group was 398.24 6 190.27 flux units, which was
not significantly different from that in the placebo group

(395.65 6 189.17 flux units) (P 5 0.842). The primary out-
come measure, the change in blood flow from baseline to
1-month follow-up, showed a decrease of 36.19 flux units
in hands allocated to the Btx-A group (95% confidence

Table 1. Changes in primary and secondary outcome measures from baseline to 1 month and 4 months postinjection in hands injected with
Btx-A and hands injected with placebo*

Baseline 1 month 4 months

Outcome measure Btx-A Placebo Btx-A Placebo Btx-A Placebo

LDI blood flow, flux units 398.24 395.65 362.06 389.55 359.75 361.33
QuickDASH score, 0–100 27.34 30.76 26.96 29.11 24.15 26.10
McCabe Cold Sensitivity Score, 0–400 221.79 221.15 185.31 187.19 182.19 182.5
VAS pain score, 0–10 cm 3.43 3.67 2.68 3.05 1.99 1.84
Oxygen saturation, % 90.95 92.2 94.1 95.21 92.49 95.31
Number of ulcers 0.53 0.55 0.45 0.53 0.28 0.36

* The only significant difference between the treatment groups was the change in laser Doppler imaging (LDI) blood flow from baseline to 1 month (P for
interaction 5 0.024, obtained from generalized estimating equations). Values are the mean. Btx-A 5 botulinum toxin type A; VAS = visual analog scale.

Figure 2. A, Change in blood perfusion (measured with a laser Doppler
imaging [LDI] scanner) by treatment group over time. B, Change in blood
perfusion (measured with an LDI scanner) over time by type of sclero-
derma. Values are the mean 6 SD. Btx-A 5 botulinum toxin type A.
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interval [95% CI] 278.49, 6.12). In contrast, blood flow
decreased by 6.10 flux units in hands allocated to the
placebo group (95% CI 246.28, 34.07) (Figure 2A). The
statistical model showed this between-arm difference to be
significant (average difference 230.08 flux units [95% CI
256.19, 23.98], P for interaction 5 0.024). The mean 6 SD
absolute blood flow at 1-month follow-up was 362.06 6

190.94 flux units in hands allocated to the Btx-A group,
which was significantly lower than that in hands allocated to
placebo treatment (389.55 6 182.81 flux units) (P 5 0.018).

The change in blood flow from baseline to 4-month
follow-up was not significantly different between treatment
groups (P 5 0.796). Mean 6 SD absolute blood flow at 4-
month follow-up was 359.75 6 160.36 flux units for Btx-A
and 361.33 6 167.63 flux units for placebo; the difference
was not significant (P 5 0.898).

Secondary outcome measures (Table 1). Changes
in QuickDASH scores were not significantly different
between treatment groups at 1-month follow-up (P 5

0.504) or 4-month follow-up (P 5 0.388). Absolute scores
were slightly lower in the Btx-A group than in the placebo
group at baseline (3.42 points lower), 1-month follow-up
(2.15 points lower), and 4-month follow-up (1.95 points
lower); however, these between-arm differences were not
statistically significant.

McCabe Cold Sensitivity Scores in the Btx-A group
were slightly better than those in the placebo group (1.88
points lower at 1-month follow-up and 0.31 points lower at
4-month follow-up). However, these between-arm differ-
ences were not significant (P 5 0.834 and P 5 0.963, respec-
tively). Rates of change from baseline in McCabe Cold
Sensitivity Scores were not significant 1 month postinjec-
tion (P 5 0.938) or 4 months postinjection (P 5 0.906).

The change in VAS pain scores from baseline was
not significantly different between study groups (P 5 0.683

at 1-month follow-up, P 5 0.327 at 4-month follow-up).
VAS pain scores were slightly lower in the Btx-A group
than in the placebo group at 1-month follow-up (0.37 cm
lower) but not at 4-month follow-up (0.15 cm higher).
These between-arm differences were not statistically signif-
icant (P 5 0.121 and P 5 0.585, respectively).

Oxygen saturation as measured by pulse oximetry
was slightly higher in the placebo group than in the Btx-A
group at 1-month follow-up (mean 95.21% versus 94.10%).
However, the between-group difference was not statistically
significant (P 5 0.318) and remained nonsignificant at 4-
month follow-up (95.31% versus 92.49%; P 5 0.074).

Patient-reported RCS (scored 1–10, with 10 being
severe) decreased by 0.18 points weekly in the Btx-A group
(95% CI 0.13, 0.22) (P , 0.001) and by 0.14 points weekly
in the placebo group (95% CI 0.11, 0.18) (P , 0.001). The
interaction term comparing these slopes between groups
showed weak evidence of statistical significance (P 5

0.063). After adjustment for weekly ambient temperature
at the patient’s zip code, there was evidence for a statisti-
cally significant difference between these 2 rates of decline
(P 5 0.045), which suggested a faster decline in the Btx-A
group (Figure 3).

At baseline, 8 hands allocated to the Btx-A group
(20%) and 10 hands allocated to the placebo group (25%)
had active ulcers. The relative risk (RR) of developing new
ulcers was 16.67% higher in hands allocated to placebo
treatment than in hands allocated to Btx-A treatment at 1-
month follow-up (RR 1.17 [95% CI 0.65, 2.10]) and 27%
higher at 4-month follow-up (RR 1.27 [95% CI 0.68,
2.37]). These differences between groups were not signifi-
cant (P 5 0.608 and P 5 0.447, respectively). Changes over
time in the number of new ulcers were also not statistically
significant at 1-month follow-up (P 5 0.697) or at 4-month
follow-up (P 5 0.572).

Figure 3. A, Observed Raynaud’s Condition Score throughout the study period. Values are the mean 6 SD. B, Fitted Raynaud’s Condition Score
measurements throughout the study period (unadjusted), presented as mean rates of decline by study group. Btx-A 5 botulinum toxin type A.
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All patients were asked at each visit which hand
they thought received Btx-A. At 1 week postinjection, 11
patients (27.5%) guessed correctly; 8 of these patients and
3 additional patients (27.5%) also guessed correctly at 1-
month follow-up. At 4-month follow-up, 19 patients
(47.5%) guessed correctly, of whom 11 had guessed cor-
rectly at previous visits. None of these correct guesses hap-
pened more often than would have been expected by
chance (P . 0.999, P 5 0.706, and P 5 0.275, respectively).

Subgroup analysis. A subgroup analysis accord-
ing to cutaneous subtype, RP disease duration, RP sever-
ity, and baseline treatment with calcium-channel blockers
was performed for hypothesis generation and to poten-
tially guide future research. This analysis showed that the
negative trend observed in the full analysis was mainly
driven by patients with longer time since RP onset (.15.56
years) and those with diffuse scleroderma (Figure 2B).
Table 2 summarizes these results (expanded in Supple-
mentary Table 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40123/abstract).

Adverse reactions. Two participants (5%) experi-
enced weakness of the intrinsic muscles of the hand after
receiving study injections. Both cases appeared only in
Btx-A–treated hands. The 2 patients reported weakness 7
days postinjection and fully recovered by 3 weeks in one
case and 9 weeks in the other case. Both patients were able
to guess correctly which hand had received Btx-A.

DISCUSSION

Btx-A, as administered in our study, did not signifi-
cantly improve blood flow to the hands of patients with
scleroderma-associated RP. In fact, the change in blood

flow from baseline to 1-month follow-up declined more with
Btx-A than with placebo (P for interaction 5 0.024). On
average, blood perfusion decreased 30.08 flux units (7.7%
from baseline) among hands allocated to the Btx-A group.
Absolute blood flow at 1-month follow-up was also lower
among hands allocated to the Btx-A group than among
hands allocated to the placebo group (P 5 0.018).

Interestingly, patients reported slightly better out-
comes for hand function (QuickDASH scores), cold sensi-
tivity (McCabe Cold Sensitivity Scores), and pain (VAS
pain scores) in the hands that were treated with Btx-A.
However, these differences were not statistically signifi-
cant. Patients also reported a greater reduction in RP
severity as measured with the RCS (a validated patient-
reported scale of the impact of RP) in the hands that were
treated with Btx-A. Although smaller than the reported
minimum clinically important difference for changes in
RCS (22), this difference was statistically significant after
adjustment for local ambient temperature (P 5 0.045).

We enrolled patients during winter and spring of a
particularly cold year. This made interpreting our findings
more complex, as most patients reported subjective relief
in both hands over time. Fortunately, randomized within-
patient placebo controls allowed meaningful comparisons
between Btx-A treatment and placebo.

Interestingly, a planned subgroup analysis showed
that the overall negative results observed in the full analysis
were mainly influenced by patients with longer time since
RP onset (.15.56 years) and those with diffuse sclero-
derma. This suggests that differences in response to Btx-A
may exist in subgroups of patients with scleroderma. We
observed significantly worse blood flow among patients
receiving calcium-channel blockers at baseline. However,
this finding is likely not clinically important because our

Table 2. Subgroup analysis results for laser Doppler imaging blood flow at 1-month follow-up*

Absolute laser Doppler imaging
blood flow at 1-month follow-up

Change in laser Doppler imaging
blood flow at 1-month follow-up

Group (n)
Between-arm difference

(95% CI) P†
Between-arm difference

(95% CI)
P for

interaction‡

All scleroderma patients (40) 227.49 (250.20, 24.79) 0.018 230.08 (256.19, 23.98) 0.024
Patients with limited disease (25) 216.78 (248.07, 14.51) 0.293 220.31 (250.78, 10.16) 0.191
Patients with diffuse disease (15) 245.34 (275.24, 215.44) 0.003 246.37 (294.25, 1.52) 0.058
Short duration of RP (20) 23.52 (228.15, 21.17) 0.780 237.16 (274.74, 0.42) 0.053
Long duration of RP (20) 251.46 (287.21, 215.71) 0.005 223.01 (259.96, 13.95) 0.222
Receiving CCBs at baseline (29) 222.73 (251.82, 6.36) 0.126 237.52 (271.61, 23.42) 0.031
Not receiving CCBs at baseline (11) 240.03 (271.40, 28.66) 0.012 210.47 (240.15, 19.20) 0.489
Medsger RP severity score 1 (11) 228.44 (264.73, 27.84) 0.124 242.63 (295.53, 10.26) 0.114
Medsger RP severity score 2 (15) 233.81 (267.90, 0.29) 0.052 230.41 (267.43, 6.62) 0.107
Medsger RP severity score 3 (13) 215.29 (265.60, 235.02) 0.551 210.77 (261.21, 39.7) 0.676

* 95% CI 5 95% confidence interval; RP 5 Raynaud’s phenomenon; CCBs 5 calcium-channel blockers.
† Comparing absolute outcomes at 1-month follow-up visit between treatment groups (botulinum toxin type A 2 placebo).
‡ Comparing changes in outcomes from baseline to 1-month follow-up visit between treatment groups (botulinum toxin type A 2 placebo).
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data also showed better McCabe Cold Sensitivity Scores
(meaning less cold sensitivity) in patients receiving calcium-
channel blockers (data not shown). Accounting for differ-
ences in responses in this subgroup may be important for
future studies.

To our knowledge, this is the first randomized,
placebo-controlled, double-blind clinical trial evaluating
Btx-A injections in patients with RP secondary to sclero-
derma. In contrast to other studies, our study demon-
strated a significant decrease in blood flow with Btx-A.

A first case series reported by Sycha et al in 2004
showed positive results with Btx-A in 2 patients, 1 with pri-
mary RP and 1 with RP secondary to mixed connective
tissue disease (13). Their promising results included sub-
jective (VAS pain score) and objective (laser Doppler
interferometry) RP outcomes. This was followed by a case
series reported by Van Beek et al in 2007 (15), in which 11
patients with RP associated with various connective tissue
disorders received up to 100 units of Btx-A per treated
hand. Almost all patients (82%), including those with lim-
ited or diffuse scleroderma, reported improvement in the
severity and frequency of their vasospastic episodes.
Unlike our study, Van Beek et al included patients with
acute digital ischemia and did not objectively measure
perfusion.

A larger, uncontrolled, retrospective case series
showed similar results injecting 50–100 units of Btx-A into
each hand, using laser Doppler imaging as an outcome
measure (11). A heterogeneous population of patients
with primary and secondary RP was included, some of
whom had critical ischemia. Blood flow increased by up to
425% in hands treated with Btx-A. Eighty-four percent of
patients reported improvement in pain. Three patients
with scleroderma participated in this study; 2 with diffuse
disease had improved blood flow but no symptom relief,
and 1 with limited disease had improved blood flow and 13
months of pain relief.

Observational studies reviewed by Iorio et al
showed positive results (9). Two additional prospective
studies, which did not incorporate ideal controls, focused
specifically on scleroderma patients and also showed
benefits from Btx-A treatment (12,14). To our knowledge,
robust studies using randomization, blinding, or placebo
controls have not been reported.

It is important to recognize that the effect of an
intervention measured in a controlled laboratory setting
may have very different biologic implications compared to
patient-reported clinical outcomes. Interestingly, our sub-
jective, patient-reported measures suggested slight symp-
tom relief in Btx-A–treated hands, as measured using
patient-reported weekly RCS. Although the size of this
effect was small, this finding may be important given that

this subjective outcome was reported while patients were
effectively blinded to treatment allocation. We also found
small differences that favored Btx-A in other secondary
outcomes (hand function, cold sensitivity, pain, and num-
ber of ulcers) but that were not statistically significant.

This apparent disconnect between patient-reported
outcomes and objective vascular laboratory measures,
such as laser Doppler imaging–determined blood flow, has
been reported by others. Pauling et al did not find signifi-
cant correlations between subjective results from an RCS
diary and objective results from either laser speckle con-
trast imaging or infrared thermography (34). Neumeister
et al found that scleroderma patients showed improve-
ment in laser Doppler imaging blood flow despite not
reporting subjective pain relief after Btx-A injections (11).

Our study has several limitations. We chose instru-
ments that were validated for hand and upper extremity
conditions, but not specifically for scleroderma in the case
of the McCabe and QuickDASH scales. We studied a het-
erogeneous group of scleroderma patients and showed
that results were generally more favorable for patients with
limited scleroderma and those with earlier RP, who may
have more modifiable disease. Stratification into more
homogeneous patient populations may benefit future stud-
ies. The role for Btx-A alone or in combination with
another vasoactive drug was not studied. It also remains to
be established whether Btx-A would be helpful in treating
critical digital ischemia.

It is possible that the negative results are due in
part to our screening methods. We may have included
patients with larger vessel disease such as radial or ulnar
artery occlusion, as we did not perform a prestudy Allen’s
test and did not perform digital arteriography or magnetic
resonance arteriography before the study injections. This
type of screening was implemented in some of the observa-
tional studies (9,12,15). However, in the study by Uppal et
al, screening of patients by arteriography was not reported,
and positive results were nevertheless obtained (14).

This study did not include an option for dose esca-
lation in that we intended to evaluate a standardized injec-
tion protocol and dosing that would enhance patient safety
and minimize risk of loss of hand function. We observed a
lower incidence of intrinsic muscle weakness in our study
(5%) compared to previous studies (9–27%) (9). Previous
studies used Btx-A doses from 10 to 100 units per treated
hand. A dose as low as 10 units of Btx-A has been reported
to show favorable results (9). We used a more distal site of
injection than reported in some studies (Figure 1). We
also did this to prevent hand weakness. The lower inci-
dence of intrinsic muscle weakness observed in this study
also limited unblinding from drug effects to a small pro-
portion of our study population.
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The study may have been underpowered to detect
clinically meaningful changes in perfusion. Available data
on perfusion from the literature are not reported in flux
units, which meant that our power calculation was based
on different units of perfusion (kHz) that are not convert-
ible into flux units. We believe, however, that measure-
ments in flux units capture more blood flow information
than simple frequency.

Our study design was novel, and this was a major
strength, as we had patients serve as their own controls.
This provided methodologic advantages but also limited
our ability to discern whether a high within-patient correla-
tion might have biased our results toward the null, or to
discern whether there could be any contralateral improve-
ment after unilateral Btx-A treatment, which has been
observed with digital sympathectomy (35).

We considered multiple study designs, including
using in-house cold challenge tests. We decided not to use
a cold challenge test for several reasons. First, because the
exact mechanism of Btx-A in the relief of vasospasm is not
precisely understood and because prior studies have mea-
sured response of vasospasm to Btx-A primarily in a labo-
ratory environment which may not correlate with response
to treatment in the real world (9–15,36), we considered it
important to measure longer-term changes in blood flow
with patients otherwise going about their normal life in
their normal environment. Second, cold challenges would
have made our study logistics difficult due to patients serv-
ing as their own controls. Finally, the resulting measure-
ments would have lacked comparability with previous Btx-
A studies using laser Doppler imaging (10,11,13).

Additionally, this study was conducted at a large ter-
tiary center, which may have decreased the generalizability
of our findings. Finally, we made our study follow-ups at 1
month and 4 months posttreatment. It is possible that bene-
fit occurred earlier and then disappeared. However, previ-
ous reports suggested long-term benefit and we believed
that prolonged benefit would be clinically important. It is
possible that acute effects may help acute digital ischemia.

