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Certolizumab Pegol Missing Primary End Point in Phase III RA Trial 
In this issue, Weinblatt et al (p. 1937) 
report the results of the C-EARLY phase 

III study in patients 
with early rheumatoid 
arthritis (RA), which is 

the first reported randomized double-blind 
study with an anti–tumor necrosis factor 
biologic disease-modifying antirheumatic 
drug that compares 3 treatment strategies: 
continuation, tapering, and withdrawal 
of certolizumab pegol (CZP) after 1 year 
of therapy. This is a report on the second 
period of the C-EARLY study, during which 
patients with early RA who had achieved 
sustained low disease activity after 1 year 
of treatment with CZP plus methotrexate 

(MTX) were re-randomized 2:3:2 to receive 
CZP at a standard dose, CZP at a reduced 
frequency, or placebo, each in addition to 
MTX. The investigators noted that the first 
period of the study was underenrolled; thus, 
only 293 patients were randomized into the 
treatment groups in period 2.

The researchers found that, during this 
second period, treatment with CZP did not 
achieve the primary end point: percentage 
of patients who maintained low disease 
activity throughout weeks 52–104 without 
flares. They also found that there were no 
clinically meaningful differences between 
the standard and reduced frequency doses 
of CZP plus MTX and that both treatment 
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regimens were able to control RA more 
effectively than stopping CZP. Although 
the trial did not achieve the primary end 
point, the investigators noted that a higher 
percentage of patients treated with the 
standard and reduced frequency regimens 
maintained low levels of disease activity as 
compared with those who stopped CZP. They 
observed similar trends for radiographic 
nonprogression and normative physical 
function. In addition, there were no deaths 
in the study, and all of the treatment groups 
had similar safety profiles. Reassuringly, the 
investigators did not detect any new safety 
signals in the patients who continued CZP 
to week 104. 

In this issue, Winthrop et al (p. 1960) write about their 
evaluation of the long-term risk of herpes zoster (HZ) 
within the tofacitinib clinical development program 

for rheumatoid arthritis. They 
evaluated data from all 19 studies 
in the database (6,192 patients and 

16,839 patient-years). They found that patients who 
received concomitant treatment with tofacitinib 
and glucocorticoids (GCs) were at greater risk of 
developing HZ than were those who received tofacitinib 
monotherapy without GCs.

While 636 tofacitinib-treated patients experienced 
HZ, in most cases, the HZ was classified as nonserious, 
and only 1 dermatome was involved. The investigators 
found that the incident rates (IRs) of all HZ events per 
100 patient-years varied across regions: 2.4 in Eastern 
Europe, 8.0 in Japan, and 8.4 in Korea. When they focused 
their attention on only the phase III studies in the 
database, they found that IRs for HZ varied according 
to tofacitinib dose, background conventional synthetic 
disease-modifying antirheumatic drug (csDMARD) 
treatment, and baseline use of GCs. Specifically, the IRs were 
numerically lowest for monotherapy with tofacitinib 5 mg twice 
daily without GCs (IR 0.56) and highest for tofacitinib 10 mg 

twice daily with csDMARDs and GCs (IR 5.44). In addition, 
they found that age, GC use, tofacitinib dose, and enrollment 
within Asia were all independent risk factors for HZ.
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Tofacitinib Plus Glucocorticoids May Increase the Risk 
of Developing Herpes Zoster

Figure 1. Crude incidence rates (IRs) of first herpes zoster (HZ) events within pooled phase III 
studies of tofacitinib, with or without conventional synthetic disease-modifying antirheumatic 
drugs (csDMARDs) and/or baseline glucocorticoid (GC) use. Patients from all regions were 
included. HZ IRs (with 95% confidence intervals [95% CIs]) are expressed per 100 patient-years 
(PYs) of exposure. BID = twice daily.

http://onlinelibrary.wiley.com/doi/10.1002/art.40196/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40189/full


Live Zoster Vaccination Effective in Patients With RA 
In this issue, Winthrop et al (p. 1969) report 
the results of a phase II trial of live zoster 
vaccination (LZV) in patients with rheumatoid 

arthritis (RA) prior to 
treatment with tofacitinib. 
This is the first study to 

directly assess the safety and immunogenicity 
of LZV in patients with RA. The investigators 
randomized 112 patients to receive tofacitinib 
or placebo postvaccination. At 6 weeks 
postvaccination, they measured the geometric 
mean fold rise (GMFR) in immune response in 

the 2 groups and found that the varicella zoster 
virus (VZV)–specific IgG levels were 2.11 in 
the tofacitinib group and 1.74 in the placebo 
group. The VZV-specific T cell GMFR was 
also similarly elevated in the 2 groups. Thus, 
patients who began tofacitinib treatment 2–3 
weeks after receiving LZV had VZV-specific 
humoral and cell-mediated immune responses 
to LZV that were similar to those in placebo-
treated controls. 

Three serious adverse events occurred in 
the tofacitinib group and none in the placebo 

In this issue, Hiwa et al (p. 2069) report that, in patients with 
microscopic polyangiitis (MPA), myeloperoxidase (MPO) complexed 
with HLA class II molecules is the target for MPO–antineutrophil 

cytoplasmic antibody (ANCA) and a driver of 
pathogenesis. Specifically, in individuals with 
an MPA-susceptible allele, intracellular MPO is 

transported to the surface by HLA class II molecules, such that 
MPO associated with HLA–DR expresses cryptic autoantibody 
epitopes for MPO-ANCA. When the investigators looked at 
autoantibodies in patients, they found that autoantibody binding 
to the MPO/HLA–DR complex correlated with the disease 
susceptibility conferred by each HLA–DR allele. 

These findings suggest that the MPO/HLA–DR complex 
is involved in the pathogenicity of MPA. This conclusion was 
supported by the researchers’ finding of MPO/HLA class II 
complexes in neutrophils from a patient with MPA as well as in 
cytokine-stimulated neutrophils from healthy donors. In addition, 
they found that MPO-ANCA was able to stimulate MPO/HLA–DR 
complex–expressing HL-60 cells.

Myeloperoxidase Is a 
Target for Autoantibodies 
in Microscopic Polyangiitis
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group. One patient who lacked preexisting 
VZV immunity and was technically not eli-
gible for the vaccination developed a dis-
seminated rash on day 16 postvaccination. 
The rash resolved when tofacitinib was dis-
continued and antiviral treatment was given. 
The researchers conclude that vaccination 
appears to be safe for most patients with RA 
who will be initiating treatment with tofaci-
tinib. They note that patients receiving the 
vaccine should have a history of chicken pox 
or a serologic test showing exposure.

Figure 1. Cell surface expression of MPO induced by HLA–DR with an MPA-
susceptible allele is less affected by the invariant chain (Ii) than by an MPA-nonsusceptible 
allele (HLA–DR7). MPO and green fluorescent protein (GFP) were cotransfected with 
HLA–DR into HEK 293T cells in the presence (broken lines) or absence (solid lines) 
of the invariant chain. Cell surface expression of HLA–DR and MPO on GFP-positive 
cells was analyzed. Cells transfected without HLA–DR were stained as a control (shaded 
histograms). Expression of the invariant chain was analyzed by intracellular staining. 
A, MPO was transfected with HLA–DR7. B, MPO was transfected with HLA–DR9. 
Results are representative of at least 3 independent experiments.

Adipsin Levels Associated With Pulmonary Arterial Hypertension
In this issue, Korman et al (p. 2062) describe 
data indicating that adipsin is a novel adipose 
tissue–derived marker of systemic sclerosis 

(SSc)–related pulmonary 
arterial hypertension 
(PAH). In addition, they 

report that patients with SSc generally have 
dysregulated levels of multiple adipokines. 
Specifically, the levels of adiponectin and 
adipsin were found to differ significantly 
between SSc patients and controls. Adipsin 

in particular was significantly elevated in 
patients with limited cutaneous SSc and PAH. 
This elevation was even more pronounced 
than that seen with B-type natriuretic 
peptide. Adipsin levels also were associated 
with serum autoantibody status, pulmonary 
function, and cardiovascular parameters. 
Patients with SSc who had adipsin gene 
single-nucleotide polymorphisms were more 
likely to have PAH. Transcriptome data set 
analysis reinforced this observation and 
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demonstrated elevated adipsin expression 
in patients with SSc-related PAH.

The authors conclude by suggesting that 
adipsin might serve as a pathogenic link be-
tween adipocyte dysfunction and complement 
pathway activation. If this hypothesis proves to 
be true, then adipsin may be important in the 
pathogenesis of SSc-related PAH. Even absent a 
full understanding of the mechanism behind the 
association, however, circulating adipsin levels 
may be useful as a predictive biomarker in SSc. 

http://onlinelibrary.wiley.com/doi/10.1002/art.40187/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40206/full
http://onlinelibrary.wiley.com/doi/10.1002/art.40193/full
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ACR Meetings

Annual Meetings
November 3–8, 2017, San Diego
October 19–24, 2018, Chicago

Winter Rheumatology Symposium
January 20–26, 2018, Snowmass

State-of-the-Art Clinical Symposium
April 14–15, 2018, Chicago

For additional information, contact the ACR office.

2017 ACR/ARHP Annual Meeting: Advance
Registration Ends Wednesday, October 18

Time is running out to register at advance rates for
the 2017 ACR/ARHP Annual Meeting, to be held November
3–8 in San Diego, CA. Attendees will receive first-hand access
to the latest innovations, research, and clinical applications
transforming rheumatic disease care. Expand your knowledge
into new areas of rheumatology, and register today at
www.rheumatology.org/Annual-Meeting/Registration.

Maximize your meeting experience by taking advant-
age of the following resources:
• Mobile app: Create a personalized schedule, receive meet-

ing alerts, search maps, and more.

• Session Tracker: You can use this printed resource to
record your hours of participation as you go. The Session
Tracker will be available on site and online.

• Searchable abstract site: Search and view accepted abstracts
for the 2017 Annual Meeting at ACRabstracts.org.

• ACR Beyond: ACR Beyond allows you online access to
sessions you missed. Experience education from the
annual meeting at your own convenience and pace.

Education Programs

Eleventh International Congress on Autoimmunity.
May 16–20, 2018, Lisbon, Portugal. The International Con-
gress on Autoimmunity encompasses the most up-to-date clin-
ical and basic research findings on more than 80 autoimmune
diseases, with courses and lectures by some of the world’s
most distinguished experts. The deadline for submission of
abstracts is November 22, 2017. The official language will be
English. Registration fees are e620 (early; until March 6),
e720 (March 7–May 8), and e820 (May 9–onsite) for full par-
ticipants, and e380 (early; until March 6), e430 (March 7–May
8), and e480 (May 9–onsite) for trainees (students/fellows/resi-
dents) and nurses. Optional courses and functions are avail-
able for additional fees. For additional information, e-mail
reg_autoimmunity18@kenes.com, phone +41 22 908 0488, or
visit the web site http://autoimmunity.kenes.com/2018.
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Clinical Connections

van den Bosch et al, Arthritis Rheumatol 2017;69:1978–1983.

CORRESPONDENCE 
Arjen B. Blom, PhD:  arjen.blom@radboudumc.nl

SUMMARY  
Balanced canonical Wnt signaling is crucial for the development and homeostasis of joint tissues; therefore not 
surprisingly, excessive canonical Wnt signaling has been associated with the development of osteoarthritis (OA).  While 
most previous studies focused on the effects of Wnt signaling in the articular cartilage, the study by van den Bosch and 
colleagues shows that increased synovial expression of Wnt ligands that activate canonical Wnt signaling results in an 
increased expression of matrix metalloproteinases (MMPs) that are relevant for the breakdown of cartilage during 
OA, such as MMP-3 and MMP-13.  Furthermore, in synovial tissue from patients with early symptomatic OA, the 
expression of MMPs was found to be strongly associated with the expression of Wnt signaling receptors (Frizzled class 
receptors, or FZDs) and was inversely associated with the expression of a Wnt signaling inhibitor (FRZB).  Patients with 
progression of pathology over 5 years had a higher expression of one FZD receptor but decreased expression of the 
inhibitor FRZB.  Whereas recombinant Wnt protein stimulation of synovial biopsy tissues from patients with end-stage 
OA increased the production of MMPs, specific inhibition of endogenous Wnt signaling with either DKK1 or FRZB 
resulted in reduced production of these cartilage-degrading enzymes.  These data demonstrate a novel link between 
increased Wnt signaling and the production of matrix-degrading enzymes in the synovium that might contribute to the 
breakdown of articular cartilage, the main hallmark of OA.

KEY POINTS 

•  Increased canonical Wnt signaling has been 
associated with the development of OA. 

•  Synovial Wnt signaling strongly 
correlates with matrix-degrading MMP 
expression in patients with early OA. 

•  Stimulation of human synovial explants 
with recombinant Wnt results in 
increased expression of various MMPs. 

•  Inhibition of (increased) endogenous 
Wnt signaling in the synovium of OA 
patients decreases the expression of 
matrix-degrading enzymes and may 
therefore prevent cartilage damage.

Induction of Matrix Metalloproteinase Expression by Synovial 
Wnt Signaling and Association With Disease Progression in  
Early Symptomatic Osteoarthritis

http://onlinelibrary.wiley.com/doi/10.1002/art.40206/full


Clinical Connections

Plasmablasts With a Mucosal Phenotype Contribute 
to Plasmacytosis in Systemic Lupus Erythematosus   
Mei et al, Arthritis Rheumatology 2017;69:2018–2028.

CORRESPONDENCE 
Henrik E. Mei, PhD:  mei@drfz.de 

SUMMARY  
In healthy individuals, mucosal immune activity maintains low-level plasmablast responses that reach a 
detectable concentration in the peripheral blood.  In patients with active systemic lupus erythematosus 
(SLE), peripheral blood plasmablasts are expanded and correlate with lupus activity, but the underlying 
induction mechanisms are not well understood.  By studying the antibody isotype and homing receptors 
of plasmablasts, Mei and colleagues show that plasmablasts carry either systemic or, most notably, mucosal 
characteristics. The latter express various combinations of IgA as well as the mucosal homing receptors 
CCR10 and β7 integrin and contribute substantially to the overall plasmablast expansion in active SLE.  In 
contrast to systemically induced plasmablasts, only mucosal plasmablasts were found to be associated 
with distinct cytokines, which suggests that the cytokine environment is critical to their induction.  Thus, 
plasmablast expansion in SLE appears to reflect a superimposed finding of systemic autoantigen-triggered 
plasmablasts and expansion of a population of mucosal plasmablasts that likely result from enhanced 
activity of mucosa-associated lymphoid tissues.  Lupus activity scores (e.g., the SLE Disease Activity Index 
[SLEDAI]) are generally insensitive to gastrointestinal disease; however, this study focuses attention on the 
immunopathologic role of mucosal compartments in SLE.

KEY POINTS 
•  Substantial fractions of 

the expanded plasmablast 
population in SLE express 
IgA, CCR10, or β7 integrin. 

•  Mucosal plasmablasts 
in blood are associated 
with serum cytokines and 
comprise autoreactive  
cells in SLE. 

•  Autoreactive anti–double-
stranded DNA (anti–dsDNA)–
secreting cells of IgA and IgG 
isotype are present in the 
circulation of SLE patients. 

•  Findings suggest an increased 
activity of mucosal immune 
compartments in SLE.

http://onlinelibrary.wiley.com/doi/10.1002/art.40181/full
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EDITORIAL

Herpes Zoster: Fear the Infection, Value the Solution

John J. Cush

Herpes zoster (HZ) is characterized by a blistering
rash and painful neuritis that results from reactivation of
the varicella zoster virus (VZV). HZ (also known as shin-
gles) will affect one-third of adults in the US during their
lifetime (1). In addition to the painful rash and the 20%
risk of postherpetic neuralgia, shingles exacts substantial
cost and a diminished quality of life in an aging populace.

Although the incidence of zoster is increasing, a
Centers for Disease Control and Prevention (CDC) report
states that only 28% of adults older than age 60 years have
received preventive vaccination, despite the widespread
availability of an approved, effective vaccine (2,3). More-
over, the risks are even higher in certain populations, espe-
cially in patients with autoimmune disease (4). The risk is
further compounded by the therapeutic agents (e.g., cor-
ticosteroids, cytotoxic agents, biologic agents, and JAK
inhibitors) used to treat such patients.

There is a imperative need to know who is at risk,
when and how at-risk patients should be vaccinated, and
what other risk-reduction measures should be considered.
At a vaccine symposium held at the annual meeting of the
American College of Rheumatology in 2015, Dr. William
Schaffner stated, “if you don’t fear the infection, you won’t
value the solution (vaccine).”
The solution

The live zoster vaccine (LZV) was approved by
the Food and Drug Administration in 2006, based on the
Shingles Prevention Trial that involved 38,546 subjects
older than age 60 years who received either LZV or pla-
cebo (5). After nearly 3 years of follow-up, the VZV
infection rate was 1.66% in those receiving LZV and

3.42% in the placebo group, with a 51% prevention rate
in zoster and a two-thirds reduction in postherpetic neu-
ralgia. It was also noted that efficacy decreased with age,
with protection of 64% in the 60–69-year-old group, but
only 18% in those older than age 80 years. Vaccine-
related complications were rare and included zoster-like
rashes in 1.6% of those receiving the vaccine and 1.1% of
those receiving placebo. Disseminated infection (0.026%
and 0.056%) and ophthalmic zoster (0.18% and 0.36%)
were rarely observed in those treated with LZV and those
in the placebo group, respectively.

Screening for zoster is unnecessary, because
nearly everyone age 60 years and older is immune to vari-
cella. Zoster vaccination should be offered regardless of a
history of varicella infection or prior shingles, because
HZ may recur. The duration of protection is at least 4
years and wanes thereafter, such that protection beyond 5
years is uncertain. This limited duration of protection is
one of the reasons the vaccine is not offered to individuals
in the 50–59-year age group. The LZV is not recom-
mended for the treatment of acute zoster infection.
Who is at risk?

Most VZV infections are caused by reactivation of

varicella virus. There are very few examples of VZV infec-

tion occurring in individuals not previously exposed, those

with immature immune systems, or those who are highly

immunosuppressed. Factors that influence eligibility for

zoster vaccination in at-risk persons (1,6) may include the

following:

1. Age older than 60 years. In individuals older
than age 60 years and those with osteoarthritis,
the HZ risk rate ranges from 0.6 per 100 patient-
years to 1.0 per 100 patient-years (1).

2. Chronic medical conditions (e.g., renal failure,
diabetes mellitus, rheumatoid arthritis [RA], or
chronic pulmonary disease).

3. History of shingles.
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4. Long-term corticosteroid treatment. Most stud-
ies show a dose-dependent increase in the rate
of HZ infection.

5. Treatment with recombinant biologic agents.
Numerous population-based studies suggest that HZ
infection rates may be increased in patients receiving
tumor necrosis factor inhibitors compared with the
rates in those receiving disease-modifying antirheu-
matic drugs, with rates ranging from 0.78 per 100
patient-years to 1.6 per 100 patient-years.

6. Treatment with JAK inhibitors. Tofacitinib drug
development trials showed HZ infection rates of
;4.5 per 100 patient-years (7); this rate is ;3–7
times higher than that in patients with RA and the
general population. Treatment with tofacitinib or
other JAK inhibitors should prompt consideration
of HZ vaccination prior to drug initiation and may
not be limited to individuals older than age 60 years.
The mechanisms underlying zoster infection in
patients receiving JAK inhibitors are multifactorial
and may include inhibition of JAK, lymphopenia,
and reduced numbers of CD4 and natural killer
cells.

Who is at greatest risk?
Warnings about the use of live virus vaccines (e.g.,

LZVs) in patients receiving biologic agents is not based
on a body of evidence of known toxic events arising in
patients receiving biologic agents. Instead, guidelines are
based on hypothetical risks inferred from reports of
disseminated viral infection following live virus vaccina-
tion, which usually is seen in patients with very immature,
highly suppressed immune systems, such as children
undergoing chemotherapy or transplantation.

Zhang et al analyzed a large Medicare population
and identified 633 biologic agent–treated RA patients
who inadvertently received the HZ vaccine; they observed
that none of these patients developed HZ infection during
the following 42-day period (8). Thus, for nearly all adults,
vaccination with the LZV is a low-risk booster vaccina-
tion. Neoimmunization with VZV represents a greater
risk, especially in patients who are very young, patients
who are very immunosuppressed, and those without
immunity to VZV.

Winthrop et al, whose article appears elsewhere in
this issue of Arthritis & Rheumatology (9), report 1 case of
disseminated multidermatomal zoster in a patient who
had no detectable pretreatment immunity to VZV. The
rash was noted 2 days after the start of treatment with
tofacitinib (16 days postvaccination) and resolved after
discontinuation of tofacitinib followed by 1 week of antivi-
ral therapy. Molecular testing of an abdominal biopsy

specimen obtained from this patient showed polymerase
chain reaction positivity for VZV DNA from the vaccine
(Oka strain). This event underscores the need to screen
patients for prior VZV infection, preferably by eliciting a
history of varicella infection. The reliability of testing for
varicella titers has not been demonstrated.

Other than in the study by Winthrop et al (9), live
virus vaccination in high-risk or immunosuppressed patients
has seldom been investigated. Nonetheless, it should be
noted that the LZV was developed largely in an elderly pop-
ulation in which the average age of participants was 69 years.
When to give zoster vaccination

Vaccination should be prescribed in accordance
with risk and age. Nearly all published guidelines allow
LZV to be given to patients receiving methotrexate or other
disease-modifying drugs or corticosteroids (up to 20 mg/day
prednisone or equivalent).

The most problematic patients are those with
autoimmune disease who will be treated with recombi-
nant biologic agents. For example, most patients with
RA and most patients with psoriasis will receive biologic
therapies during their lifetime; thus, zoster vaccination
should occur at the earliest opportunity—specifically,
when they are older than age 50 years, are not receiving
treatment with a biologic agent, and have the financial
means to receive it. Ideally, the zoster vaccine should be
given before starting therapy with a biologic agent or
when a suspension of biologic therapy affords a window
of opportunity that would allow vaccination.

Timing of zoster vaccination. The timing of the
antibody response mandates that initiation of treatment
with biologic agents should be delayed for 2–4 weeks after
administration of LZV. Hence, for biologic agent–naive
patients, vaccination may be followed by the initiation of
biologic agent treatment after a minimum of 2 weeks. The
Advisory Committee on Immunization Practices (ACIP)
guidelines state that patients being treated with a biologic
agent should not be vaccinated until at least 4 weeks after
discontinuation of that treatment, and that treatment with
a biologic agent should not be initiated or restarted until
2–4 weeks after the vaccination (1,10).

In their study, Winthrop and colleagues (9) tested
the safety and timing of LZV in 112 patients being
treated with tofacitinib. Citing disparate recommenda-
tions by the CDC, the American College of Rheumatol-
ogy, and the European League Against Rheumatism
treatment guidelines and a lack of studies of LZV in
patients with RA, they set out to study vaccine responses
in patients with active RA being treated with methotrex-
ate who were vaccinated 2–3 weeks prior to starting
treatment with either tofacitinib or placebo. Twelve
weeks after vaccination, patients vaccinated with LZV

1918 CUSH



had clinically adequate immunogenic responses that
were not negatively affected by tofacitinib therapy.

This study was not designed to investigate the long-
term effects of zoster vaccination in patients receiving
tofacitinib but did show that a 2–3-week delay prior to
tofacitinib initiation was effective in mounting zoster-
specific titers. In patients receiving biologic agents or JAK
inhibitors, it would be imprudent to interrupt effective ther-
apy to administer the HZ vaccine. Instead, it would be prag-
matic to defer HZ vaccination until the first interruption or
suspension of therapy, e.g., for a change in therapy, loss of
insurance, intercurrent illness, or surgery.

Future vaccine options. Clinicians treating pa-
tients with active disease may have to choose between initi-
ating a biologic agent or JAK inhibitor immediately or
waiting 2–4 weeks after administering LZV. Fortunately,
non–live virus zoster vaccines will be commercially avail-
able in the near future, thereby allowing for simultaneous
administration of a biologic agent and zoster vaccine.

The novel zoster subunit vaccine (HZ/su or
Shingrix) is an inactive recombinant VZV glycoprotein
adjuvant-based product administered as 2 intramuscular
doses, 2 months apart (11). In the Zoster Efficacy Study in
Adults 50 Years of Age or Older (ZOE-50) and the Zoster
Efficacy Study in Adults 70 Years of Age or Older (ZOE-
70) trials, the vaccine was 90% effective, even after 4 years,
in adults older than age 70 years and 98% effective for HZ
prevention in adults older than age 50 years. Moreover,
postherpetic neuralgia did not occur in those younger than
age 70 years, and the vaccine was 89% effective in pre-
venting postherpetic neuralgia in individuals older than
age 70 years. Unlike the LZV, efficacy and protection con-
ferred by the zoster subunit vaccine were maintained and
did not diminish with increasing age.

There may be disadvantages to this newer vaccine,
including the need for 2 intramuscular injections and an
80% rate of muscle soreness at the injection site. Injection-
site reactions/pain and myalgia were more frequent in the
vaccine-treated patients, but serious adverse events were
similar between groups.

Formal guidance for prevention of HZ. The
ACIP issued its initial guidelines for zoster prevention in
2008 (10). The ACIP recommended routine live zoster
vaccination in adults ages $60 years, ignoring use in those
ages 50–59 years, citing lower infection rates in that group,
initial vaccine shortages, and limited data on long-term
protection in a younger cohort. The product labels for
Xeljanz and Zostavax address prevention and vaccination,
with a few instructive statements. Many of these state-
ments represent cautious expert opinion and regulatory
guidance based on the same.

JAK inhibitors (from the Xeljanz product label).
1) Zoster infection is one of the common serious and
opportunistic infections seen with JAK inhibitor use; 2)
Do not administer Xeljanz during an active or serious
infection (including active VZV infection) and including
localized infections. If a serious infection develops, inter-
rupt Xeljanx until the infection is controlled; 3) Live
vaccines should not be given concurrently with tofacitinib
(or other JAK inhibitors).*

Zoster vaccine live (from the Zostavax product
label). 1) LZV is contraindicated in individuals with
immunodeficiency or those receiving immunosuppressive
therapy;† 2) Defer vaccination in patients with active
untreated tuberculosis; 3) Zostavax is a live, attenuated
varicella zoster vaccine, and administration may result in
disseminated disease in individuals who are immuno-
suppressed or immunodeficient.