Findings for the primary outcome measure, change
in blood flow from baseline to 1-month follow-up, do not
support the use of Btx-A in the treatment of RP in all
scleroderma patients without acute digital ischemia. How-
ever, secondary clinical outcomes suggested some benefit.
Patient-reported severity of RP showed a small but statisti-
cally significant improvement in hands treated with Btx-A.
Further research is needed to fully understand the role of
Btx-A in the treatment of RP.
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Short-Term Pulmonary Function Trends Are Predictive of
Mortality in Interstitial Lung Disease Associated With
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Objective. To determine the prognostic value of
pulmonary function test (PFT) trends at 1 and 2 years in
interstitial lung disease (ILD) associated with systemic
sclerosis (SSc).

Methods. The prognostic significance of PFT
trends at 1 year (n 5 162) and 2 years (n 5 140) was exam-
ined against 15-year survival in patients with SSc-
associated ILD. PFT trends, expressed as continuous
change and as categorical change in separate analyses,
were examined against mortality in univariate and multi-
variate models. SSc-associated ILD was defined at presen-
tation as either limited lung fibrosis or extensive lung
fibrosis, using the United Kingdom Raynaud’s and Sclero-
derma Association severity staging system.

Results. One-year PFT trends were predictive of
mortality only in patients with extensive lung fibrosis: cate-
gorical change in the forced vital capacity (FVC), alone or
in combination with categorical change in the diffusing
capacity for carbon monoxide (DLCO), had greater prog-
nostic significance than continuous change in the FVC or

trends in other PFT variables. Taking into account both
prognostic value and sensitivity to change, the optimal defi-
nition of progression for trial purposes was an FVC and
DLCO composite end point, consisting of either an FVC
decline from baseline of ‡10% or an FVC decline of 5–9%
in association with a DLCO decline of ‡15%. At 2 years, gas
transfer trends had the greatest prognostic significance, in
the whole cohort and in those with limited lung fibrosis.
However, in patients with extensive lung fibrosis, the
above-defined FVC and DLCO composite end point was
the strongest prognostic determinant. Larger changes in
the FVC:DLCO ratio than in the carbon monoxide transfer
coefficient were required to achieve prognostic significance.

Conclusion. Based on linkages to long-term out-
comes, these findings provide support for use of routine
spirometry and gas transfer monitoring in patients with
SSc-associated ILD, with further evaluation of a compos-
ite FVC and DLCO end point warranted for trial purposes.

At presentation, prognostic evaluation is similar in
systemic sclerosis (SSc)–associated interstitial lung disease
(ILD) and idiopathic pulmonary fibrosis (IPF). In both
diseases, mortality is linked to disease severity at baseline,
variably quantified using pulmonary function tests (PFTs)
and high-resolution computed tomography (HRCT)
(1–5). However, prognostic evaluation in IPF is more
nuanced than in SSc-associated ILD in one important
regard. It has been demonstrated in a large number of IPF
studies that serial decline in the forced vital capacity
(FVC) over 6–12 months is a powerful predictor of mortal-
ity (6–15). Based on these findings, the FVC is now univer-
sally regarded as central to routine monitoring in IPF (16).
Furthermore, links between short-term FVC change and
mortality provide support for the choice of FVC as the pri-
mary end point in current trials assessing patients with IPF
(17,18).

1Nicole S. Goh, MD, PhD: Austin Hospital, Melbourne,
Victoria, Australia, and Royal Brompton and Harefield NHS Founda-
tion Trust, London, UK; 2Rachel K. Hoyles, MD, PhD: Oxford Uni-
versity Hospitals, NHS Foundation Trust, Oxford, UK, and Royal
Free Hospital, London, UK; 3Christopher P. Denton, MD, PhD:
Royal Free Hospital, London, UK; 4David M. Hansell, MD, Elisabetta
A. Renzoni, MD, PhD, Andrew G. Nicholson, DM, Athol U. Wells,
MD: Royal Brompton and Harefield NHS Foundation Trust and
Imperial College, London, UK; 5Toby M. Maher, MD, PhD: Imperial
College and Royal Brompton Hospital, London, UK.

Dr. Maher has received consulting fees from Boehringer
Ingelheim and GlaxoSmithKline (less than $10,000 each). Dr. Nicholson
has received consulting fees, speaking fees, and/or honoraria from
MedQIA and Roche (less than $10,000 each) and Boehringer Ingelheim
and Sanofi (more than $10,000 each).

Address correspondence to Athol U. Wells, MD, Royal
Brompton Hospital, Sydney Street, SW3 6NP London, UK. E-mail:
UKRBHILD@rbht.nhs.uk.

Submitted for publication August 15, 2016; accepted in
revised form April 13, 2017.

1670



In SSc-associated ILD, the data currently existing
are limited with regard to the relationship between short-
term pulmonary function trends and intermediate-term to
long-term survival (19). Although conventional pulmonary
function thresholds have been explored for application in
clinical practice (19), little is known about the optimal mea-
sure for use in clinical trials. Monitoring strategies in clini-
cal practice and the choice of FVC as a primary end point
in treatment trials in patients with SSc-associated ILD
have largely been based on the findings from IPF studies.
However, important caveats in extrapolating from the IPF
data include the fact that SSc-associated ILD is less pro-
gressive than IPF (thus potentially influencing the optimal
expression of FVC trends in prognostic evaluation), and
many patients with SSc-associated ILD have a dispropor-
tionate frequency of pulmonary vasculopathy (20).

In the present study, we evaluated the relationship
of PFT trends at 1 year and at 2 years against 15-year sur-
vival in a large cohort of patients with SSc-associated ILD
for whom definitive follow-up information was available.
Our findings have implications both for routine clinical
monitoring and for future study design in the management
of SSc-associated ILD.

PATIENTS AND METHODS

Patients. Data for 215 patients with SSc-associated ILD
from a previously published cohort (in which baseline variables
were examined against outcome) (3) were reviewed. Exclusion
criteria were 1) death within 9 months of follow-up (n 5 15), and
2) no serial lung function measurements within the first 12
months (because of a shared model of care [n 5 38]). The
remaining 162 patients made up the study population. In order to
exclude the possibility of major selection bias, the study cohort of
162 patients was compared to the 38 excluded patients with .9
months of follow-up data.

Clinical data. Data for the duration of systemic disease,
the presence of antitopoisomerase antibodies, and the classifica-
tion of disease as either limited cutaneous SSc or diffuse cutane-
ous SSc were obtained. Smoking status was defined as never,
former (.1 cigarette/day for .1 year), or current smoking. Treat-
ment was defined as a current therapeutic regimen of corti-
costeroids (prednisolone at a dosage of $1 mg/day) and/or
immunosuppressant agents (cyclophosphamide, azathioprine,
mycophenolate, or cyclosporine). Treatment status was sub-
categorized as either active treatment (treatment instituted within
3 months of presentation or continuation of preexisting treat-
ment) or observation (no therapy at 3 months of follow-up).
Transthoracic echocardiography and HRCT of the chest were
performed as previously reported (21). The presence of pulmo-
nary hypertension (PH) on echocardiography was defined as a
pulmonary arterial systolic pressure of $40 mm Hg (22). The
United Kingdom Raynaud’s and Scleroderma Association sever-
ity staging system, which integrates the variables of disease extent
identified on HRCT and FVC levels, was used to subclassify the
level of disease severity at presentation as either limited lung
fibrosis or extensive lung fibrosis (3).

Pulmonary function data. Standard PFTs (with results
expressed as absolute values and as the percent predicted) were
performed (23), including determination of the 1) FVC levels, 2)
gas transfer (diffusing capacity for carbon monoxide [DLCO]) lev-
els, 3) gas transfer coefficient (carbon monoxide transfer coeffi-
cient [KCO]) levels, and 4) FVC:DLCO ratio. PFT measurements
were obtained at baseline (i.e., at presentation to our unit), at 12
months (range 9–18 months) from baseline, and at 24 months
(range 18–30 months) from baseline. PFT trends were analyzed
as continuous change and as categorical change in separate mod-
els. PFT change was computed as the percent change relative to
the absolute values at baseline, i.e., a 10% relative decline in the
FVC equates to an absolute change in the FVC level from a base-
line value of 2.0 liters to a follow-up value of 1.8 liters.

Categorical PFT trends at 12 months were defined as 1)
decline in the FVC of $10%, 2) decline in the FVC of $15%,
3) decline in the DLCO of $15%, 4) decline in the FVC of $10%
or decline in the DLCO of $15%, 5) decline in the FVC of $10%
and decline in the DLCO of $15%, 6) decline in the KCO of
$10%, 7) rise in the FVC:DLCO ratio of $10%, 8) rise in the
FVC:DLCO ratio of $15%, and 9) rise in the FVC:DLCO ratio of
$20%. Trends examined at 24 months consisted of 1) decline in
the FVC of $10%, 2) decline in the DLCO of $15%, 3) decline in
the KCO of $10%, 4) rise in the FVC:DLCO ratio of $10%, 5) rise
in the FVC:DLCO ratio of $15%, and 6) rise in the FVC:DLCO

ratio of $20%. In addition, composite categorical decline (CCD),
a measure that has been utilized previously in an IPF trial (24),
was defined as either a decline in the FVC of $10% or a decline
in the FVC of 5–9% in combination with a decline in the DLCO of
$15%.

Statistical analysis. Analyses were performed using
Stata software (Computing Resource Centre). Data are
expressed as the mean 6 SD or median (range), depending on
distribution. Groups were compared using Student’s t-test,
Wilcoxon’s rank sum test, chi-square test, and Fisher’s exact test,
as appropriate. P values less than 0.05 were considered signifi-
cant. The 15-year survival rate was examined using univariate
proportional hazards analysis against baseline variables, against
change in individual PFT results at 12 months, and against
change in individual PFT results at 24 months. Information on
survival at 15 years (vital status, date of death), obtained from
patient records and from general practitioners, was available for
all but 1 patient (censored at 108 months).

Stepwise multivariate models were constructed in order
to identify the determinants of mortality after 12 months of
follow-up and, separately, after 24 months of follow-up. In both
models, key covariates included stage of ILD at baseline (limited
versus extensive lung fibrosis), severity of pulmonary vascular lim-
itation at baseline (percent predicted KCO), progression of ILD
(categorical decline in the FVC), and progression of pulmonary
vascular limitation (categorical decline in the KCO). Other covari-
ates consisted of age, sex, treatment status (active treatment ver-
sus observation), smoking status, and the presence or absence of
PH, as judged by echocardiography.

RESULTS

Baseline PFT data and their prognostic signifi-
cance. Demographic data and baseline PFT findings are
summarized in Table 1. The cohort was characterized by a
predominance of female patients, and by the presence of

PULMONARY FUNCTION TRENDS IN SSc-ASSOCIATED ILD 1671



limited lung fibrosis in 70% of patients. There were 84
deaths (52% of patients) during a median follow-up of 155
months. There were no significant differences between the

study cohort (n 5 162) and excluded patients (n 5 38) with
regard to sex (P 5 0.33), smoking status (P 5 0.57), base-
line PFT results (FVC levels [P 5 0.77], DLCO levels

Table 1. Demographic and clinical characteristics of the whole cohort and by disease severity subgroup*

Disease severity subgroup

Whole cohort
(n 5 162)

Limited lung
fibrosis

(n 5 113)

Extensive lung
fibrosis
(n 5 49)

Age, years 48 6 13 49 6 13 45 6 12
Sex, no. male/no. female 29/133 15/98 14/35
Smoking status, no.

Never smoker 96 67 29
Ex-smoker 53 36 17
Current smoker 13 10 3

Survival, no.
Alive 78 58 14
Dead 84 55 35

Length of follow-up, median (range) months 154.6 (9.0–180.0) 163.6 (9.0–180.0) 108.0 (13.0–180.0)
Duration of systemic disease, median (range) months† 41 (0–345) 40 (0–345) 41 (0–223)
Active treatment at baseline, no. (%) 74 (46) 39 (35) 35 (71)
Presence of PH, no. (%) 18 (11) 5 (4) 13 (27)
Pulmonary function test at baseline, % predicted

FEV1 78.5 6 18.3 85.4 6 15.8 62.8 6 13.3
FVC 79.6 6 21.1 88.1 6 17.8 60.0 6 13.8
DLCO 56.2 6 16.6 62.4 6 14.5 42.0 6 11.7
KCO 78.0 6 16.2 79.7 6 15.7 74.0 6 16.6
FVC:DLCO 1.48 6 0.42 1.47 6 4.1 1.50 6 0.45

Limited cutaneous SSc/diffuse cutaneous SSc, no. 99/63 74/39 25/24
Antitopoisomerase antibody positive, no. (%) 70 (43) 46 (41) 24 (49)

* Except where indicated otherwise, values are the mean 6 SD. PH 5 pulmonary hypertension; FEV1 5 forced expira-
tory volume in 1 second; FVC 5 forced vital capacity; DLCO 5 diffusing capacity for carbon monoxide; KCO 5 carbon
monoxide transfer coefficient; SSc 5 systemic sclerosis.
† Reliable information on the duration of systemic disease was available from 149 of the 162 patients.

Table 2. Prevalence of categorical change in PFT variables at 12 months and relationship between 12-month change in PFT variables and mor-
tality in the whole cohort and by disease severity subgroup*

Prevalence of change
in PFT variable in

whole cohort/limited
lung fibrosis/extensive

lung fibrosis, %†

Prognostic significance

Whole cohort
(n 5 162)

Limited lung fibrosis
(n 5 113)

Extensive lung fibrosis
(n 5 49)

PFT trends at 12 months HR (95% CI) P HR (95% CI) P HR (95% CI) P

Continuous change in FVC – 1.00 (0.98–1.01) 0.56 1.00 (0.99–1.01) 0.56 0.98 (0.95–1.00) ,0.05
Categorical change in FVC

Decline of $10% 21/15/35 1.84 (1.14–2.97) 0.01 1.10 (0.52–2.33) 0.81 2.31 (1.16–4.60) 0.02
Decline of $15% 12/6/27 2.36 (1.35–4.14) ,0.005 1.05 (0.33–3.37) 0.94 2.32 (1.14–4.73) 0.02

Continuous change in DLCO – 1.00 (0.99–1.01) 0.68 1.00 (0.99–1.01) 0.57 0.98 (0.96–1.00) 0.12
Categorical change in DLCO, 22/14/42 1.84 (1.15–2.95) 0.01 1.23 (0.60–2.53) 0.57 1.89 (0.94–3.78) 0.07

decline of $15%
Categorical change in FVC and/or DLCO

Decline in FVC of $10% and
decline in DLCO of $15%

11/6/23 2.40 (1.35–4.26) ,0.005 0.91 (0.28–2.93) 0.88 3.14 (1.51–6.54) ,0.005

Decline in FVC of $10% or
decline in DLCO of $15%

32/23/52 1.69 (1.09–2.62) 0.02 1.27 (0.69–2.36) 0.44 1.68 (0.83–3.40) 0.15

CCD 26/19/41 1.96 (1.25–3.08) ,0.005 1.17 (0.60–2.27) 0.65 2.86 (1.44–5.71) ,0.005

* Pulmonary function test (PFT) trends are expressed as continuous change or as categorical change at the predefined thresholds. Prognostic sig-
nificance of the PFT variables in relation to risk of mortality is expressed as the hazard ratio (HR) with 95% confidence interval (95% CI).
CCD 5 composite categorical decline.
† Prevalence of change was calculated on the total group numbers, except that in patients with extensive lung fibrosis, the decline in diffusing
capacity for carbon monoxide (DLCO) of $15%, decline in forced vital capacity (FVC) of $10% and decline in DLCO of $15%, and decline in
FVC of $10% or decline in DLCO of $15% were ascertained in 48 patients.
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[P 5 0.32], and KCO levels [P 5 0.55]), or survival (P 5

0.65). Patients in the excluded cohort were older (mean
age 53 years versus 48 years; P 5 0.03).

The independent determinants of mortality at base-
line included the FVC levels (hazard ratio [HR] 0.98, 95%
confidence interval [95% CI] 0.97–1.00; P , 0.01), DLCO

levels (HR 0.96, 95% CI 0.94–0.97; P , 0.0005), KCO levels
(HR 0.97, 95% CI 0.96–0.99; P , 0.0005), FVC:DLCO

ratio (HR 2.73, 95% CI 1.79–4.18; P , 0.0005), disease
stage (HR 3.01, 95% CI 1.90–4.74; P , 0.0005), and age
(HR 1.04, 95% CI 1.02–1.05; P , 0.0005). However, sex,
smoking status, the presence of antitopoisomerase anti-
bodies, the duration of systemic disease, and the nature of
cutaneous involvement (diffuse versus limited fibrosis)
were not found to be of prognostic value.

Findings at 12 months. PFT trends at 12 months
and their prognostic significance. The prognostic signifi-
cance of 12-month trends in the FVC and DLCO are shown
in Table 2. Only continuous FVC change in patients with
extensive lung fibrosis was predictive of outcome. In con-
trast, in all analyses, categorical decline in the FVC and/or
DLCO was predictive of mortality both in the whole cohort
and in patients with extensive lung fibrosis, although these
measures were never predictive of mortality in patients
with limited lung fibrosis (see Figures 1A–C for the sur-
vival data at the FVC 10% threshold). Categorical decline
was most strongly predictive of mortality in the whole
cohort when quantified as either the CCD or the decline in
both FVC and DLCO (both found to be a less sensitive
measure of decline than the CCD), and this finding was
replicated in patients with extensive lung fibrosis (Figures
2A–C).

Decline in the KCO (analyzed as continuous
change and as a decline of $10% in separate models)
and increases in the FVC:DLCO ratio (analyzed as con-
tinuous change and as rises of $10%, $15%, or $20%
in separate models) were not predictive of mortality in the
whole cohort, nor were they predictive in the subgroups of
either limited lung fibrosis or extensive lung fibrosis (data
not shown). Moreover, when the analysis was confined to
patients in the active treatment subgroup (n 5 35), the prog-
nostic value of individual variables was unchanged in those
with extensive lung fibrosis (continuous change in the FVC,
P 5 0.03; $10% decline in the FVC, P , 0.01; $15%
decline in the FVC, P , 0.05; $10% decline in the FVC
and $15% decline in the DLCO, P 5 0.04; CCD, P , 0.001).

Multivariate analysis at 12 months. In stepwise
proportional hazards analysis of the whole cohort at 12
months, the independent determinants of mortality were
age (HR 1.03, 95% CI 1.01–1.05; P , 0.005), baseline
stage of disease (HR 2.30, 95% CI 1.43–3.70; P , 0.001),
baseline KCO (HR 0.98, 95% CI 0.96–0.99; P , 0.005),

Figure 1. Decline from baseline to 12 months in the forced vital
capacity (FVC) at the 10% threshold in relation to risk of mortality
(survival) in the whole cohort (n 5 162) (hazard ratio [HR] 1.84, 95%
confidence interval [95% CI] 1.14–2.97; P 5 0.01) (A) and by patient
subgroup, comprising those with extensive lung fibrosis (n 5 49) (HR
2.31, 95% CI 1.16–4.6; P 5 0.02) (B) and those with limited lung fibro-
sis (n 5 113) (HR 1.10, 95% CI 0.52–2.33; P 5 0.81) (C).
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CCD (HR 2.25, 95% CI 1.39–3.63; P , 0.001), and pres-
ence of PH (HR 2.05, 95% CI 1.07–3.91; P 5 0.03).
Covariates discarded from the model consisted of sex,
treatment status (active treatment versus observation),
smoking status, and decline in the KCO of $10%.
The duration of systemic disease was also discarded
from the model (reanalyzed in 149 patients with reliable
information).

Findings at 24 months. PFT trends at 24 months
and their prognostic significance. As shown in Table 3
and Figures 3A–C, prognostically significant PFT trends in
the whole cohort consisted of change in the DLCO (cate-
gorical decline), change in the KCO (continuous change
and categorical decline), and change in the FVC:DLCO

ratio (categorical increase in the ratio at the 15% and 20%
thresholds). Changes in the FVC (continuous change and
categorical decline [data not shown]) and the CCD had no
prognostic value. Prognostically significant trends in
patient severity subgroups were confined to categorical
changes in the KCO and the FVC:DLCO ratio in those with
limited lung fibrosis, and change in the CCD in those with
extensive lung fibrosis.

A categorical decline in the DLCO of $15% was
associated with greater concurrent decline in the FVC
than was observed in the remaining patients (mean 6 SD
change in the FVC 213.3 6 12.6% versus 11.4 6 20.4%;
P , 0.0005). In contrast, concurrent FVC trends were vir-
tually identical in patients with and those without a cate-
gorical decline in the KCO of $10%.

Analyses were repeated separately in the active
treatment subgroup (n 5 66) and observation subgroup
(n 5 74). A categorical decline in the DLCO of $15% was
the only variable to have prognostic significance both in
the active treatment subgroup (HR 2.06, 95% CI 1.03–
4.12; P 5 0.04) and the observation subgroup (HR 2.07,
95% CI 1.05–4.08; P 5 0.04). A categorical decline in the
KCO of $10% remained significant in the observation sub-
group (P , 0.005) but was only marginally significant in
the active treatment subgroup (P 5 0.11).

Multivariate analysis at 24 months. In stepwise
proportional hazards analysis of the whole cohort at 24
months, the independent determinants of mortality were
age (HR 1.05, 95% CI 1.03–1.07; P , 0.0005), baseline
stage of disease (HR 2.76, 95% CI 1.66–4.80; P , 0.0005),
baseline KCO (HR 0.97, 95% CI 0.95–0.98; P , 0.0005),
decline in the KCO of $10% (HR 2.46, 95% CI 1.42–4.21;
P 5 0.001), and decline in the CCD (HR 2.25, 95% CI
1.36–3.72; P , 0.005). Covariates discarded from the
model were sex, treatment status, smoking status, and
presence of PH. The duration of systemic disease was also
discarded from the model (reanalyzed in 142 patients with
reliable information).

Figure 2. Composite categorical decline (CCD) (defined as either a
decline in the forced vital capacity [FVC] of $10% or a decline in
the FVC of 5–9% in combination with a decline in the diffusing
capacity for carbon monoxide of $15%) at 12 months in relation to
risk of mortality (survival) in the whole cohort (n 5 162) (hazard
ratio [HR] 1.96, 95% confidence interval [95% CI] 1.25–3.08;
P , 0.005) (A) and by patient subgroup, comprising those with exten-
sive lung fibrosis (n 5 49) (HR 2.86, 95% CI 1.44–5.71; P , 0.005)
(B) and those with limited lung fibrosis (n 5 113) (HR 1.17, 95% CI
0.60–2.27; P 5 0.65) (C).
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DISCUSSION

In this cohort of patients with SSc-associated ILD
followed up for more than 15 years, PFT trends at 1 and 2
years were predictive of intermediate-term to long-term
mortality. At 1 year, changes in the FVC provided the
most accurate prognostic information, with the optimal
expression of FVC change consisting of either a $10%
decline in the FVC from baseline or a marginal (i.e., 5–
9%) decline in the FVC in association with a definite (i.e.,
$15%) decline in the DLCO. The prognostic value of PFT
trends in the whole cohort was entirely ascribable to dis-
ease progression in patients with extensive lung fibrosis. At
2 years, serial gas transfer trends predicted survival much
more accurately than did FVC trends. The fact that trends
in the DLCO and CCD at 2 years were independently pre-
dictive of mortality after adjustment for baseline severity
variables underlines the importance of integrating baseline
data and serial PFT trends in prognostic evaluation.

These findings support the view that the same
broad approach to routine clinical monitoring is appropri-
ate in patients with SSc-associated ILD as it is in those
with IPF. In the 2011 international guidelines for the diag-
nosis and management of IPF (16), the importance of
monitoring both the FVC and the DLCO was emphasized.
In the current cohort, categorical decline in both variables
at 1 year, both in isolation and in combination, were pre-
dictive of an increased long-term mortality rate.

The fact that gas transfer trends at 2 years had
much greater prognostic significance than FVC trends
may seem surprising, but this observation is consistent with
the prognostic value of 3-year gas transfer trends observed
in a previous, smaller cohort of patients with SSc-
associated ILD (25). One possible explanation is that pro-
gression of SSc-associated ILD at 2 years may carry a
greater threat to life expectancy when it has an impact on
the pulmonary vasculature. However, a decline in gas
transfer measurements did not always reflect progression
of ILD. Specifically, decline in the DLCO at 2 years was
associated with significantly greater decline in the FVC,
whereas decline in the KCO (also predictive of mortality)
was not linked to greater decline in the FVC. From these
data, it can be concluded that the linkage between DLCO

trends and mortality is likely a reflection of both progres-
sion of ILD and progression of pulmonary vasculopathy
not ascribable to ILD.

The immediate implication is that DLCO decline in
individual patients should be interpreted by also taking
into consideration the concurrent changes in FVC. Impor-
tantly, a multivariate analysis of baseline data and PFT
trends at 2 years against subsequent survival established
that baseline and serial variables relevant to both ILD (i.e.,
baseline disease stage and CCD) and pulmonary vascular
disease (i.e., baseline KCO and serial KCO) were all inde-
pendently predictive of mortality, underlining the

Table 3. Prevalence of categorical change in PFT variables at 24 months and relationship between 24-month change in PFT variables and mor-
tality in the whole cohort and by disease severity subgroup*

Prevalence of change
in PFT variable in

whole cohort/limited
lung fibrosis/extensive

lung fibrosis, %†

Prognostic significance

Whole cohort
(n 5 140)

Limited lung fibrosis
(n 5 100)

Extensive lung fibrosis
(n 5 40)

PFT trends at 24 months HR (95% CI) P HR (95% CI) P HR (95% CI) P

Continuous change in DLCO – 1.00 (0.99–1.01) 0.85 1.00 (0.99–1.01) 0.46 0.99 (0.96–1.01) 0.19
Categorical change in DLCO,

decline of $15%
28/20/49 2.03 (1.25–3.29) ,0.005 1.47 (0.75–2.91) 0.26 2.16 (0.99–4.73) 0.05

Continuous change in KCO – 0.98 (0.96–1.00) 0.04 0.98 (0.95–1.00) 0.09 0.99 (0.97–1.01) 0.31
Categorical change in KCO, 19/15/31 2.35 (1.40–3.95) ,0.001 2.57 (1.30–5.09) ,0.01 1.67 (0.74–3.75) 0.22

decline of $10%
Continuous change in

FVC:DLCO ratio
– 1.01 (0.99–1.03) 0.26 1.01 (0.99–1.03) 0.38 1.00 (0.98–1.02) 0.79

Categorical change in
FVC:DLCO ratio

Increase of $10% 36/29/46 1.19 (0.73–1.94) 0.50 1.34 (0.71–2.52) 0.37 0.79 (0.35–1.75) 0.56
Increase of $15% 22/17/33 2.06 (1.19–3.37) ,0.01 2.12 (1.07–4.22) 0.03 1.53 (0.68–3.46) 0.30
Increase of $20% 17/12/28 2.45 (1.41–4.23) ,0.001 2.70 (1.29–5.63) ,0.01 1.66 (0.72–3.86) 0.24

CCD 35/33/38 1.43 (0.89–2.30) 0.14 1.06 (0.57–1.97) 0.86 2.52 (1.16–5.49) 0.02

* Pulmonary function test (PFT) trends are expressed as continuous change or as categorical change at the predefined thresholds. Prognostic sig-
nificance of the PFT variables in relation to risk of mortality is expressed as the hazard ratio (HR) with 95% confidence interval (95% CI).
DLCO 5 diffusing capacity for carbon monoxide; KCO 5 carbon monoxide transfer coefficient; FVC 5 forced vital capacity; CCD 5 composite cat-
egorical decline.
† Prevalence of change was calculated on the total group numbers, except that in patients with extensive lung fibrosis, the total was 39 patients
for all calculations.
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importance of continuing to monitor both the FVC and
the DLCO in the longer term, regardless of whether the dis-
ease has stabilized in the shorter term.

The findings in the present study support a policy
of cohort enrichment (i.e., selective recruitment of patients
with SSc-associated ILD who have extensive disease). The
growing consensus that patients with SSc-associated ILD
who have mild lung involvement should not be recruited
in treatment trials is based on the low prevalence of dis-
ease progression observed in these patients in a trial of
oral cyclophosphamide for the treatment of scleroderma-
associated lung disease (26), as was also observed in the
present cohort, although in our earlier study, it was re-
ported only as an integrated statement of “progression-
free survival” and not analyzed for individual variables (3).

The current findings present additional support
for the idea of cohort enrichment for extensive lung
fibrosis in clinical trial recruitment. Serial FVC trends
(irrespective of the method of quantification) had no
long-term prognostic value in patients with limited lung
fibrosis, and therefore they lack credibility as clinically
relevant end points in this patient subgroup. While the
low prevalence of disease progression in limited lung
fibrosis was a contributing factor, the absence of mar-
ginally significant relationships between disease pro-
gression and mortality in patients with limited lung
fibrosis suggest that factors other than underpowering
are likely to be at play. One possible explanation is that
when lung fibrosis is limited, disease progression is
more likely to be self-limited, as opposed to that in
extensive disease, and therefore, short-term disease pro-
gression is less predictive of longer-term disease behavior
than that in extensive lung fibrosis (in which, by definition,
there is a “track record” of repeated disease progression).
It is also possible that in limited SSc–associated ILD, anti-
inflammatory therapies (whether given for pulmonary
indications or for systemic indications) are more effica-
cious in stabilizing disease and, thus, more likely to con-
found linkages between short-term disease progression
and long-term outcome.

Equally important with regard to study design was
the observation that FVC change had no prognostic signifi-
cance when quantified as a continuous variable. This obser-
vation contrasts with the findings in IPF studies (6) and calls
into question the idea that we may extrapolate the data from
current practice in IPF trials, in which the most frequent pri-
mary end point is continuous change in FVC. The less pro-
gressive nature of SSc-associated ILD, as compared to IPF,
may be the most important consideration. It is generally
accepted that in IPF, disease progression is the rule,
although the rate of progression is variable and decline is
interspersed with periods of stability. In contrast, long-term

Figure 3. Prognostic significance of pulmonary function test (PFT)
trends at different thresholds at 24 months in the whole cohort
(n 5 113). The following PFT trends were assessed: A, decline in the
diffusing capacity for carbon monoxide (DLCO) at the 15% threshold
(hazard ratio [HR] 2.03, 95% confidence interval [95% CI] 1.25–3.3;
P , 0.005), B, decline in the carbon monoxide transfer coefficient
(KCO) at the 10% threshold (HR 2.35, 95% CI 1.40–3.95; P , 0.001),
and C, rise in the forced vital capacity (FVC):DLCO ratio at the 20%
threshold (HR 2.45, 95% CI 1.41–4.23; P , 0.001).
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stabilization is seen in a significant proportion of patients
with SSc-associated ILD, even in extensive lung fibrosis, and
in other patients, progression is much more insidious than
has been typically observed in patients with IPF. As a conse-
quence, it appears likely that, when compared to patients
with IPF, a greater proportion of continuous FVC change at
1 year in patients with SSc-associated ILD is ascribable to
measurement variation, whereas major FVC change cap-
tured by threshold analyses is much less likely to be spurious.

The mode of expression of categorical change in
FVC is a contentious area of research. In clinical cohorts,
a relative change of 10% from baseline has been shown to
be predictive of mortality in the majority of IPF studies
(6,8,11–13,15). An absolute change in the FVC of 10% of
the predicted normal value also is a predictor of mortality
(7,9,14), but this larger amplitude of change is less preva-
lent than relative change in a given time period (27). In the
current study, mortality was less strongly linked to a $10%
decline in the FVC than it was to either a $15% decline in
the FVC or both a $10% change in the FVC and a $15%
change in the DLCO. However, the low prevalence of these
alternative expressions of categorical decline may preclude
their use as trial end points. Our findings suggest that
when the prevalence and the prognostic significance of
decline are both taken into account, the optimal definition
of categorical decline in FVC for trial purposes may con-
sist of either a $10% decline in the FVC or a 5–9% mar-
ginal decline in the FVC in association with a $15%
decline in the DLCO. The use of DLCO trend data to indi-
cate that marginal FVC change is likely to be clinically sig-
nificant in individual patients (i.e., may represent an
understatement of FVC change due to measurement vari-
ation in those cases) justifies amalgamation of trends in
this way (28) and was the basis for an integrated FVC and
DLCO end point in a recent trial assessing patients with
IPF (24). Our findings support a recent expert group rec-
ommendation for use of this end point in future trials of
patients with SSc-associated ILD (29).

Our findings suggest that with regard to monitor-
ing, serial change in the FVC:DLCO ratio is inferior to KCO

trends. In recent years, the FVC:DLCO ratio has been
advocated as a marker of pulmonary vasculopathy in SSc
(30–32). However, the growth in use of this index can only
be viewed as surprising. The KCO gas transfer coefficient
(also known as the DLCO/alveolar volume [VA]) has been
used for many decades to quantify uptake in carbon mon-
oxide per unit of VA. Reduced KCO levels have an inverse
correlation with the FVC:DLCO ratio, and both variables
quantify reductions in the DLCO that are disproportionate
to lung volumes. However, the KCO has the critically im-
portant advantage of the measurement variability of a sin-
gle variable (measured KCO is used in combination with

measured VA to compute the DLCO). In contrast, the
FVC:DLCO ratio has the measurement variability of 3 vari-
ables (the FVC, VA, and KCO). Substantially greater mea-
surement variability is likely to explain the fact that a very
large (20%) rise in the FVC:DLCO ratio is required to pro-
vide the same prognostic guidance as a 10% decline in the
KCO.

It should be stressed that in all prognostic evalu-
ations of SSc-associated ILD patient cohorts, there are
important but unavoidable confounding factors. There is
no current method of controlling definitively for treatment
status, as this often changes radically during both short-
term and long-term follow-up. We adopted a simplified
approach of adjustment for treatment, as in previous work
(3), in which we categorized patients as being in either the
active treatment subgroup or the observation subgroup,
based on treatment decisions at presentation and during
the first 3 months of follow-up. Taking this dichotomy into
account had no influence on our findings when included in
multivariate modeling, but this does not alter the fact that
linkages between pulmonary function change and mortal-
ity might have been much stronger had a robust method of
adjusting for treatment effects been possible. Similarly, a
reliable means of distinguishing between respiratory and
nonrespiratory mortality might conceivably have strength-
ened our findings, but in common with previous investi-
gators in this field, we viewed this distinction as highly
unsafe, especially given the fact that very few deaths
occurred at our institution.