Zoster vaccination uncertainties. Despite advances
in our understanding, there are still some uncertainties
regarding zoster vaccination, especially in autoimmune
patients or patients receiving high-risk drugs (high-dose
corticosteroids, biologic agents, and JAK inhibitors).
These uncertainties include the following: 1) Once an
individual is infected with shingles, when is the optimal
time to vaccinate against recurrence of zoster infection? 2)
Upon the onset of shingles, .90% of US rheumatologists
will discontinue biologic or JAK therapy. It is unknown
whether this practice is correct or when is the optimal
time to restart treatment with biologic agents or JAK
inhibitors. 3) Are there omissions in the current ACIP
guidelines for HZ vaccination (which were used only in
healthy elderly patients and have not been formally stud-
ied in high-risk patients and those with autoimmune or
inflammatory disease)? 4) What are the advantages and
disadvantages of the new zoster subunit vaccines that will
likely be approved in late 2017? For each of these
uncertainties, there is little or no evidence, which thus
forms the basis for an ongoing research agenda in zoster
vaccination studies.
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Lupus, the Chameleon: Many Disguises Difficult to Capture

Susan Manzi1 and Joan Merrill2

Lupus is undeniably an enigmatic disease. The
lack of a single diagnostic blood test, the subjective
nature of common features, the appearance of good
health in patients who may be critically ill, and the het-
erogeneity of organ manifestations in any given individ-
ual are some of its most puzzling characteristics. The
poor outcomes when diagnosis is delayed underscores
the urgency of these confusing problems, which may
explain why the fictional Dr. House often considered
lupus as a possible diagnosis for his most complex
patients.

Challenges in reaching and treating lupus patients
before serious organ damage occurs have fueled the quest
to measure the burden of disease in the US and to identify
populations at highest risk so that strategies for timely
intervention can be developed. Impediments to reaching
these goals include the inadequacy of self-reporting, the
difficulty of defining lupus, ethnic disparities, and the lack
of reliable case ascertainment. The confusing spectrum of
lupus, both by organ involvement and severity of disease,
means that some people may never seek medical atten-
tion or may be managed by primary care clinicians or
single-organ specialists, depending on regional access to
providers and cultural biases. The mere concept of accu-
rately counting those living with lupus is daunting but nec-
essary given the potentially fatal nature of the disease and
the high frequency of disability and comorbidity that
increases inexorably in relatively young people.

In 2002, the Centers for Disease Control and Pre-
vention (CDC) published in The Morbidity and Mortality
Weekly Report trends in deaths from systemic lupus ery-
thematosus (SLE) from 1979 through 1998 (1). The
report highlighted a 70% increase in death rates among

black women ages 45–64 years during the study period.
Of all lupus deaths, 36% occurred in persons ages 15–44
years. These shocking statistics resulted in a call to action
by the CDC and the Lupus Foundation of America to
develop a US population–based registry to monitor
trends in lupus incidence and prevalence and to better
characterize racial and ethnic disparities.

Starting in 2004, the CDC funded the creation of
national lupus registries in several counties in Georgia
(the Georgia Lupus Registry), Michigan (the Michigan
Lupus Epidemiology and Surveillance Program), Cali-
fornia (the California Lupus Surveillance Project), New
York (the Manhattan Lupus Surveillance Program), and
at select Indian Health Service (IHS) regions in Alaska,
Phoenix, Arizona, and Oklahoma City.

The IHS, Michigan, and Georgia sites were the
first of these registries and laid the groundwork and meth-
odology for the later initiatives. They used similar case
definitions, relying primarily on meeting $4 American
College of Rheumatology (ACR) criteria or a renal
biopsy of lupus nephritis/end-stage renal disease (ESRD)
or a rheumatologist’s diagnosis/consensus. The IHS study
identified cases from a national data warehouse that
requires mandatory reporting, while the Michigan and
Georgia sites used similar case-finding sources: hospitals,
specialists (rheumatology, dermatology, and nephrology),
the US Renal Data System, and laboratory and pathology
reports.

A number of lessons were learned from these reg-
istries, which were published in Arthritis & Rheumatology
in 2014 (2–4). The Michigan and Georgia registries esti-
mated lupus cases in nearly 3.9 million people living in 4
urban and rural counties, with a mix of primarily white
(46–58%) and black residents (39–49%). Of note is that
the race/ethnicity categories designated in the studies
were white and black, which raises some limitations in
terms of definition. They found an overall similar age-
adjusted incidence of 5.5/100,000 persons and preva-
lence of 73/100,000 persons using ACR criteria as the
primary definition of lupus. The incidence and preva-
lence rates increased to 6.9/100,000 and 92/100,000,
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respectively, in the population from Georgia when lupus
was also defined by a renal biopsy, ESRD, or 3 ACR cri-
teria with a rheumatologist’s diagnosis. Interestingly, the
rates did not increase and in fact went down to 4.7/
100,000 persons and 64/100,000 persons in Michigan
when a consensus panel of rheumatologists weighed in
on all cases, even those that met the ACR criteria,
highlighting the discordance among rheumatologists of
what constitutes lupus. Both studies showed a higher fre-
quency of lupus in women (9–10-fold) and in black pop-
ulations (2–3-fold). They also found that the mean age at
diagnosis was ;10 years younger in black women. In
addition, both groups noted that black patients had
more renal involvement and ESRD. The IHS reported a
high incidence and prevalence of lupus in American
Indian and Alaska Native populations, comparable to
that seen in US black residents. The IHS findings pro-
vided clarity on a frequently overlooked population at
high risk of developing lupus.

The Michigan, Georgia, and IHS registries shed
light on a number of important observations, but data on
Asians and Hispanics were limited due to small num-
bers. To improve the reliability of incidence and preva-
lence estimates in these populations, the CDC
supported the creation of 2 similar lupus registries in
California and New York. In this issue of Arthritis &
Rheumatology, the results of the California Lupus Sur-
veillance Project (5) and the Manhattan Lupus Surveil-
lance Program (6) are reported. The investigators from
the University of California, San Francisco and New
York University School of Medicine in conjunction with
the California Department of Public Health and the
New York City Department of Health and Mental
Hygiene, respectively, sought to estimate the frequency
of lupus in a combined 2.4 million residents living in San
Francisco County and New York County (Manhattan),
with greater representation of Asian or Pacific Islanders
and Hispanics.

Using the same primary case definition ($4 ACR
criteria), the two studies found a similar overall age-
adjusted incidence of 4.6/100,000 person-years, while the
age-adjusted prevalence was slightly greater in California
than Manhattan (84 versus 62/100,000 person-years).
The reasons for this are unclear, but may reflect the case-
finding efforts in San Francisco, focusing on the physi-
cians and hospitals that care for minority residents,
including but not limited to the community health net-
work clinics. They also had access to the Veterans Affairs
(VA) network. With a growing number of women and
minorities in the military, the VA system will continue to
be an important case-finding source. When the investi-
gators broadened the case definition to include the

recent Systemic Lupus International Collaborating Clin-
ics (SLICC) criteria (Manhattan) or a rheumatologist’s
diagnosis or biopsy-proven lupus nephritis, the incidence
and prevalence rates increased in both populations.

Like the Georgia and Michigan registries, the
recent studies reported a higher frequency of lupus in
women (;9–10-fold) and in blacks (;3–4-fold). In San
Francisco and Manhattan, the prevalence of lupus in
both Hispanics and Asians was greater than that in
whites, but not as frequent as that in blacks. Interest-
ingly, there was very little difference in prevalence esti-
mates between Hispanics and Asian/Pacific Islanders in
California, but not in Manhattan, where Hispanics had a
higher prevalence of lupus than Asians. This may be due
to differences in the racial subgroups comprising His-
panics or the methods of defining Hispanic ethnicity in
both states. Neither study was able to differentiate
between various Hispanic subgroups, although this dis-
tinction is relevant to outcomes, as highlighted in the
LUpus in MInorities, NAture versus nurture (LUMINA)
cohort (7). As previously reported, renal disease was
more common in blacks, but it was also noted to be higher
in Hispanics and Asians compared to white populations.

Throughout the years, there has been a nearly
10-fold difference in incidence rates and a 12-fold differ-
ence in prevalence rates of lupus reported in the publi-
shed literature (2,8). This is likely due to the variability
in study populations (regional and ethnic mix), case
definitions (ACR criteria, self-report, International
Classification of Diseases, Ninth Revision [ICD-9]
codes, rheumatologist’s diagnosis), and case ascertain-
ment sources (hospitals, specialists, insurance claims
data, laboratory and pathology reports, US renal data-
bases, death certificates). Some of the highest prevalence
estimates have been through Medicaid claims data (144/
100,000 persons) (8). While insurance claims for a lupus
diagnosis (having at least 2 or 3 claims several months
apart) are thought to be sensitive (98%), they may be
less specific (.72%). The value of these insurance data-
bases rests in their large numbers (4-fold greater than
the combined registries discussed here) of racially and
ethnically diverse populations.

Together, the 5 CDC registries provide impor-
tant information about lupus in populations totaling
over 6.5 million from 4 states and 3 selected IHS
regions, including mixed urban and rural areas. This is a
major accomplishment, and the investigators should be
congratulated. Studies of this magnitude hold great
value, in that case definitions and case ascertainment
methodologies have been standardized, with incorpora-
tion of capture–recapture analyses to estimate the
completeness of case-finding (9). A critical premise of

1922 MANZI AND MERRILL



capture–recapture is that the sources of ascertainment
are independent. In reality, this assumption is hard to
meet, and thus, capture–recapture may be helpful, but it
has limited utility in epidemiologic studies of this nature.
The investigators did recognize this limitation by using
models that assessed the dependency of the different
sources. Other limitations of the studies that were
acknowledged by the authors include the retrospective
chart review, which is subject to missing data, and illegibil-
ity of paper records. In addition, the assignment of race/
ethnicity was ascertained from the records and not by
self-identity, making it subject to misclassification.

Even with these limitations, this work provides
new and confirmatory information about ethnic dis-
parities in lupus. However, there are many reasons why
we must use caution in extrapolating the number of peo-
ple living with lupus in the US from the estimates of inci-
dence and prevalence reported here. First, we have no
gold standard for defining or diagnosing lupus. The
ACR classification criteria were not designed for diagno-
sis, yet they were used as the primary definition in all of
the registries (10,11). Even the recent SLICC classifica-
tion criteria are not meant to be diagnostic, although
they do increase sensitivity by including a broader range
of features often seen in lupus (12). It should be noted
that in all of the studies, when a different definition for
lupus was applied, there were significant changes in the
incidence and prevalence estimates, highlighting a lack
of precision when there is no gold standard. The fact
remains that there is discordance even among rheuma-
tologists as to what constitutes a diagnosis of lupus (13).

While many refer to lupus as a heterogeneous
disease, there has been growing interest in defining
lupus as a disease spectrum with distinct phenotypes
linked by genetic and molecular signatures. It should be
noted that in the current CDC registries, the initial case-
finding for lupus included ICD-9 diagnosis codes to cap-
ture unspecified connective tissue disease, other speci-
fied connective tissue disease, sicca syndrome, discoid
lupus, and in some cases, antiphospholipid antibodies,
highlighting the spectrum of conditions that could be
considered lupus. By limiting the primary case definition
to meeting $4 of the ACR criteria or having 3 ACR cri-
teria with a rheumatologist’s diagnosis, over one-half of
the potential cases were eliminated. One could argue
that the cases that were eliminated but living in the
catchment areas may be the most interesting to study
next.

Another phenotype in the spectrum of lupus that
was surely underreported in these registries is chronic
cutaneous lupus erythematosus (CLE), including classic
discoid lupus, lupus panniculitis, bullous lupus, and

subacute cutaneous lupus. A recent study from Olmsted
County, Minnesota (primarily white population), found
that the prevalence of CLE without systemic features
was equal to that of SLE and 3 times more common in
men (14). These findings suggest that we may be missing
half of the cases of “lupus” by using only “SLE” classifi-
cation criteria. Since CLE is more common in blacks, it
is possible that even higher numbers of cases with only
skin disease were not captured.

Recognizing that it may not be possible to deter-
mine the prevalence and incidence of lupus with abso-
lute certainty, there is great value in the registries that
have been developed through the support of the CDC
and with the admirable efforts of the research teams.
With better clarity around the definition of lupus that
covers more of the spectrum without losing specificity
for the pathology and a broader and refined approach to
case ascertainment, our understanding of the real bur-
den of disease in the US will only improve.
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REVIEW

Enhancers in Autoimmune Arthritis

Implications and Therapeutic Potential

Janneke G. C. Peeters, Sebastiaan J. Vastert, Femke van Wijk, and Jorg van Loosdregt

Introduction

Genome-wide association studies (GWAS) have
identified hundreds of single-nucleotide polymorphisms
(SNPs) associated with autoimmune diseases, including
autoimmune arthritis. So far, it has proven difficult
to translate these findings into disease understanding
and novel therapeutic approaches as the majority of
these SNPs are not located in protein-coding regions.
Recently, various studies found that a large number of
autoimmune disease–associated SNPs affect DNA regu-
latory units, suggesting that altered epigenetic control of
transcription is an important process in disease patho-
genesis (1,2). Technical developments have allowed for
detailed analysis of the epigenetic profile of disease-
associated cells, creating new opportunities to study
gene regulation in the context of disease. In this review,
we will discuss these advances in the field of epigenetics,
focusing on (super)enhancers associated with autoim-
mune arthritis. Furthermore, we will describe how
enhancer profiling of disease-specific cells can contrib-
ute to better understanding of disease pathogenesis.
Additionally, we will outline strategies that can target
enhancer activity and discuss their potential use as

therapeutic approaches in the treatment of autoimmune
arthritis.

Genetic basis of autoimmune arthritis

The genetic basis of autoimmune arthritis has
been studied extensively, especially in the last decade.
Advances using high-throughput genome sequencing
have identified multiple risk variants associated with var-
ious rheumatic diseases, including rheumatoid arthritis
(RA), juvenile idiopathic arthritis (JIA), systemic lupus
erythematosus (SLE), ankylosing spondylitis (AS), and
psoriatic arthritis (3–8). Although these studies provide
some important clues about the biologic pathways that
might be affected, novel insights regarding the molecular
function and role in disease pathogenesis remain limited.
For example, genome-wide significant loci, including
the major histocompatibility complex (MHC) loci, and
regions with suggestive associations can only explain
18% of the risk for JIA (4).

This is mainly because of 2 different reasons, the
first being the difficulty to define which SNP is the
disease-causal variant. Disease-associated loci identified
by GWAS contain numerous SNPs. This is due to link-
age disequilibrium (LD), the nonrandom association
between 2 alleles of different loci. Therefore, disease-
causal variants are often surrounded by neutral or other
disease-causal variants, making it difficult to pinpoint
the candidate disease-causal SNP(s) (9). Improvements
in identifying disease-causal variants have recently been
made by several groups by developing algorithms that
take into account either cell type or tissue-specific epi-
genomic information (e.g., probabilistic identification of
causal SNPs [PICS], EPIGWAS, Risk Variant Inference
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using Epigenomic Reference Annotation [RiVIERA],
Robust Allele Specific QUAntitation and quality controL
[RASQUAL]), (predicted) gene function and expression
data (Data-driven Expression-Prioritized Integration for
Complex Traits [DEPICT]), microRNA (miRNA)–target
gene networks (miRNA–target gene enrichment analysis
in GWAS [MIGWAS]), or genome-wide information
from all SNPs, instead of a restricted SNP set, together
with explicit modeling of LD (2,10–15). For example, the
PICS algorithm demonstrates that only 5% of the SNPs
that were originally thought to be disease-causing are
actually assigned as being disease-causal variants (2). This
indicates that genetic fine mapping of autoimmune dis-
ease variants will further unravel the genetic basis of
autoimmunity.

The second reason that it has been difficult to
translate GWAS findings into disease understanding
is that ;90% of disease-associated SNPs are located
outside of protein-coding regions, in regulatory DNA
regions, making it difficult to understand which gene(s) is
affected and how (1,2). As these regulatory DNA regions
are epigenetically regulated, a better understanding of the
epigenetic landscape is needed to understand the contri-
bution of genetic variation to autoimmunity.

Enhancers and superenhancers

To fit the approximately 2-meter–long DNA strand
in the nucleus, DNA is tightly packed. DNA is
wrapped around the histone proteins H2A, H2B, H3,
and H4, 2 of each type, thereby forming a nucleosome
and creating the chromatin structure. The N-terminal
tail of histones can be covalently modified. Generally,
methylation allows tight packing of nucleosomes, ren-
dering the DNA inaccessible. Acetylation reduces the
positive charge of the histone tail, thereby reducing the

interaction with the negatively charged DNA, allowing
enzymes and transcription factors to bind (16) (Figure 1).
Regulatory DNA regions are characterized by DNase I
hypersensitivity sites, meaning that in these regions DNA
can be cleaved by DNase I, indicating a loose chromatin
structure. Of the SNPs located in regulatory DNA regions,
the majority localize to so-called enhancers (10,17).
Enhancers are cis-regulatory DNA elements to which
transcription factors and cofactors can bind, and they are
crucial for transcriptional regulation. By recruitment of
RNA polymerase II and mediator complex to the pro-
moter of their target gene, enhancer elements regulate
gene expression (Figure 2A).

Enhancers are generally a few hundred basepairs
in size, contain multiple transcription factor binding
sites, and can be located up to 1,000 kb upstream or
downstream of the promoter of their target gene (16).
The dispersion of enhancers throughout the genome
and the 3-dimensional chromatin conformation make
it difficult to define which gene a certain enhancer is
regulating. Generally, epigenomic studies assume that
enhancers regulate the gene whose transcriptional start
site is closest to the enhancer. For a more precise under-
standing of the gene regulated by a certain enhancer,
chromosome conformation capture (3C) techniques
(3C-based technologies) are available that enable cap-
turing of the physical interactions between enhancers
and promoters (18). These technologies indicate that
27–40% of the active enhancers indeed interact with
their nearest promoter, suggesting that 3C-based tech-
nologies are pivotal for understanding the epigenetic
landscape (19,20).

Enhancers that are permissive for transcriptional
regulation but that are not active (i.e., inactive/poised
enhancers) are characterized by monomethylation of
histone H3 at lysine 4 (i.e., H3K4me), while active

Figure 1. Schematic representation of chromatin structure. DNA is wrapped around an octamer of histone proteins, together forming a nucleo-
some. Nucleosomes can be tightly packed, rendering the DNA inaccessible (left), or can have a more loose structure, allowing transcription
factors to bind (right). DHS 5 DNase I hypersensitivity site.
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enhancers contain both H3K4me and acetylation of his-
tone H3 at lysine 27 (i.e., H3K27ac) (21,22). In any
mammalian cell type, tens of thousands of enhancers can
be found, exceeding the number of protein-coding genes
(;20,000), indicating that a single gene can be regulated
by multiple enhancers within one cell and that the
enhancer(s) regulating a certain gene can differ between
cells (19,23).

In addition, a number of studies have recently
identified extremely large enhancer domains, containing
clusters of individual enhancers, termed superenhancers
or stretched enhancers (24–26). Active enhancers within
12.5 kb of each other can together form a superenhancer
(Figure 2B). Superenhancers are identified by extensive
H3K4me, H3K27ac, p300 binding, mediator complex

occupancy, and increased DNase I hypersensitivity sites
and are characterized by increased transcription factor
binding. Superenhancer-regulated genes are expressed
to a higher extent than genes driven by a regular
enhancer (26). This increase in gene expression seems to
be due to synergy between individual enhancer
constituents within a superenhancer, rather than being
the sum of individual enhancers (27–29). However, as
some superenhancers are single enhancers, and
enhancers within 12.5 kb of each other do not necessarily
form a superenhancer, it remains questionable whether
superenhancers are a novel concept in gene regulation,
or whether they are more a reflection of the characteris-
tics of their individual enhancer constituents, such as a
different sequence composition leading to increased

Figure 2. Schematic representation of transcriptional regulation by enhancers and superenhancers. A, Gene expression of a target gene driven
by an active enhancer. Active enhancers are characterized by monomethylation of histone H3 at lysine 4 (H3K4me) and acetylation of histone
H3 at lysine 27 (H3K27ac). Enhancers facilitate transcription by transcription factor (TF) binding, recruitment and binding of bromodomain and
extraterminal proteins, consisting of bromodomain-containing proteins (BRDs), the mediator complex, looping of the DNA, and RNA polymer-
ase II (Pol II) recruitment. Single-nucleotide polymorphisms (SNPs) are enriched in regulatory DNA regions, for example, enhancers. Enhancers
can be located up to 1,000 kb from their target gene. B, Gene expression of a target gene driven by a superenhancer. Superenhancers are large
enhancers characterized by extensive acetylation of histone H3 at lysine 27 and increased binding of the mediator complex and transcription
factors. Active enhancers within 12.5 kb of each other can together form a superenhancer, leading to increased gene expression. Superenhancers
are enriched for SNP localization compared to active enhancers. H3K4me3 5 trimethylation of histone H3 at lysine 4.
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transcription factor binding and increased transcrip-
tional activity (30). Superenhancers preferentially regu-
late genes important for cell identity as well as genes
associated with disease. For example, in multiple cancer
subtypes, superenhancers are associated with tumor
oncogenes (24,31). Taken together, this suggests that
understanding the role of (super)enhancers in immune
cell function will help in defining their function in dis-
ease pathogenesis. For autoimmune arthritis, it seems
logical to analyze the importance of (super)enhancers in
cells from both the adaptive and innate immune systems.

Enhancers in immune cell function

The diverse properties of different cell types
within the immune system are reflected within their
enhancer landscape, demonstrating that enhancers can
be highly cell type specific. This is illustrated by the dis-
tinct enhancer landscape of naive CD41 T cells versus
differentiated T cell subsets (32,33). STAT proteins are
pivotal for establishing subset-specific enhancers, with
STAT-1 and STAT-4 being important for the generation
of Th1 cell–specific enhancers, while STAT-6 shapes
Th2 cell–specific enhancers (33). T cell superenhancers
are preferentially associated with cytokines and cytokine
receptors; for instance, the T cell subtype–specific genes
Ifng, Il13, and Il17a are associated with a superenhancer
in mouse Th1, Th2, and Th17 cells, respectively (34,35).
The strongest superenhancer in CD41 Th1, Th2, and
Th17 cells is linked to Bach2, a suppressor of T effector
cell differentiation. Bach2 deletion reduces expression
of other T cell superenhancer-associated genes, sugges-
ting the presence of a key regulatory node in T cells
driven by BACH2 (35). Also, in B cells BACH2 is associ-
ated with a superenhancer, highlighting the important
role of this gene in adaptive immune cell regulation (24).

The innate immune response, with monocytes
and macrophages being important mediators, is charac-
terized by the rapid expression of a subset of genes 0.5–2
hours after stimulation (i.e., primary response genes)
and by expression of another gene subset 2–8 hours after
stimulation (i.e., secondary response genes) (36). These
characteristics are reflected within the enhancer land-
scape of innate cells. Namely, Toll-like receptor 4 (TLR-
4) stimulation leads to the acquisition of H3K27ac by
some poised enhancers, reduction or complete loss of
certain enhancers, and reduction of the strength of a
subset of enhancers already present in unstimulated con-
ditions (37,38). These epigenetic alterations are rapid
and thus likely to be associated with expression of early
primary response genes. TLR-4 stimulation also induces
the formation of ;1,000 de novo enhancers. As de novo

enhancer formation takes time and involves nucleosome
remodeling, which is known to be required for secondary
response gene expression, these enhancers are linked to
secondary response genes (39).

In addition to lipopolysaccharide (LPS), the pro-
inflammatory cytokine tumor necrosis factor (TNF), via
activation of NF-kB, can shape the enhancer repertoire
(40). This occurs mainly via de novo superenhancer for-
mation and drives proinflammatory gene expression.
Since some of these proinflammatory genes are cyto-
kines, this implies a (positive) feedback loop whereby
cytokines can affect the enhancer profile in an autocrine
and paracrine manner. Similar effects of the (local)
microenvironment on the enhancer landscape are
described for tissue-resident macrophages. For example,
transplantation of macrophages into distinct tissues of
recipient mice leads to the acquisition of an enhancer
profile comparable to that of recipient tissue-resident
macrophages (41,42). Taken together, these studies
illustrate that the microenvironment drives selection and
function of enhancers and thereby regulates cellular
identity and plasticity. This implies that it might be cru-
cial to analyze the enhancer profile of cells directly after
isolation from their tissue, as this reflects their enhancer
landscape within the microenvironment. This is espe-
cially important to take into account for autoimmune
arthritis, in which the microenvironment is one of the
main drivers of the inflammatory cellular phenotype.

Enhancer regulation in autoimmune arthritis

Given the critical role of (super)enhancers for
proper immune cell function, it is almost inevitable that
they play a significant role in autoimmune arthritis as
well. However, the role of enhancers in immune-related
diseases has hardly been investigated. The importance of
enhancers for autoimmunity is underscored by the
enrichment of autoimmune disease–associated SNPs in
enhancer regions of immune cells from healthy controls,
with the highest enrichment in superenhancers com-
pared to regular enhancers (2,24,25,35). For example,
RA-associated noncoding SNPs are 3.2-fold more
enriched in superenhancers and 2.2-fold more enriched
in regular enhancers compared to other DNA regulatory
regions. In addition, disease-associated variants prefer-
entially map to (super)enhancers that are specific for
disease-relevant cell types (24,25,35). For instance, the
majority of RA-associated SNPs map to T cell, natural
killer cell, and B cell (super)enhancers (43). For SLE,
SNPs are predominantly located within B cell super-
enhancers, underscoring their important role in SLE
pathogenesis (24). It might therefore be informative to
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map disease-associated SNPs to the (super)enhancer
profile of different immune cell (subsets) for not-so-
well-characterized diseases, as this can reveal the cell
type(s) involved in the disease.

Since ;90% of disease-associated SNPs are
located in noncoding regions and 60% of these SNPs
map to enhancers, disease-associated SNPs might affect
gene transcription (1,2). Indeed, SNPs present in DNase
I hypersensitivity sites are 4 times more likely to have an
effect on gene expression compared to SNPs located out-
side DNase I hypersensitivity sites (44). Nonetheless,
due to the presence of multiple SNPs in LD in a risk
locus and because of the difficulty of defining which of
these SNPs is causal for the disease, it is difficult to
determine exactly the transcriptional effect of a SNP
within a regulatory region. The effect of genetic
enhancer variants on transcription is thought to be
relatively small, with a reported 1.3–2-fold difference
in target gene expression (45). Although modest,
these differences can play important roles in disease
pathogenesis.

For example, disease-associated SNPs are
enriched at expression quantitative trait loci (eQTLs),
which are genomic regions containing DNA variants that
affect gene expression and that thus might alter the
immunophenotype (46). A large proportion of eQTL
SNPs are present around the transcription start site and
are therefore likely to affect the promoter region (47).
So far, eQTL studies have mostly been focused on pro-
moter biology, but enhancer eQTL data are starting to
emerge. For example, eQTL SNPs are enriched in
DNase I hypersensitivity sites and regions characterized
by active histone marks, with a strong enrichment for
H3K27ac regions 5–100 kb upstream from the transcrip-
tion start site, suggesting enrichment within enhancer
regions (44). A more recent study (2), looking at SNPs
associated with heritable differences in peripheral blood
gene expression, shows that ;9% of the eQTL SNPs are
located within promoters and ;14% within enhancers,
suggesting that enhancer eQTL SNPs are important to
take into account. However, considering that 60% of
noncoding variants map to enhancers, this also suggests
that a large proportion of enhancer SNPs do not map to
eQTLs, and it remains to be investigated if and how
these variants affect gene expression. There are some
suggestions (e.g., for RA and SLE) that these diseases
cannot be explained by one SNP, but that genetic
variants within clusters of enhancers present at risk loci
together affect gene expression and therefore confer dis-
ease susceptibility; however, this needs to be further
investigated (48).

For autoimmune vitiligo, 3 SNPs are located
within an MHC class II superenhancer, which also corre-
sponds to an eQTL for HLA–DR and HLA–DQ expres-
sion. The presence of these SNPs correlates with
increased HLA–DR and HLA–DQ surface expression
and increased cytokine production, illustrating how SNP
localization in a specific genomic region can contribute
to the development of autoimmunity (49). Similarly, 2
SLE-associated SNPs are located in an enhancer ele-
ment downstream of the TNFAIP3 promoter (50).
TNFAIP3 encodes for A20, an inhibitor of NF-kB signal-
ing. The presence of these 2 variants impairs NF-kB
binding to the enhancer, thereby reducing promoter–
enhancer interaction, leading to reduced A20 expression
(50). This results in increased NF-kB signaling and thus
supports a causal role for the SNP pair in SLE pathogen-
esis. For AS, a possible disease-causal SNP has been
identified within an enhancer between IL23R and
IL12RB2 (51). The presence of this SNP corresponds to
reduced H3K4me of the enhancer region in CD41 T
cells, impaired binding of nuclear proteins to the SNP-
containing DNA region, and reduced reporter activity.
However, expression of IL23R and IL12RB2 is not
affected, although the frequency of Th1 cells, which
express IL12RB2, is altered. A possible explanation for
this discrepancy could be that the SNP-containing
enhancer is not regulating IL23R and IL12RB2 expres-
sion but has another, yet unidentified, target gene affect-
ing Th1 cell numbers. The 3C-based technologies could
help in unraveling the biologic effect of this particular
SNP and other disease-associated SNPs to which a
molecular function has not so far been ascribed.

A confounding factor in linking GWAS data with
epigenomics data is that the epigenetic data being used
are predominantly based on cells from healthy controls
and might not represent the epigenetic landscape of
disease-relevant, patient-derived cells. Additionally, for
most diseases it is more informative to profile cells from
the affected tissue than cells from the peripheral circula-
tion. Indeed, JIA (super)enhancer profiling of synovial-
derived CD41 T cells revealed a different profile com-
pared to peripheral blood cells from healthy controls
(52). Similar observations have been made in SLE-
derived monocytes (53). Expression QTL mapping is
generally also performed using samples from healthy
controls; however, eQTLs were recently mapped using
an RA cohort (54). This revealed that RA GWAS
hits are enriched in RA-identified eQTLs compared
to healthy control eQTLs and that RA eQTLs are
enriched in enhancer regions. Furthermore, combina-
tion of these eQTL data with GWAS and epigenomics
data identified novel disease-relevant genes (54).
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Consistent with these observations, arthritis-associated
SNPs are more enriched in JIA patient superenhancers
compared to healthy control superenhancers (52).

These findings underscore the importance of
using patient-derived cells and illustrate that integrating
multiple data sets can be more informative than a single
data set in identifying autoimmune arthritis–associated
molecular mechanisms. In addition, comparing the
enhancer profile of different autoimmune diseases can
be useful in unraveling autoimmune disease pathogene-
sis. This is of particular interest since autoimmune
disease–associated SNPs are profoundly enriched in
T cell superenhancers in JIA, while this is not the case
for non–autoimmune disease–associated SNPs (52).
Correspondingly, it has been reported that autoimmune
diseases have shared risk loci, suggesting overlap in dis-
ease pathogenesis (2). In addition, enhancer data may
also define distinct pathogenic processes between
diverse types of autoimmune arthritis. For example,
RA synovial fibroblasts (RASFs) are distinguishable
from osteoarthritis-derived synovial fibroblasts based
on DNA methylation and transcriptome data (55). Fur-
thermore, these data can also discriminate between
RASFs isolated from different joints. These observa-
tions suggest that joint-specific epigenetic signatures
exist, and they therefore indicate that molecular path-
ways affected in the disease might differ from one joint
to another. Epigenetic profiling can be used to identify
these differences, and, more importantly, these observa-
tions raise the question of whether epigenetic knowledge
can be translated into novel therapeutic strategies for
the treatment of autoimmune arthritis.

Inhibition of enhancer activity in relation to
autoimmune arthritis

The observations that autoimmune arthritis–
associated SNPs are preferentially located in enhancers
and that superenhancers are associated with disease-
relevant genes strongly suggest that enhancers contrib-
ute directly to disease pathogenesis. Therefore, there is
a growing body of interest in the development of thera-
peutic strategies aimed at targeting (super)enhancer
activity. Enhancer regions are critically dependent on
chromatin regulators (e.g., reader proteins recognizing
histone modifications), which recruit transcription
factors and other proteins to facilitate transcription initi-
ation and elongation. Important reader proteins at
enhancers are bromodomain and extraterminal (BET)
proteins, consisting of bromodomain-containing protein
2 (BRD-2), BRD-3, BRD-4, and bromodomain testis-
specific protein, each containing 2 bromodomains (56)

(Figure 2). The bromodomain allows BET proteins to
bind to acetylated histone and nonhistone proteins.
BRD-4 is most extensively studied and is present at pro-
moters and active enhancers, with increased localization
at superenhancers (31,57). Binding of BET proteins to
acetylated transcription factors might contribute to their
preferential localization in (super)enhancer regions (58).

Recently, a wide range of small-molecule inhibi-
tors of BET proteins has been developed (59) (Table 1).
The therapeutic potential of BET inhibitors has been
demonstrated in numerous in vitro and in vivo tumor
models, in which BET inhibitors inhibit the expression
of different oncogenes, including c-myc (58,60). Inhibi-
tion of c-myc is linked to the disruption of c-myc–associ-
ated superenhancer activity (31). This is probably
related to the high levels of BRD-4 present at super-
enhancers and the transcriptional dependency thereof
and thus contributes to the preferential inhibition of
superenhancer-driven gene expression by BET
inhibitors.

BET inhibitors are highly effective in shaping the
adaptive immune response. For example, the BET inhib-
itors JQ1 and I-BET762 significantly impair differentia-
tion of naive CD41 T cells into T effector cell subsets,
both in vitro and in vivo (61,62). Furthermore, BET inhi-
bition of differentiated CD41 T cells has a profound
effect on production of cytokines, such as interleukin-17
(IL-17). BET inhibition also impairs B cell function by
inhibiting Ig class-switch recombination and B cell
expansion and proliferation (63,64). Additionally, BET
inhibitors can affect innate immune responses. For
instance, JQ1, I-BET762, and I-BET151 all inhibit pro-
inflammatory cytokine production by LPS-stimulated
monocytes and macrophages in vitro and are effective in
different in vivo animal models (65–69). Genes affected
by I-BET762 in LPS-stimulated macrophages belong to
the secondary response genes. Given the epigenetic dif-
ferences underlying the expression of these genes, this
suggests that I-BET762, and possibly other BET inhibi-
tors as well, preferentially acts on de novo enhancers
(68). This corresponds to the observation that de novo
superenhancers, induced by TNF and LPS, are highly
susceptible to BET inhibition, resulting in decreased
superenhancer-mediated gene expression (37,40).

Inflammation-associated diseases are character-
ized by proinflammatory mediators present at the site of
inflammation, suggesting that BET inhibition might be a
way to specifically target cytokine-induced, and thus
disease-associated, (super)enhancers. Indeed, JQ1 treat-
ment of CD41 T cells derived from synovium of JIA
patients preferentially reduces expression of disease-
associated genes, with the majority being involved in
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proinflammatory and cytokine-related processes (52,70).
Correspondingly, I-BET151 treatment of RASFs sup-
presses the production of matrix metalloproteinases
and cytokines upon stimulation with TNF, IL-1b, or
TLR ligands, resulting in reduced proliferation and
chemoattractant properties (71). Similar observations
are obtained by genetically silencing BET proteins in
RASFs (72).

These findings indicate that BET inhibition can
be a putative therapeutic approach for the treatment of
autoimmune diseases. This has been tested using several
in vivo autoimmune disease models. For instance, JQ1,
I-BET151, or I-BET762 treatment of experimental auto-
immune encephalomyelitis (EAE; an animal model of

multiple sclerosis) and an in vivo model of psoriasis sig-
nificantly reduces the onset and severity of disease symp-
toms (61,62,66,73). These results are associated with the
preferential suppression of IL-6 and IL-17 production
and Th17 cell numbers. The protective effect of BET
inhibitors has also been explored in mouse models of
autoimmune arthritis. For example, in serum-induced
and collagen-induced arthritis (CIA) models, JQ1
and I-BET151 dramatically reduce disease progression
and plasma and serum cytokine levels (61,72,74). Fur-
thermore, I-BET151 inhibits the differentiation of
monocytes toward osteoclasts in vitro and reduces
TNF-induced bone resorption in vivo. This is consistent
with observations that JQ1 inhibits RANKL-induced

Table 1. Overview of small molecules affecting enhancer activity*

Small molecule Target Effect on immune system (ref.)

CP1–0610 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomain: BD1

Not assessed

DRB CDK-9 Inhibition of T cell priming under Th2 and Th17 conditions
(62)

I-BET151 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Inhibition of proinflammatory gene expression in
LPS-stimulated monocytes and macrophages (66,69);
inhibition of inflammatory genes and matrix-degrading
enzymes in RASFs (71); suppression of
inflammation-induced arthritis, TNF-induced bone
resorption, and EAE (66,74)

I-BET762 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Inhibition of macrophage and CD41 T cell cytokine
production (62,67,68); suppression of EAE (62)

JQ1 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Inhibition of proinflammatory cytokine production in
macrophages and T cells (61,65,75); inhibition of DC
maturation (86); inhibition of T cell differentiation (61);
inhibition of Ig class-switch recombination and mitogenesis
in B cells (63,64); inhibition of cytokine production in
CD41 T cells in JIA (52,70); suppression of CIA, EAE,
psoriasis, and endotoxic shock in mouse models
(61,65,72,73)

LY294002 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomain: BD1

Inhibition of inflammation in LPS-stimulated PBMCs (87)

MS417 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Inhibition of HIV-associated kidney disease (88)

Olinone BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomain: BD1

Not assessed

OTX015 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Disruption of HIV-1 latency (89)

PC579 CDK-9 Suppression of CIA (80)
PC585 CDK-9 Suppression of CIA (80)
PFI-1 BRD-2, BRD-3, BRD-4, bromodomain testis-specific

protein; targeted bromodomains: BD1 and BD2
Inhibition of IL-1b–induced inflammation in airway epithelial

cells (90)
RVX-208 BRD-2, BRD-3, BRD-4, bromodomain testis-specific

protein; targeted bromodomain: BD2
Not assessed

RX-37 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Not assessed

TEN-010 BRD-2, BRD-3, BRD-4, bromodomain testis-specific
protein; targeted bromodomains: BD1 and BD2

Not assessed

THZ1 CDK-7 Not assessed
Tofacitinib JAK Inhibition of RA-associated risk genes in CD41 T cells from

healthy controls (35); inhibition of TLR-induced cytokine
gene expression in macrophages (67)

* BRD-2 5 bromodomain-containing protein 2; CDK-9 5 cyclin-dependent kinase 9; LPS 5 lipopolysaccharide; RASFs 5 rheumatoid arthritis syno-
vial fibroblasts; TNF 5 tumor necrosis factor; EAE 5 experimental autoimmune encephalomyelitis; DC 5 dendritic cell; JIA 5 juvenile idiopathic
arthritis; CIA 5 collagen-induced arthritis; PBMCs 5 peripheral blood mononuclear cells; IL-1b 5 interleukin-1b; TLR 5 Toll-like receptor.
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up-regulation of osteoclast-associated genes (75). Since
osteoclast formation and bone resorption are related
to autoimmune arthritis, this implies a dual role for
BET inhibitors in the treatment of autoimmune arthri-
tis. As TNF and IL-6 can induce osteoclast differentia-
tion, the effect of BET inhibition on osteoclast
differentiation is likely to result from a combination of
direct and indirect mechanisms of action, the latter via
inhibition of TNF and IL-6 production by cells in the
synovial compartment (76). Of note, 3 SNPs associ-
ated with RA are present in BRD-2 (77). It might be
informative to study the effects of these SNPs on the
regulation of gene transcription, disease, and susceptibil-
ity to BET inhibitors.

In addition to BET inhibitors, some other com-
pounds could be used to inhibit enhancer activity, for
instance, cyclin-dependent kinase (CDK) inhibitors
specific for CDK-7 or CDK-9. CDK-7 and CDK-9 are
both implicated in transcription initiation and elongation
by phosphorylation of RNA polymerase II (78). CDK-7
inhibition, via the small molecule THZ1, affects
superenhancer-driven gene expression in c-Myc–depen-
dent tumor models (79). A recent study provides evi-
dence for the use of CDK inhibitors in autoimmune
diseases as well, as CDK-9 inhibition delays disease onset
and reduces disease symptoms in a CIA model (80).
Whether this effect is mediated via (preferential) inhibi-
tion of superenhancers has not been investigated and
remains to be further explored. Comparison of the effect
of CDK-9 inhibition and BET inhibition has revealed
some differential effects on T cell priming, suggesting
that different inhibitors of enhancer activity can have dis-
tinct properties (62). Therefore, the therapeutic potential
of these compounds might differ between different dis-
ease types, probably reflecting differences in the underly-
ing disease mechanisms.

The observed enrichment of STAT proteins at
T cell (super)enhancers prompted researchers to investi-
gate the effect of the JAK inhibitor tofacitinib, which is
also approved for the treatment of RA as second-line
therapy. In vitro treatment of T cells with tofacitinib dra-
matically alters gene expression, with a more drastic
effect on genes driven by superenhancers compared to
those driven by regular enhancers (35). Since the major-
ity of RA-associated SNPs are located within T cell
superenhancers, tofacitinib treatment of T cells in RA
could result in selective targeting of RA-associated risk
genes, underscoring its potential for the treatment of
RA. Considering the (high) levels of acetylation and
methylation associated with (super)enhancer activity, it
could be speculated that targeting enzymes affecting
acetylation and methylation of specific histone sites

might be an alternative way to impair enhancer activity.
For example, GSK-J4, an inhibitor of the H3K27me3
demethylases KDM6A and KDM6B, impairs the LPS-
induced inflammatory response in macrophages derived
from both healthy controls and RA patients (81). Fur-
thermore, GSK-J4 suppresses in vitro Th17 cell differen-
tiation and has been demonstrated to suppress EAE via
the induction of tolerogenic dendritic cells (82,83). A
possible explanation for this observation could be that
decreased demethylation of H3K27 in enhancer regions
renders these enhancers inactive, reducing the likeli-
hood of acquiring acetylation and thus becoming active.
Therefore, the immunomodulatory effect of GSK-J4
could be mediated via reduction of enhancer activity, but
whether this is actually the case needs to be further
explored.

Future perspective

In this review, we have discussed the recent advances
in the field of epigenetics, focusing on enhancers and their
implications for autoimmune arthritis. Epigenetic regula-
tion of immune cells is essential for proper cell function and
therefore crucial for mounting an appropriate immune
response. It is becoming more and more evident that alter-
ations related to (super)enhancers are linked to autoimmu-
nity, including autoimmune arthritis.

For a better understanding of enhancers in the
context of autoimmune arthritis, it is crucial to perform
enhancer profiling of disease-relevant, patient-derived
cells. As enhancers are highly cell type specific, it is piv-
otal that the enhancer landscape is defined in specific
cell types and not in a mixed population of cells, as this
will affect interpretation of the results. Since patient
material is often limited, one of the challenges will be to
obtain a sufficient number of cells. Another important
factor to take into account is patient stratification, as dis-
tinct disease subtypes can have different enhancer land-
scapes. From another perspective, enhancer profiling
could actually assist in classifying patients into existing
disease subtypes and may be used for identifying novel
disease subtypes. For example, this might be useful in
the case of JIA, in which the designation of disease sub-
types is still clinically based. Furthermore, it is important
to know exactly what the target gene(s) of each enhancer
is. Integration of chromosome conformation informa-
tion with GWAS data will help in ascribing a molecular
function to GWAS hits. This will contribute to better
insight into the (shared) pathogenesis of autoimmune
arthritis and might lead to the identification of novel
therapeutic targets. In addition, enhancer profiling
might reveal novel biomarkers that could be used to
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predict therapeutic responses. This information could be
extremely relevant when aiming for more personalized or
stratified treatment regimens for autoimmune arthritis.

The increased localization of SNPs in enhancer
regions and the observations that proinflammatory cyto-
kines can shape the enhancer repertoire suggest that
autoimmune arthritis–associated enhancer alterations
can be a cause as well as a consequence of the disease,

and that it might be difficult to distinguish the one from
the other. Furthermore, this indicates that (self)regulatory
feedback loops can contribute to disease pathogenesis
and thus suggests that it is important to disrupt these reg-
ulatory loops (Figure 3). This can be achieved by
inhibiting (super)enhancer activity (e.g., by BET inhibi-
tors). Compared to treatment with biologic agents, BET
inhibitors might be favorable, as they preferentially inhibit

Figure 3. Schematic representation of the role of (super)enhancers in autoimmune arthritis. A, Under healthy conditions, enhancers regulate
gene expression of proinflammatory cytokines and transcriptional activators, leading to controlled gene transcription. B, In autoimmune arthritis,
superenhancers contribute to proinflammatory cytokine expression. Proinflammatory cytokines can shape the (super)enhancer repertoire, thereby
creating self-regulatory loops and stimulating expression of transcriptional activators. Transcriptional activators can function in a regulatory feed-
back loop by regulating their own expression and that of proinflammatory cytokines. C, Inhibitors of enhancer activity can inhibit (super)-
enhancers, thereby reducing proinflammatory gene expression. Biologic agents can inhibit the mechanism of action of proinflammatory cytokines,
thereby disrupting the regulatory feedback loop. See Figure 2 for definitions.
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the expression of numerous disease-associated genes at
once and inhibit the production of proinflammatory cyto-
kines instead of inhibiting or blocking them after produc-
tion. It could also be argued that combination therapy of
BET inhibitors and biologic agents might be an even
more powerful strategy, as biologic agents will prevent
(super)enhancer formation by the inflammatory environ-
ment and thereby contribute to disruption of the regula-
tory feedback loop.

Although BET inhibitors seem highly effective
in in vivo models of autoimmune arthritis, it remains
to be established whether they will be as efficacious in
a setting of autoimmune disease in humans. So far,
the use of BET inhibitors in clinical trials for the
treatment of severe cancers seems to be promising
and to have limited side effects, such as thrombocyto-
penia, gastrointestinal adverse effects, and fatigue
(84,85). However, it needs to be determined whether
these side effects are acceptable for patients with
autoimmune arthritis. Consistent with this, develop-
ment of compounds with a higher selectivity for indi-
vidual BET proteins, bromodomains, or novel targets
will allow for more selective modulation of (super)-
enhancer activity and thus for a more specific thera-
peutic application.
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A Phase III Study Evaluating Continuation, Tapering, and
Withdrawal of Certolizumab Pegol After One Year of Therapy

in Patients With Early Rheumatoid Arthritis

Michael E. Weinblatt,1 Clifton O. Bingham III,2 Gerd-R€udiger Burmester,3 Vivian P. Bykerk,4

Daniel E. Furst,5 Xavier Mariette,6 D�esir�ee van der Heijde,7 Ronald van Vollenhoven,8

Brenda VanLunen,9 C�ecile Ecoffet,10 Christopher Cioffi,9 and Paul Emery11

Objective. In disease-modifying antirheumatic drug–
naive patients with early rheumatoid arthritis (RA) who
had achieved sustained low disease activity (a Disease Activ-
ity Score in 28 joints using the erythrocyte sedimentation
rate of £3.2 at both week 40 and week 52) after 1 year of
treatment with certolizumab pegol (CZP) at a standard
dose (200 mg every 2 weeks plus optimized methotrexate
[MTX]), we evaluated whether continuation of CZP treat-
ment at a standard dose or at a reduced frequency (200 mg
every 4 weeks plus MTX) was superior to stopping CZP

(placebo plus MTX) in maintaining low disease activity for
1 additional year.

Methods. A total of 293 patients from period 1 of
our study were re-randomized 2:3:2 in period 2 to CZP at
a standard dose (n 5 84), CZP at a reduced frequency
(n 5 127), or placebo plus MTX (CZP stopped) (n 5 82).
The primary end point was the percentage of patients who
maintained low disease activity throughout weeks 52–104
without flares. We used a hierarchical testing scheme,
comparing CZP at a standard dose with CZP stopped. If P
< 0.05 was achieved, then CZP at a reduced frequency was
compared with CZP stopped (nonresponder imputation).
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Results. The 293 patients from period 1 represen-
ted 36% fewer patients than projected, yielding a smaller
number of patients eligible for period 2. Higher propor-
tions of patients treated with the standard and reduced
frequency regimens maintained low disease activity than
those who had stopped CZP (48.8% and 53.2%, respec-
tively, versus 39.2% [P 5 0.112 and P 5 0.041, respectively;
nominal P value, first hierarchical test not significant]).
Similar trends were observed for radiographic non-
progression (change from baseline of £0.5 in modified
Sharp/van der Heijde score; 79.2% and 77.9% of patients,
respectively, versus 70.3%) and normative physical func-
tion (Health Assessment Questionnaire disability index
score of £0.5; 71.4% and 70.6% of patients, respectively,
versus 57.0%). Safety profiles were similar between all
groups, with no new safety signals identified for continu-
ing CZP to week 104. No deaths were reported.

Conclusion. The study failed to meet its primary
end point. However, there were no clinically meaningful
differences between the standard and reduced frequency
doses of CZP plus MTX; both controlled RA more effec-
tively than stopping CZP.

With the current armamentarium of treatments for
rheumatoid arthritis (RA), targeting achievement of low
disease activity or disease remission is recommended and
achievable in many patients. While there is agreement that
the clinical response induced by biologic disease-modifying
antirheumatic drugs (DMARDs) should ideally be
sustained, there is currently no consensus regarding the
length of time that defines a sustained response. Based on a
state of enduring disease control, clinicians must also con-
sider the possibility of successfully withdrawing or tapering
therapy (i.e., decreasing dose or dosing frequency), a treat-
ment concept referred to as the “induction-maintenance”
approach.

Tapering therapies after achieving a desired treat-
ment target has therefore become a topic of considerable
interest; results of several recent trials have suggested that
this may indeed be possible with several biologic agents,
with some of these trials also focusing on patients with
newly diagnosed RA (1). Applying such treatment strate-
gies may confer significant benefits to individual patients
through the reduction of medication dosage and the asso-
ciated risks while maintaining a state of disease control, as
well as through easing of the economic burden of the

disease as a result of increased cost effectiveness of the
treatment (2–5). Current recommendations issued by the
American College of Rheumatology (ACR) and the Euro-
pean League Against Rheumatism (EULAR) (2,6) sug-
gest continuation of therapy with only conditional
recommendations for tapering, thereby implying that RA
patients will thus spend long periods taking biologic
agents.

The aim of the C-EARLY study was to advance
potential care options with regard to the induction-
maintenance concept by evaluating the early initiation of
certolizumab pegol (CZP) in combination with optimized
methotrexate (MTX), as well as subsequent continua-
tion, tapering, or withdrawal of CZP, in a population of
DMARD-naive patients with early RA at high risk of pro-
gressive disease. CZP is an Fc-free, PEGylated, anti–tumor
necrosis factor (anti-TNF) biologic DMARD used to treat
both established and early RA in combination with MTX
(7–9). Period 1 of the C-EARLY study (NCT01519791)
assessed the efficacy and safety of 1 year of CZP in combi-
nation with optimized MTX versus optimized MTX alone.
Results from period 1 (9) showed that significantly higher
proportions of patients treated with CZP plus MTX
achieved clinical treatment targets such as sustained remis-
sion (28.9% had a Disease Activity Score in 28 joints [10]
using the erythrocyte sedimentation rate [DAS28-ESR] of
,2.6 at both week 40 and week 52; odds ratio [OR] 2.3
[95% confidence interval {95% CI} 1.50–3.47], P , 0.001)
and sustained low disease activity (43.8% had a DAS28-
ESR of #3.2 at both week 40 and week 52; OR 2.0 [95%
CI 1.38–2.78], P , 0.001) than did their counterparts
treated with placebo plus optimized MTX (15.0% had
sustained remission and 28.6% had sustained low disease
activity). There was also significant inhibition of the pro-
gression of articular structural damage and marked
improvements in the physical function of the CZP-treated
patients in comparison with the patients treated with opti-
mized MTX alone (9).