The fact that PH did not emerge as a major prog-
nostic determinant in the current cohort is likely to reflect
the use of echocardiography to identify PH at baseline.
During the time period of our study, no routine protocol
to perform right heart catheterization was in place, in part
because targeted therapies for PH were not routinely pre-
scribed. The inaccuracy of echocardiography in identifying
PH may explain the prognostic value of the KCO in multi-
variate analysis, as a second marker of PH.

In summary, we have examined relationships
between short-term pulmonary function trends and long-
term outcome in ILD associated with SSc. Disease severity
at baseline and subsequent pulmonary function trends
were independent prognostic determinants. At 1 year, cat-
egorical FVC trends provide the most accurate prognostic
information, especially when integrated with DLCO trends.
At 2 years, changes in gas transfer are more informative,
with KCO trends more accurate prognostically than rises in
the FVC:DLCO ratio.
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Objective. To evaluate the efficacy and safety of
canakinumab treatment in active hyperimmunoglobulin-
emia D with periodic fever syndrome (HIDS).

Methods. This was a 3-part open-label study with
an initial 6-month treatment period in which patients with
HIDS (n 5 9) received canakinumab subcutaneously at a
dose of 300 mg (or 4 mg/kg for those weighing £40 kg)
every 6 weeks (period 1 [P1]), followed by a 6-month with-
drawal period (period 2 [P2]), and then a 24-month exten-
sion treatment period with canakinumab at the same dose
(period 3 [P3]). The primary end point was reduction in
the frequency of attacks during treatment periods as com-
pared to the historical period (HP; defined as the period
in which patients did not receive drugs other than nonste-
roidal antiinflammatory drugs and/or steroids).

Results. All 9 patients completed P1 and P2,
whereas only 8 patients completed P3. All patients
achieved a complete response during P1, and only 2
required dose adjustments. The number of attacks per
patient decreased from a median of 5 (range 3–12) during
the HP to a median of 0 (range 0–2) during P1. During P2,
7 of 9 patients experienced a disease flare within a median
of 110 days (range 62–196) after the last canakinumab
dose. Laboratory findings were normalized by day 15 of
treatment and remained at normal levels throughout the
study. Analysis of blood transcriptome profiles, assessed
during P1, showed up-regulated levels of interferon and
myeloid-related inflammatory responses in untreated
patients compared to healthy controls, and these rapidly
decreased following canakinumab injection, reaching lev-
els comparable to those of healthy controls. At least 1
adverse event (AE) was detected in all 9 patients. Most of
the AEs were mild in intensity, with infections being the
most frequent AE. Serious AEs were reported in 4
patients.

Conclusion. The results of this study demonstrate
the efficacy and safety of canakinumab treatment to con-
trol active HIDS and to suppress inflammation-related
transcriptional responses.

Hyperimmunoglobulinemia D with periodic fever
syndrome (HIDS) is a recessive autoinflammatory condition
caused by biallelic MVK mutations, leading to partial activity
of the mevalonate kinase enzyme, which catalyzes a key step
in the synthesis pathway of cholesterol and nonsterol
isoprenoids (see Supplementary Figure 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40146/abstract) (1,2). Inflammatory epi-
sodes of HIDS usually begin at infancy, last for 3–7 days, and
are characterized by fever (;100%), lymphadenopathies
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Spain; 2Jordi Anton, MD, PhD, Estibaliz Iglesias, MD, PhD: Hospital
Sant Joan de D�eu, Esplugues, Spain; 3Inmaculada Calvo, MD, PhD,
Berta L�opez-Montesinos, MD, PhD: Hospital Universitario La Fe,
Valencia, Spain; 4Angel Robles, MD, PhD: Hospital Universitario La Paz,
Madrid, Spain; 5Romain Banchereau, PhD, Seunghee Hong, PhD:
Baylor Institute for Immunological Research, Dallas, Texas; 6Yolandi
Joubert, MD, Guido Junge, MD: Novartis Pharma AG, Basel, Switzerland;
7Virginia Pascual, MD, PhD: Baylor Institute for Immunological
Research and Texas Scottish Rite Hospital for Children, Dallas,
Texas.

Dr. Arostegui has received honoraria from Novartis Pharma and
Swedish Orphan Biovitrum (less than $10,000 each) and research grants
from Novartis Pharma. Dr. Anton has received consulting fees from
Novartis and Sobi (less than $10,000 each). Dr. Pascual is coinventor on a
patent for the use of canakinumab to treat systemic-onset juvenile idio-
pathic arthritis, for which she receives royalties.

Address correspondence to Juan I. Arostegui, MD, PhD,
Department of Immunology (esc 4-pl 0), Hospital Cl�ınic, Villarroel
170, 08036 Barcelona, Spain. E-mail: jiaroste@clinic.ub.es.

Submitted for publication January 9, 2017; accepted in
revised form May 2, 2017.

1679

http://onlinelibrary.wiley.com/doi/10.1002/art.40146/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40146/abstract


(90%), abdominal pain (88%), diarrhea (84%), aphthous
ulcers (60%), and skin rash (54%). These episodes usually
recur every 4–6 weeks, and are often triggered by vaccina-
tions, minor infections, or stress (3,4). Variable responses
to classic antiinflammatory drugs (nonsteroidal antiinflam-
matory drugs [NSAIDs], colchicine, and corticosteroids)
have been reported, and biologic agents are often required
to treat patients with more severe disease (3,5–7).

Findings of previous studies have shown that dys-
regulation of interleukin-1b (IL-1b) production has a role
in HIDS (8,9). Patients with HIDS have been reported
to show a decreased production of certain nonsterol
isoprenoids, which globally induces defects in protein
prenylation (10). These defects may lead to inactivation of
RhoA, activation of the pyrin inflammasome, and overpro-
duction of the active forms of caspase 1 and IL-1b (11,12).
Moreover, an efficient control of HIDS has been described
in patients receiving anti–IL-1 therapies (13–18). Based on
this evidence, we proposed a pilot study to evaluate the
efficacy and safety of canakinumab, a selective long-acting
human anti–IL-1b monoclonal antibody, in patients with
active HIDS, the results of which are reported herein.

PATIENTS AND METHODS

Study design. The study was an open-label, phase II
pilot study with a single treatment arm (canakinumb) that was
conducted during 2011–2014 across 3 medical centers in Spain,
comprising 2 centers for pediatric patients (Hospital Universitari
Politecnic La Fe and Hospital Sant Joan de D�eu) and 1 for adult
patients (Hospital Universitario La Paz). The study included 3
periods (as outlined in Supplementary Figure 2, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40146/abstract). Period 1 (P1) was a 6-month
open-label treatment period in which all patients received cana-
kinumab subcutaneously at a dose of 300 mg every 6 weeks (or
4 mg/kg every 6 weeks for those patients weighing #40 kg).
Patients who experienced a flare before week 4 received an addi-
tional dose of 150 mg (or 2 mg/kg for patients weighing #40 kg)
at the time of flare, and thereafter received 450 mg every 6 weeks
(or 6 mg/kg every 6 weeks for patients weighing #40 kg) starting
at week 6. Patients who experienced a flare between weeks 5 and
6 received a rescue medication (NSAIDs or corticosteroids
[0.5 mg/kg for 3 days]) and waited up to week 6 to receive cana-
kinumab (450 mg, or 6 mg/kg for patients weighing #40 kg).

Period 2 (P2) was a withdrawal period of up to 6 months,
during which canakinumab was not administered unless the
patient experienced a disease flare. At completion of the second
period or at the time of relapse, whichever occurred first, patients
immediately entered period 3 (P3), a 24-month extension period
in which patients received the same dose of canakinumab as
administered at the end of P1. Only those who completed P1 and
P2 were eligible to enter P3. The study was conducted in accor-
dance with the principles of the Declaration of Helsinki and the
International Conference on Harmonisation Guidelines for
Good Clinical Practice, and was carried out in compliance with
local regulatory requirements. Independent Ethics Committees

at each participating center approved the study. All patients (or
legal guardians for patients age ,18 years) provided written
informed consent before entering the study.

Patients. Eligible patients (male and female) fulfilled
all of the following criteria: 1) age $2 years at baseline; 2) a diag-
nosis of HIDS established by the identification of biallelic MVK
mutations; 3) presence of active HIDS (according to a physician’s
global assessment of disease activity score of $2, and C-reactive
protein [CRP] level of .10 mg/liter) at the start of canakinumab
treatment; and 4) history of $3 inflammatory episodes, with each
episode lasting $4 days and limiting the normal daily activities,
during the historical period (HP) (i.e., the period defined as the
most recent 6 months in which patients did not receive treatment
for HIDS other than symptomatic treatment with NSAIDs and/
or corticosteroids). Patients who were previously treated with
anti–IL-1, anti–tumor necrosis factor (anti-TNF), or other bio-
logic drugs were eligible for enrollment after such treatment had
been discontinued for variable time periods (24 hours for ana-
kinra, 2 weeks for etanercept, 8 weeks for adalimumab, and 12
weeks for infliximab; for any other investigational biologic agents,
at least 8 weeks or 5 half-lives prior to baseline, whichever was
longer).

Exclusion criteria included the following: 1) in women,
pregnancy or current lactation; 2) concomitant treatment with
another investigational drug during the 30 days before enroll-
ment; 3) history of recurrent infections and/or evidence of active
infections; 4) receipt of a live-virus vaccination within 3 months
prior to start of the trial; 5) positive findings on the QuantiFeron
assay or purified protein derivative test (with positivity defined as
$5 mm induration) at baseline or within 2 months before base-
line; 6) evidence of immunologic compromise, including a posi-
tive test result for HIV (as determined by enzyme-linked
immunosorbent assay and Western blotting) at screening; 7) posi-
tive test results for hepatitis B or hepatitis C; and 8) history of
malignancy of any organ, treated or untreated, within the preced-
ing 5 years.

Rationale for dose. A canakinumab dose of 300 mg (or
4 mg/kg for patients weighing #40 kg) was selected as the starting
dose based on the investigators’ previous experience with use of
off-label anakinra for the treatment of patients with HIDS (dose
range 2–4 mg/kg every day). This selected dose was higher than
the dose usually prescribed for patients with cryopyrin-associated
periodic syndromes (100 mg every day, or 1–2 mg/kg every day
for patients weighing #40 kg) and was similar to the standard
dose administered in patients with systemic-onset juvenile idio-
pathic arthritis (JIA) (2 mg/kg every day) (19,20). Evidence in the
literature suggests that it was reasonable to select a dose of cana-
kinumab similar to that used in the phase III studies involving
patients with systemic-onset JIA (4 mg/kg every 4 weeks) (21).
However, due to the episodic course of HIDS, the investigators
chose to administer canakinumab once every 6 weeks during P1
and P3, to assess whether this scheme could both maintain dis-
ease remission and prevent future attacks in patients with HIDS.
Moreover, a single escalation of the dose (to 450 mg, or 6 mg/kg
for patients weighing #40 kg) prior to week 6 was incorporated
into the design of the present study for patients in whom the
starting dose was not sufficient to prevent the recurrence of
attacks.

Objectives and assessments. The primary objective
was to assess reduction in the frequency of attacks during P1
compared to the HP. The secondary objectives included the fol-
lowing: 1) to assess the recurrence of attacks during P1 and P3; 2)
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to assess changes over time in the attack severity score as defined
by the physician’s and patient’s global assessments of disease
activity, each based on a 5-point scale (where 0 5 absent signs/
symptoms and 1 5 minimal, 2 5 mild, 3 5 moderate, and 4 5

severe disease activity); 3) to assess changes in the activity of 4
key HIDS features (fever, lymphadenopathies, aphthous ulcers,
and abdominal pain) based on a 5-point scale of increasing sever-
ity (where 0 5 absent, 1 5 minimal, 2 5 mild, 3 5 moderate, and
4 5 severe); 4) to assess the extent of control of HIDS as assessed
by physicians and patients at each visit of the study in P1 and P2,
and every 12 weeks during P3, based on a 5-point scale (where
0 5 no control of HIDS-associated signs and symptoms since the
last visit, 1 5 poor control, 2 5 some control, 3 5 good control,
and 4 5 excellent control); 5) to assess changes in the CRP level
over time; 6) to assess the time to resolution of attack after the
first canakinumab injection, and time to relapse after the last
dose in P1; 7) to assess whether a canakinumab dose adjustment
and/or rescue medication was required; 8) to assess the safety of
the canakinumab treatment during the study; 9) to assess the
immunogenicity of the canakinumab treatment; and 10) to assess
changes in gene expression profiles at different time points com-
pared to baseline.

Criteria for attack and response to treatment. An
attack was defined as a physician’s global assessment of disease
activity score of $2 and a CRP value of .10 mg/liter. A complete
response was defined as a physician’s global assessment of disease
activity score of 0 or 1 and a plasma CRP level of ,10 mg/liter.

RNA sampling, extraction, and processing for micro-
array analysis. Total RNA was extracted and amplified as previ-
ously described (22). Amplified RNA was hybridized to Illumina
HT-12 V4 beadchips and scanned on an Illumina Beadstation
500. Data processing was completed using GenomeStudio version
2011.1 with the Gene Expression Module version 1.9.0 (Illumina).
After background subtraction, the average normalization was
conducted using GenomeStudio to rescale the difference in the
overall intensity of gene expression to the median intensity for
all samples across multiple chips. Fifteen age- and sex-matched
healthy subjects were included as healthy controls to analyze
changes in gene expression.

Interferome database. Interferome is an open access
database that catalogs type I, type II, and type III interferon
(IFN)–stimulated genes (ISGs). Lists of differentially expressed
genes revealed by the mixed-model analysis were imported into
the Interferome (details available at http://www.interferome.org/)
to identify ISG types at baseline and upon canakinumab treat-
ment in patients with HIDS.

Statistical analysis. Data analyses. As this was a pilot
study, no sample size calculation was performed. The full analysis
set included all patients who received the study drug at least once
after the baseline assessment. In general, categorical data were
summarized using frequencies and percentages, whereas continu-
ous data were reported using the number of patients and the
median with interquartile range (IQR). Differences among data
were established using Wilcoxon’s signed rank test with continuity
correction, at a significance level of 0.05.

Linear mixed model. A linear mixed model was devel-
oped to identify the transcripts that were correlated with disease
and treatment. To exploit repeated measurements in the data set,
spatial power structures were chosen to adjust for patient-specific
covariance. Age was included as a fixed effect. Contrasts were
used to test for specific comparisons of interest. The model was

developed in SAS, using the MIXED procedure, and was run in
JMP Genomics version 7.0 (SAS Institute).

Q-Gen analysis. Q-Gen is a QuSAGE-based approach
to gene-set analysis but is more adapted for handling the
results of mixed-model analysis, in that necessary adjustments
to the estimates are conducted (23). Modules with at least 15
transcripts were considered for Q-Gen analysis. Significantly
enriched gene sets (blood modules) were selected based on
2 criteria: 1) a demonstrated false discovery rate P value of
,0.05, and 2) a fold change in expression of $2 or #0.5 in the
comparisons considered.

Online data access. The data set described in the pres-
ent study is deposited in the NCBI Gene Expression Omnibus
(under GEO series accession no. GSE97075).

RESULTS

Characteristics of the patients. Ten patients
with HIDS were screened, of whom 9 (6 pediatric patients
and 3 adult patients) were enrolled. One pediatric patient
did not fulfill the inclusion criteria (absence of active dis-
ease) and was therefore not considered eligible. The charac-
teristics of the eligible patients are listed in Supplementary
Table 1, and familial pedigrees with the MVK genotypes are
displayed in Supplementary Figure 3 (available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40146/abstract). All 9 patients
completed P1 and P2 of the trial. During P3, 1 patient
(patient 6) discontinued the study due to lack of compliance
with study procedures.

Efficacy. Treatment period (P1). The number of
attacks per patient decreased significantly (P 5 0.009) dur-
ing P1 (median number of attacks 0, range 0–2) compared
to the HP (median number of attacks 5, range 3–12) (Fig-
ure 1A). During the HP, the number of attacks observed
in all patients was 59 (range 3–12), whereas in P1, only 3
attacks were reported (Figure 1B). All 9 patients achieved
a complete response with the first canakinumab injection,
with a median time to resolution of 3.0 days (range 1–5).

Seven patients received the standard dose through-
out P1, with no relapse. The mean dose of canakinumab,
adjusted per weight, was 5.50 mg/kg (details in Supplemen-
tary Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
40146/abstract). Two of 3 patients who received 4 mg/kg of
canakinumab experienced attacks during P1 (Figure 1C)
(mean duration of attacks 3.0 days, range 2–4 days). One
patient (patient 4) who had an attack between weeks 5 and
6 initially received rescue medication, and at week 6, this
patient was administered canakinumab at a dose of
450 mg in accordance with the protocol. The other patient
(patient 2) had 2 attacks: 1 occurred at week 6 (no rescue
medication was administered and the canakinumab dose
was increased up to 6 mg/kg) and the second attack
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occurred 39 days later. After these adjustments, no addi-
tional relapses were observed in these patients during P1.

Withdrawal period (P2). All patients entered and
completed P2. Only 2 patients (22.2%) did not experience
an attack in P2, and these patients entered P3 after com-
pleting the 6-month drug withdrawal. The remaining 7
patients (77.8%) experienced an attack during P2, with a
median time to relapse after the last canakinumab injec-
tion being 110 days (range 62–196 days) (Figure 1D).