Period 2 of the C-EARLY study (NCT01521923)
was a continuation of period 1 for those patients who had
achieved sustained low disease activity at both week 40 and
week 52. We hypothesized that continuing the standard
dose of CZP or reducing dosage frequency would be supe-
rior to withdrawal of CZP treatment in maintaining clinical
response over an additional 52 weeks.

PATIENTS AND METHODS

Full details of patient eligibility and inclusion/exclusion
criteria for the C-EARLY period 1 study (NCT01519791) have
been reported previously (9). Briefly, eligible patients for the C-
EARLY period 1 study had active RA according to the 2010
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ACR/EULAR classification criteria (11), were DMARD-naive
with early disease (diagnosis ,1 year prior to randomization,
with 76% of patients randomized within 4 months of their diag-
nosis), and had poor prognostic factors for severe disease pro-
gression (positive at screening for rheumatoid factor or anti–
citrullinated protein antibody). Use of intraarticular, intramuscu-
lar, or intravenous corticosteroids at any dose was prohibited in
the C-EARLY study. Patients who had used intraarticular cor-
ticosteroids within 28 days of baseline (in C-EARLY period 1)
were excluded from study enrollment. The maximum allowed
dose of oral corticosteroids during the study was #10 mg/day
prednisone or equivalent, with changes in dose allowed only
between weeks 4 and 14 and between weeks 24 and 34 in period
1 of the study. Therefore, patients taking oral corticosteroids
were to maintain their dosage during period 2.

Patients in C-EARLY period 1 who had achieved
sustained low disease activity at weeks 40 and 52 (a key secondary
end point of period 1) after 52 weeks of CZP plus optimized
MTX treatment were eligible for enrollment into C-EARLY
period 2. Sustained low disease activity was chosen as the entry
criterion for period 2 as a clinically relevant criterion that can be
used to identify patients who are proven responders to treatment.

Study design. C-EARLY period 2 was a phase III, mul-
ticenter, double-blind, placebo-controlled, randomized study con-
ducted in Europe, Australia, North America, and Latin America

at 103 participating sites (of the 181 that participated in C-
EARLY period 1) from February 2013 to July 2015. Eligible
patients from period 1 treated with 200 mg CZP every 2 weeks
plus MTX were re-randomized at week 52 at a ratio of 2:3:2 to
receive the standard CZP dose of 200 mg every 2 weeks plus
MTX (CZP standard group), the reduced frequency regimen of
200 mg CZP every 4 weeks plus MTX (reduced frequency group),
or CZP stopped (placebo every 2 weeks plus MTX) (CZP stopped
group) (Figure 1). Re-randomization at week 52 was performed
centrally using an Interactive Voice/Web Response System
(IXRS) and stratified by time since RA diagnosis at baseline (#4
months or .4 months) and week 52 sustained remission status.
Week 0 (period 1) was considered the study baseline. Placebo
plus MTX–treated patients from period 1 who had sustained low
disease activity at both week 40 and week 52 entered period 2 as a
separate group (“MTX responder” group), continued to receive
placebo plus MTX only, and were not re-randomized. These
patients were analyzed post hoc as a descriptive arm only.

The primary efficacy end point was the proportion of
patients with sustained low disease activity (DAS28-ESR of #3.2
at both week 40 and week 52) who maintained low disease activity
(DAS28-ESR of #3.2) for all 5 consecutive study visits to week
104 without flares. The key secondary end point was the propor-
tion of patients with sustained remission (DAS28-ESR of ,2.6 at
both week 40 and week 52) who maintained remission (DAS28-

Figure 1. C-EARLY study design, showing set of enrolled patients. a 5 optimized methotrexate (MTX), defined as dose titrated from 10 mg/
week (week 0) and increasing by 5 mg every 2 weeks (Q2W) to a maximum dose of 25 mg/week by weeks 6–8. Patients unable to tolerate
$15 mg/week by week 8 were withdrawn from the study. b 5 low disease activity (LDA), defined as a Disease Activity Score in 28 joints using
the erythrocyte sedimentation rate (DAS28-ESR) of #3.2. Low disease activity was considered to be maintained if continued throughout weeks
52–104 without disease flares. Patients reporting a flare had to meet the following 3 criteria at 2 consecutive visits 2 weeks apart: 1) an increase
in the DAS28-ESR of $0.6 above the DAS28-ESR at week 52; 2) a DAS28-ESR of .3.2; and 3) in the investigator’s judgment, an increase
in the patient’s rheumatoid arthritis (RA) activity. Sustained remission was defined as a DAS28-ESR of ,2.6 at both week 40 and week 52.
c 5 randomization stratified by time since RA diagnosis at baseline (#4 months or .4 months). d 5 randomization stratified by time since RA
diagnosis at baseline and by sustained remission status at week 52. CZP 5 certolizumab pegol; LD 5 loading dose; DMARD 5 disease-modifying
antirheumatic drug; PBO 5 placebo; Q4W 5 every 4 weeks. See Patients and Methods for descriptions of groups.
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ESR of ,2.6) for all 5 consecutive study visits to week 104 with-
out flares. Additional secondary end points included the overall
proportions of patients with low disease activity (DAS28-ESR of
#3.2), remission (DAS28-ESR of ,2.6), and normative physical
function (defined as a Health Assessment Questionnaire disabil-
ity index [HAQ DI] score [12] of #0.5), as well as the proportion
of patients achieving radiographic nonprogression during period
2 (defined as a change in the modified Sharp/van der Heijde
score [SHS] [13] of #0.5 from week 52 to week 104) and over the
2 years of the study (defined as a change from baseline in the
SHS of #0.5 at week 104).

Time to flare was also explored as a secondary end point.
An exploratory end point was the proportion of patients with dis-
ease flares who underwent reinduction with CZP treatment and
subsequently re-achieved low disease activity. In this study, dis-
ease flares had to be self-reported by the patient at a study visit;
solicitation by the study investigators was not mandated by the
protocol. In addition, patients reporting a flare also had to meet
the following 3 criteria at 2 consecutive visits 2 weeks apart: 1) an
increase in the DAS28-ESR of $0.6 above the DAS28-ESR at
week 52; 2) a DAS28-ESR of .3.2; and 3) in the investigator’s
judgment, an increase in the patient’s RA activity. In the event of
a confirmed disease flare, patients received a loading dose of
CZP (400 mg at 3 subsequent visits) followed by the standard
dose (200 mg every 2 weeks) until the end of the study. Patients
who experienced flares twice or who did not re-achieve low dis-
ease activity within 12 weeks after reintroduction of CZP were
withdrawn from the study.

Study drug. Placebo was supplied as 0.9% saline, and
CZP was supplied as a 200 mg solution. Both were in prefilled
syringes for subcutaneous injection and were administered up to
week 102. Additional details regarding the initiating CZP dose
have been described previously (9).

Oral MTX was dose-optimized throughout the study.
MTX was initiated during period 1 (9) at 10 mg/week and esca-
lated by 5 mg every 2 weeks to a maximum of 25 mg/week (with a
minimum of 15 mg/week) by week 8, if tolerated. This maximum
tolerated (“optimized”) dose was maintained and continued to
be administered every week from week 52 to week 103.

Study procedures and evaluations. In period 2,
patients were assessed every 8–12 weeks at weeks 52, 64, 76, 84,
92, and 104. All study personnel were blinded with regard to
treatment, except for a separate group who supervised and
administered the study medication and determined ESR but who
otherwise had no involvement in the study. Safety analyses
included all treatment-emergent adverse events (AEs), seri-
ous AEs (SAEs), and severe treatment-emergent AEs, as well
as clinical laboratory measurements.

Ethical approval. This study was conducted in accor-
dance with the current version of the applicable regulatory and
International Conference on Harmonisation Guidelines for
Good Clinical Practice, the ethical principles that have their ori-
gin in the principles of the Declaration of Helsinki, and the local
laws of the countries involved.

Statistical analysis. Based on a priori assumptions of
response during period 1, 455 CZP-treated patients from period
1 were expected to be eligible for period 2, with 130, 195, and 130
patients randomly assigned to the CZP standard, reduced fre-
quency, and CZP stopped groups, respectively. Given this sample
size, power was calculated to be 99% and 92% to detect a statisti-
cally significant difference in maintaining low disease activity

between the CZP standard and reduced frequency groups,
respectively, compared with the CZP stopped group at a given
a 5 0.05. Response rates of 95%, 90%, and 75% were assumed
for the CZP standard, reduced frequency, and CZP stopped
groups, respectively.

Statistical testing for the primary and key secondary end
points was performed in a hierarchical manner. CZP standard
versus CZP stopped was tested first. If the difference was signifi-
cant at the a 5 0.05 level, then reduced frequency versus CZP
stopped was tested. The full analysis set (those with sustained low
disease activity at both week 40 and week 52 [per the IXRS] with
valid post–week 52 efficacy measurements for DAS28-ESR) was
used for all efficacy data except for radiographic data, which used
the radiographic data set (those with valid radiographs at base-
line, week 52, and week 104/withdrawal visit). Where reported in
radiographic analyses, the MTX responder patients treated with
placebo plus MTX throughout the study fulfilled the same crite-
ria for the radiographic data set. The safety set comprised all
patients who received at least 1 dose of study medication, and
was used for the safety data.

A logistic regression model with factors for treatment,
region, time since RA diagnosis at baseline, and week 52
sustained remission status was used for the primary and key sec-
ondary end points, as well as for the proportions of patients
achieving low disease activity, remission, normative physical func-
tion, and radiographic nonprogression during period 2. The
Clopper-Pearson method was used to generate 95% CIs for the
logistic regression models.

Missing data from patients who entered period 2 but
withdrew before the end of the study were imputed using nonre-
sponder imputation for the primary and key secondary end
points. Radiographic analyses used linear extrapolation. In post
hoc analyses, last observation carried forward (LOCF) imputa-
tion was used for the proportions of patients achieving low dis-
ease activity, remission, and normative physical function.

RESULTS

Patient disposition and baseline characteris-
tics. A total of 293 CZP-treated patients from period 1
were re-randomized at week 52 and enrolled in this study,
with 84 patients in the CZP standard group, 127 patients
in the reduced frequency group, and 82 patients in the
CZP stopped group. These patients represent 44% of the
660 CZP-treated patients in period 1. However, this was
36% fewer than the planned randomizations of 130, 195,
and 130 patients, respectively, due to fewer patients than
projected with sustained low disease activity at the end of
period 1. Of those who were re-randomized, 84, 126, and
79 patients comprised the full analysis set; 72, 113, and 75
patients comprised the radiographic set (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40196/abstract).

In period 2, 14 of 84 patients (16.7%) in the CZP
standard group, 15 of 127 patients (11.8%) in the reduced
frequency group, 10 of 82 patients (12.2%) in the CZP
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stopped group, and 7 of 66 MTX responder patients
(10.6%) discontinued treatment by week 104. The most
common reason for discontinuation was treatment-
emergent AEs, in 4 of 84 patients (4.8%), 8 of 127 patients
(6.3%), 7 of 82 patients (8.5%), and 2 of 66 patients
(3.0%), respectively (see Supplementary Figure 1, http://
onlinelibrary.wiley.com/doi/10.1002/art.40196/abstract).
Patient demographic characteristics were generally well
balanced across all treatment groups (Table 1) except for
sex, with a higher percentage of women in the CZP stan-
dard group (66 of 84 [78.6%]) than in the reduced fre-
quency group (86 of 126 [68.3%]) and CZP stopped group
(58 of 79 [73.4%]). Disease characteristics at both baseline
and week 52 (Table 1; also see Supplementary Table 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.40196/abstract)

were also reasonably well balanced across all groups.
The mean weekly optimized MTX dose was similar across
all groups (mean 20–22 mg/week), with a maximum of
25 mg/week.

Efficacy. At week 104, 41 of 84 patients (48.8%)
in the CZP standard group and 67 of 126 patients
(53.2%) in the reduced frequency group had maintained
low disease activity without flares, compared with 31
of 79 patients (39.2%) in the CZP stopped group (P 5

0.112 and P 5 0.041, respectively; nominal P value due
to lack of significance in first hierarchical test). Of
patients with sustained remission, 22 of 50 (44.0%) in
the CZP standard group and 36 of 83 (43.4%) in the
reduced frequency group maintained remission to week
104 without flares, compared with 17 of 51 patients

Figure 2. Clinical response in period 2 of the C-EARLY study, showing the full analysis set. A, Proportion of patients in whom low disease
activity (LDA) was maintained, and proportion in whom remission (REM) was maintained, at week 104. Odds ratios (ORs) with 95% confi-
dence intervals (95% CIs) and corresponding P values are from a logistic regression model with factors for treatment, region, time since
rheumatoid arthritis (RA) diagnosis, and sustained remission status at week 52. Only patients with disease in sustained remission at week 52
were included in the analysis for maintained remission at week 104. Nonresponder imputation was used for missing data. B, Proportion of
patients with low disease activity, defined as a Disease Activity Score in 28 joints using the erythrocyte sedimentation rate (DAS28-ESR) of
#3.2. C, Proportion of patients with disease in remission, defined as a DAS28-ESR of ,2.6. D, Proportion of patients with normative physi-
cal function, defined as a Health Assessment Questionnaire disability index score of #0.5. B–D show results of post hoc analyses. The last
observation carried forward approach was used to impute missing data. CZP 5 certolizumab pegol. See Patients and Methods for descriptions
of groups.
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(33.3%) in the CZP stopped group (P 5 0.274 and
P 5 0.253, respectively) (Figure 2A).

Despite the failure to achieve the primary end
point, the overall data demonstrate that patients continu-
ing CZP at either the standard or reduced frequency doses
were better able to maintain clinical response compared
with those who stopped CZP, as illustrated by low disease
activity, remission, and normative physical function. In
post hoc analyses using LOCF imputation, higher propor-
tions of patients in the CZP standard and reduced fre-
quency groups achieved low disease activity (66 of 84
[78.6%] and 103 of 126 [81.7%], respectively), remission
(53 of 84 [63.1%] and 90 of 126 [71.4%], respectively), and
normative physical function (60 of 84 [71.4%] and 89 of
126 [70.6%], respectively) at week 104 compared with
those who stopped CZP (50 of 78 [64.1%; 1 patient’s data
missing] achieved low disease activity, 37 of 78 [47.4%; 1
patient’s data missing] achieved remission, and 45 of 79
[57.0%] achieved normative physical function) (Figures
2B–D). Furthermore, mean DAS28-ESR and HAQ DI
score values were also numerically lower throughout period
2 for patients continuing CZP treatment compared with
those who stopped (see Supplementary Figure 2, http://
onlinelibrary.wiley.com/doi/10.1002/art.40196/abstract).

Few patients exhibited radiographic progression in
period 2 (change in SHS of .0.5 from week 52); these
included 7 of 72 patients (9.7%) in the CZP standard
group and 18 of 113 patients (15.9%) in the reduced fre-
quency group, compared with 14 of 74 patients (18.9%) in
the CZP stopped group. Over the 2 years of the study,
patients continuing CZP treatment (in the CZP standard
and reduced frequency groups) exhibited stabilization of
structural damage, with numerically fewer patients (15 of
72 [20.8%] and 25 of 113 [22.1%], respectively) experienc-
ing radiographic progression at week 104 (change in SHS
of .0.5 from baseline) in comparison with patients who
stopped CZP (22 of 74 [29.7%]) after week 52 (Figure 3).

Relatively few disease flares were recorded in
patients during this study, which was possibly due to the
limitation of the patients having to self-report flares to the
investigator. Patients self-reporting flares included 7 of 84
(8.3%) in the CZP standard group, 3 of 126 (2.4%) in the
reduced frequency group, and 10 of 79 (12.7%) in the
CZP stopped group. Most flares occurred in these patients
by week 64 (i.e., 12 weeks after the change in treatment
dosing) (Figure 4). Patients with flares underwent re-
induction with the standard dose of CZP (including a load-
ing dose), and 80% of them (16 of 20; 7 in the CZP
standard group, 1 in the reduced frequency group, and 8 in
the CZP stopped group) subsequently achieved low dis-
ease activity again within 12 weeks.

MTX responders. Compared with the 44% of
patients (293 of 660) in whom CZP treatment was initi-
ated, a smaller proportion of patients who were only
started on optimized MTX achieved sustained low disease
activity at both week 40 and week 52 and continued to
period 2, representing 30% (66 of 219) of the patients

Figure 3. Radiographic progression in the C-EARLY study.
Shown is the radiographic data set with methotrexate (MTX)
responder patients meeting the same criteria (those who had valid
radiographs at baseline, week 52, and week 104/withdrawal visit).
A, Radiographic progression and nonprogression rates. B, Cumula-
tive probability of change in modified Sharp/van der Heijde score
(SHS) from week 52 to week 104. C, Cumulative probability of
change in SHS from baseline to week 104. Results for MTX
responder patients were obtained using post hoc analyses. Radio-
graphic nonprogression was defined as a change in the SHS of
#0.5 from baseline or week 52. Radiographic progression was
defined as a change in the SHS of .0.5 from baseline or week 52.
One outlier in the certolizumab pegol (CZP) stopped group was
excluded. Linear extrapolation was used for missing data. Symbols
in B and C represent values for each patient. See Patients and
Methods for descriptions of groups.
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treated with placebo plus MTX. Sixty patients were
included in the radiographic analyses as a separate group.
The safety set included 83 patients in the CZP standard
group, 127 in the reduced frequency group, 81 in the CZP
stopped group, and 66 MTX responder patients.

In this group of patients with an enhanced
response to MTX therapy, exploratory, descriptive post
hoc analyses were performed with LOCF imputation. At
week 104, 81.3% (52 of 64; 2 patients’ data missing),
59.4% (38 of 64; 2 patients’ data missing), and 59.4% (38
of 64; 2 patients’ data missing) of these patients had
achieved good clinical response—low disease activity,
remission, and normative physical function, respectively
(see Supplementary Figure 3, http://onlinelibrary.wile
y.com/doi/10.1002/art.40196/abstract). However, a higher
proportion of MTX responders experienced radio-
graphic progression over the 2 years of the study (41.7%
[25 of 60]) compared with the 3 groups initially treated
with CZP (Figure 3).

Safety. The incidence of treatment-emergent AEs
in period 2 was similar across all 3 re-randomized groups:
63.9% of patients (53 of 83) in the CZP standard group,
63.8% (81 of 127) in the reduced frequency group, and
59.3% (48 of 81) in the CZP stopped group experienced
treatment-emergent AEs, with a lower rate observed in
the MTX responder group (50.0% [33 of 66]). Infections
were the most frequent treatment-emergent AEs, with a
higher proportion of patients continuing CZP treatment

reporting infections (31.3% [26 of 83] in the CZP standard
group and 38.6% [49 of 127] in the reduced frequency
group), compared with 27.2% (22 of 81) of those who
stopped CZP and 15.2% (10 of 66) of MTX responders.
Serious infections and infestations were experienced by
1.2% of patients (1 of 83) in the CZP standard group,
0.8% (1 of 127) in the reduced frequency group, 2.5% (2
of 81) in the CZP stopped group, and 1.5% (1 of 66) of
MTX responders. For patients exposed to CZP treatment
at any time in period 2 (patients in the CZP standard and
reduced frequency groups and any patients who received
CZP after disease flares), the incidence rate of infections
was 45.1 per 100 patient-years. The rate of SAEs was simi-
lar between all groups (4.8% of patients [4 of 83] in the
CZP standard group, 7.1% [9 of 127] in the reduced fre-
quency group, 7.4% [6 of 81] in the CZP stopped group,
and 6.1% [4 of 66] of MTX responders).

There were higher rates of drug-related treatment-
emergent AEs in the CZP-treated patients: 30.1% of
patients (25 of 83) in the CZP standard group and 23.6%
(30 of 127) in the reduced frequency group, compared
with 17.3% (14 of 81) in the CZP stopped group and
15.2% (10 of 66) of MTX responders. Discontinuations
due to treatment-emergent AEs followed a similar pattern,
being observed in 2.4% of patients (2 of 83) in the CZP
standard group and 5.5% (7 of 127) in the reduced fre-
quency group, compared with 4.9% (4 of 81) in the CZP
stopped group and 1.5% (1 of 66) of MTX responders.

Figure 4. Kaplan-Meier plot of time to rheumatoid arthritis (RA) disease flare, showing the full analysis set. Disease flares had to be self-
reported by the patient to the investigator at a study visit; solicitation by the study investigators was not mandated by the protocol. Patients
reporting a flare had to meet the following 3 criteria at 2 consecutive visits 2 weeks apart: 1) an increase in the Disease Activity Score in 28
joints using the erythrocyte sedimentation rate (DAS28-ESR) of $0.6 above the DAS28-ESR at week 52; 2) a DAS28-ESR of .3.2; and 3) in
the investigator’s judgment, an increase in the patient’s RA activity. Time to flare was defined as the time from the date of the week 52 injection
of study medication to the date of the first flare visit for a confirmed flare. Patients who did not have a flare were censored at the date of the
latest assessment of the DAS28-ESR. CZP 5 certolizumab pegol. See Patients and Methods for descriptions of groups.
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Continuing treatment at the standard dose was not
associated with an increased risk of malignancies com-
pared with that in the reduced frequency or CZP stopped
groups. The overall incidence of malignant tumors was
low, with 2.4% of patients (3 of 127) in the reduced fre-
quency group (1 with breast cancer, 1 with lip squamous
cell carcinoma, and 1 with myxoid liposarcoma) and 2.5%
of patients (2 of 81) in the CZP stopped group (both with
prostate cancer) reporting any malignant tumors. No
patients developed malignancies in the CZP standard or
MTX responder groups (Table 2), nor were there any
reports of hematologic reactions or demyelinating
disorders. No deaths were reported in the re-randomized
treatment groups. There was 1 death due to cardiac failure
in the MTX responder group 11 days after the final dose
of study medication. The event was not considered to be
related to study medication. The safety profile of MTX
responder patients was comparable to that of the patients
who were re-randomized.

DISCUSSION

C-EARLY is the first reported randomized,
double-blind study with an anti-TNF biologic DMARD

that compares the following 3 treatment strategies: contin-
uation at full dose, tapering, or withdrawal of biologic ther-
apy, in combination with optimized MTX, in maintaining
low disease activity after 1 year of anti-TNF treatment in
DMARD-naive patients with early and progressive, active
RA. Previous studies, such as the Productivity and Remis-
sion in a Randomized Controlled Trial of Etanercept vs.
Standard of Care in Early Rheumatoid Arthritis (PRIZE)
study (14), compared the effect of tapering to a half dose
(25 mg/week) of etanercept in combination with MTX
with the effects of etanercept withdrawal (with MTX) and
treatment with placebo alone. The Optimal Protocol for
Methotrexate and Adalimumab Combination Therapy in
Early Rheumatoid Arthritis (OPTIMA) study (15) com-
pared the effect of continuing the full dose of adalimumab
with the effects of biologic therapy withdrawal (with
MTX) and MTX monotherapy.

The primary end point of the present study was not
achieved. Fewer patients than projected from period 1
were eligible to enter period 2 (i.e., achieved sustained low
disease activity), which may have resulted in an underpow-
ered study. The use of sustained low disease activity at 2
consecutive study visits (both week 40 and week 52) as the
entry criterion for period 2 was more difficult to achieve

Table 2. Summary of AEs*

CZP standard
dose (n 5 83),

no. (%)

CZP reduced
frequency
(n 5 127),
no. (%)

CZP stopped
(n 5 81),
no. (%)

MTX responders
(n 5 66),
no. (%)

CZP at
any time (n 5 223),

no. (%)/
event rate†

Any treatment-emergent AEs ($5% in any
system organ class)

53 (63.9) 81 (63.8) 48 (59.3) 33 (50.0) 145 (65.0)/163.5

Gastrointestinal disorders 5 (6.0) 6 (4.7) 8 (9.9) 7 (10.6) 13 (5.8)/6.9
General disorders and administration site conditions 4 (4.8) 10 (7.9) 4 (4.9) 5 (7.6) 16 (7.2)/6.9
Infections and infestations 26 (31.3) 49 (38.6) 22 (27.2) 10 (15.2) 82 (36.8)/57.8
Injury, poisoning, and procedural complications 5 (6.0) 14 (11.0) 7 (8.6) 1 (1.5) 20 (9.0)/9.0
Investigations 11 (13.3) 12 (9.4) 8 (9.9) 8 (12.1) 23 (10.3)/13.3
Metabolism and nutrition disorders 3 (3.6) 14 (11.0) 6 (7.4) 5 (7.6) 17 (7.6)/9.0
Musculoskeletal and connective tissue disorders 8 (9.6) 12 (9.4) 12 (14.8) 6 (9.1) 23 (10.3)/12.0
Nervous system disorders 6 (7.2) 7 (5.5) 1 (1.2) 1 (1.5) 15 (6.7)/14.1
Renal and urinary disorders 5 (6.0) 2 (1.6) 0 1 (1.5) 8 (3.6)/3.9
Respiratory, thoracic, and mediastinal disorders 5 (6.0) 8 (6.3) 3 (3.7) 1 (1.5) 13 (5.8)/6.9
Skin and subcutaneous tissue disorders 8 (9.6) 9 (7.1) 3 (3.7) 2 (3.0) 17 (7.6)/8.6

Any malignant tumor 0 3 (2.4) 2 (2.5) 0 4 (1.8)/1.7
Serious treatment-emergent AEs 4 (4.8) 9 (7.1) 6 (7.4) 4 (6.1) 16 (7.2)/6.9

Serious infections and infestations 1 (1.2) 1 (0.8) 2 (2.5) 1 (1.5) 2 (0.9)/0.9
Discontinuation due to treatment-emergent AEs 2 (2.4) 7 (5.5) 4 (4.9) 1 (1.5) 10 (4.5)/NA
Treatment-emergent AEs requiring MTX reduction 0 5 (3.9) 1 (1.2) 1 (1.5) NA
Drug-related treatment-emergent AEs 25 (30.1) 30 (23.6) 14 (17.3) 10 (15.2) 60 (26.9)/NA
Severe treatment-emergent AEs 1 (1.2) 4 (3.1) 2 (2.5) 3 (4.5) 5 (2.2)/NA
Deaths (treatment-emergent AEs leading to death) 0 0 0 1 (1.5) 0

* Safety set, comprising all patients who received at least 1 dose of study medication. Terms are from Medical Dictionary for Regulatory Activi-
ties, version 17.0. NA 5 not available.
† Includes adverse events (AEs) occurring in period 2 in any group after receiving certolizumab pegol (CZP) in period 2, including treatment-
emergent AEs occurring after induction/reinduction with CZP for patients in the methotrexate (MTX) responder and CZP stopped groups. The
total number of patients exposed to CZP in period 2 was used as the denominator; event rates are per 100 patient-years.
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than a single-visit criterion. The primary end point of
period 2 was stringent, as patients were required to have
maintained low disease activity throughout the entirety of
the second year for 5 consecutive visits rather than just at a
single study visit. The expected 20% and 15% differences
between the CZP standard and reduced frequency groups
versus the CZP stopped group in the maintenance of low
disease activity to week 104 were also not realized. It
should be noted that the study protocol design was under-
taken in 2010, prior to the issuance of the 2011 ACR/
EULAR guidelines (16), in which the Simplified Disease
Activity Index (17) and Boolean-based definitions of low
disease activity and remission superseded DAS28-ESR–
based definitions as the closest reflection of “deep” disease
control.

Nevertheless, results from period 2 of C-EARLY
may still be of value to rheumatologists and patients, and
could inform care options, since the data suggest that after
1 year of CZP treatment at the standard dose (200 mg
every 2 weeks plus MTX), continuing treatment for an
additional year at a reduced frequency dosage (200 mg
every 4 weeks plus MTX) provided control of disease activ-
ity comparable to continuing treatment at the standard
dose. A numerically higher proportion of patients continu-
ing CZP at both dosages maintained clinical response and
improvements in physical function in comparison with
patients who stopped CZP treatment after 1 year.

Unexpectedly, a slightly higher proportion of
patients continuing treatment at the reduced frequency
dose achieved low disease activity, remission, and norma-
tive physical function compared with patients continuing a
standard dose of CZP. This could have been due to the
smaller-than-expected sample size, which led to more vari-
ability in the results. However, the numerical differences
between the CZP standard dose and reduced frequency
groups are small and not considered clinically meaningful.

Treatment of patients very early in the course of
RA is associated with inhibition of the progression of joint
damage as well as with better clinical outcomes. The 52-
week data from C-EARLY period 1 revealed that early
initiation of CZP plus MTX significantly inhibited joint
destruction compared with no CZP treatment (9). The
results of exploratory analyses from period 2 suggest that
early initiation of CZP treatment can provide better and
continued protection against progression of structural
damage over a 2-year period, regardless of whether CZP
was continued after 1 year. This difference was larger
when compared with the descriptive arm of the MTX
responders, even though those patients had a good clinical
response with 2 years of therapy with optimized MTX
alone. We note that our study was not powered to detect
differences in radiographic progression rates; however, our

findings are consistent with previous data from Japanese
MTX-naive patients with early RA in the Certolizumab-
Optimal Prevention of joint damage for Early RA (C-
OPERA) trial, in which patients who had been treated
with CZP plus MTX for 1 year exhibited lower rates
of radiographic progression for 1 additional year after
stopping CZP, in comparison with patients who had
been receiving 2 years of MTX monotherapy (7,18).
Similar results were also reported in DMARD-naive
patients started on adalimumab plus MTX in the High
Induction Therapy with Anti-Rheumatic Drugs (HIT
HARD) study (19), although with a shorter (24-week)
treatment duration.

In addition to the clinical efficacy described above,
early initiation of CZP plus MTX has demonstrated
benefits over optimized MTX alone in patient-reported
measures such as workplace and household productivity
(20). More patients who continued the standard or
reduced frequency doses were able to maintain the initial
52-week improvements up to week 104 in comparison with
patients who stopped CZP (21).

MTX therapy in this study was optimized by week
8 (i.e., patients were given the maximum tolerated dose,
between 15 mg and 25 mg) (9). To our knowledge, the
Dutch U-Act-Early study (22) and our international C-
EARLY study are the only trials to mandate per-protocol
optimization of MTX to achieve high levels of MTX dos-
age in DMARD- and MTX-naive patients with early RA.
This optimization may in part explain the good clinical
responses achieved by the MTX responders over the
course of the 2 years.

There were low numbers of flares reported in this
study, a limitation which was likely due to the requirement
that flares be self-reported by the patient. The physicians
involved in this study did not have a systematic evaluation
method and were not mandated to formally assess disease
flares. Although DAS components were measured at each
study visit, the investigator remained blinded with regard
to the DAS score. The low number of flares is not reflected
by the relatively high proportion of patients (;50%) who
did not maintain low disease activity. Of those who had dis-
ease flares, most (80%) achieved low disease activity again,
and no safety issues were identified in those patients. How-
ever, because too few patients were identified as having a
disease flare, no formal conclusions can be drawn about
the safety and efficacy of reintroduction of the CZP stan-
dard dose in restoring low disease activity. Further evalua-
tion of flares among the patients in this study is warranted.
No new safety signals were identified for an additional 52
weeks of CZP plus MTX treatment, and the safety profile
was consistent between all groups, including the MTX
responder patients, who had been treated with placebo
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plus optimized MTX for 2 years and had never received
CZP.

Overall, the data from the first 52 weeks of the C-
EARLY study demonstrated a favorable benefit-to-risk
ratio for early initiation of CZP plus MTX therapy in
DMARD-naive patients within 1 year of receiving their
diagnosis of active RA with poor prognostic factors for dis-
ease progression (9). Clinical improvements achieved by
the early initiation of CZP therapy during period 1 of the
study were maintained in numerically more patients who
continued at the standard or reduced frequency doses,
thus providing support for the “induction-maintenance”
approach for this specific population of patients with early
RA who had never been exposed to either synthetic or bio-
logic DMARDs. Exploratory analyses of radiographic data
reported from period 2 suggested that early CZP initiation
could be a better option for avoiding structural damage in
this patient population compared with treatment with
MTX alone, supporting the results reported from other
studies (18). Further research would be needed to identify
the characteristics of patients who would be able to stop
CZP therapy successfully. By investigating the effect of
continuing or tapering biologic DMARD therapy after
reaching a disease target, our study contributes to the
body of knowledge supporting the induction-maintenance
treatment approach, and our results inform the evolving
paradigms of disease management in RA while also
highlighting the need for further clinical trial evidence.
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Efficacy, Safety, Pharmacokinetics, and Pharmacodynamics of
Filgotinib, a Selective JAK-1 Inhibitor, After Short-Term

Treatment of Rheumatoid Arthritis

Results of Two Randomized Phase IIa Trials

Fr�ed�eric Vanhoutte,1 Minodora Mazur,2 Oleksandr Voloshyn,3

Mykola Stanislavchuk,4 Annegret Van der Aa,1 Florence Namour,5 Ren�e Galien,5

Luc Meuleners,1 and Gerben van ‘t Klooster1

Objective. JAK inhibitors have shown efficacy in
rheumatoid arthritis (RA). We undertook this study to
test our hypothesis that selective inhibition of JAK-1
would combine good efficacy with a better safety profile
compared with less selective JAK inhibitors.

Methods. In two 4-week exploratory, double-blind,
placebo-controlled phase IIa trials, 127 RA patients with
an insufficient response to methotrexate (MTX) received
filgotinib (GLPG0634, GS-6034) oral capsules (100 mg
twice daily or 30, 75, 150, 200, or 300 mg once daily) or
placebo, added onto a stable regimen of MTX, to evalu-
ate safety, efficacy, pharmacokinetics (PK), and pharma-
codynamics (PD) of filgotinib. The primary efficacy end
point was the number and percentage of patients in
each treatment group meeting the American College of
Rheumatology 20% improvement criteria (achieving an
ACR20 response) at week 4.

Results. Treatment with filgotinib at 75–300 mg
met the primary end point and showed early onset of
efficacy. ACR20 response rates progressively increased
to week 4, and the Disease Activity Score in 28 joints
using the C-reactive protein (CRP) level decreased.
Marked and sustained improvements were observed in
serum CRP level and other PD markers. The PK of
filgotinib and its major metabolite was dose propor-
tional over the 30–300 mg range. Early side effects seen
with other less selective JAK inhibitors were not
observed (e.g., there was no worsening of anemia [JAK-
2 inhibition related], no effects on liver transaminases,
and no increase in low-density lipoprotein or total cho-
lesterol). A limited decrease in neutrophils without neu-
tropenia was consistent with immunomodulatory effects
through JAK-1 inhibition. There were no infections.
Overall, filgotinib was well tolerated. Events related to
study drug were mild or moderate and transient during
therapy, and the most common such event was nausea.

Conclusion. Selective inhibition of JAK-1 with
filgotinib shows initial efficacy in RA with an encourag-
ing safety profile in these exploratory studies.

Rheumatoid arthritis (RA) is a chronic autoim-
mune inflammatory and degenerative joint disease that
affects almost 1% of the adult population worldwide,
with onset classically between ages 30 and 50 years and
a higher prevalence in women (1,2). Current therapeutic
approaches rely on disease-modifying antirheumatic
drugs (DMARDs), such as methotrexate (MTX), as
well as on biologic therapeutics that target tumor
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necrosis factor, interleukin-6 (IL-6), and T cell activa-
tion (abatacept, a CTLA-4Ig fusion protein) or that
eliminate CD201 B cells (rituximab) (3). Limitations
with these treatments, such as waning efficacy over time,
are observed in a proportion of patients and are associ-
ated with side effects (e.g., with MTX or steroids) and
dosing inconvenience (injected biologic therapeutics).
This has led to the exploration of alternative oral
treatments. In the past decade, small-molecule inhibi-
tors targeting kinases involved in disease-relevant signal
transduction pathways such as p38 MAPK, Syk, and
JAK have been evaluated in RA patients (4). In 2012,
tofacitinib became the first JAK inhibitor approved by
the US Food and Drug Administration for the treat-
ment of RA.

JAKs are intracellular cytoplasmic tyrosine
kinases, which signal in pairs and transduce cytokine sig-
naling from membrane receptors via the STAT factors
to the cell nucleus (5). JAK inhibitors block the signal-
ing of various cytokines, growth factors, and hormones,
including IL-6. Four different types of JAKs are known:
JAK-1, JAK-2, JAK-3, and Tyk-2. JAK-1 is a novel tar-
get for inflammatory diseases, transducing cytokine-
driven proinflammatory signaling, and for other diseases
driven by JAK-mediated signal transduction. JAK-2 sig-
nals for a range of cytokines, often pairing with JAK-1,
but only JAK-2 is downstream of a number of growth
factors involved in hematopoiesis, such as erythropoie-
tin (EPO) and thrombopoietin (TPO). JAK-3 is consid-
ered a prime target for immunosuppression, being
downstream of proinflammatory cytokines, and also for
immunoinflammatory diseases. While JAK-1, JAK-2,
and Tyk-2 are expressed in many cell types and tissues,
JAK-3 expression is restricted to the lymphoid lineage.

The first marketed JAK inhibitor, tofacitinib,
inhibits JAK-3, JAK-1, and JAK-2 in descending order of
potency. It is efficacious in treating the signs and
symptoms of RA with a rapid onset of action. The most
common adverse events (AEs) are infections and
infestations, increases in serum creatinine, and a decrease
in neutrophil counts (6,7). Tofacitinib also increases total
cholesterol levels, with low-density lipoprotein (LDL)
increases typically exceeding those for high-density
lipoprotein (HDL). At doses exceeding the approved
regimen of 5 mg twice daily, tofacitinib treatment was
associated with anemia, which is thought to be linked to
inhibition of JAK-2. Several other JAK inhibitors with
varying selectivity profiles are in development for RA,
including baricitinib (JAK-1/JAK-2 inhibitor), peficitinib
(JAK-3/JAK-1/JAK-2 inhibitor), and ABT-494 (JAK-1
inhibitor) (8).

It has been hypothesized that inhibition of JAK-
1 in particular is beneficial in RA treatment. While inhi-
bition of JAK-2 and b-chain receptor–interacting family
cytokines may contribute to the efficacy, it could also
cause anemia, thrombocytopenia, and neutropenia
by interfering with EPO signaling and with colony-
stimulating factors (9,10).

We present the first data in RA patients for
filgotinib (GLPG0634, GS-6034), a highly selective
orally available JAK-1 inhibitor with ;30-fold selectivity
for inhibition of JAK-1 relative to JAK-2 in human
whole blood assays (11). Filgotinib is metabolized to
form one major metabolite, which also exhibits selective
JAK-1 inhibition, although with ;10-fold lower
potency. As the overall exposure of this metabolite in
humans is ;15-fold higher than that of filgotinib, the
clinical activity likely results from the combination of
the parent molecule and the major metabolite (12).

Filgotinib treatment of healthy volunteers for up
to 10 days with doses up to 450 mg once daily was well
tolerated and safe (13). Significant inhibition of JAK-1
pathways but not JAK-2 was found in pharmacodynamic
(PD) assays at daily doses of $100 mg. In healthy volun-
teers, the exposure of filgotinib was well in excess of
that showing efficacy in animal models of RA.

We present data obtained in two 4-week trials
with filgotinib, one proof-of-concept study and one
dose-ranging study. The observed safety and efficacy in
RA patients provide initial evidence that selective inhi-
bition of JAK-1 may represent a future way to treat RA.

PATIENTS AND METHODS

Study design and treatments. Two 4-week explor-
atory, randomized, double-blind, placebo-controlled studies
were performed in RA patients who had an inadequate
response to MTX. Both studies aimed to evaluate the prelimi-
nary safety, efficacy, pharmacokinetics (PK), and PD of
filgotinib added onto a stable regimen of MTX. Study 1
(GLPG0634-CL-201; NCT01384422) was a phase IIa proof-
of-concept study enrolling 36 patients and evaluating daily
doses of 200 mg of filgotinib, given at 200 mg once daily or
100 mg twice daily, versus placebo. The study was conducted
at a single site in the Republic of Moldova. Study 2
(GLPG0634-CL-202; NCT01668641) was a phase IIa dose-
ranging study in which 91 patients were enrolled to receive
filgotinib once daily at 30 mg, 75 mg, 150 mg, or 300 mg versus
placebo. The study was conducted at 19 sites in 4 countries
(Republic of Moldova, Ukraine, Russia, and Hungary). Eligi-
ble patients were randomly assigned to receive filgotinib or
matching placebo as capsules for 4 weeks, with a 7–10-day
follow-up period. For both studies, local ethics committees
approved the protocol. All patients gave informed consent,
and the studies were conducted in accordance with the Decla-
ration of Helsinki.
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Patients. Eligible patients fulfilled the American Col-
lege of Rheumatology (ACR) 1987 revised criteria for the clas-
sification of RA (14), were ages 18–70 years, had $5 swollen
joints and $5 tender joints, and had a serum C-reactive pro-
tein (CRP) level of $10 mg/liter at screening. Prior to screen-
ing, patients had to have received MTX for at least 12 weeks
(study 2) or at least 6 months (study 1) and had to have been
receiving a stable dose of 7.5–25 mg/week for at least 4 weeks.
Oral steroids at a stable dose (#10 mg once daily) for at least
4 weeks prior to screening and nonsteroidal antiinflammatory
drugs at a stable dose for at least 2 weeks prior to screening
were allowed. Major exclusion criteria were having received
DMARDs other than MTX within the 8 weeks prior to screen-
ing or having received treatment with a biologic agent, with
the exception of a biologic agent administered in a single clini-
cal study setting .6 months prior to screening (.12 months
prior to screening for rituximab or other cell-depleting
agents).

Efficacy assessments. In both studies, the primary
efficacy end point was the number and percentage of patients
in each treatment group meeting the ACR 20% improvement
criteria (achieving an ACR20 response) (15) at week 4. Sec-
ondary efficacy end points included the number and percent-
age of patients achieving an ACR20/ACR50/ACR70 response
in each treatment group at weeks 1 and 2, and at week 4 for an
ACR50/ACR70 response; the Disease Activity Score in 28
joints (16) using the CRP level (DAS28-CRP) at weeks 1, 2,
and 4 and change from baseline in the DAS28-CRP at weeks
1, 2, and 4; and change from baseline and percentage of
change from baseline at each visit in the individual compo-
nents of the ACR core set of disease activity measures (17)
(swollen joint count in 66 joints [SJC66], tender joint count in
68 joints [TJC68], physician’s and patient’s global assessments
of disease activity and patient’s assessment of pain on a visual
analog scale, Health Assessment Questionnaire disability
index [HAQ DI] score [18], and serum CRP level).

Safety assessments. AEs, vital signs, concomitant
medications, routine hematology, serum biochemistry, coagu-
lation, urinalysis, and other clinical laboratory test results were
collected at each visit. A 12-lead electrocardiogram (EKG)
was carried out at baseline and follow-up, and also at week 4
for study 1. A physical examination was performed at screen-
ing and follow-up. Data were summarized in a descriptive
manner. No formal statistical comparisons of safety data were
performed.

PK. Plasma concentrations of filgotinib and its major
metabolite were measured in samples collected from a subset
of patients in both studies (12 patients in study 1 and 15
patients in study 2) to assess individual steady-state PK of
filgotinib and its major metabolite. Blood samples were col-
lected before the morning dose and 1, 2, 3, 5, and 8 hours after
the morning dose at either the week 2 or week 4 visit.

PD. In plasma samples collected at the baseline and
week 4 visits from all participants in study 2, levels of various
marker proteins were assessed using 2 different technologies.
The measurement of the concentration of the YKL-40 factor
(chitinase 3–like protein 1) was performed using an enzyme-
linked immunosorbent assay from R&D Systems. The other
markers (vascular cell adhesion molecule 1 [VCAM-1], inter-
cellular adhesion molecule 1 [ICAM-1], matrix metallopro-
teinase 3 [MMP-3], haptoglobin, IL-18) were quantified at
Myriad RBM. Data were normalized to the baseline value for

each patient and plotted as the percentage of change from
baseline.

Statistical analysis. No formal statistical power calcu-
lation was used to determine sample sizes, as the studies were
purely exploratory. All randomized patients who received at
least one dose of study drug and had at least one postbaseline
efficacy assessment (intent-to-treat population) were included
in the efficacy analyses. Descriptive statistics were calculated
by dose for each of the PK parameters for filgotinib and its
major metabolite. Exploratory between-group comparisons
were also performed.

Safety data were summarized for all randomized patients
who received at least one dose of study drug (safety population).
Descriptive statistics were calculated for each parameter at every
time point and in each treatment group. A treatment-emergent
AE analysis was performed.

PD data are expressed as the mean 6 SEM. Compari-
sons of PD marker levels among the groups were made using a
nonparametric Kruskal-Wallis test followed by Dunn’s post
hoc test.

RESULTS

Patient disposition and baseline demographics.
A total of 127 RA patients, 36 in study 1 and 91 in study
2, were randomly assigned to receive the study treat-
ment. All randomized patients completed the studies,
except for 1 patient in the placebo group of study 2 who
discontinued for safety reasons (sponsor request) due to
initial positive HIV test results and before negative con-
firmatory test results became available.

Of the 98 patients screened for study 1, 36 met
the inclusion/exclusion criteria and were randomly
assigned in a 1:1:1 ratio to receive 100 mg GLPG0634
twice daily, 200 mg GLPG0634 once daily, or placebo.
All randomized subjects completed the study. While
some differences in various parameters were apparent
among the 3 treatment groups at baseline, DAS28-CRP
scores reflecting overall RA activity status were very
similar (see Supplementary Table 1, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40186/abstract).

For study 2, 214 patients were screened, 91 of
whom were randomly assigned in a 1:1:1:1:1 allocation
ratio to receive treatment during 4 weeks with 30 mg
GLPG0634, 75 mg GLPG0634, 150 mg GLPG0634,
300 mg GLPG0634, or placebo. The patients in the pla-
cebo group in study 2 were comparatively younger and
had shorter disease duration than those in the filgotinib
treatment groups; the group receiving 150 mg filgotinib
showed more severe disease at baseline, with consis-
tently higher values in DAS28-CRP, SJC66, TJC68,
HAQ DI score, and CRP level (see Supplementary
Table 1, http://onlinelibrary.wiley.com/doi/10.1002/art.
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40186/abstract). In both studies, all participants were
Caucasian and the majority were women.

Efficacy findings. In study 1 at the end of 4
weeks of treatment, .83% of the filgotinib-treated
patients achieved an ACR20 response, which was statis-
tically significantly different compared to placebo. In
study 2 at week 4 of treatment, the majority of patients
receiving 300 mg filgotinib (65%) achieved an ACR20
response, but the difference from the placebo group was
not statistically significant (Table 1). In all treatment
groups for both studies, the ACR20 response rate
tended to increase progressively from week 1 to week 4,
although in the 300 mg group the peak response was
already reached at week 2, and it was maintained at
week 4 (Figure 1). Within the filgotinib treatment

groups, an increasing ACR20 response rate with
increasing dose was observed with the exception of the
150 mg dose.

The antiinflammatory effect of filgotinib was
confirmed by changes in secondary efficacy parameters
by week 4 (Table 1). In both studies, within 1 week of
treatment, mean serum CRP levels progressively and
consistently decreased from baseline in all filgotinib
dose groups, and these lower CRP levels were sustained
throughout the remaining study treatment period. In
both studies, dose-dependent decreases in DAS28-CRP
scores were apparent within 1 week and became more
pronounced from week 1 to week 4 for the filgotinib-
treated groups. Within the 4-week treatment duration, a
proportion of patients (up to 25% in the 300 mg group)

Table 1. Efficacy parameters at week 4*

Study 1 Study 2

Placebo
(n 5 12)

Filgotinib
200 mg once
daily (n 5 12)

Filgotinib
100 mg twice
daily (n 5 12)

Placebo
(n 5 17)

Filgotinib
30 mg once

daily (n 5 17)

Filgotinib
75 mg once

daily (n 5 22)

Filgotinib
150 mg once
daily (n 5 15)

Filgotinib
300 mg once
daily (n 5 20)

ACR responders, no. (%)†
ACR20 4 (33.3) 9 (75.0) 11 (91.7) 7 (41.2) 6 (35.3) 12 (54.5) 6 (40.0) 13 (65.0)

P vs. placebo – 0.0995 0.0094 – 0.736 0.456 0.834 0.111
ACR50 1 (8.3) 2 (16.7) 4 (33.3) 1 (5.9) 2 (11.8) 6 (27.3) 0 9 (45.0)

P vs. placebo – .0.9999 0.3168 – 0.386 0.072 0.414 0.010
Secondary efficacy

parameters, mean
change from baseline

Serum CRP, mg/liter 21.87 235.05 213.84 25.74 213.28 215.09 220.50 220.98
P vs. placebo – ,0.0001 ,0.0001 – 0.121 0.006 0.012 ,0.001

DAS28-CRP 20.30 22.23 22.81 21.20 21.08 21.72 21.80 22.25
P vs. placebo – ,0.0001 ,0.0001 – 0.893 0.119 0.278 0.005

SJC66 24.6 212.8 215.4 27.76 26.24 28.42 210.52 28.48
P vs. placebo – 0.0365 0.0920 – 0.749 0.427 0.558 0.496

TJC68 213.7 223.1 236.3 29.71 210.18 213.72 214.85 214.68
P vs. placebo – 0.2031 0.0080 – 0.886 0.161 0.492 0.225

Physician’s global
assessment of disease
activity, 0–10-cm VAS

25.8 226.7 235.0 219.65 29.76 227.09 224.87 229.20

P vs. placebo – 0.0043 0.0004 – 0.463 0.089 0.431 0.057
Patient’s global

assessment of disease
activity, 0–10-cm VAS

213.6 223.8 225.8 217.82 211.88 221.00 212.33 225.85

P vs. placebo – 0.1176 0.0918 – 0.563 0.364 0.681 0.122
Patient’s assessment

of pain, 0–10-cm VAS
28.8 224.3 229.8 211.65 27.41 221.27 214.07 229.85

P vs. placebo – 0.0458 0.0167 – 0.596 0.089 0.727 0.015
HAQ DI score 20.11 20.57 20.52 20.31 20.15 20.47 20.26 20.68

P vs. placebo – 0.0283 0.0272 – 0.540 0.065 0.596 0.014
EULAR cumulative score,

good/moderate, %
NA NA NA 58.8 58.8 68.2 66.7 80.0

Remission rate, no. (%)‡ 0 2 (16.7) 3 (25.0) 1 (5.9) 2 (11.8) 3 (13.6) 0 5 (25.0)

* Percentages are calculated based on the number of patients in the intent-to-treat population in each treatment group. SJC66 5 swollen joint
count in 66 joints; TJC68 5 tender joint count in 68 joints; VAS 5 visual analog scale; HAQ DI 5 Health Assessment Questionnaire disability
index; EULAR 5 European League Against Rheumatism; NA 5 not available.
† The last observation carried forward rule is applied to each component variable used to calculate the number and percentage of patients in
each treatment group meeting the American College of Rheumatology 20% or 50% improvement criteria (achieving an ACR20 or ACR50
response).
‡ A Disease Activity Score in 28 joints using the C-reactive protein level (DAS28-CRP) of ,2.6.
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achieved remission (DAS28-CRP ,2.6). In the 150 mg
filgotinib group, which had the highest level of disease
activity at baseline, relevant improvements in patient’s
global assessment of disease activity, patient’s assess-
ment of pain, and HAQ DI score were not achieved
after 4 weeks of treatment, while numerical improve-
ments were found in serum CRP levels, physician’s
global assessment of disease activity, TJC68, and SJC66.

Safety findings. Filgotinib was generally well
tolerated. All reported treatment-emergent AEs were
mild or moderate and transient during therapy. No
study participant permanently discontinued treatment
due to treatment-emergent AEs. One patient in the

300 mg group (study 2) had a 1-day treatment interrup-
tion because of nausea, and 1 patient receiving placebo
in study 1 was reported as having an insect bite (serious
AE), resulting in a temporary treatment interruption.