Extension treatment period (P3). Eight of 9 patients
completed P3. The number of attacks per patient was sig-
nificantly reduced (P 5 0.008) during P3 (median number
of attacks 0, range 0–4) compared to that during the HP,
with a total of 8 attacks detected in P3 (Figures 1A–C). Six
of 8 attacks occurred during the first 12 months of P3, with
only 2 attacks during the last 12 months of P3. During P3,
none of the patients received rescue medication.

The median duration of the attacks was 3.0 days
(range 2–4) during P1, 4.0 days (range 2–10) during P2, 3.5
days (range 2–8) during P3, and 8.5 days (range 6–11) for
the first 12 months of P3 and last 12 months of P3. The
severity of the attacks, as determined by physician’s global
assessment of disease activity, was mostly mild to moderate
at baseline (5 mild and 4 moderate). Of the attacks that
occurred in 2 patients in P1, 1 was mild and 1 was moder-
ate, while in P2, of the attacks observed in 7 patients, 4
were mild and 3 were moderate, and in P3, of the 8 attacks

that occurred in 4 patients, 5 were mild, 2 involved minimal
signs/symptoms, and 1 was without signs/symptoms.

Assessment of global disease activity. At baseline,
with the use of the physician’s global assessment of disease
activity, 6 patients were rated as having no disease control
and 3 were rated as having poor disease control (Figure
2). By day 4 after receiving the initial dose of canakinu-
mab, all patients were rated as having good or excellent
control of the disease. These results were maintained until
the end of the study, with one exception at the end of P2
(Figure 2).

With regard to scores on the patient’s assessment
of disease activity, similar results were obtained, and
ratings of excellent or good disease control were assessed
by the patients from day 4 onward. However, at baseline,
patients perceived themselves to have better control of
their disease than did their physicians, considering that
only 3 patients rated themselves as having no disease con-
trol and only 4 patients provided a rating of poor disease
control (see Supplementary Figure 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40146/abstract).

Figure 1. Patients with hyperimmunoglobulinemia D with periodic
fever syndrome (n 5 9) were assessed for the median number of
attacks (A) and total number of attacks detected (B) during the his-
torical period (HP) and treatment period 1 (P1) and period 3 (P3).
In addition, the number of patients with attacks during the HP, P1,
and P3 (C) and time to flare after the last canakinumab injection
during period 2 (D) were determined.

Figure 2. Distribution of physician’s global assessments of the extent
of disease control among the study patients at each visit (V; number
of weeks) of the initial treatment period 1 (P1) and withdrawal
period 2 (P2), at the time of flare (F) occurring at the end of P2,
and each follow-up visit (FU; number of weeks and at 1 year [1Y]
and 2 years [2Y]) every 12 weeks during treatment period 3 (P3).
Ratings for control of hyperimmunoglobulinemia D with periodic
fever syndrome (HIDS) during the entire study were based on a 5-
point scale, in which 0 5 no control of HIDS-associated signs and
symptoms since the last visit, 1 5 poor control, 2 5 somewhat control,
3 5 good control, and 4 5 excellent control. * 5 One patient missed
at this visit.
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Severity assessment of the key signs and symptoms.
At baseline, the severity of each of the key HIDS features
(fever, lymphadenopathies, abdominal pain, and aph-
thous ulcers) was rated on a 5-point scale. Fever was rated
to be moderate to severe in 88.9% of patients, whereas
lymphadenopathies, abdominal pain, and aphthous ulcers
were rated mild to moderate in 88.9%, 55.5%, and 44.4%
of the patients, respectively. From day 4 until the end of
the study, most of the patients had no or minimal HIDS
features, except for mild fever in 2 patients, mild lymph-
adenopathies in 1 patient, mild aphthous ulcers in 1
patient, and moderate abdominal pain in 1 patient. More-
over, the severity of these signs/symptoms decreased dur-
ing month 1 and months 4–6 of P1 (corresponding to
those periods when the canakinumab dose was appropri-
ately adjusted in each patient) and during P2. This
improvement was sustained during P3 (results in Supple-
mentary Figures 5 and 6, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40146/abstract). In accordance with the
ratings on the physician’s global assessment of disease
activity, the severity of the 4 HIDS features was increased
during the attack at the end of P2.

Changes in laboratory markers. At baseline, the
median CRP level was elevated (median 117.7 mg/liter,
range 23–165 mg/liter; normal value ,10 mg/liter). The
CRP levels decreased rapidly upon canakinumab treat-
ment, and thereafter they reached normal values by day 15
(median 0.8 mg/liter, range 0–6.0 mg/liter) and were main-
tained throughout the study, with only transient elevations
detected during acute attacks (Figure 3). While most
hematologic parameters remained within normal range,
canakinumab treatment was associated with a decrease in
the leukocyte and neutrophil counts and a mild increase in
the hemoglobin level during all P1 visits compared to base-
line. During the last visits of P2, a slight increase in the leu-
kocyte and neutrophil counts was detected, both of which
returned to lower values during all P3 visits (see Supple-
mentary Figure 7, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.40146/abstract).

Changes in gene expression profiles. To character-
ize the systemic molecular signatures of HIDS and deter-
mine how these signatures were affected by canakinumab
treatment, longitudinal profiling of the blood transcrip-
tome of HIDS patients was conducted during the period
of anakinra treatment (designated visit 1 [V1]), during
active disease after anakinra withdrawal (designated base-
line), during 3 subsequent visits while canakinumab was
being administered (designated visits 3–5 [V3–V5]), and
during active disease after canakinumab withdrawal (desig-
nated visit 6 [V6]). Transcriptional profiling revealed that

the samples from the anakinra treatment period and the
canakinumab treatment periods clustered together and
were distinct from those during the baseline treatment
withdrawal period, as revealed by principal components
analysis (PCA) (Figure 4A). When patients experienced
an attack after canakinumab withdrawal (at V6), the signa-
tures shifted closer to those at baseline.

Principal variance components analysis, which as-
sesses the contribution of specific variables to the global
variance, showed that the transcriptional variance observed
was first driven by disease (weighted average proportion
26.2% in HIDS patients versus healthy controls), followed
by canakinumab treatment (weighted average proportion
17.4%), and then anakinra treatment (weighted average
proportion 14.6%) (results in Supplementary Figure 8,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40146/abstract).

A linear mixed model accounting for repeated
measurements and individual subjects was also developed.
The 10,210 probes differentially expressed across compari-
sons were hierarchically clustered. Consistent with the
PCA results, differential gene expression in the baseline
group and in the attack group (at V6) clustered together,
while that in the canakinumab treatment groups (at V3–
V5) and anakinra treatment group (at V1) clustered
together (Figure 4B).

Q-Gen analysis, a gene-set enrichment analysis that
integrates mixed-model statistics into QuSAGE (23,24),
was applied. Analysis of gene sets in the baseline patient
group compared to the healthy control group yielded 409
transcripts that were statistically significantly up-regulated

Figure 3. Changes in the plasma levels of C-reactive protein during
the entire study. Red symbols indicate active disease according to
the study definitions. The gray-shaded area represents the range of
normal values. V 5 visit (number of weeks); Flare-P2 5 time of flare
at the end of period 2; FU 5 follow-up visit (number of weeks and
at 1 year [1Y] and 2 years [2Y]).
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and 343 transcripts that were down-regulated in patients
with HIDS (see Supplementary Tables 2 and 3, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40146/abstract). Inflammasome-
related genes, such as CASP1 and NLRC4, and CARD17,
an IFNg-induced transcript that negatively regulates IL-1b

secretion, were among the most up-regulated transcripts. At
baseline, patients also displayed prominent enrichment of
IL-1b and IL-1 family members (IL36, IL1R2, IL1RAP,

and IL1RN) and proinflammatory receptors (IL17RA,
IL18R1, IL6R, and IL10RB) (see Supplementary Table 2).
Additionally, many IFN-induced transcripts were found to
be up-regulated at baseline, and then down-regulated by IL-
1 blockade (at V1 and V3–V5). Comparison with the Inter-
ferome database showed that both type I and type II IFN-
inducible genes were included in this enriched set (see
results in Supplementary Figure 9, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/

Figure 4. Blood transcriptional profiles in patients during period 1 (P1) as compared to healthy controls (HC), at baseline (BL), and during a
flare attack. A, Clustering of transcript expression, assessed by principal components analysis. Spheres represent individual samples, with the col-
ors representing the disease/treatment groups. B, Hierarchical clustering of 10,210 differentially expressed transcripts between any disease/treat-
ment and time points. The list of transcripts was obtained from the union of all transcripts identified as significantly differentiated by the mixed
model. C, Variance component charts displaying the proportion of variance explained by each variable in the different groups (healthy controls,
during anakinra treatment, with active disease at baseline, and during canakinumab treatment at visit 3 [V3], visit 4 [V4], and visit 5 [V5] and
during the time of flare). D, Heatmaps depicting the fold enrichment in expression of gene sets (blood modules) identified by Q-Gen analysis
for all disease/treatment groups versus healthy controls (left panel), and for each canakinumab treatment visit during P1 or anakinra treatment
versus baseline, all canakinumab treatment visits combined (V3–V5) versus anakinra treatment, and flare attack versus baseline (right panel).
Modules with a false discovery rate of #0.05 and 50% fold change in expression were selected. IFN 5 interferon; NK 5 natural killer.
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doi/10.1002/art.40146/abstract). Different antiinflammatory
receptors (IL10RA, IL27RA, and IL2RB) were among the
down-regulated transcripts. In patients at baseline, the tran-
scription of the effector cytokine IL15 was up-regulated,
while adaptive immunity–related cytokine transcripts and/
or receptor-encoding transcripts, such as IL16, IL21R, and
IL7R, were down-regulated. Moreover, transcription of 2
proinflammatory cytokines, IL32 and IL8, was down-
regulated in patients during active disease (at baseline and
V6) (see Supplementary Tables 2 and 3, http://onlinelibrary.
wiley.com/doi/10.1002/art.40146/abstract).

Treatment with canakinumab significantly and
coordinately corrected all of these transcriptional alter-
ations, including those induced by IFN, in a sustained and
more consistent manner than that observed with anakinra
(see Supplementary Tables 4 and 5, available on the Arthri-
tis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40146/abstract). A direct comparison
of drug effects on the baseline signatures of patients with
HIDS showed a stronger down-regulation of 60 transcripts
(.1.5-fold decrease) by canakinumab when compared to
anakinra (see Supplementary Table 6, http://onlinelibrary.
wiley.com/doi/10.1002/art.40146/abstract).

Data were further interpreted using a previously
described framework of 260 coexpression modules as gene
sets, which were specifically designed for whole-blood
transcriptome analysis and functionally annotated using
knowledge- and data-driven approaches (25,26). The mod-
ule fingerprint of HIDS at baseline, as compared to that in
healthy control subjects, confirmed an up-regulation of the
IFN response (M1.2, M3.4), up-regulation of myeloid
lineage cells (M3.2, M7.35) and myeloid-related inflamma-
tion (M4.2, M6.13), and down-regulation of the T cell
module (M4.1) and B cell module (M4.10) (Figure 4D).
Consistent with the results of gene-level analysis, the
increased expression of the IFN response and inflamma-
tion modules (sustained during active disease) was
suppressed by both anti–IL-1 treatments, with the effects
of canakinumab on the blood transcriptome being long-
lasting and quantitatively larger than those induced by ana-
kinra treatment, an effect that was reversible upon occur-
rence of a flare in patients (Figure 4D).

Safety. All patients experienced at least 1 adverse
event (AE) throughout the study. Only 1 AE (a nonserious
fungal vaginitis) was suspected by the investigator to be
related to the study drug. The total number of AEs was 98,
of which 84 were rated as nonserious and 14 as serious (see
results in Supplementary Table 7, available on the Arthritis
& Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40146/abstract). Among the nonserious
AEs, the most frequent were those of suspected infectious
etiology (43.9%) that often required treatment with

systemic antibiotics, of which the most frequently utilized
was amoxicillin (in 4 patients) and amoxicillin in combina-
tion with b-lactamase inhibitor (in 3 patients). In only 2
patients with nonserious AEs, microbiologic studies yielded
positive results (demonstrating a mycotic infection in 1
patient, and a bacteremia due to Streptococcus pneumoniae
in the other patient). The treating physician in each case
rated all nonserious AEs as mild in intensity, with only 1
exception (cellulitis, rated as moderate).

In total, 14 serious AEs (SAEs) were reported in 4
patients, of which 6 were mild in intensity, 5 were moderate,
and 3 were severe. Eight of the 14 SAEs occurred in the
same patient, who experienced acute peritonitis, anemia,
bacteremia due to S pneumoniae, gastrointestinal bleeding,
hypertensive crisis, pneumonia, severe anemia, and volume
overload; this patient had a complicated medical history of
systemic amyloid A amyloidosis, kidney transplantation,
digestive hemorrhage, hypertension, and chronic anemia,
and required peritoneal dialysis (see Supplementary Text,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40146/abstract). One
patient experienced hidradenitis suppurativa requiring hos-
pitalization, and another developed cellulitis in the left arm.
No deaths were reported during the study, and no patient
required drug discontinuation due to AEs.

No relevant changes in clinical laboratory parame-
ters and vital signs were observed. Among the biochemis-
try parameters, increased plasma levels of cholesterol,
triglycerides, aspartate transaminase, alanine transami-
nase, and gamma glutamyl transferase were detected; in all
except 1 patient, these changes were mild and transient.
The patient with more severe changes had high abnormal
values of alanine transferase, gamma glutamyl transferase,
creatinine, and triglycerides; this patient had a medical his-
tory of systemic amyloidosis and kidney transplantation,
and required peritoneal dialysis (see Supplementary Table
8, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40146/abstract).
Immunogenicity was assessed using a bridging electro-
chemiluminescence assay, which revealed that none of
the patients had developed anticanakinumab antibodies
over the course of the study.

DISCUSSION

In this study, canakinumab treatment substantially
reduced the frequency of attacks in patients with active
HIDS, and provided a rapid and sustained control of the
signs and symptoms of HIDS and a normalization of
inflammation markers. The single-arm study design with 2
well-defined periods of treatment and 1 period of drug
withdrawal was selected for 2 reasons. First, the small
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number of potentially enrolled patients would prevent
clear conclusions if a double-blind, randomized, placebo-
controlled withdrawal period was included in the study
design. Second, this design has been used previously in
studies of some rare and severe diseases (27,28), for which
a long placebo-controlled period would be unethical
because of the clear benefits from treatment.

A complete response to canakinumab was achieved
rapidly in all patients, as has also been observed in patients
with other monogenic autoinflammatory diseases treated
with canakinumab (29–32). The clinical benefits were visible
within the first week, and a significant normalization of
inflammation markers was observed during the first month
of treatment. During the drug withdrawal period, the time
to relapse varied markedly (range 62 days to ,6 months),
which suggests that the initial canakinumab dosing scheme
could be modified depending on individual characteristics.
These modifications may include increasing the dose of
canakinumab, reducing the time between drug administra-
tion, or both. Randomized controlled trials will be required
to provide further data about the optimal therapeutic
scheme and administration intervals of canakinumab in
patients with HIDS. This is being addressed in an ongoing,
double-blind, placebo-controlled trial (the CLUSTER trial;
ClinicalTrials.gov identifier NCT02059291) that is examin-
ing an every-4-weeks dosing schedule in patients with
HIDS. The physician’s and patient’s assessments of disease
control before and after drug administration changed from
no or poor control at baseline to ratings of good or excellent
control during treatment. The clinical benefits of the treat-
ment were also associated with an improvement in the
severity of the 4 main HIDS symptoms based on physicians’
assessments. Furthermore, marked differences in the sever-
ity of each HIDS feature were detected during visit 2 and at
the end of P2, probably reflecting the effect of the previously
administered canakinumab treatment.

Analysis of the gene expression profiles of patients
showed exuberant immune-related signatures during
active disease that, for the most part, reverted upon admin-
istration of IL-1 blockade (during treatment with anakinra,
at 2 time points of untreated active disease, and on consec-
utive visits during treatment with canakinumab). Most
strikingly, both inflammasome/IL-1–related and IFN-
inducible gene signatures were prominent in untreated
patients with active HIDS. These signatures were signifi-
cantly and more consistently down-regulated by canakinu-
mab than by anakinra. Coordinated up-regulation of these
2 signatures is not observed in patients with other autoin-
flammatory diseases, in whom, instead, negative cross-
regulation of these 2 pathways seems to take place, which
is also supported in experimental models (33–35).

In mice, protein geranylgeranylation has recently
been shown to differentially regulate cytokine transcrip-
tion. Macrophages that are deficient in the b-subunit of
geranylgeranyl transferase 1, encoded by Pggt1b, are hyper-
activated by ligation of Toll-like receptor 2 (TLR-2), TLR-
4, TLR-7, and TLR-9, leading to potent up-regulation of
proinflammatory cytokines, such as IL-1b, TNF, IL-6, and
IL-12, which would fit with the results in our patients.
However, production of both antiinflammatory IL-10 and
type I IFNs was suppressed in Pggt1b-deficient mouse
macrophages (36). The coordinated expression of IL-1–
related and IFN-inducible gene transcripts in HIDS
patients and the reversal of this up-regulated gene expres-
sion upon IL-1 blockade thus support the notion that the
regulation of these pathways in humans follows a pattern
distinct from that seen in MVK-deficient mice.