Of the patients in study 1, 16 (44.4%) had at least
1 treatment-emergent AE, while in study 2, 30 patients
(33.0%) experienced at least 1 treatment-emergent AE
(see Supplementary Table 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.40186/abstract). Although no nota-
ble dose relationship trends were observed in the
incidences of treatment-emergent AEs, the highest
incidence of treatment-emergent AEs in study 2 was
observed at a dose of 300 mg (45.0%). In study 1,
treatment-emergent AEs considered by the investigator
to be at least possibly related to study drug were reported
in 9 patients (25.0%) (Table 2). All drug-related
treatment-emergent AEs were reported in 1 patient at
most, except for nausea (n 5 4) and asthenia (n 5 2). In
study 2, treatment-emergent AEs considered to be at
least possibly related to study drug were reported in
11 patients (12.1%) (Table 2). The only drug-related
treatment-emergent AE reported by .1 patient was
nausea (n 5 2). One case of cystitis, which resolved
during the study, was reported in the 300 mg group.

Hematologic evaluation during filgotinib treat-
ment showed a mild mean decrease in platelets and in
neutrophils but no neutropenia (Table 3). Lymphocytes
and lymphocyte subpopulations were unaffected. Mean
hemoglobin levels increased slightly with filgotinib
treatment.

No relevant abnormalities in serum biochemistry
were reported, and there were no trends indicating a
difference between placebo and filgotinib treatment.
Importantly, this included a lack of changes on liver
function tests (transaminases). Slight variations were
observed in total cholesterol and LDL levels (Table 3).
Increases in LDL or total cholesterol observed at week
4 were generally similar for placebo and filgotinib treat-
ment groups. An apparent dose response was observed
for increase in HDL levels. HDL tended to increase
more in filgotinib-treated patients than in placebo-
treated patients (2% on average at week 4 versus base-
line), with an ;15% increase at 200 mg and a .30%
increase at 300 mg.

Incidental laboratory abnormalities were reported
as treatment-emergent AEs without apparent relation-
ship to dose, including a single case of anemia at 75 mg
and a single case of increased aspartate aminotransferase
at 30 mg; the latter normalized during treatment. Hyper-
cholesterolemia was reported once in the 75 mg group
and once in the placebo group.

Figure 1. Percentage of patients in each treatment group in study 1
(top) and study 2 (bottom) meeting the American College of Rheu-
matology 20% improvement criteria (achieving an ACR20 response)
at each visit. bid 5 twice daily; qd 5 once daily.
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No clinically relevant trends or changes were
observed over time in vital signs values and EKG
parameters. Both angina pectoris and hypertension
were reported once. These were reported as not being
drug related. No clinically relevant treatment-emergent
urinalysis abnormalities or clinically significant physical
examination findings were observed during the treat-
ment phase.

PK findings. Steady-state PK of filgotinib and its
major metabolite was investigated in a subset of 27
patients included in study 1 or study 2 (Table 4). Exposure
to filgotinib and its major metabolite increased essentially
in proportion to the dose within the 30–300 mg dose
range. Given the low number of patients per treatment

group (n 5 2 to n 5 6) and the variability observed in
filgotinib PK parameters, these results should be inter-
preted with caution. At steady state, attained within 2
days and 4 days of dosing for filgotinib and its metabo-
lite, respectively, exposure to the major metabolite was
13-fold higher than exposure to the parent filgotinib
within the 75–300 mg dose range.

PD findings. The concentration of several
known markers of RA and of inflammation was mea-
sured in plasma from participants in study 2 treated
with filgotinib at 75, 150, or 300 mg or treated with pla-
cebo. Data presented in Figure 2 demonstrate a dose-
dependent effect of filgotinib on levels of these circulat-
ing markers after 4 weeks of treatment.

Table 2. Incidence of treatment-related treatment-emergent AEs by system organ class and preferred term (regardless of intensity)*

Study 1 Study 2

System organ class, preferred term
Placebo
(n 5 12)

Filgotinib
200 mg

once daily
(n 5 12)

Filgotinib
100 mg

twice daily
(n 5 12)

Placebo
(n 5 17)

Filgotinib
30 mg

once daily
(n 5 17)

Filgotinib
75 mg

once daily
(n 5 22)

Filgotinib
150 mg

once daily
(n 5 15)

Filgotinib
300 mg

once daily
(n 5 20)

Any AE 4 (33.3) 2 (16.7) 3 (25.0) 1 (5.9) 3 (17.6) 3 (13.6) 1 (6.7) 3 (15.0)
Blood and lymphatic system disorders 1 (8.3) 0 0 0 0 1 (4.5) 0 0

Thrombocytopenia 1 (8.3) 0 0 0 0 0 0 0
Anemia 0 0 0 0 0 1 (4.5) 0 0

Ear and labyrinth disorders 1 (8.3) 0 0 0 0 0 0 0
Vertigo 1 (8.3) 0 0 0 0 0 0 0

Gastrointestinal disorders 0 2 (16.7) 2 (16.7) 1 (5.9) 1 (5.9) 2 (9.1) 1 (6.7) 2 (10.0)
Nausea 0 2 (16.7) 2 (16.7) 0 0 0 1 (6.7) 1 (5.0)
Abdominal pain, upper 0 1 (8.3) 0 1 (5.9) 0 0 0 0
Abdominal discomfort 0 0 1 (8.3) 0 0 0 0 0
Duodenogastric reflux 0 0 0 0 0 1 (4.5) 0 0
Gastritis 0 0 0 0 1 (5.9) 0 0 0
Gastrointestinal pain 0 0 0 0 0 0 0 1 (5.0)
Gingival bleeding 0 0 0 0 0 1 (4.5) 0 0

General disorders and administration site
reactions

2 (16.7) 0 0 0 0 0 0 0

Asthenia 2 (16.7) 0 0 0 0 0 0 0
Infections and infestations 0 0 0 0 0 0 0 1 (5.0)

Cystitis 0 0 0 0 0 0 0 1 (5.0)
Laboratory findings 2 (16.7) 0 1 (8.3) 0 2 (11.8) 0 0 0

Lipase increased 1 (8.3) 0 1 (8.3) 0 0 0 0 0
Aspartate aminotransferase increased 0 0 0 0 1 (5.9) 0 0 0
Blood amylase increased 1 (8.3) 0 0 0 0 0 0 0
Blood triglycerides increased 0 0 0 0 1 (5.9) 0 0 0

Musculoskeletal and connective
tissue disorders

1 (8.3) 0 0 0 0 0 0 0

Arthralgia 1 (8.3) 0 0 0 0 0 0 0
Nervous system disorders 1 (8.3) 1 (8.3) 1 (8.3) 0 0 0 0 0

Headache 1 (8.3) 1 (8.3) 0 0 0 0 0 0
Dysgeusia 0 0 1 (8.3) 0 0 0 0 0
Somnolence 0 0 1 (8.3) 0 0 0 0 0

Renal and urinary disorders 0 0 0 0 0 0 0 1 (5.0)
Cystitis, noninfectious 0 0 0 0 0 0 0 1 (5.0)

* Adverse events (AEs) were classified as treatment-emergent if they started on or after the date of the first dose of study treatment. AEs with
partial or missing start dates were classified as treatment-emergent unless the nonmissing components of the start date confirmed otherwise. A
patient with .1 treatment-emergent AE with the same preferred term was counted once for that term. A patient with .1 treatment-emergent
AE under a system organ class was counted once for that class. Values are the number (%) of patients.
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DISCUSSION

Less selective JAK inhibitors like tofacitinib have
shown an early onset of action and long-term efficacy in
RA; however, dose levels were limited by side effects.
We have targeted JAK-1 with selective inhibition based
on the hypothesis that JAK-1 is the predominant JAK
family member in inflammatory pathways and autoim-
mune pathology, while a cleaner safety profile may be
achieved by avoiding inhibition of other JAK types.

We have described a 4-week proof-of-concept
study testing the hypothesis of the efficacy of selective
JAK-1 inhibition in the treatment of RA, followed by a
study further exploring the preliminary efficacy, safety,

PK, and PD of the compound over a 30–300 mg dose
range. Both phase IIa trials were exploratory, random-
ized, double-blind, placebo-controlled studies in
patients with active RA with an inadequate response to
MTX who continued their stable dose of MTX for the
duration of the study. As the same population has been
studied in initial explorations of other JAK inhibitors in
RA, a global comparison of results after 4 weeks of
treatment was possible.

While we recognized that the small number of
patients treated for a short period of time was insuffi-
cient to reach maximal efficacy levels or to obtain a
full safety picture, we envisioned that the rapid onset
of action of JAK inhibitors would enable a rapid

Table 3. Selected laboratory safety and hematologic findings during 4 weeks of filgotinib treatment*

Placebo
(n 5 28)†

Filgotinib 30 mg
once daily
(n 5 17)

Filgotinib 75 mg
once daily
(n 5 21)

Filgotinib 150 mg
once daily
(n 5 14)

Filgotinib 200 mg
once daily
(n 5 12)

Filgotinib 100 mg
twice daily

(n 5 12)

Filgotinib 300 mg
once daily
(n 5 20)

Hemoglobin, gm/liter
Baseline 114 124 122 125 113 112 125
Change, day 28 20.6 20.3 2.0 21.0 7.8 3.0 4.4

Neutrophils, 3109/liter
Baseline 5.42 4.85 5.41 5.59 5.10 4.94 5.00
Change, day 28 0.17 20.65 20.74 21.37 21.21 21.45 21.13

Platelets, 3109/liter
Baseline 307 279 294 289 295 287 304
Change, day 28 219 218 235 232 233 235 258

Creatinine, mmoles/liter
Baseline 58.1 65.1 64.4 61.3 68.7 70.8 60.1
Change, day 28 22.32 1.47 5.18 4.50 5.47 26.98 6.90

LDL cholesterol, mmoles/liter
Baseline 2.70 3.39 3.22 3.01 3.06 2.77 2.82
Change, day 28 0.05 0.25 0.14 0.01 20.25 0.07 0.37

HDL cholesterol, mmoles/liter
Baseline 1.41 1.40 1.46 1.46 1.54 1.52 1.36
Change, day 28 0.01 0.03 0.11 0.07 0.16 0.20 0.48

* Values are the mean. LDL 5 low-density lipoprotein; HDL 5 high-density lipoprotein.
† Pooled placebo-treated patients from study 1 and study 2.

Table 4. Steady-state pharmacokinetic parameters of filgotinib and its major metabolite after once-daily and twice-daily dosing with filgotinib*

Filgotinib 30 mg
once daily
(study 2)
(n 5 3)

Filgotinib 75 mg
once daily
(study 2)
(n 5 2)

Filgotinib 100 mg
twice daily
(study 1)
(n 5 6)

Filgotinib 150 mg
once daily
(study 2)
(n 5 5)

Filgotinib 200 mg
once daily
(study 1)
(n 5 6)

Filgotinib 300 mg
once daily
(study 2)
(n 5 5)

Filgotinib parameters
Cmax, mg/ml 0.0716 (112) 0.492 0.730 (43.2) 1.16 (29.8) 1.43 (54.4) 1.34 (38.2)
Tmax, median (range) hours 1 (0–5) 1.5 (1–2) 2.0 (1–3) 1 (1–2) 2 (1–3) 1.5 (1–2)
AUCtau, mg.hour/ml 1.34 (155) 2.12 2.47 (23.4) 6.44 (60.4)† 5.38 (34.6) 7.71 (73.8)

Major metabolite parameters
Cmax, mg/ml 0.582 (48.5) 1.46 3.18 (25.0) 3.79 (26.5) 3.77 (23.6) 4.62 (9.98)
Tmax, median (range) hours 5 (1–8) 5.5 (3–8) 2 (0–5) 3 (2–5) 3 (1–5) 3 (3–8)
AUCtau, mg.hour/ml 11.2 (52.2) 26.0 33.1 (26.3) 75.9 (31.0) 71.8 (31.3) 93.9 (20.4)

* Except where indicated otherwise, values are the arithmetic mean (coefficient of variation). Cmax 5 maximum plasma concentration;
Tmax 5 time to Cmax; AUCtau 5 area under the plasma drug concentration–time curve of a dosing interval.
† One outlier with higher exposure (AUCtau 13.3 mg.hour/ml) compared to the other 4 patients (AUCtau 4.79–5.29 mg.hour/ml).
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evaluation of JAK-1 inhibition with a minimal burden to
patients. For previously studied JAK inhibitors, achiev-
ing maximal ACR20 response rates took 12 weeks, but
roughly 70–80% of the achievable rates were reached
within the first 4 weeks (19,20). However, a 4-week
treatment period is deemed insufficient to make an esti-
mate of the ACR50 response rate and, even more so, of
the ACR70 response rate, as these were only stable after
6–9 months. For short-term treatment, inflammation
markers such as serum CRP level or continuous patient
efficacy scores (e.g., the DAS28-CRP) are clearly more
helpful than the binary ACR scores.

In the current studies, filgotinib treatment
showed signs of early efficacy, while the duration of
treatment and limited group size did not allow clear dif-
ferentiation among daily oral doses from 75 mg to
300 mg. In all treatment groups, the ACR20 response
rate increased and the DAS28-CRP decreased progres-
sively from week 1 to week 4 at doses of $75 mg, while
the 30 mg dose was suboptimal. However, even at this
low dose, filgotinib induced a marked and maintained
improvement in serum CRP level. The results achieved
at 300 mg were similar to those at 200 mg in the initial
proof-of-concept study.

Figure 2. Plasma levels of biomarkers for rheumatoid arthritis and inflammation after 4 weeks of filgotinib or placebo treatment, assessed in
plasma from patients in study 2. Values are the mean 6 SEM. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001 versus placebo. VCAM-1 5 vascular
cell adhesion molecule 1; ICAM-1 5 intercellular adhesion molecule 1; MMP-3 5 matrix metalloproteinase 3; IL-18 5 interleukin-18.
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It was remarkable that in the absence of a main-
tained effect on CRP level, the clinical response in
the placebo group of the dose-ranging study exceeded
that in the 30 mg filgotinib group. The relatively
high response in this placebo group may have been
influenced by some imbalance in baseline patient char-
acteristics (i.e., a lower disease activity at baseline).
Somewhat unexpected and apparently contradictory
results were also observed in the 150 mg group, which
had more pronounced disease activity at baseline than
did other groups. The results suggest that for this dose
group, 4 weeks of treatment was too short to obtain
good patient-reported outcomes, probably because the
measured improvements in physician’s global assess-
ment of disease activity, serum CRP level, TJC68, and
SJC66 were not large enough to translate into relevant
patient-reported improvements in pain, global disease
activity, and HAQ DI score.

Filgotinib had a PK half-life of ;7 hours, and it
was metabolized to form a major active metabolite with
a half-life of ;1 day (13). Therefore, the proof-of-
concept study was designed to evaluate both once- and
twice-daily dosing, with an equal daily dose of 200 mg,
thus comparing 200 mg once daily and 100 mg twice
daily. Both regimens showed encouraging early efficacy
rates, with normalization of serum CRP level within 1
week and similar safety; therefore, only once-daily
regimens were selected for evaluation in the subsequent
dose-ranging study.

The PK of filgotinib and its major metabolite
was essentially dose proportional over the 30–300 mg
range, with ;13-fold higher plasma concentrations of
the major metabolite compared to those of its parent
filgotinib. These results were highly similar to previous
results in healthy volunteers (13), indicating that neither
the disease status nor the coadministered drugs, in partic-
ular MTX, had a relevant impact on the PK of filgotinib.

While the treatment duration of 4 weeks limits
the safety assessment of filgotinib, several of the safety
observations with other JAK inhibitors relate to events
occurring early in treatment. Reduced hemoglobin and
induction of anemia have been observed within 2 weeks
and are thought to be linked to inhibition of JAK-2
(21). Similarly, effects on liver transaminases and cho-
lesterol appear early on with other JAK inhibitors.

A dose-dependent increase in HDL was found
relative to placebo, without a corresponding increase in
LDL or total cholesterol. This was an unexpected find-
ing, as it has been suggested that interference with the
IL-6 pathway may be associated with generalized
changes in blood lipids (22). Increases in LDL and total
cholesterol were reported with anti–IL-6 monoclonal

antibodies as well as with JAK inhibitors (19,23). Since
JAK-1 is dominant in signaling for IL-6 (24), the limited
effects on LDL with more clear effects on HDL follow-
ing filgotinib treatment cannot readily be explained.
Larger and longer-term studies are needed to determine
if these are transient or long-term effects of filgotinib on
HDL and LDL levels.

Similarly, the very low incidence of filgotinib-
related infections is encouraging, but the short treat-
ment duration in a limited number of patients does not
allow assessment of a potential benefit of selective JAK-
1 inhibition as related to immunomodulatory effects. It
has been suggested that avoiding inhibition of JAK-3
may lead to less immunosuppression through a differen-
tial effect of JAK inhibition (24). This hypothesis needs
further clinical substantiation in larger, longer clinical
studies.

Hematologic evaluations in filgotinib-treated
patients showed a limited decrease in neutrophils (an
;14–24% decrease from baseline for doses of $75 mg),
consistent with immunomodulatory effects through inhi-
bition of JAK-1, but it did not lead to neutropenia.
Based on experience with other RA therapies, a decline
in the first month with stabilization of neutrophils there-
after is typically observed and has been suggested to be
an early sign of efficacy (25). In addition, the decrease
observed in some plasma biomarkers such as ICAM-1
or VCAM-1 (chemoattractant molecules for leukocytes
like neutrophils) may further explain this decrease in
circulating neutrophils (25). Similarly, the slight
decrease in platelets is deemed indicative of the antiin-
flammatory effects of the compound.

In contrast to observations with inhibitors of
JAK-2 that interfere with signaling for EPO and TPO,
no anemia or decline in hemoglobin was observed, but
instead a modest increase in hemoglobin was induced.
The absence of effects on reticulocytes also supports the
conclusion that filgotinib does not cause a clinically rele-
vant inhibition of JAK-2.

Genovese et al recently reported results from a
phase IIb study with the selective JAK-1 inhibitor ABT-
494 combined with MTX in patients with RA who had
had an insufficient response to MTX (26). Within 4
weeks, the middle and higher doses of ABT-494 led to a
decline in hemoglobin. Natural killer (NK) cells also
decreased. Both observations are not consistent with
what was observed in filgotinib-treated patients, up to
the highest doses. The authors suggest that less selec-
tiveness of ABT-494 for JAK at higher doses may
explain the findings. Reductions in hemoglobin and NK
cells have also been reported with tofacitinib, and these
are deemed to be associated with inhibition of JAK-2
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and JAK-3, respectively. Tofacitinib potently inhibits
JAK-3 and has a functional selectivity for JAK-1 over
JAK-2; consequently, JAK-1, JAK-2, and JAK-3 are
inhibited at high doses (5). Clinical findings with ABT-
494 suggest a similar dose dependency for signs of JAK-
2 and JAK-3 inhibition and are consistent with patent
data for ABT-494 showing a similar JAK inhibition pro-
file as tofacitinib, with hematologic findings in ABT-494
animal studies resembling those observed in clinical
studies.

Filgotinib was generally well tolerated. No AEs
were considered to be related to treatment in the major-
ity of RA patients treated in both phase IIa studies (107
of 127 patients [84.3%]) (98 patients received filgotinib).
All events reported as potentially related to study drug
were mild or moderate and transient during therapy.
The most commonly reported event was nausea (in 9
patients [7%]).

Several plasma proteins proposed as markers of
inflammation or RA were evaluated in study 2. ICAM-1
and VCAM-1 are involved in adhesion of immune cells
facilitating their invasion into inflamed tissue (27).
MMP-3 is a protease involved in arthritis pathology that
has been shown to be increased in the plasma of RA
patients (28). Gene expression of the acute-phase pro-
teins CRP and haptoglobin, as well as YKL-40, which
plays a role in inflammation and tissue remodeling (29),
is under the control of the JAK/STAT pathway (30,31).
IL-18 is well known as a proinflammatory cytokine (32).
The observed decrease of the levels of these 7 proteins
in the plasma of RA patients after 4 weeks of filgotinib
treatment was paralleled by the improvement in their
disease status. Several of these proteins have been
reported to be affected by treatments used in RA
patients (33–36). Declines in plasma levels of VCAM-1,
MMP-3, and YKL-40 are similar to those reported for
the JAK inhibitor tofacitinib (37) and the anti–IL-6
monoclonal antibody tocilizumab (38).

From these two 4-week phase IIa studies of
filgotinib in RA patients with an insufficient response to
MTX, we conclude that selective inhibition of JAK-1
demonstrated early efficacy. With a mild increase in
hemoglobin and no change in reticulocytes, treatment
with filgotinib did not show signs of inhibition of JAK-2.
Four-week treatment had an encouraging safety profile.
These promising results warrant further development of
filgotinib in larger studies of longer duration.
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Herpes Zoster and Tofacitinib

Clinical Outcomes and the Risk of Concomitant Therapy

Kevin L. Winthrop,1 Jeffrey R. Curtis,2 Stephen Lindsey,3 Yoshiya Tanaka,4 Kunihiro Yamaoka,5

Hernan Valdez,6 Tomohiro Hirose,7 Chudy I. Nduaka,8 Lisy Wang,9 Alan M. Mendelsohn,8

Haiyun Fan,8 Connie Chen,6 and Eustratios Bananis8

Objective. Patients with rheumatoid arthritis (RA)
are at increased risk of herpes zoster (HZ), and the risk
appears to be increased in patients treated with tofacitinib.
The aim of this study was to evaluate whether concomitant
treatment with conventional synthetic disease-modifying
antirheumatic drugs (csDMARDs) or glucocorticoids
(GCs) contributes to the increased risk of HZ in RA
patients treated with tofacitinib.

Methods. HZ cases were identified from the data-
bases of 2 phase I, 9 phase II, 6 phase III, and 2 long-
term extension studies of tofacitinib in RA patients.

Crude incidence rates (IRs) of all HZ events (serious
and nonserious) per 100 patient-years (with 95% confi-
dence intervals [95% CIs]) were calculated for unique
patients. Within phase III studies, we described HZ
rates according to concomitant csDMARD treatment
and baseline GC use. A multivariable Cox proportional
hazards regression model was used to evaluate HZ risk
factors across studies.

Results. Across all studies (6,192 patients; 16,839
patient-years), HZ was reported in 636 tofacitinib-
treated patients (IR 4.0, 95% CI 3.7–4.4). In most cases
(93%), HZ was classified as nonserious, and the majority
of patients (94%) had involvement of only 1 dermatome.
HZ IRs varied across regions, from 2.4 (95% CI 2.0–2.9)
in Eastern Europe to 8.0 (95% CI 6.6–9.6) in Japan and
8.4 (95% CI 6.4–10.9) in Korea. Within phase III studies,
HZ IRs varied according to tofacitinib dose, background
csDMARD treatment, and baseline use of GCs. The IRs
were numerically lowest for monotherapy with tofacitinib
5 mg twice daily without GCs (IR 0.56 [95% CI 0.07–
2.01]) and highest for tofacitinib 10 mg twice daily with
csDMARDs and GCs (IR 5.44 [95% CI 3.72–7.68]). Age,
GC use, tofacitinib dose, and enrollment within Asia
were independent risk factors for HZ.

Conclusion. Patients receiving treatment with
tofacitinib and GCs appear to have a greater risk of
developing HZ compared with patients receiving
tofacitinib monotherapy without GCs.

Shingles, also known as herpes zoster (HZ), is
caused by the reactivation of varicella zoster virus (VZV)
and is a common and potentially debilitating illness (1,2).
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Approximately one-third of the general population will
develop HZ within their lifetime (1), and ;10% of these
patients develop postherpetic neuralgia, which can last
for months to years and cause significant pain and mor-
bidity (3). Rarely, but especially in immunosuppressed
patients, reactivation can result in disseminated or vis-
ceral disease, such as encephalitis, or other complications
(1). Patients with rheumatoid arthritis (RA) have a 1.5-
fold to 2-fold higher risk of HZ compared with similarly
aged individuals in the general population (4,5). This risk
is related in part to the disease itself but can be further
increased by RA treatments (4).

Glucocorticoids (GCs), including prednisone,
are well-documented risk factors for HZ (6,7), and
more recently, use of JAK inhibitors, including both
tofacitinib and baricitinib, has been associated with a
higher rate of HZ (8–10). In addition, although not
all studies have documented an increased risk attribut-
able to biologic therapies (11,12), a recent systematic
review suggested an increased risk of HZ associated
with tumor necrosis factor (TNF) antagonist treatment
(13), and a theoretical risk is associated with various
conventional synthetic disease-modifying antirheumatic
drugs (csDMARDs) such as methotrexate (MTX) and
chloroquine (14,15). Given the increased risk of HZ
observed among patients with RA compared with the
general population and the risk associated with RA
therapies, it is possible that the risk of HZ may be fur-
ther increased when such therapies are combined.

Tofacitinib is an oral JAK inhibitor for the treat-
ment of RA. We recently reported an increased risk of
HZ with tofacitinib therapy compared with placebo dur-
ing the tofacitinib global clinical development program
for RA (8). Although the risk of HZ was increased
throughout the global program, this risk varied by geo-
graphic region, with significantly higher rates reported
in Japan and Korea. Many of the patients in the phase
III program also used concomitant csDMARDs as well
as GCs (8). We undertook the current analysis to better
characterize the clinical aspects of HZ events with lon-
ger periods of follow-up and exposure, and to evaluate
whether the risk of HZ is greater in patients receiving
tofacitinib and concomitant MTX and GCs.

PATIENTS AND METHODS

The global tofacitinib RA development program con-
sisted of 2 phase I, 9 phase II, 6 phase III, and 2 open-label
long-term extension (LTE) studies and included a total of
6,192 tofacitinib-treated patients with 16,839 patient-years of
tofacitinib exposure at the time of the datacut (April 2014).
LTE study A3921024 data collection and analyses were still
ongoing at the time of this analysis; because the study database

had not yet been locked, some values may change in the final
locked study database. Details of these trials with regard to
tofacitinib dosing and study conduct have previously been pub-
lished (16–33). Patients with a history of recurrent HZ (.1
episode), disseminated HZ (single episode), or disseminated
herpes simplex (single episode) were excluded from these tri-
als. Patients who had previously experienced an HZ event
involving a single dermatome were eligible to participate.

All studies were conducted in compliance with the
Declaration of Helsinki, the International Conference on
Harmonisation Guidelines for Good Clinical Practice, and the
regulations of the relevant local countries. All enrolled
patients provided written informed consent, and all participat-
ing institutions provided institutional review board or ethics
committee approval prior to participation.

HZ reporting and adjudication. For each study,
adverse event (AE) data were reported by site investigators
and entered into the Pfizer clinical database. Standard Medi-
cal Dictionary for Regulatory Activities codes were used to
categorize AEs, and infectious AEs, such as HZ, were graded
as “serious” if they were associated with hospitalization or
death, were medically important, or required treatment with
parenteral therapy. All patients with serious HZ events discon-
tinued tofacitinib treatment, according to the study protocols,
but patients with nonserious HZ were permitted to continue
in the trial. All cases of HZ reported to involve .1 dermatome
were evaluated by an independent adjudication committee
and designated as multidermatomal (nonadjacent or .2 adja-
cent dermatomes) or disseminated. Dermatome maps com-
pleted by investigators at the study sites were used during the
adjudication process.

Incidence rate (IR) calculation. Across the global
tofacitinib RA development program, HZ events in tofacitinib-
treated patients were captured. We calculated crude IRs of the
number of unique patients with HZ events per 100 patient-
years (with 95% confidence intervals [95% CIs]), and stratified
the data by race, age, baseline DMARD use, baseline GC use,
and other factors. Patients were censored at the time of the first
HZ event, death, or study withdrawal, whichever came first.
Crude HZ IRs of the first HZ event over the entire phase I,
phase II, phase III, and LTE study time period were calculated.
Due to variability within this pooled data set with respect to
concomitant DMARD treatment and tofacitinib dose, only
phase III data (for which concomitant therapies and tofacitinib
dose were held constant) were used to examine IRs stratified
with regard to these factors.

Cox proportional hazards regression analysis of risk
factors for HZ. To evaluate risk factors for HZ among
tofacitinib-treated patients, we used pooled data from the
phase I, phase II, phase III, and LTE studies. Univariate anal-
ysis using a Cox proportional hazards regression model was
performed on known risk factors for HZ and those of potential
interest based on clinical considerations (see Supplementary
Table 1, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40189/abstract). A
pool of factors was then formed to select the final multivariable
Cox proportional hazards regression model for the analysis
of the time to HZ event from the first dose of tofacitinib,
including age, sex, disease duration, baseline 4-variable Disease
Activity Score in 28 joints (34) using the C-reactive protein level
(DAS28-CRP), baseline absolute lymphocyte count, baseline
diabetes mellitus, baseline Health Assessment Questionnaire
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score (35), background therapy (any DMARD versus
monotherapy), body mass index (BMI), baseline chronic
obstructive pulmonary disease, smoking status (former or
nonsmoker versus current smoker), baseline oral GC use,
and geographic region. A backward selection process with
the criterion to stay in the model fixed at 10% was used to
screen and select the risk factors. The final Cox propor-
tional hazards regression model included all of the risk

factors that were selected using the backward procedure.
The tofacitinib group was added in a time-varying format;
any other risk factors that were not selected by the proce-
dure but were considered as being clinically relevant would
be forced back into the final model. Age, BMI, 4-variable
DAS28-CRP, disease duration, and baseline absolute lym-
phocyte count were evaluated as continuous variables. All
analyses were conducted using SAS software.

Table 2. Baseline characteristics of the patients with rheumatoid arthritis in phase III tofacitinib trials, by treatment
group*

Characteristic

Tofacitinib
5 mg BID 1

csDMARDs
(n 5 973)

Tofacitinib
5 mg BID

monotherapy
(n 5 616)

Tofacitinib
10 mg BID 1

csDMARDs
(n 5 969)

Tofacitinib
10 mg BID
monotherapy

(n 5 642)

Age, mean 6 SD years 53.4 6 11.7 51.1 6 12.0 52.6 6 11.6 50.5 6 12.4
Female 820 (84.3) 493 (80.0) 814 (84.0) 543 (84.6)
BMI, mean 6 SD kg/m2 27.0 6 6.8 26.7 6 5.9 27.0 6 6.4 27.1 6 6.3
Diabetes mellitus 83 (8.5) 47 (7.6) 81 (8.4) 46 (7.2)
COPD 78 (8.0) 47 (7.6) 83 (8.6) 51 (7.9)
RA disease duration, mean 6 SD years 8.9 6 8.0 4.9 6 7.0 9.2 6 8.2 5.4 6 7.3
DAS28-ESR, mean 6 SD 6.4 6 1.0 6.7 6 1.0 6.4 6 1.0 6.6 6 1.0
Baseline GC use 579 (59.5) 320 (51.9) 550 (56.8) 313 (48.8)
GC dose, mean (median) mg 6.3 (5.0) 7.3 (6.3) 6.3 (5.0) 7.4 (5.0)
Concomitant DMARDs

Methotrexate 896 (92.1) 1 (0.2) 895 (92.4) 0 (0.0)
Leflunomide 90 (9.2) 0 (0.0) 84 (8.7) 0 (0.0)
Chloroquine 68 (7.0) 87 (14.1) 63 (6.5) 99 (15.4)

Race
White 584 (60.0) 392 (63.6) 573 (59.1) 434 (67.6)
Black 33 (3.4) 25 (4.1) 25 (2.6) 22 (3.4)
Asian 286 (29.4) 109 (17.7) 282 (29.1) 95 (14.8)
Other 70 (7.2) 90 (14.6) 89 (9.2) 91 (14.2)

Smoking history
Never smoker 644 (66.2) 410 (66.6) 647 (66.8) 444 (69.2)
Current smoker 136 (14.0) 97 (15.7) 168 (17.3) 114 (17.8)
Former smoker 193 (19.8) 109 (17.7) 154 (15.9) 84 (13.1)

* Except where indicated otherwise, values are the number (%). BID 5 twice daily; csDMARDs 5 conventional synthetic disease-
modifying antirheumatic drugs; BMI 5 body mass index; COPD 5 chronic obstructive pulmonary disease; RA 5 rheumatoid arthri-
tis; DAS28-ESR 5 4-variable Disease Activity Score in 28 joints using the erythrocyte sedimentation rate; GC 5 glucocorticoid.

Table 1. Crude IRs of HZ in patients with RA treated with tofacitinib during phase I, phase II, phase III,
and long-term extension studies, by region of enrollment*

Unique
patients with
HZ events

Total patient-years
of drug exposure

Crude IR
(95% CI)†

Global RA program 636 16,839 4.0 (3.7–4.4)
By region

US/Canada/Australia/New Zealand 159 3,910 4.3 (3.7–5.1)
Western Europe 43 1,395 3.3 (2.4–4.4)
Eastern Europe 105 4,509 2.4 (2.0–2.9)
Latin America 96 2,802 3.6 (3.0–4.5)
Asia 233 4,223 6.1 (5.4–7.0)

Japan 120 1,705 8.0 (6.6–9.6)
Korea 56 779 8.4 (6.4–10.9)
India 16 435 3.9 (2.2–6.3)
Thailand/Malaysia/Philippines 18 479 4.0 (2.4–6.3)
China/Taiwan 23 822 3.0 (1.9–4.5)

* HZ 5 herpes zoster; RA 5 rheumatoid arthritis; 95% CI 5 95% confidence interval.
† Crude incidence rates (IRs) of an HZ event per 100 patient-years in unique patients (data as of April
2014, for all tofacitinib doses).
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RESULTS

Summary of HZ events during phase I, phase
II, phase III, and LTE studies. Among 6,192 patients
with 16,839 patient-years of tofacitinib exposure, we
identified 636 patients (10%) who developed HZ over a
median follow-up period of 3.0 years of tofacitinib expo-
sure and in whom the median time to first HZ event was
1.6 years. The overall crude IR for the first HZ event in
tofacitinib-treated patients was 4.0 (95% CI 3.7–4.4).
Similar to a previous study by our group (8), the crude
IRs varied widely across regions of enrollment and were
numerically lowest in Eastern Europe (2.4 [95% CI 2.0–
2.9]) and Western Europe (3.3 [95% CI 2.4–4.4]) and
highest in Asia, particularly in Japan (8.0 [95% CI 6.6–
9.6]) and Korea (8.4 [95% CI 6.4–10.9]) (Table 1).

For the first HZ event, the majority of patients
(597 [93.9%]) had single-dermatome involvement, 46
patients (7.2%) were classified as having a serious HZ
event, and no case resulted in death. Most patients (570
[89.6%]) received antiviral therapy while being treated
with tofacitinib. After the first HZ event, tofacitinib
treatment was continued in 274 patients (43.1%), while
267 patients (42.0%) temporarily stopped receiving
tofacitinib, 5 patients (0.8%) reduced the tofacitinib
dose during the event, 51 patients (8.0%) permanently

discontinued tofacitinib treatment, and treatment
changes were not reported in 39 patients (6.1%). Of the
first HZ events, 602 cases had resolved at the time of
the current analysis, with a median time to resolution of
21 days (range 1–733). The clinical study investigators
reported that 47 (7.4%) of the initial patients developed
postherpetic neuralgia.

Similar outcomes were reported for subsequent
HZ events. Forty-seven patients (0.8% of all patients;
7.4% of patients in whom HZ developed) reported hav-
ing at least 1 additional HZ event later during the study.
None of the patients with a second HZ event had multi-
ple dermatomes or visceral dissemination; 2 patients
(4.3%) were graded as having serious AEs, and these
patients were withdrawn from the study. Among the
patients with a second HZ event, 19 (40.4%) continued
to receive therapy during the event, 22 (46.8%) stopped
tofacitinib temporarily during the event, and 4 (8.5%)
permanently discontinued tofacitinib. The median time
to resolution of a second HZ event was 20 days (range
4–122). Eight patients reported a third HZ event, and 1
patient experienced a total of 6 separate HZ events.

Examination of the effect of concomitant
DMARD or GC therapy in phase III studies. With
the exception of mean disease duration (for combination
therapy, range 8.9–9.2 years; for monotherapy, range

Figure 1. Crude incidence rates (IRs) of first herpes zoster (HZ) events within pooled phase III studies of tofacitinib, with or without conven-
tional synthetic disease-modifying antirheumatic drugs (csDMARDs) and/or baseline glucocorticoid (GC) use. Patients from all regions were
included. HZ IRs (with 95% confidence intervals [95% CIs]) are expressed as the number of unique patients with an HZ event per 100 patient-
years (PYs) of exposure. BID 5 twice daily.
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4.9–5.4 years), baseline characteristics in phase III studies
were similar between patients receiving concomitant
DMARDs and those receiving tofacitinib monotherapy
(Table 2). For patients receiving concomitant DMARDs,
most (92.2%) were receiving MTX. GC use was similar
(;50%) between patients receiving either dose of
tofacitinib with or without concomitant csDMARDs.

Although 681 patients received placebo in the
phase III studies, the exposure time was very limited
(202.7 patient-years), and only 3 patients were reported
as having HZ during their exposure to placebo, with a
crude IR of 1.5 (95% CI 0.3–4.3). As such, placebo data
were not included in this stratified analysis. Details of
these events in placebo-treated patients have previously
been reported (8). All placebo-treated patients who
reported HZ received concomitant csDMARDs, and
1 patient also received background GCs.

Crude IRs varied according to tofacitinib dose as
well as treatment with background GCs and csDMARDs.
Overall, the crude HZ IR among patients receiving
tofacitinib 10 mg was numerically higher than that among
those receiving 5 mg twice daily (4.1 [95% CI 3.3–5.2]
versus 3.3 [95% CI 2.6–4.3]). Trends were seen for both
the 5 mg twice daily and 10 mg twice daily dosage groups,
in which the HZ IR was numerically lower in the absence
of either background csDMARD or GC treatment

(Figure 1). Numerically, the highest crude IR was
observed in patients receiving tofacitinib 10 mg twice
daily and both background DMARDs and GCs (5.4
[95% CI 3.7–7.7], based on 32 unique patients with
events from among 550 patients with 606 patient-years of
exposure) and the lowest crude IR was observed among
patients receiving tofacitinib 5 mg twice daily as mono-
therapy without GCs (0.56 [95% CI 0.07–2.0], based on 2
unique patients with events among 296 patients with 361
patient-years of exposure).

Univariate and multivariable Cox proportional
hazards regression analysis of HZ risk factors among
patients treated with tofacitinib in pooled phase I,
phase II, phase III, and LTE studies. In the Cox uni-
variate analysis, a number of factors showed an associa-
tion with an increased risk of HZ (see Supplementary
Table 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40189/abstract). Using the pool of risk factors identified
by the univariate analysis and based on clinical consider-
ation, after applying the backward selection procedure,
4 factors were selected for the final Cox proportional
hazards regression model (Figure 2). These factors
included baseline age (hazard ratio [HR] 1.41, 95% CI
1.31–1.52; unit 5 10 years), baseline GC use (for .0 to
#5 mg/day versus 0 mg/day, HR 1.49, 95% CI 1.22–

Figure 2. Cox proportional hazards regression model for the risk of herpes zoster with baseline factors among patients treated with tofacitinib
in pooled phase I, II, III, and long-term extension studies. * 5 unit 5 10 years. † 5 unit 5 5 years. DMARD 5 disease-modifying antirheumatic
drug; 95% CI 5 95% confidence interval.
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1.82; for .5 mg/day versus 0 mg/day, HR 1.41, 95% CI
1.12–1.77); region (for Asia versus Western Europe,
HR 2.52, 95% CI 1.80–3.53; for Latin America versus
Western Europe, HR 1.49, 95% CI 1.03–2.15; for US/
Canada/Australia versus Western Europe, HR 1.43,
95% CI 1.02–2.02), and smoking status (former smoker
or nonsmoker versus smoker, HR 1.32, 95% CI 1.04–
1.69). The time-varying tofacitinib dose, which was
added to the final model, also appeared to be a risk fac-
tor for HZ (HR 1.33, 95% CI 1.14–1.54; unit 5 5 mg,
e.g., an increase from 5 mg to 10 mg). Background
csDMARD treatment was considered to be clinically
relevant and was forced back into the final model,
although it was not selected using the backward selec-
tion procedure. This factor did not appear to show an
association with an increased risk of HZ (background
DMARDs versus monotherapy, HR 1.10 [95% CI 0.94–
1.30]).

DISCUSSION

We evaluated the long-term risk of HZ within
the tofacitinib clinical development program for RA,
with specific attention to the contribution of concomi-
tant csDMARD therapy and GCs to the development of
HZ. This analysis was performed following our prelimi-
nary evaluation of this question, in which we noted high
rates of HZ among tofacitinib-treated patients com-
pared with the expected rates in other studies in RA
patients receiving TNF inhibitor (TNFi) therapy (8).
Our current analysis includes a greater number of
patients and longer exposure to tofacitinib than in the
preliminary study. Analysis of this RA cohort, with
almost 17,000 patient-years of tofacitinib exposure,
suggests that use of concomitant GCs and age contrib-
ute to the risk of HZ, and that patients receiving
tofacitinib at a dosage of 10 mg twice daily may be at
higher risk than those using 5 mg twice daily. Data
from phase III studies also indicated a trend toward
higher rates of HZ in patients receiving background
csDMARDs, particularly when combined with GCs.
Our findings suggest that the use of the Food and
Drug Administration–approved 5 mg twice daily dos-
age, and elimination of concomitant therapies, may
represent potential risk-reduction strategies for physi-
cians and patients, provided disease activity remains
controlled. Overall, the HZ events seemed to be clini-
cally manageable and resolved in the majority of cases.
Regardless of concomitant therapy or tofacitinib dose,
patients from Japan and Korea have the highest risk of
HZ compared with that in other regions. It has also
previously been reported that the HZ incidence is

consistent over time in tofacitinib-treated patients, sug-
gesting no increased risk for HZ with longer exposure
to tofacitinib (10).

In our analysis of phase III studies, we observed
that patients receiving tofacitinib at a dosage of 5 mg
twice daily as monotherapy without GCs had a numeri-
cally 10-fold lower incidence of HZ compared with the
patients receiving tofacitinib at a dosage of 10 mg twice
daily with concomitant csDMARDs and GCs (exposure
time was lower in the former group, which may increase
variance). The incidence of HZ in patients receiving
tofacitinib 5 mg twice daily as monotherapy without
GCs (crude IR 0.56 [95% CI 0.07–2.01]) was similar to
the incidence reported in those receiving biologic thera-
pies, including patients who were and those who were
not receiving concomitant MTX and GCs (6,12). GCs
are a well-described dose-dependent risk factor for HZ
worldwide (6,7).

Several studies have also shown an increased risk
of HZ in association with biologic therapies, with similar
risk factors for HZ identified, including the use of GCs
(6,11–13). There are limited data, however, showing
that MTX itself increases the risk of HZ in patients with
RA (4). A prior meta-analysis of observational studies
in RA failed to identify an association (14), and a subse-
quent population-based study in Minnesota also demon-
strated no increased risk with MTX (36). A study in
patients with psoriasis showed no increased risk of HZ
in patients treated with MTX but did document an
increased risk when MTX was combined with TNF
blockers (37), and an analysis of psoriatic arthritis had
similar findings, in that MTX was a risk only when it
was administered in combination with biologic agents
(38). We could not evaluate whether MTX alone causes
HZ, and although concomitant csDMARD treatment
appeared to increase the incidence of HZ in phase III
studies, csDMARD treatment was not identified as an
independent risk factor for HZ based on the Cox pro-
portional hazards regression model used to evaluate HZ
risk factors across all phases of the tofacitinib program.

The mechanism by which tofacitinib increases
the risk of HZ is not well understood but may be related
to inhibition of interferon (IFN) signaling. Antiviral
defenses rely on type I and II IFN signaling via the
JAK/STAT pathway (39), which is inhibited by
tofacitinib (40,41). This hypothesis is supported by
results from studies of sifalimumab, an anti-IFNa

monoclonal antibody, which showed a substantial dose-
dependent increase in the incidence of HZ following
antibody treatment in patients with systemic lupus ery-
thematosus (SLE) (42). An increase in the incidence of
HZ was also observed in patients with SLE in a phase II
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study of the anti-IFN inhibitor anifrolumab (43) and in
a phase I study of rontalizumab (44). The association
between MTX treatment, GC treatment, and an
increased risk of HZ may also be explained by changes
in IFN signaling, because concomitant GC and/or MTX
treatment has been shown to suppress IFN signaling in
patients with RA (45,46). Other mechanisms, including
T cell alterations and cytokine inhibition, may also be
involved.

Similar to the observations in our prior analysis
(8), these data showed the risk of HZ to be substantially
higher in certain areas of Asia. The IRs were shown to
be highest in Japan and Korea, whereas rates elsewhere
in Asia were comparable to those seen in Western
Europe or North America. This raises the possibility
that a genetic predisposition toward HZ under the con-
dition of JAK inhibition might exist in some of these
populations. However, regional differences in HZ
reporting due to different access to health care profes-
sionals may also contribute. Bing et al reported 2
polymorphisms that were suggested to be associated
with a higher risk of HZ in tofacitinib-treated patients,
although these polymorphisms were relatively rare and
explained only a fraction of the increased risk observed
in the Japanese patients (47). It is possible that other
genetic factors could explain this. However, it is unlikely
that this is attributable to a difference in background
varicella rates, because the seroprevalence of varicella
in these Asian regions is similar to that in North Amer-
ica (48).

Although we are uncertain how many of the
patients enrolled in this program in North America or
elsewhere received shingles vaccination, because we did
not collect a vaccination history prior to study entry, it is
likely that very few or no patients received the vaccina-
tion prior to entering these studies. Population-based
studies suggested that vaccine uptake during the period
in which these studies were conducted was very poor
among patients with RA in the US (49), and the vaccine
was not available for use in some countries where
enrollment took place (e.g., Japan). Furthermore, the
vaccine is currently contraindicated for use during
tofacitinib or biologic therapy, so it is unlikely that any
patients were vaccinated during the LTE studies. How-
ever, studies are ongoing to evaluate the safety and
immunogenicity of this vaccine when it is given before
starting tofacitinib treatment (50).

Tofacitinib appears to be associated with an
increased risk of HZ compared with TNFi therapy, and
other JAK inhibitors, such as baricitinib, have also been
associated with higher rates of HZ (9,51). However,
direct comparisons with baricitinib are limited by the

considerably shorter follow-up period and number of
patient-years of exposure to baricitinib compared with
tofacitinib. A large proportion of patients continued or
only temporarily discontinued tofacitinib treatment dur-
ing their HZ event, although almost all patients received
antiviral therapy while receiving tofacitinib, which
could potentially have protected against dissemination.
According to the tofacitinib product label, treatment
should be temporarily withdrawn during any serious
infection, including HZ, until the infection is resolving,
and patients should be closely monitored during any
infection (52).

A recent analysis showed that postherpetic neu-
ralgia occurred in 9.1% of patients with RA in whom
HZ developed, with the incidence of postherpetic
neuralgia increasing with age (53). In the tofacitinib
development program, 7.4% of patients developed
postherpetic neuralgia following their first HZ event.
However, because reports of postherpetic neuralgia
were not systematically requested, our findings may
represent an underestimation of this complication.
Interestingly, our study showed that current smoking
was protective against HZ. There is some evidence that
smoking can influence IFN signaling in mice (54). How-
ever, to our knowledge, our study is the first to demon-
strate that smoking is protective against HZ. This
finding is in contrast to at least 1 study of zoster
ophthalmicus, in which smokers had a much earlier
onset of HZ compared with nonsmokers (55).

In this analysis, our ability to evaluate the influ-
ence of GC dosage on the risk of HZ was limited. The
exact dose of GCs and the total duration of GC use was
not reported for many patients. In addition, we were
unable to evaluate the influence of MTX dosage on the
risk of HZ. Another limitation of this analysis was the
substantially smaller number of patient-years of
tofacitinib exposure in the monotherapy group com-
pared with the combination therapy groups, leading to
less robust incidence estimates for the monotherapy
group.

In summary, we have described the long-term
risk of HZ among patients treated with tofacitinib.
Importantly, we found that the risk of HZ is likely to be
greater in patients receiving tofacitinib in combination
with GCs compared with those receiving monotherapy
without GCs. Given that similar efficacy has been
observed with tofacitinib in phase III clinical studies
regardless of whether it is administered as monotherapy
or in combination with csDMARDs and/or GCs (56),
the use of tofacitinib monotherapy without GCs could
represent a risk-reduction strategy for physicians and
patients with regard to HZ and provide an effective

1966 WINTHROP ET AL



treatment strategy for reduction of the signs and
symptoms of RA, provided the patient’s RA remains
controlled. It is also notable that HZ events were mostly
nonserious and resolved with standard antiviral treat-
ment. Furthermore, physicians should continue to con-
sider shingles vaccination prior to starting tofacitinib
or biologic therapy. Further research is necessary to
understand why Japanese and Korean patients are at
increased risk, as well as to understand the mechanism
by which JAK inhibition combined with GCs leads to
higher rates of VZV reactivation.
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The Safety and Immunogenicity of Live Zoster Vaccination in
Patients With Rheumatoid Arthritis Before Starting Tofacitinib

A Randomized Phase II Trial
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Chudy I. Nduaka,4 Pinaki Biswas,2 Elie Needle,5 Sherry Passador,2
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Objective. Patients with rheumatoid arthritis (RA)
are at increased risk of herpes zoster, and vaccination is
recommended for patients ages 50 years and older, prior
to starting treatment with biologic agents or tofacitinib.
Tofacitinib is an oral JAK inhibitor for the treatment of
RA. We evaluated its effect on the immune response and
safety of live zoster vaccine (LZV).

Methods. In this phase II, 14-week, placebo-
controlled trial, patients ages 50 years and older who had
active RA and were receiving background methotrexate
were given LZV and randomized to receive tofacitinib 5 mg
twice daily or placebo 2–3 weeks postvaccination. We mea-
sured humoral responses (varicella zoster virus [VZV]–
specific IgG level as determined by glycoprotein enzyme-
linked immunosorbent assay) and cell-mediated responses
(VZV-specific T cell enumeration, as determined by

enzyme-linked immunospot assay) at baseline and 2 weeks,
6 weeks, and 14 weeks postvaccination. End points in-
cluded the geometric mean fold rise (GMFR) in VZV-
specific IgG levels (primary end point) and T cells (number
of spot-forming cells/106 peripheral blood mononuclear
cells) at 6 weeks postvaccination.

Results. One hundred twelve patients were ran-
domized to receive tofacitinib (n 5 55) or placebo (n 5
57). Six weeks postvaccination, the GMFR in VZV-
specific IgG levels was 2.11 in the tofacitinib group and
1.74 in the placebo group, and the VZV-specific T cell
GMFR was similar in the tofacitinib group and the pla-
cebo group (1.50 and 1.29, respectively). Serious adverse
events occurred in 3 patients in the tofacitinib group
(5.5%) and 0 patients (0.0%) in the placebo group. One
patient, who lacked preexisting VZV immunity, developed
cutaneous vaccine dissemination 2 days after starting
tofacitinib (16 days postvaccination). This resolved after
tofacitinib was discontinued and the patient received anti-
viral treatment.

Conclusion. Patients who began treatment with
tofacitinib 2–3 weeks after receiving LZV had VZV-
specific humoral and cell-mediated immune responses to
LZV similar to those in placebo-treated patients. Vaccina-
tion appeared to be safe in all of the patients except 1
patient who lacked preexisting VZV immunity.

Herpes zoster (HZ), or shingles, is a common and
sometimes debilitating disease that disproportionately
affects elderly individuals and those who are immunocom-
promised (1). Patients with rheumatoid arthritis (RA)
have a 1.5–2-fold higher risk of developing HZ compared
with healthy adults (2), and treatment with some disease-
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modifying antirheumatic drugs (DMARDs) has been
shown to further increase this risk (3,4). Tofacitinib is an
oral JAK inhibitor for the treatment of RA. The efficacy
and safety of tofacitinib at dosages of 5 mg twice daily and
10 mg twice daily, administered as monotherapy or in com-
bination with DMARDs, in patients with active RA have
been demonstrated in phase II, phase III, and long-term
extension (LTE) studies (5–13). Tofacitinib has been
shown to increase the risk of developing HZ, particularly
when it is given in combination with methotrexate (MTX)
or prednisone (14–16).