No new or unexpected safety issues were observed
during the study. The safety profile was consistent with that
observed in other canakinumab studies (29–32). Only 4
patients reported experiencing SAEs, with 66.6% of the
SAEs occurring in a single patient who showed a severe
form of HIDS with AA amyloidosis. The fact that most of
the SAEs reported in this patient were detected previously,
before enrollment, made it difficult to establish a clear
causal relationship to the study drug. Furthermore, the
beneficial effect of canakinumab in this patient was evident,
as has been previously shown. As expected, infections were
the most frequently detected AEs in the study. This phe-
nomenon has been described in patients treated with other
anti–IL-1 drugs, independent of its molecular structure,
and probably reflects an interference of IL-1 blockade in
different antimicrobial immune responses (29–32,37–42).
Thus, monitoring for complications related to infections is
required in patients receiving canakinumab treatment.

Despite sample size limitations, this open-label,
phase II pilot study showed, for the first time, that canakinu-
mab administered every 6 weeks markedly reduced the rate
of acute attacks and sustained a good/excellent disease con-
trol with a well-tolerated safety profile. The interindividual
heterogeneity observed during the study concerning the
appropriate canakinumab dose and the time to relapse after
the last drug injection suggests that potential modifications
to the initial dosing scheme could be considered. Further
studies involving a large number of patients with HIDS are
warranted to delineate the optimal therapeutic scheme and
assess its efficacy and safety over the long term.
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Screening of 181 Patients With Antibody Deficiency
for Deficiency of Adenosine Deaminase 2 Sheds New Light

on the Disease in Adulthood

Johanna Schepp,1 Michele Proietti,1 Natalie Frede,1 Mary Buchta,1 Katrin H€ubscher,1

Jessica Rojas Restrepo,1 Sigune Goldacker,1 Klaus Warnatz,1 Jana Pachlopnik Schmid,2

Andrea Duppenthaler,3 Vassilios Lougaris,4 Ignacio Uriarte,5 Susan Kelly,6

Michael Hershfield,6 and Bodo Grimbacher7

Objective. We aimed to test the relevance of defi-
ciency of adenosine deaminase 2 (DADA2) in patients
with antibody deficiency and describe the clinical pic-
ture of the disease in adulthood.

Methods. We screened for DADA2 in a cohort of
181 patients with antibody deficiency with or without
vascular lesions using next-generation sequencing and
targeted Sanger sequencing. All mutations were con-
firmed by determining the ADA2 enzymatic activity lev-
els in dried plasma spots. Clinical data and laboratory
values were collected in a standardized format.

Results. Following the diagnosis of 2 siblings
in the index family, we identified 9 additional affected
patients with compound heterozygous or homozygous
CECR1 mutations, containing 6 novel and 4 previously
published mutations. The patients’ age at evaluation
ranged from 13 to 51 years, with a median age of 22
years. Clinically, we saw a broad phenotype, ranging
from isolated antibody deficiency to recurrent strokes.
All but 1 patient had low numbers of memory B cells.
Moreover, B cell function seemed to correlate with
inflammation.

Conclusion. Taken together, our findings indi-
cate that DADA2 presents not only with vasculopathy
but also with an immunodeficiency of the B cell com-
partment. Therefore, patients with antibody deficiency
should be screened for DADA2. Anti–tumor necrosis
factor treatment might improve immunologic features
over time and might be considered in patients without
vascular manifestations but with elevated inflammation
markers. Conservative management has so far proven
to be the choice for our less severely affected adolescent
and adult DADA2 patients; however, in patients with
severe cytopenias and bone marrow failure, hematopoi-
etic stem cell transplantation should be considered.

Deficiency of adenosine deaminase 2 (DADA2),
caused by mutations in the CECR1 gene, was originally
described in 2014 as an autoinflammatory disorder in
patients with livedoid rash, fever, arthralgia, and ele-
vated markers of systemic inflammation, and patients
who presented with vasculitis associated with stroke or
other organ injury. Many of these patients were diag-
nosed as having cutaneous or systemic polyarteritis
nodosa (PAN) (1,2). ADA2 is an enzyme that catalyzes
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the degradation of adenosine to inosine and is secreted
by myeloid cells (3). The pathomechanism of DADA2
remains unclear, but ADA2 seems to have an immuno-
modulatory function (4). While DADA2 is primarily
considered a vascular disease of childhood, recent evi-
dence suggests that the clinical spectrum is not limited
to vasculitis, arthralgias, and recurrent fevers, but can
also include features of autoimmunity and immunodefi-
ciency. Indeed, using whole-exome sequencing, we
recently identified compound heterozygous CECR1
mutations in 2 siblings with immunodeficiency and
immune dysregulation, suggesting that DADA2 may
also present with isolated antibody deficiency (5).

Although most of the patients described origi-
nally were children, our index patient was 32 years old
and was diagnosed as having common variable immuno-
deficiency at age 24 following a progressive decline in
his immunoglobulin levels and increasing susceptibility
to infections. Consequently, we screened a cohort of 181
adolescent and adult patients with antibody deficiency
or common variable immunodeficiency for mutations in
CECR1. The aims of this study were to explore the
immunologic features of DADA2, determine the clinical
picture of the disease in adulthood, and evaluate the
therapeutic management of the disease from the per-
spective of adult medicine.

PATIENTS AND METHODS

Patients and controls. All procedures involving
human participants were performed in accordance with the
ethical standards of the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards. This study
was conducted under approved ethics protocol no. 322/15
dated July 28, 2015 from the University of Freiburg Medical
Center. Written consent was obtained from all patients or
their parents and all healthy controls. Inclusion criteria
included antibody deficiency with or without vascular manifes-
tations, availability of DNA for study purposes, and a signed
consent for genetic studies. Data recorded at the time of diag-
nosis were sex, age, ethnicity, clinical manifestations, hemato-
logic values, lymphocyte subsets, immunoglobulin levels, and
treatment. Data were collected in a standardized format.

Genetic evaluation. Patients (n 5 181) were screened
for mutations in CECR1. Of these, 177 were screened using a
next-generation sequencing (NGS)–based approach on a com-
mon variable immunodeficiency panel containing 120 candi-
date genes, including CECR1. All CECR1 mutations identified
by NGS were confirmed by Sanger sequencing. Four addi-
tional patients were identified after being selected for targeted
Sanger sequencing due to a clinical phenotype of immunodefi-
ciency and vasculopathy that was suspicious for DADA2, or
because they were siblings of DADA2 patients who were iden-
tified by NGS. All mutations were confirmed on a functional
level by ADA2 activity measurement.

Next-generation sequencing. Sequencing data were
generated by targeted panel resequencing. A HaloPlex Target
Enrichment System for Illumina Sequencing (Agilent) was
used for target enrichment. A customized gene panel con-
taining 120 candidate genes was designed using Agilent’s web-
based SureDesign application. The manufacturer’s instruc-
tions as detailed in Agilent’s user manual were subsequently
followed for digesting the DNA samples, hybridizing the
restriction fragments, capturing the target DNA, closing the
circular fragments through a ligation reaction, and purifying
the amplified target libraries. Enrichment was validated on a
2100 Bioanalyzer system (Agilent). Samples were then pooled
in equimolar amounts for multiplexed sequencing on a MiSeq
system (Illumina). They were prepared for sequencing using
an Illumina version 2 reagent kit, as indicated in the protocol.
After denaturation with NaOH, the libraries were diluted to a
final concentration of 8–12 pM. The MiSeq system was loaded
and started according to the instructions provided in the user
guide. Data analysis was performed with the help of Agilent’s
SureCall software.

Sanger sequencing. Coding genomic regions includ-
ing flanking intronic sequences of CECR1 were amplified
from genomic DNA, or exonic regions from copy DNA, by
standard polymerase chain reaction (PCR). PCR primers
were used for Sanger sequencing according to standard tech-
niques. Primer sequences are available upon request from the
corresponding author.

ADA2 activity measurement. ADA2 activity was mea-
sured using the high-performance liquid chromatography
method described by Zhou et al (1), modified to perform the
measurement on extracts of dried plasma spots on filter paper
instead of EDTA-treated plasma, as described elsewhere (6).
During development of the dried plasma spot method, ADA2
activity was initially normalized to both total protein and albu-
min in the spot extracts. However, after the 2 approaches were
found to be comparable, we decided to express the results of
the present study as mU of ADA2 activity per mg of total
extract protein (Kelly SJ, Ganson NJ, Hershfield MS: unpub-
lished observations).

Western blot analysis. Peripheral blood mononu-
clear cells (PBMCs) were isolated from freshly drawn
EDTA-treated blood via Ficoll isolation. Healthy donor con-
trols were matched for sex and age with the patients. Mono-
cytes were isolated from the PBMCs with CD14 Microbeads
(catalog no. 130–050-201; Miltenyi). Purity was controlled by
flow cytometry and was always .93%. Cells were stained
with allophycocyanin-conjugated CD14 (catalog no. 325608;
BioLegend) and DAPI (catalog no. D9542; Sigma) to exclude
dead cells. They were analyzed with a BD FACSCanto II.
The monocytes were lysed using cell lysis buffer (catalog no.
9803; Cell Signaling Technology). Protein concentration was
determined using a Pierce BCA Protein Assay Kit (catalog
no. 23225; Thermo Fisher Scientific). For each sample, 20 mg
of total protein was analyzed by Western blotting using 10%
polyacrylamide gel (Mini-PROTEAN Electrophoresis Sys-
tem; Bio-Rad). The primary antibody for ADA2 (1:300) (cat-
alog no. HPA007888; Sigma) was incubated overnight at 48C.
The corresponding secondary antibody (horseradish peroxidase–
conjugated donkey anti-rabbit IgG; 1:5,000) (catalog no. sc-
2077; Santa Cruz Biotechnology) was then incubated for 1
hour at room temperature. Anti–b-actin (catalog no. NB600–
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501; Novus Biologicals) was used as a loading control, follow-
ing the same protocol.

RESULTS

Results of genetic screening. We screened 177
patients using NGS and identified 5 patients with
mutations in CECR1. Four additional patients were
identified after they were selected for targeted Sanger
sequencing due to a phenotype of immunodeficiency
and vasculopathy that was clinically suspicious for
DADA2, or because they were siblings of patients with
DADA2 who had been identified by NGS. Including the
2 siblings of the index family (5), we identified 4 previ-
ously published and 6 novel CECR1 mutations, with 4

splice site mutations among them. The mutations were
distributed across the whole CECR1 gene and were
either homozygous or compound heterozygous (Figure
1A). All mutations were confirmed on a functional level
by demonstrating very low or absent ADA2 enzymatic
activity in dried plasma spots from all 10 living patients
(Figure 1B). ADA2 expression was tested by Western
blotting on monocyte lysates in 4 available patient sam-
ples. Protein expression was absent in all patients, in
contrast to the healthy donor controls (Figure 1C).

Three patients had compound heterozygous or
homozygous splice site mutations. In patient 2 (C408Y/
c.54211G.A), the retention of intron 3 would lead to
the insertion of 11,753 additional basepairs, thus render-
ing the degradation of the product of the affected allele

Figure 1. CECR1 mutations in patients with deficiency of adenosine deaminase 2 (DADA2). A, Locations of the CERC1 mutations identified.
The mutations were spread across the whole gene. B, ADA2 enzymatic activity measured in dried plasma spots from DADA2 patients and con-
trols. Activity was low in all 10 living patients compared to the range in 16 healthy individuals. C, Western blot analysis of ADA2 in patients and
healthy donors (HDs). The CECR1 mutations led to undetectable protein expression on the monocyte lysates of 4 DADA2 patients. Healthy
donor controls were matched for sex and age with the patients. Actin was used as a loading control.

F1
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at the RNA level very likely (Figure 2A). Indeed, when
the patient’s complementary DNA (cDNA) was se-
quenced, only the wild-type sequence was detected (Fig-
ure 2B). The absence of protein expression is shown in
Figure 1C. In patient 5, the homozygous splice site muta-
tion c.973–1G.A was predicted to lead to the deletion
of exon 6 (Figure 2C). Indeed, sequencing the cDNA
showed a direct transition from exon 5 to exon 7 (Figure
2D). A cDNA sample was not available for patient 11
(c.97213A.G/c.973–2A.G). However, both mutations
were predicted to lead to similar consequences as de-
scribed above. The mutation c.97213A.G would cause
the retention of intron 6, which would lead to the inser-
tion of 1,056 additional basepairs. The second mutation,
c.973–2A.G, would lead to the deletion of exon 6. On a
functional level, the splice site mutations did not differ
from the point mutations, all resulting in very low enzy-
matic activity of ADA2.

Clinical characterization of the cohort. Clini-
cally, we saw a broad range of phenotypes, from isolated
antibody deficiency to recurrent strokes. Figure 3 gives
an overview of the distribution of clinical features in the
cohort, and Table 1 shows the individual patients’ fea-
tures. Of 11 DADA2 patients, 4 were female and 7 were
male. The patients’ ages at evaluation ranged from 13 to
51 years, with a median of 22 years. The age at onset
ranged from 2 to 33 years, with a median of 8 years. The
symptoms at onset were variable, including erythema
nodosum, pneumonia, arthralgias, recurring infections
(mainly respiratory), PAN, myositis, enteropathy, sinusi-
tis, aphthous stomatitis, and meningitis. The leading
diagnosis before identification of the molecular cause
of the disease varied. Five patients (patients 2, 3, 5, 10,
and 11) had been diagnosed as having common variable
immunodeficiency, and 1 patient (patient 9) had been
diagnosed as having antibody deficiency. Two patients

Figure 2. Novel splice site mutations in the patients with deficiency of adenosine deaminase 2. A and B, Predicted effects of the genomic splice site mutations
at the level of transcription (A) and at the level of translation (B) in patient 2. C and D, Predicted effects of the genomic splice site mutations at the level of
transcription (C) and at the level of translation (D) in patient 5. The cDNA sequences of samples from patient 2 (B) and patient 5 (D) are also depicted.
gDNA 5 genomic DNA.
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(patients 1 and 6) were treated for recurrent strokes
or vasculitis and antibody deficiency. Two brothers
(patients 7 and 8) presented with noninfectious episodes
of fever and myositis, and the leading diagnosis in
another patient (patient 4) was PAN. One patient
(patient 6) died at age 17 years due to multiple organ
failure following pneumonia which grew Candida and
Pseudomonas, and a cerebral bleed that led to incarcera-
tion of the tentorial notch (5).

Vascular manifestations were present in 7 of 11
patients. These included livedo reticularis in 5 patients,
strokes, arterial hypertension, and PAN in 3 patients each,
and single cases of erythema nodosum and skin ulcers.
One female patient had a heart attack at age 51. All

patients had immunodeficiency. All patients displayed
dys-/hypogammaglobulinemia, with IgA levels below the
normal range in all patients, and low IgG and IgM levels in
10 of 11 patients. Two patients had a very low normal IgG
or IgM level, respectively. This immunodeficiency also
manifested with recurrent infections in 9 of 11 patients.
The most commonly observed infections were lower respi-
ratory tract infections (including 5 cases of pneumonia and
1 pulmonary abscess), and upper respiratory tract infec-
tions in 7 of 11 patients. Herpes infections were also pres-
ent in half of the cohort, consisting mainly of recurrent
herpes simplex outbreaks and one herpes zoster infection.
Intestinal infections and urinary tract infections were seen
in 3 patients each, and single cases manifested with

Figure 3. Clinical manifestations of deficiency of adenosine deaminase 2. Values are the percentage of the cohort (n 5 11) with the indicated symp-
tom. A, Immunodeficiency. Solid bars indicate dysgammaglobulinemia and all infections; shaded bars indicate low levels of immunoglobulin classes
and types of infection. B, Vascular manifestations. Solid bar indicates all vascular manifestations. Shaded bars indicate types of vascular manifesta-
tions. C, Autoimmunity and immune dysregulation (ID). Solid bar indicates all autoimmune and ID manifestations. Shaded bars indicate types of
autoimmune and ID manifestations. D, Organ involvement, neurologic features, and tumors. Solid bars indicate all organ involvement, neuromuscu-
lar features, neuropsychological features, delayed sexual development, and a benign tumor. Shaded bars indicate types of organ involvement. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40147/abstract.
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meningitis, viral encephalitis, and episcleritis. In several
patients, pathogens were identified, including Streptococ-
cus, Haemophilus parainfluenzae, Candida, and Escherichia
coli.

Immune dysregulation was also present in the
entire cohort. Seven patients had noninfectious episodes
of fever. Leukopenia was seen in 2 patients (patients 6
and 10), lymphopenia in 5 patients (patients 2, 3, 5, 6,
and 9), anemia in 4 patients (patients 1, 5, 6, and 9),
thrombocytopenia in 3 patients (patients 1, 2, and 10),
and neutropenia in 1 patient (patient 10). Half of the
patients had enteropathy, and 2 patients (patients 3
and 4) had microscopic colitis. Half of the cohort
had arthralgias, 2 patients had asthma, and 1 patient
had alopecia. Two patients had verrucosis and 1 had
eczema.

Organ involvement was also present in the entire
cohort. Nine of 11 patients had splenomegaly, 3 patients
had hepatomegaly, and 2 had lymphadenopathy. Hepa-
titis was seen in 4 patients and nephritis in 2, leading to
renal insufficiency in 1 patient. Lung abnormalities were
also present in 4 patients. Half of the patients also pres-
ented with neuromuscular features. These were not only
residuals from previous strokes, but also included 3
patients with severe myositis, fibromyalgia, and muscle
atrophy. Two patients had neuropsychological symp-
toms: one had an autism spectrum disorder and the
other one had intellectual disability and epilepsy follow-
ing severe meningitis at age 14. Another patient had
delayed sexual development. One patient developed a
benign pituitary adenoma at age 22. Malignancy was not
present in this cohort.

Figure 4. B cell compartment in patients with deficiency of adenosine deaminase 2. A, B cell counts in patients younger than 18 years and
patients older than 18 years. B cell counts were low in 6 patients. B, Percentages of naive B cells in patients younger than 18 years and patients
older than 18 years. Percentages were in or above the high normal range in all but 1 patient. C, Percentages of switched memory B cells in
patients younger than 18 years and patients older than 18 years. Percentages were low in all but 1 patient. D, IgG, IgA, and IgM levels. IgA lev-
els were low in all patients, and IgG and IgM levels were low in 10 of the 11 patients. Circles represent individual patients; horizontal lines show
the mean. Cross-hatched bars show the normal range in healthy individuals (reference values obtained from ref. 21 for lymphocyte subsets and
from ref. 22 for B cell subsets).
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Immunologic evaluation. Extended immuno-
logic investigation revealed that 2 patients had leukope-
nia and 5 had lymphopenia, but T cell subsets were
generally normal. The response to antigen stimulation
of T cells was normal in 4 of 4 patients (patients 1, 5, 9,
and 10; data not shown). Cytotoxicity was addressed in 1
patient (patient 1), and the patient showed no impair-
ment (data not shown).

In contrast to the normal T cell compartment, we
observed a compromised B cell compartment as a com-
mon feature in DADA2. B cell counts varied, but there
was a tendency toward low B cell numbers (in 6 of 11
patients) (Figure 4A). Percentages of CD27–IgD1 naive
B cells were in the high normal range or elevated in all
but 1 patient (Figure 4B), whereas CD271IgD– memory
B cells were low in all but 1 patient (patient 10) (Figure
4C). Consistent with reduced percentages of CD271IgD–
memory B cells, all patients had reduced levels of IgA,
and all but 1 patient had reduced levels of IgG (Figure
4D). However, the levels of IgM were also severely
reduced in all but 1 patient (Figure 4D), suggesting that
the observed B cell defect was not primarily, or at least
not only, a result of perturbed class-switch recombination.

Intriguingly, we found that B cell function
seemed to worsen with disease progression. There was a
significant inverse correlation of C-reactive protein
(CRP) levels with IgG levels in 1 patient (patient 3)
with long periods of malcompliance with immunoglobu-
lin substitution (r 5 20.90, P 5 0.03707) (Figure 5A).
Most importantly, clinical observations indicate that anti–
tumor necrosis factor (anti-TNF) treatment might not

only reduce inflammation but also improve the immuno-
logic features of the disease. IgM levels started to rise
again in 1 patient (patient 1) after initiation of antiinflam-
matory therapy with steroids and adalimumab, resulting
in a significant negative correlation of IgM values and CRP
levels (r 5 20.81, P 5 0.02832) (Figure 5B) (Gattorno M:
personal communication).

Treatment. Figure 6 gives an overview of the treat-
ments received by our DADA2 patients. Since antibody
deficiency was the most common feature in our DADA2
cohort, 9 of 11 patients were receiving ongoing immuno-
globulin substitution. Antibiotics were administered to all
of the patients, with 3 patients receiving ongoing antibiotic
prophylaxis. Two patients were treated with antiviral drugs.
One patient had severe oral herpes simplex ulcers and
received acyclovir (5 doses of 400 mg each/day for 7 days),
leading to an almost complete remission of symptoms,
which was sustained by a prophylaxis with 3 doses of
800 mg each/week. The other patient was successfully
treated with acyclovir for viral encephalitis at age 13.

Eight patients received immunosuppressive drugs.
Steroids were used in 6 patients and steroid-sparing
agents in 4 (TNF inhibitors in 3 patients and methotrexate
in the patient who died [patient 6]). In addition to the
TNF inhibitor, a pyrimidine synthesis inhibitor (lefluno-
mide) was given to 1 patient to control myalgias and
paresthesias in the lower extremities. Nevertheless, CRP
levels were high (.5 mg/liter) in 7 of the 11 patients, even
though at the time of measurement, 1 patient was receiv-
ing steroids (patient 5) and 2 were receiving a combina-
tion of steroids and steroid-sparing agents (patients 4

Figure 5. Correlation of B cell function with inflammation in patients with deficiency of adenosine deaminase 2. A, Correlation of increasing
C-reactive protein (CRP) levels with decreasing IgG levels in 1 patient (patient 3) over time. B, Increase in IgM levels in 1 patient (patient 1)
after initiation of anti–tumor necrosis factor therapy (at time 0). Arrow indicates the initiation of steroid therapy.
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and 6). Of the 4 patients with normal CRP levels, 1
received anti-TNF treatment and steroids (patient 1), 1
received steroids only (patient 8), and 2 patients received
nonsteroidal antiinflammatory drugs.

Platelet inhibitors were used in 3 patients
(acetylsalicylic acid 100 mg/day), and antihypertensive
agents in 2. One patient received antiarrhythmic agents.
Selective serotonin reuptake inhibitors, tricyclic anti-
depressants, and antiepileptic drugs were used for pain
relief in 1 patient with fibromyalgia (patient 4), allowing
relatively stable pain control but no complete remission.
Due to severe neutropenia, patient 10 needed granulo-
cyte–macrophage colony-stimulating factor (GM-CSF)
treatment. Hematopoietic stem cell transplantation is
being considered for this patient.

DISCUSSION

In this study, we evaluated a cohort of 11 ado-
lescent and adult DADA2 patients. All of them had
dysgammaglobulinemia/hypogammaglobulinemia and
clinical features of immunodeficiency of the B cell

compartment. In contrast, vascular manifestations
were present in only 64% of the patients (7 of 11). In
spite of a selection bias from deliberately screening
patients with common variable immunodeficiency and
antibody deficiency, we think that a compromised B
cell compartment is an intrinsic feature of DADA2,
and may reflect a role of ADA2 in the bone marrow
microenvironment.

We used CRP levels as a marker of the inflamma-
tory disease activity in DADA2. Therapy was considered
successful if CRP levels were ,5 mg/dl. Intriguingly, we
saw that CRP levels correlated inversely with immuno-
globulin levels in 2 patients with sufficient follow-up data,
suggesting that chronic inflammation may lead to an
increasingly compromised B cell compartment. Recently,
2 pediatric DADA2 patients with pure red cell aplasia as
the only clinical manifestation of their disease were
reported to show paucity of erythroid precursors with
maturation arrest upon bone marrow evaluation (6).
These findings further strengthen our hypothesis of
a possible involvement of ADA2 in the bone marrow
microenvironment.

Figure 6. Treatment of patients with deficiency of adenosine deaminase 2 (DADA2). Values are the percentage of the cohort (n 5 11) who
were treated with the indicated drug. Black bars indicate antibiotics, immunoglobulins, and antiviral drugs. Dark gray bars indicate immunomod-
ulatory drugs and cardiac medications. Light gray bars indicate neuropsychiatric medications and granulocyte–macrophage colony-stimulating
factor (GM-CSF) treatment. NSAID 5 nonsteroidal antiinflammatory drug; SSRI 5 selective serotonin reuptake inhibitor.
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Previously published reports show a broad varia-
tion of the immunologic phenotype in DADA2. Of all 86
previously described DADA2 patients, immunoglobulin
levels were reported for only 54 patients. Of those, 26 had
hypogammaglobulinemia, and 10 had low levels of IgM.
Of the latter, 3 also had low levels of IgA. Fifteen
patients had normal immunoglobulin levels (1,5–18).
Three children were described as having increased immuno-
globulin levels (7,19), including 2 patients with a deletion
encompassing CECR1 and IL17RA, who cannot be com-
pared directly to the other patients with mutations in
CECR1 only. Overall, immunologic assessment does
not yet seem to be established as a routine evaluation
of patients with DADA2. It was only reported in about
half of the cases, even though B cell deficiency seems to
be a more common trait of the disease than previously
anticipated. Also, almost all of the patients who had an
immunologic evaluation were pediatric patients, apart
from our index patient who was 32 years old (5) and 3
others (1,12,16). However, there are no immunologic
data available on other adult DADA2 patients. We
found that in our cohort of mainly adult patients, immuno-
deficiency was a common feature in all patients, clinically
manifesting with recurrent infections in 82% (9 of 11).
This strengthens our hypothesis that progressing
inflammation may play an important role in establishing
the immunodeficiency in DADA2.

Anti-TNF therapy can control inflammatory
manifestations of DADA2 in many patients. We and
others (Gattorno M: personal communication) found
that anti-TNF treatment might also improve the immu-
nologic features of the disease, possibly by reducing the
inflammatory state of B cell development in DADA2.
Also, suppression of the inflammatory process, often
with lowering of CRP values, has so far prevented fur-
ther vascular events in our adult patients, with the
exception of a heart attack in a patient with known coro-
nary heart disease. However, myalgias and abdominal
pain still persist in selected patients.

Hematopoietic stem cell transplantation was dis-
cussed in 1 patient with severe neutropenia, who is cur-
rently dependent on GM-CSF treatment. Successful
hematopoietic stem cell transplantation in DADA2
patients has been reported in 5 patients so far, including
a boy with a combined immunodeficiency–like pheno-
type with 5 years of follow-up (11), a boy with a pre-
sumed diagnosis of atypical Diamond-Blackfan anemia
with 13 years of follow-up (8), a child with pancytope-
nia and absence of B cells after treatment for acute
myeloid leukemia, a child with corticosteroid-dependent
autoimmune thrombocytopenia causing growth failure

(15), and a 20-year-old female with symptoms reminis-
cent of GATA-2 deficiency with 2 years of follow-up
(16). Even though various complications including non-
engraftment (leading to a second hematopoietic stem
cell transplantation), venoocclusive disease, and severe
thrombocytopenia occurred in these patients, there
was a 100% survival rate and a clear improvement in
the clinical phenotype. However, the risk of hemato-
poietic stem cell transplantation is increased, especially
in adults. In summary, conservative management,
including anti-TNF treatment, immunoglobulin substi-
tution, and antibiotic prophylaxis when required, has
proven to be a safe and reliable option for our adoles-
cent and adult patients.

To date, there is no consensus about the use of
platelet inhibitors in DADA2. At the National Institutes
of Health, platelet inhibition and anticoagulation ther-
apy were discontinued in all DADA2 patients in order
to prevent vascular events (20). However, following the
discontinuation of platelet inhibition in our adult
DADA2 patients, one of them (patient 4, a 51-year-old
woman) had a heart attack. Hence, close clinical follow-
up and control of CRP values to detect increasing dis-
ease activity is crucial in monitoring these patients.

We did not see any evidence of a genotype–
phenotype correlation, and the position and type of
the mutation had no influence on the amount of resid-
ual protein detected by Western blotting or on ADA2
enzymatic activity. The protein was uniformly absent,
including in patient 3 who had isolated antibody defi-
ciency and in 2 of our most severely affected patients,
one with PAN (patient 4) and one with recurrent
strokes (patient 1). There was even strong clinical varia-
tion between siblings with the same genotype and the
same environmental background. This lack of genotype–
phenotype correlation was also noted by van Montfrans
et al in a cohort of 9 patients carrying the same homozy-
gous mutation R169Q (15). Therefore, it remains diffi-
cult to draw conclusions on the prognosis of DADA2
in adulthood. In our cohort, conservative management
provided good disease control in most patients. However,
in severe cases, an early transplantation might prevent
a fatal outcome. As one of our patients had his first
stroke at only age 41, we strongly suggest that anti-TNF
treatment should be considered even in patients without
vascular manifestations, but with steadily and strongly
elevated inflammation markers, indicating high disease
activity, in order to prevent fatal vascular events.

Since the first description of mutations in
CECR1 in 2014 (1,2), DADA2 has been primarily per-
ceived as an autoinflammatory disease with vasculo-
pathy. Since we found that DADA2 can also manifest
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solely with antibody deficiency (5), we screened a cohort
of 181 patients with common variable immunodeficiency
and antibody deficiency and found 9 additional DADA2
patients. There is a distinct immunodeficiency of the B
cell compartment intrinsic to DADA2. This feature of
the disease seems to worsen with increasing disease
activity. However, this process seems to be stopped with
efficient anti-TNF treatment. Conservative management
has so far proven to be a good choice for our less
severely affected adolescent and adult DADA2 patients.
However, hematopoietic stem cell transplantation should
be considered in patients with severe cytopenias and bone
marrow failure. Our cohort of 11 DADA2 patients (4 ado-
lescents and 7 adults) allows important insights on the
prognosis and management of this disease in adulthood,
serving as a guideline for adult medicine and allowing
pediatricians to better estimate the prognosis of their
patients upon a diagnosis of DADA2.
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Corrected estimates for the prevalence of self-reported
doctor-diagnosed arthritis among US adults: comment
on the article by Hootman et al

To the Editor:
Hootman et al provided updated estimates for the cur-

rent and future (i.e., projected) prevalence of self-reported
doctor-diagnosed arthritis in the US based on 2010–2012
National Health Interview Survey (NHIS) data (1). An individ-
ual with arthritis was identified in NHIS by an affirmative
answer to the question, “Have you ever been told by a doctor or
other health professional that you have some form of arthritis,
rheumatoid arthritis, gout, lupus, or fibromyalgia?”. The accu-
racy of this surveillance-aimed self-report case definition was
previously reported in a validation study (2) and has been the
basis for national estimates of arthritis prevalence. The valida-
tion study showed that the sensitivity and specificity of self-
reported doctor-diagnosed arthritis are 52.5% and 79.6%,
respectively, for subjects ages 45–65 years and 68.8% and
81.1%, respectively, for those ages $65 years.

Estimates for the prevalence of self-reported doctor-
diagnosed arthritis are subject to misclassification bias, as these
estimates are not adjusted for the imperfect (i.e., ,100%) and
also variable accuracy (i.e., distinct sensitivities across age
groups) of the case definition used (1). To estimate the true
prevalence of arthritis in the US after adjusting for this misclas-
sification, we used a Bayesian approach, taking estimates for
the apparent prevalence (i.e., the value reported by Hootman
et al) using the most recently available 2015 NHIS data for
adults ages 18–64 years (we shall call this group age ,65 years)
and those ages $65 years (3). We formally incorporated the
imperfect accuracy of the case definition as well as the uncer-
tainty (i.e., variability) regarding these measures (e.g., sensitivi-
ties) in our analysis.

For Bayesian inference, we initially described past
knowledge by specifying probability distributions (i.e., referred
to as priors). We then updated the priors with observed data

to obtain updated (i.e., posterior) estimates for unknown
parameters (e.g., true prevalence) (4). For probabilities, such
as sensitivity, specificity, or prevalence parameters, priors are
commonly specified by beta distributions. A beta distribution
with parameters a and b, beta(a, b), is a probability distribu-
tion that is confined to 0 and 1, where a and b define the shape
of the distribution. For example, the mean and mode of beta
distribution are given by a/(a 1 b) and (a 2 1)/(a 1 b 2 2),
respectively.

Based on the validation study, we assumed that the
most likely values for the sensitivity of the case definition in the
populations ages ,65 years and ages $65 years were 52.5%
and 68.8%, respectively. We further assumed 95% certainty
that the sensitivity was ,68.8% for the population ages ,65
years and .52.5% for the population age $65 years. These 2
quantities are regarded as the mode and 5th (or 95th) percen-
tile of beta distributions (5), and they are represented as
beta(19.04, 9.18) and beta(12.30, 11.23) for the sensitivities of
the case definition in the populations ages ,65 years and age
$65 years, respectively. Even though it was not in the validation
study, we further considered that the prevalence of arthritis in
women was higher than that in men, implying a higher sensitivity
of case definition in women in similar age groups. We specified
beta(48.28, 12.82) distribution for the specificity of the case defi-
nition across age strata and non-informative prior beta(1,1) for
the true prevalence of arthritis for all age and sex strata. The
specified non-informative prior implied that every possible value
between 0% and 100% for the true prevalence was equally
likely.

Using data from the 2015 NHIS, 25.8% (8,689/33,672)
responded “yes” to the question about doctor-diagnosed arth-
ritis. Bayesian estimates for the true prevalence of arthritis
were 4.7% (95% probability interval [95% PI] 0.2–17.8) for
men ages 18–64 years, 16.1% (95% PI 10.3–28.3) for women
ages 18–64 years, 59.7% (95% PI 47.8–76.9) for men ages $65
years, and 72.8% (95% PI 59.7–92.9) for women ages $65
years. Estimates for the sensitivity of the case definition were
43.6% (95% PI 27.2–58.7) for men ages 18–64 years, 53.9%

Table 1. Current and projected percent of the population with self-reported
doctor-diagnosed arthritis among US adults, 2015–2060, adjusted for imperfect
accuracy of case definition*

Year Total Men Women

2015 21.4 (52.9/247.7) 14.4 (17.3/120.7) 28.0 (35.6/127.0)
2020 22.7 (59.0/260.4) 15.6 (19.9/127.2) 29.4 (39.1/133.2)
2025 24.1 (65.6/272.3) 17.0 (22.6/133.2) 30.9 (43.0/139.2)
2030 25.2 (71.3/283.1) 18.0 (24.9/138.5) 32.1 (46.4/144.6)
2035 25.7 (75.1/292.9) 18.4 (26.4/143.4) 32.6 (48.8/149.4)
2040 25.8 (77.8/302.0) 18.5 (27.3/148.1) 32.8 (50.5/153.9)
2045 25.8 (80.0/310.5) 18.5 (28.2/152.6) 32.8 (51.8/157.9)
2050 25.9 (82.6/318.4) 18.7 (29.3/156.9) 33.0 (53.3/161.5)
2055 26.3 (85.9/326.3) 19.2 (30.9/161.2) 33.3 (55.0/165.1)
2060 26.9 (89.9/334.5) 19.8 (32.8/165.7) 33.8 (57.0/168.8)

* Values are the percentage of the population with arthritis (projected number of
individuals with arthritis [in millions]/estimated total population [in millions]).
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(95% PI 38.9–66.8) for women ages 18–64 years, 63.8% (95%
PI 52.7–75.6) for men ages $65 years, and 70.8% (95% PI
58.5–83.0) for women ages $65 years. The specificity of the
case definition was 86.3% (95% PI 84.8–90.3). Using these per-
centages and the projected US population from the US Census
Bureau, we can estimate the current and projected burden of
self-reported doctor-diagnosed arthritis among US adults (see
Table 1).

Our results suggested that estimates provided by
Hootman et al for the prevalence of doctor-diagnosed arth-
ritis in the US in 2015 were overestimated for men and under-
estimated for women. The imperfect specificity of the case
definition also resulted in overestimation of the total preva-
lence, since a substantial portion of individuals without dis-
ease were misclassified by Hootman et al as having arthritis.
Our estimate for the projected total prevalence in 2040 was
similar to that of Hootman et al, despite being substantially
different when stratified by sex. This similarity occurred by
chance and was due to approximately similar numbers of indi-
viduals misclassified as having disease due to the imperfect
specificity of the case definition, compared to those individu-
als who truly had disease and were missed by imperfect sensi-
tivity of the case definition in the total population in 2040. We
suggest that future estimates of arthritis prevalence include an
adjustment for imperfect accuracy of case definition. The
JAGS software package used in the calculations is available at
http://mcmc-jags.sourceforge.net/.

Supported by the NIH (grant AR-47785).
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Reply

To the Editor:
We appreciate the opportunity to respond to Drs.

Jafarzadeh and Felson’s comments on our projected arthritis

prevalence estimates. We have reviewed the letter from the
authors arguing that 1) our estimates are subject to misclassifi-
cation bias and 2) this bias can be corrected by incorporating
the sensitivity/specificity of the self-report case definition using
a Bayesian approach. We would like to provide 3 points of
response.

First, conceptually Drs. Jafarzadeh and Felson do not
provide corrected estimates of “self-reported doctor-diagnosed
arthritis” as suggested in their title. Rather, they seek to modify
those estimates to develop a “true prevalence” of “arthritis.”

Second, misclassification in the surveillance (and pro-
jections) for most any condition arises from many sources
because of the tradeoffs required. For example, the case defini-
tion that we used purposefully excludes the back and neck
because of the difficulty respondents would have attributing
those problems to arthritis, nor does it list all types of arthritis.

Third, their complex methods require many assumptions
that may introduce their own error. NHIS estimates vary
from year to year, which is why we use 3-year averages; Drs.
Jafarzadeh and Felson used only 1 year (2015) for their adjust-
ments, assuming that it was fully representative. It is not clear
that they used weighted data (they cite only unweighted 2015
data); weighted data must be used in complex survey designs
like the NHIS. They assumed sex differences not provided in
the validation study underlying their analysis (1). They pro-
jected prevalence to 2060—20 years beyond what we think is
reasonable due to Census assumptions (2) about changing
demographics of the population (e.g., immigration/emigration)
that are increasingly susceptible to error the further out one
projects.

Surveillance is a rough but practical exercise in under-
standing and predicting burden to educate the public, inform
policymakers, target resources, and evaluate intervention pro-
grams (3). Among the key elements for surveillance are sim-
plicity, representativeness, and stability (4), which we believe
our current approach meets. Our previous 2030 projections
have tracked relatively well with the actual prevalence (5,6),
which suggests that our simple method of projecting arthritis
prevalence is a reasonable approach that can be used over time
to project and monitor what all would agree is a large and grow-
ing public health problem.

Jennifer M. Hootman, PhD, ATC, FACSM, FNATA
Charles G. Helmick, MD
Centers for Disease Control and Prevention
Atlanta, GA
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Are murine fibroblasts responsible for fibrosis
reversion? Comment on the article by Luchetti et al

To the Editor:
We read with great interest the report by Luchetti et al,

mentioned by Professor John Varga at the “What is New” ple-
nary session on systemic sclerosis (SSc; scleroderma) at the
European League Against Rheumatism Congress in London
in June 2016 and published in the September 2016 issue of
Arthritis & Rheumatology (Luchetti MM, Moroncini G, Esca-
mez MJ, Baroni SS, Spadoni T, Grieco A, et al. Induction of
scleroderma fibrosis in skin-humanized mice by administra-
tion of anti–platelet-derived growth factor receptor agonistic
autoantibodies. Arthritis Rheumatol 2016;68:2263–73). The
authors induced fibrosis in SCID mice engrafted with a 3-
dimensional bioengineered skin model containing fibroblasts
and keratinocytes from scleroderma patients. This effect was
not obtained by grafting skin obtained from healthy donors.
However, the authors were able to induce a fibrotic phenotype
by injecting IgG from SSc patients into a healthy graft. Moreover,
they showed that this effect was dependent on platelet-derived
growth factor receptor (PDGFR) signaling. After the skin graft
made from SSc cells was maintained on mice for 16 weeks, the
fibrotic phenotype was gradually lost.

A particular feature of this study caught our attention: the
origin and phenotypic analysis of the fibroblasts extracted from the
skin graft. Indeed, the authors assessed reactive oxygen species
(ROS) and COL1A2 production in fibroblasts from the engrafted
skin (Figures 1 and 2 in the article by Luchetti et al). The technique
used to isolate those specific fibroblasts is not specified. The
authors do not report any analysis of the origin of the fibro-
blasts, whether they came from the bioengineered skin (of
human origin) or from the host (of murine origin) and colo-
nized the graft. Fluorescence-activated cell sorting after stain-
ing with anti-human or anti-mouse vimentin could easily be
performed to separate and analyze each population.

This point is of marked importance, given that it would
allow an evaluation of the local engraftment status and help explain
why the fibrotic phenotype is gradually lost. Indeed, a phenotypic
analysis of both types of fibroblasts, using a-smooth muscle actin
and vimentin staining, could allow determination of the proportion
of myofibroblasts. This would identify which cells are responsible for
the fibrotic phenotype (fibrotic histologic features, augmentation of
COL1A2 transcription, and ROS production). It would also
be interesting to analyze the phenotype of the fibroblasts before
reconstruction to evaluate the proportion of myofibroblasts in SSc
culture and healthy control culture.

Of note, the findings for COL1A2 production shown in
Figure 4 in the study by Luchetti et al appear to have been determined
in the total skin graft and not in the fibroblasts extracted from the
graft.

Another way to understand the gradual loss of fibrosis
would be to assess the evolution of phenotype and proportion

of both types of fibroblasts and myofibroblasts (human and
murine) over time, by performing classic and immunohistologic
stainings at different time points after the graft. Analysis of der-
mal cells before skin grafting may also help to explain the loss
of fibrosis. Indeed, factors secreted by murine cells or
modification of the ratio of murine to human cells in the graft
may be responsible for the loss of fibrosis. In the case of no
change in the ratio, we could hypothesize that factors secreted
either by murine fibroblasts or by human cells under murine
control influence the fibrotic outcome, suggesting that fibrosis
may be reversed. If the ratio progressively changes over time,
the loss of fibrosis might be due only to the loss of SSc
fibroblasts.

Concerning this matter, the authors point out that “SSc
fibroblasts and keratinocytes do not display any type of consti-
tutive defect and [. . .] that additional factors that are absent
in the engrafted skin, and also in the host mouse tissue, are
needed to maintain the SSc phenotype.” However, fibroblasts
and keratinocytes from SSc patients might represent only one
subtype of SSc cells, as selected positively via the culture
process. We have found, in previous experiments conducted in
the laboratory, that fibroblasts from SSc patients were of different
phenotypes after several passages. It has been shown that dermal
papillary fibroblasts can acquire a reticular phenotype after sev-
eral passages (Janson D, Saintigny G, Mah�e C, El Ghalbzouri A.
Papillary fibroblasts differentiate into reticular fibroblasts after
prolonged in vitro culture. Exp Dermatol 2013;22:48–53).

Overall, elucidating the phenotype of the fibroblasts
extracted from the skin graft might help to further explain the
progressive loss of fibrosis obtained in the model, and might even
lead to therapeutic applications. Fibrosis could be reversible if the
appropriate signal is blocked. Nevertheless, the study by Luchetti
et al shows very promising ways to further investigate the complex
pathophysiology of scleroderma by creating a new in vivo model
and confirming the implication of PDGFR signaling in fibrosis.

Pauline Henrot
Marie-Elise Truchetet, MD, PhD
Muriel Cario-Andre, PhD
University of Bordeaux
INSERM 1035
Bordeaux, France
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Reply

To the Editor:
We thank Ms Henrot and colleagues for their interest in

our work and for raising some interesting points. We wish to stress
that human mesenchymal cells were present in all experiments
described. These cells are the actual targets of the antibodies. We
do agree that a parallel analysis of a-smooth muscle actin and
vimentin would have complemented our results, but we are confi-
dent of the presence of human cells for the following reasons.

First, human-specific vimentin immunostaining iden-
tifies the dermal tissue corresponding to the engrafted area dis-
sected for analysis (70–80% human vimentin–positive cells)
(Figure 1A).

Second, human epidermis is morphologically different
from the murine counterpart, and we found that 70–80% of the
fibroblasts in the graft were of human origin (human vimentin
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positive) (Figure 1B) (see Figure 2D in Llames SG, Del Rio M,
Larcher F, Garc�ıa E, Garc�ıa M, Escamez MJ, et al. Human plas-
ma as a dermal scaffold for the generation of a completely autol-
ogous bioengineered skin. Transplantation 2004;77:350–5).

Third, we used another approach to address this issue.
The dermal equivalent of the grafted bioengineered skin
was prepared with human green fluorescent protein (GFP)–
positive fibroblasts. Twenty weeks after grafting we recovered
dermal GFP-positive cells from grafts by collagenase treat-
ment. Of the recovered cells, .30% were GFP positive. Obvi-
ously, the collagenase treatment releasing the GFP-positive
fibroblasts yielded many other stromal cells from the host, in-
cluding endothelial cells, macrophages, and mesenchymal cells
(Figures 1B and C).

Fourth, collagen messenger RNAs (mRNAs) measured
throughout the study were amplified with primers corresponding
to the human sequences. Under these conditions, mouse collagen
mRNAs were not amplified.

With regard to the reversibility of fibrosis in the skin
graft, we think that this is an important issue. Fibrosis is not
permanent, and a continuous stimulus is necessary for the
establishment of the fibrotic phenotype. At present, we have no
evidence that murine cells contribute to the final fibrotic phe-
notype, and this may be an interesting idea to test experimen-
tally by double labeling.

In conclusion, we wish to thank Ms Henrot and col-
leagues for the comments on the system we have used. We
believe that anti-PDGFR agonistic antibodies represent one
of the soluble factors that induce the fibrotic phenotype.
Indeed, the loss of skin fibrosis in our mouse model some
weeks after intradermal injection of anti-PDGFR antibody
highlights a novel aspect of fibrosis: the establishment
and the maintenance of the phenotype can be dissociated
experimentally.

Michele M. Luchetti, MD
Gianluca Moroncini, MD
Silvia Svegliati, PhD
Universit�a Politecnica delle Marche
Ancona, Italy
Fernado Larcher

Centro de Investigacion Biomedica
en Red de Enfermedades Raras

Madrid, Spain
Enrico V. Avvedimento, MD
Universit�a Federico II
Naples, Italy
Armando Gabrielli, MD
Universit�a Politecnica delle Marche
Ancona, Italy
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Conclusions from a meta-analysis: oversimplification
or warranting critical analysis? Comment on the
article by Tektonidou et al

To the Editor:
I read with interest the article by Tektonidou et al on

end-stage renal disease (ESRD) in lupus nephritis (1) and con-
gratulate the authors for the extensive compilation of data
providing insight into the time trend for use of immunosup-
pressive drugs and the corresponding risk of ESRD in systemic
lupus erythematosus. However, a few issues pertaining to the
conclusions drawn by the authors merit attention.

Tektonidou and colleagues included data from obser-
vational studies and randomized controlled trials (RCTs) in
their meta-analysis. While both types of study have specific
strengths and weaknesses, there is an inherent risk in pooling
data from observational studies and RCTs into a meta-analysis
because of concerns related to heterogeneity (2). Although
statistical adjustments (random-effects model) are used to
address this issue, they may impact the conclusions drawn from
the meta-analysis. The findings from RCTs and observational
studies may not demonstrate similar trend and/or effect size
estimates (or they may have divergent conclusions), especially
when the outcome being assessed is efficacy of an intervention.
The effect size of the estimates is significantly affected by the
study design, quality of data, and the biases thereof. A good
example of this is the results obtained from observational stud-
ies and RCTs in the context of postmenopausal hormone
replacement therapy (3–7). Tektonidou et al themselves state
that “ESRD risks were higher in clinical trials than in observa-

Figure 1. A, Human vimentin immunoperoxidase staining of regenerated skin 8 weeks after grafting of bioengineered skin onto the back of a
SCID mouse. B, Analysis of human bioengineered skin prepared with human green fluorescent protein (GFP)–positive fibroblasts and grafted
onto the back of a SCID mouse. Macroscopic appearance and transepidermal fluorescence clearly distinguish mouse (Mo) from human (Hu)
skin 20 weeks after engraftment. C, Cell sorting analysis of GFP-positive cells after collagenase digestion of the grafted skin.
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Clinical Images: Nonradiographic axial spondyloarthritis with sacroiliitis detected by tomosynthesis

Plain radiographs of the sacroiliac (SI) joint are widely used for diagnosing ankylosing spondylitis (AS). Patients are classified as hav-
ing nonradiographic axial spondyloarthritis (SpA) based on a lack of radiographic changes. However, the interpretation of radio-
graphic findings in the SI joint is very difficult to standardize; there are interobserver and intraobserver variations in the assessment
of radiographic sacroiliitis. It has been reported that radiologic assessment of the SI joint does not improve after individual training
and workshops (1). These difficulties in interpretation are due to the intricate anatomic structure of the SI joint. We used
tomosynthesis, which provides images at a variety of arbitrary heights in a single session, to image the SI joint. A plain radiograph
showed no visible changes in the SI joints of a patient with SpA (a and b). In contrast, tomosynthesis clearly demonstrated erosions
and sclerotic changes in the left inferior SI joint (arrow in c). Similar findings were recognized on the computed tomography (CT)
image (arrow in d). Since tomosynthesis is not affected by the structures around the SI joint, such as intestinal gas and muscles, it is
possible to visualize morphologic changes in the joint not seen on plain radiographs. The tomosynthesis examination takes only a few
seconds for each site. The dose of radiologic exposure is about twice that of plain radiography and almost one-tenth that of a CT scan
(2). Magnetic resonance imaging is also commonly used to detect morphologic changes along with active inflammation (3), but it
takes longer (;30 minutes) and is more expensive. Therefore, tomosynthesis is useful for evaluating morphologic changes in the SI
joint, and contributes to the diagnostic evaluation of AS and nonradiographic axial SpA.

1. Van Tubergen A, Heuft-Dorenbosch L, Schulpen G, Landew�e R,
Wijers R, van der Heijde D, et al. Radiographic assessment of
sacroiliitis by radiologists and rheumatologists: does training
improve quality? Ann Rheum Dis 2003;62:519–25.

2. Simoni P, G�erard L, Kaiser MJ, Ribbens C, Rinkin C, Malaise O,
et al. Use of tomosynthesis for detection of bone erosions of the
foot in patients with established rheumatoid arthritis: comparison
with radiography and CT. AJR Am J Roentgenol 2015;205:
364–70.

3. Weber U, Zubler V, Pedersen SJ, Rufibach K, Lambert RG,
Chan SM, et al. Development and validation of a magnetic reso-
nance imaging reference criterion for defining a positive sacroiliac
joint magnetic resonance imaging finding in spondyloarthritis.
Arthritis Care Res (Hoboken) 2013;65:977–85.
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Toolkit. Justifying the expense and time away from your
office to attend a meeting can sometimes be a challenge. Our
Attendance Justification Toolkit offers tips and suggestions
on how to communicate the return-on-investment to your
supervisor. The toolkit includes:
• General Tips
• Reasons Your Employer Should Send You to the

2017 ACR/ARHP Annual Meeting
• How to Justify Conference Attendance
• Sample Expense Worksheet
• Sample Cost Benefit Worksheet
• Justification Letter
Access the Attendance Justification Toolkit at http://acr.tw/
ACRajt.
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