Given the preventable nature of HZ, the American
College of Rheumatology (ACR), the European League
Against Rheumatism (EULAR), and other committees,
such as the Advisory Committee on Immunization Practices
(ACIP), recommend vaccinating patients with RA
(1,17–19). Due to the live nature of the zoster vaccine, there
is a theoretical risk of dissemination in immunosuppressed
patients, and it is recommended that treatment with a bio-
logic agent or tofacitinib should not be started until 2–4
weeks after the vaccination (1,20). However, guidelines for
the timing of the vaccination relative to the start of immuno-
suppressive therapy are conflicting. According to the ACR
guidelines, RA patients ages $50 years should be vacci-
nated with the live zoster vaccine (LZV) at least 2 weeks
prior to starting therapy with a biologic agent or tofacitinib
(18,21). The 2011 EULAR guidelines suggest general
avoidance of this vaccine in immunosuppressed patients
but emphasize the potential importance of the vaccine and
the need to give it to those with positive findings on sero-
logic tests for varicella zoster virus in combination with tem-
porary cessation of immunosuppressive drug therapy (19).
The ACIP recommends administration of the vaccine to
persons ages $60 years, including those with chronic medi-
cal conditions such as RA (1).

Previous studies have shown that in immunocom-
petent individuals, the efficacy of LZV for protection
against HZ was 51% in those ages $60 years over a
follow-up period of 4.9 years and 70% in those ages 50–59
years over a follow-up period of 1.3 years (17). Despite the
higher risk of HZ in patients with RA, there has been no
large interventional clinical study of LZV in the setting of
RA. The immunogenicity and safety of LZV in patients
receiving DMARDs (including tofacitinib) are unknown.
Accordingly, we sought to evaluate the safety and immuno-
genicity of LZV in a group of patients with RA, prior to
starting tofacitinib therapy.

PATIENTS AND METHODS

We enrolled patients with active RA who were receiving
stable background doses of MTX into a phase II, 14-week,

randomized, double-blind, parallel-arm, placebo-controlled trial
(study A3921237; ClinicalTrials.gov identifier: NCT02147587).
Patients were randomized (1:1) to receive tofacitinib at a dosage
of 5 mg twice daily or placebo 2–3 weeks after vaccination with
LZV, to specifically assess the effect of tofacitinib 5 mg twice
daily on the safety and immunogenicity of LZV. The study was
conducted at 27 centers across the US, between June 2014 and
July 2015 (see Supplementary Information, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40187/abstract). RA patients ages 50 years
and older were eligible if they had at least 4 tender/painful joints
and $4 swollen joints (28 assessed) at the time of screening or at
baseline (before vaccination), and a C-reactive protein level of
.3 mg/liter or a Clinical Disease Activity Index (22) score of .10
at the time of screening or at baseline. Patients were enrolled if
they met the 2010 ACR/EULAR criteria for an RA score of $6
(23). Prior to screening, patients must have received continuous
treatment with MTX at a dosage of 15–25 mg/week for at least 4
months. Exclusion criteria were any of the following: recent his-
tory of serious infection (within 6 months), recent infection
requiring treatment (within 2 weeks), active hepatitis B or hepati-
tis C virus infection, untreated latent tuberculosis, any history of
malignancy (except nonmelanoma or squamous cell skin cancer
or cervical carcinoma in situ), a history of recurrent (.1 episode)
or disseminated HZ, prior exposure to LZV, or a history of any
other vaccination in the past 6 weeks (see inclusion/exclusion
criteria, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40187/abstract).

Study conduct. Eligible patients were vaccinated and
then randomized (1:1) to receive either tofacitinib 5 mg twice
daily or placebo, initiated 2–3 weeks postvaccination (see Supple-
mentary Figure 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40187/abstract).
Patients continued to receive their current dose of MTX. Concomi-
tant treatment with prednisone or equivalent at a dosage of
#10 mg/day was allowed. A history of varicella was not investigated,
and patients were not screened for VZV antibodies. RA disease
activity was measured only at baseline, prior to vaccination. Other
demographic, comorbidity, and other clinical data for the partici-
pants were collected at baseline. The study concluded after 12
weeks of treatment with tofacitinib or placebo (14 weeks postvacci-
nation), and the patients were given the option of joining a separate
LTE study at that time (see Supplementary Figure 2, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40187/abstract). These studies were approved
by the institutional review board and/or independent ethics
committee at each center and were carried out in accordance
with the Declaration of Helsinki and in compliance with all Inter-
national Conference on Harmonisation Good Clinical Practice
guidelines.

Immunogenicity analyses. We evaluated both humoral
and cell-mediated responses at baseline (just prior to vaccination)
and at 2, 6, and 14 weeks after vaccination (day 1, week 4, and
week 12 of treatment with tofacitinib or placebo). Measures
included VZV-specific IgG levels, as determined by purified gly-
coprotein enzyme-linked immunosorbent assay (gpELISA), and
VZV-specific T cell responses, as determined by enumeration of
interferon-g (IFNg) spot-forming cells (SFCs) using an enzyme-
linked immunospot (ELISpot) assay.

The primary end point of the trial was the geometric
mean fold rise (GMFR) in VZV-specific IgG levels at 6 weeks
postvaccination. Secondary and additional end points included
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the proportion of patients achieving a $1.5-fold increase in
VZV-specific IgG levels, the absolute VZV-specific IgG levels,
the absolute numbers of VZV-specific reactive T cells, and the
GMFR in VZV-specific reactive T cells between baseline and 2,
6, and 14 weeks postvaccination.

For gpELISA measures, we used a validated assay (PPD
Vaccines and Biologics) used for licensure of Zostavax and widely
used in research settings. For gpELISA output, the geometric
mean titer was defined as the geometric mean of 3 independent
assay measurements of each blood sample.

ELISpot results were obtained using an assay qualified to
quantify the number of IFNg-secreting cells (performed at the
Pfizer Inc Vaccine Research Unit, Pearl River, NY). Four hun-
dred thousand peripheral blood mononuclear cells (PBMCs) iso-
lated from whole blood samples obtained from the patients were
plated on 96-well plates in triplicate. After a mean 6 SD of
18 6 2 hours of incubation (378C in 5% CO2) with processed
VZV from Oka vaccine strain, reactive T lymphocytes were enu-
merated. The number of SFCs/106 PBMCs was recorded (24).

Safety assessments. The safety end points were evalu-
ated for 12 weeks after randomization and included adverse
events (AEs), serious AEs (SAEs), clinically significant labora-
tory abnormalities, vaccine-related AEs (including injection-site
reactions and HZ-like lesions), and clinical HZ events. Patients
who developed rashes during this time period were instructed to
be seen by their study physician, and a biopsy specimen of the
involved skin was to be obtained if the rash was clinically sugges-
tive of VZV infection. For any patients needing a biopsy, speci-
mens were to be transferred in viral transport media and then

sent to the Centers for Disease Control and Prevention (CDC)
for VZV testing. Real-time F€orster Resonance Energy Transfer–
based polymerase chain reaction (PCR) analysis using a
LightCycler platform was performed to target different vaccine-
associated single-nucleotide markers in the VZV genome. If
VZV infection was identified, samples were tested for markers in
open-reading frame 38 (ORF 38) and ORF 54 (to discriminate
the Oka vaccine strain from other wild-type strains) and for 2
vaccine strain–specific markers in ORF 62, to confirm VZV
infection and to robustly discriminate the vaccine strain from
wild-type strains.

Sample size determination. The number of patients
(up to ;70 in each treatment group) was selected based on a lit-
erature review and clinical considerations (25). Specifically, for
the primary end point of fold increase from baseline in VZV-
specific IgG antibodies at 6 weeks postvaccination (week 4 of
treatment with the study drug), assuming a common SD of 1.33
on the logarithmic scale (;3.8-fold on the original scale), a sam-
ple size of up to 70 patients in each group would yield a halfwidth
of ;0.288 on the logarithmic scale for a 2-sided 80% confidence
interval (80% CI) of the ratio of the GMFRs between the
tofacitinib 5 mg twice daily group and the placebo group
(tofacitinib/placebo), ensuring that the GMFR is estimated with
reasonable precision.

Statistical analysis. The final analysis included only
patients who were deemed “evaluable” and had a complete set of
assay results for gpELISA at both baseline and 6 weeks postvacci-
nation, had started the study drug according to the protocol 2–3
weeks postvaccination, and had been $80% compliant with the

Table 1. Characteristics of the patients, including measures of VZV immunity on the day of LZV
immunization*

Placebo Tofacitinib 5 mg BID

Baseline demographics
Age, mean 6 SD years 62.0 6 8.7 61.7 6 6.2
Female 38 (66.7) 42 (76.4)
BMI, mean 6 SD kg/m2 30.7 6 6.1 31.4 6 7.1
Background MTX 57 (100.0) 54 (98.2)

MTX dose, mean 6 SD mg/week 16.9 6 4.3 17.1 6 4.7
Prednisone daily equivalent 21 (36.8) 26 (47.3)

Prednisone, or equivalent, dose, mean 6 SD mg/day 7.1 6 4.8 5.9 6 2.2
No prior biologic DMARD exposure 20 (35.1) 29 (52.7)
Inadequate response to prior biologic DMARD 37 (64.9) 26 (47.3)
More than 1 biologic DMARD failure 12 (21.1) 8 (14.5)

RA assessments at screening
CRP, mean 6 SD mg/liter 1.3 6 1.3 1.6 6 2.9
ESR, mean 6 SD mm/hour 41.1 6 22.9 47.1 6 29.3
Tender/painful joint count (28 assessed), mean 6 SD 14.6 6 6.6 14.5 6 6.5
Swollen joint count (28 assessed), mean 6 SD 10.8 6 5.8 11.0 6 5.6

Measurement of immunity to VZV at baseline
VZV-specific IgG level, GMT (80% CI) [range] 182.3 (151.3–219.8)

[8.3–1,176.9]
201.0 (166.0–243.2)

[0.32–2,370.8]
VZV-specific T cell response, GMC (80% CI) [range]† 43.2 (36.4–51.3)

[25–559]
48.4 (40.6–57.7)

[25–309]

* The numbers of patients in the placebo and tofacitinib groups are as follows: for baseline demographics,
n 5 57 and n 5 55, respectively; for rheumatoid arthritis (RA) assessments at screening, n 5 57 and n 5 55,
respectively; for measurement of immunity to varicella zoster virus (VZV), n 5 53 and n 5 54, respectively.
Except where indicated otherwise, values are the number (%). LZV 5 live zoster vaccine; BID 5 twice daily;
BMI 5 body mass index; MTX 5 methotrexate; DMARD 5 disease-modifying antirheumatic drug; CRP 5 C-
reactive protein; ESR 5 erythrocyte sedimentation rate; GMT 5 geometric mean titer; 80% CI 5 80% confi-
dence interval; GMC 5 geometric mean count.
† Measured by enumeration of interferon-g spot-forming cells, using enzyme-linked immunospot assay.
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study drug until 6 weeks postvaccination. The study was not de-
signed to test any statistical hypotheses; therefore, all compari-
sons described herein are based on the observed magnitudes of
the estimates only. For the primary outcome in this group, we
compared measures at baseline with those obtained at week 6
postvaccination. We calculated an adjusted estimation of the
GMFR ratios (tofacitinib/placebo) using a linear mixed model
(analysis of covariance) with repeated measures that included
age, sex, randomization stratum (biologic agent–naive versus
prior biologic nonresponder) and baseline value as covariates,
and study treatment, visit after vaccination, and treatment-by-visit
interaction as fixed effects. The GMFR ratios (tofacitinib/
placebo) from baseline were computed. The 2-sided 80% CI of
this ratio was obtained from this model (back-transformation).

Additionally, the primary end point was analyzed using
descriptive methods (GMFR, geometric SD, minimum, and max-
imum, according to treatment group and visit following vaccina-
tion). Two-sided 80% CIs for the geometric mean constructed by
back-transformation of the CI for the mean of the logarithmically
transformed end point (computed using Student’s t-distribution)
were calculated.

RESULTS

Baseline characteristics of the patients. One
hundred twelve patients were randomized to receive pla-
cebo (n 5 57) or tofacitinib (n 5 55). Overall, patients in
both treatment groups were similar with regard to sex, age,
baseline disease activity, and baseline VZV immune

measures (Table 1). Among the 112 patients vaccinated
and subsequently randomized, 16 discontinued because of
AEs not related to the study drug (2 patients in the
tofacitinib group and 7 patients in the placebo group),
AEs related to the study drug (2 patients in the tofacitinib
group and 2 patients in the placebo group), or an insuffi-
cient clinical response (1 patient in the tofacitinib group
and 2 patients in the placebo group) (see Supplementary
Figure 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40187/
abstract).

Immunogenicity. Most patients (53 [93%] of those
in the placebo group and 54 [98%] of those in the tofaciti-
nib group) were evaluable for the immune response end
points. Among these individuals, the GMFR for VZV-
specific IgG levels at 6 weeks postvaccination was simi-
lar between the tofacitinib-treated and placebo-treated
patients.

The mean VZV-specific IgG levels at 6 weeks post-
vaccination (4 weeks after treatment initiation) were
403.42 units/ml and 322.49 units/ml in tofacitinib-treated
and placebo-treated patients, respectively (Figure 1A),
and the GMFRs from baseline at this time point were 2.11
(80% CI 1.87–2.37) and 1.74 (80% CI 1.55–1.95), respec-
tively. VZV-specific IgG levels were also evaluated on day
1 (2 weeks postvaccination) and after 3 months (14 weeks

Figure 1. Analyses of varicella zoster virus (VZV)–specific IgG levels. Live zoster vaccine was given on day 214; a blood sample from each subject was
obtained at that time to evaluate the baseline immune response to VZV immediately before vaccination. A, Mean absolute VZV-specific IgG levels (glyco-
protein enzyme-linked immunosorbent assay [gpELISA] titer) in the tofacitinib group and the placebo group at baseline (day 214, before vaccination) and 2,
6, and 12 weeks postvaccination. B, Proportion of patients with a $1.5-fold change in VZV-specific IgG levels (gpELISA titer) in the tofacitinib group and
the placebo group at 2, 6, and 12 weeks postvaccination. * 5 The 80% confidence intervals (80% CIs) were calculated using the Clopper-Pearson exact
method. GMT 5 geometric mean titer; BID 5 twice daily.
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postvaccination) of tofacitinib or placebo treatment. At all
postvaccination time points, there was a trend toward
numerically higher GMFRs in tofacitinib-treated patients
(Table 2), but the differences were small and not statisti-
cally significant. Furthermore, the proportion of patients
developing a $1.5-fold postvaccination increase in IgG
levels at 6 weeks postvaccination trended higher for those
receiving tofacitinib (57.4%) compared with those receiv-
ing placebo (43.4%) (Figure 1B). Similar results were
observed in a subpopulation of patients who were not
treated with corticosteroids and with data stratified

according to age (see Supplementary Table 1, available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40187/abstract).

An ELISpot assay to enumerate VZV-specific
IFNg-secreting T cells was performed. For this cell-
mediated immune response, the absolute VZV-specific
reactive cell counts were 69.97 and 56.39 SFCs/106

PBMCs 6 weeks postvaccination in the tofacitinib group
and the placebo group, respectively (Figure 2). The
GMFR in VZV-specific T cell responses at 6 weeks was
similar in tofacitinib-treated patients (1.50; 80% CI

Table 2. GMFR in VZV-specific IgG levels from baseline over the 12-week treatment period*

Visit, treatment GMFR (80% CI)
GMFR ratios (tofacitinib/placebo)

(80% CI)

Day 1 (2 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 54) 2.01 (1.78–2.26) 1.03 (0.88–1.21)
Placebo (n 5 53) 1.95 (1.73–2.19)

Week 4 (6 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 54) 2.11 (1.87–2.37) 1.21 (1.03–1.42)
Placebo (n 5 53) 1.74 (1.55–1.95)

Week 12 (14 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 48) 1.64 (1.45–1.85) 1.09 (0.92–1.29)
Placebo (n 5 44) 1.50 (1.32–1.69)

* GMFR 5 geometric mean fold rise; VZV 5 varicella zoster virus; 80% CI 5 80% confidence interval;
BID 5 twice daily.

Figure 2. Analyses of VZV-specific T cell responses, measured by enumeration of interferon-g spot-forming cells (SFCs) using enzyme-linked
immunospot (ELISpot) assay. Live zoster vaccine was given on day 214; a blood sample from each subject was obtained at that time to evaluate
the baseline immune response to VZV immediately before vaccination. A, Mean absolute values of VZV-specific reactive T cells, as determined
by ELISpot assay, in the tofacitinib group and the placebo group at baseline (day 214, before vaccination) and 2, 6, and 12 weeks postvaccina-
tion. B, Proportion of patients with a $1.5-fold change in the VZV-specific T cell response, as determined by ELISpot assay, in the tofacitinib
group and the placebo group at 2, 6, and 12 weeks postvaccination. * 5 The 80% confidence intervals (80% CIs) were calculated using the
Clopper-Pearson exact method. GMC 5 geometric mean count (see Figure 1 for other definitions).
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1.31–1.70) and placebo-treated patients (1.29; 80% CI
1.14–1.46) (Table 3). This increase was also similar at
weeks 2 and 14 postvaccination. The proportion of
patients developing a $1.5-fold postvaccination increase
in the T cell response was similar between groups at 6
weeks postvaccination (33.3% in the tofacitinib group
and 32.7% in the placebo group), as well as other post-
vaccination time points (Figure 2B). Similar results
were observed when we analyzed a subgroup of patients
who did not receive concomitant glucocorticoids (see
Supplementary Table 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40187/abstract).

Safety. One patient in the placebo group discon-
tinued treatment following abnormal results for the abso-
lute neutrophil count; other nonserious vaccine-related
AEs were identified in 7 patients in the tofacitinib group
and 5 patients in the placebo group (see Supplementary
Table 3, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40187/abstract).
These AEs included mild injection-site swelling, redness, or
itching.

SAEs occurred in 3 patients in the tofacitinib group
(5.5%) and 0 patients in the placebo group (0%). The 3

SAEs included 1 case each of cholangitis and bronchitis,
and 1 case of disseminated primary varicella. Onset of the
disseminated rash occurred 16 days postvaccination (2
days after starting tofacitinib), on the patient’s trunk (back
and abdomen) and right ipsilateral arm. The patient dis-
continued tofacitinib and was treated with antiviral
(valcyclovir) therapy for 7 days, and the rash resolved. She
was not hospitalized and continued to receive background
oral MTX (15 mg/week) and oral prednisone (4 mg/day)
for RA, as per prior and upon vaccination. Biopsy speci-
mens from both her abdomen and forearm showed mixed
deep granulomatous perivascular inflammation with fibri-
noid degeneration of vessel walls, which was morphologi-
cally compatible with VZV infection. Molecular testing in
the abdominal specimen showed PCR positivity for VZV
DNA, with subsequent genomic work-up at the CDC con-
firming that VZV was the Oka vaccine strain.

Subsequent evaluation of this patient’s baseline
blood specimens showed that she lacked preexisting immu-
nity to VZV. Unlike any other patient in the study, she
had no measurable VZV-specific T cell response and a
negative gpELISA titer at baseline (Table 4). Interestingly,
at 2 weeks after vaccination (and just prior to starting
tofacitinib treatment), this patient had no measurable

Table 3. GMFR in VZV-specific T cell responses over the 12-week treatment period*

Visit, treatment GMFR (80% CI)
Ratio of GMFRs

tofacitinib/placebo (80% CI)

Day 1 (2 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 51) 1.54 (1.35–1.75) 1.10 (0.92–1.31)
Placebo (n 5 52) 1.40 (1.23–1.58)

Week 4 (6 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 51) 1.50 (1.31–1.70) 1.16 (0.97–1.38)
Placebo (n 5 52) 1.29 (1.14–1.46)

Week 12 (14 weeks postvaccination)
Tofacitinib 5 mg BID (n 5 46) 1.17 (1.02–1.34) 1.05 (0.88–1.27)
Placebo (n 5 43) 1.11 (0.97–1.27)

* GMFR 5 geometric mean fold rise; VZV 5 varicella zoster virus; 80% CI 5 80% confidence interval; BID
5 twice daily.

Table 4. VZV-specific immune response evaluations in the patient with disseminated HZ*

Immune response,
assay

Day 214, before
vaccination
(1/13/15)

Day 1, 2 weeks
after vaccination

(1/27/15)

Early termination, 6 weeks
after vaccination

(2/24/15) Notes

VZV IgG, gpELISA Undetectable Undetectable 96.64 gpELISA
units/ml

None

IFNg response to VZV
antigen, ELISpot

25 SFCs/106 PBMCs† 25 SFCs/106 PBMCs 566 SFCs/106 PBMCs 25 SFCs: negative response (no
VZV-specific T cells)

VZV IgM, ELISA 0.54 units/ml 0.55 units/ml .5.00 units/ml #0.90 units/ml: negative response
(no VZV-specific IgM)

* VZV5 varicella zoster virus; HZ 5 herpes zoster; gpELISA5 glycoprotein enzyme-linked immunosorbent assay; IFNg 5 interferon-g; ELISpot 5

enzyme-linked immunospot.
† Limit of detection 5 25 spot-forming cells (SFCs)/106 peripheral blood mononuclear cells (PBMCs).
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response to vaccination, since the results of both the
gpELISA and ELISpot assay remained negative. After
developing disseminated vaccine-strain varicella, the
patient developed robust immunity, as evidenced by 6-
week postvaccination assessments in which the gpELISA
titer was 96.6 units/ml and the ELISpot count was 566
SFCs/106 PBMCs. Additional VZV-specific IgM and IgG
avidity testing also showed negative responses at baseline
and 2 weeks after zoster vaccination, followed by robust
responses at week 6. These findings are consistent with a
primary VZV infection.

DISCUSSION

To our knowledge, this study is the first to directly
assess the safety and immunogenicity of the LZV in
patients with RA. We observed that patients with active
RA developed robust immune responses to this vaccine,
and that starting tofacitinib treatment 2–3 weeks after vac-
cination had no negative impact on the established
immune response. Patients treated with tofacitinib had
similar or even numerically higher VZV-specific humoral
and cell-mediated immune responses to the vaccine com-
pared with placebo-treated patients. Importantly, although
our results suggest that the vaccine is safe for RA patients
with prior VZV exposure, they also indicate the potential
need to either screen for prior exposure before giving this
vaccine or waiting longer than 2–3 weeks before starting
immunosuppression with tofacitinib.

Patients with RA are known to respond less
robustly to certain vaccines (26,27). This is likely attribut-
able to disease activity as well as, potentially, DMARD
and corticosteroid use. LZV is currently contraindicated in
patients receiving high-dose steroids (.20 mg/day predni-
sone or equivalent) or MTX at a dosage of .25 mg/week.
Below these dosing thresholds, the vaccine is thought to be
safe and effective, although this recommendation has been
based on expert opinion in the absence of data (1). Impor-
tantly, the current study provides data for this recommen-
dation, because the vaccine appeared to be adequately
immunogenic as well as safe in patients receiving standard
doses of MTX and/or lower doses of steroids. Although we
did not enroll patients without RA in our study, for context
it is useful to compare the magnitude of response observed
in our study with that observed in studies in healthy indi-
viduals—the Shingles Prevention Study (SPS) (28) and the
Zostavax Efficacy and Safety Trial (ZEST) (29). The SPS
study enrolled more than 38,000 individuals ages $60
years, none of whom had RA. In the SPS Immunology
Substudy, 1,395 individuals were evaluated using the same
outcomes measures used in our study. They observed an
average increase in VZV-specific IgG levels (gpELISA

titer) between baseline and 6 weeks postvaccination of 1.7-
fold, and an ;2.0-fold increase was observed for the VZV-
specific ELISpot measures (1,24,28,29). In the ZEST
study, 2,269 healthy volunteers ages 50–59 years had a
VZV-specific IgG increase of 2.3 at 6 weeks postvaccina-
tion (25). This magnitude of IgG responses in immuno-
competent individuals was similar to what we observed.
Although the magnitude of cell-mediated responses was
slightly less than that observed in healthy individuals within
the ZEST study, it is possible that this could be attributable
to the older age of our study population, the impact of
RA, or the therapies being used for these patients.

Our study provides the first data regarding use of
LZV in patients with RA and suggests that these patients,
even those being treated with nonbiologic DMARDs at
the time of vaccination, are capable of mounting adequate
immune responses to this vaccine. Furthermore, our data
suggest that the use of tofacitinib following VZV vaccina-
tion in patients with RA did not negatively impact the vac-
cine immunogenicity or the time course of the immune
response to the vaccine. Interestingly, immune responses
in RA patients receiving tofacitinib 5 mg twice daily or
placebo were comparable with those expected in healthy
individuals (24,25). From a safety standpoint, our study
highlights the potential for vaccine dissemination in an
immunocompromised host. In the SPS trial, in which
.19,000 patients received the vaccine, no cases of local or
disseminated HZ with this vaccine strain occurred in the
first 42 days after vaccination (28). Although we observed
only 1 such case in a study of 112 patients, it is notable
given the lack of such cases in a study as large as SPS. The
SPS study did not check for preexisting VZV immunity
before administering the vaccine (similar to our study
design); however, it is highly likely that at least a handful
of such individuals were entered into the study but did not
develop vaccine dissemination. Interestingly, 100% of the
1,395 individuals analyzed in an immunology substudy had
serologic evidence of prior VZV exposure, suggesting that
the number of individuals lacking prior exposure within the
SPS study was likely small (25). Based on the SPS expe-
rience, the vaccine is licensed and approved for patients
ages 50 or older regardless of a history of VZV (30). In our
1 case of disseminated primary varicella, the patient devel-
oped an injection-site reaction the day she started receiving
tofacitinib and a disseminated rash on day 16 after vaccina-
tion, just 2 days after starting tofacitinib. It is known that
patients can have circulating virus for several weeks after
vaccination, and a small number of individuals may shed
virus in saliva for up to 4 weeks postvaccination (31). Given
this temporal sequence, it is possible that tofacitinib may
have played a role in vaccine dissemination. Because of this
potential for prolonged viremia, some time lag between

EFFECT OF LZV IN RA PATIENTS PRIOR TO TREATMENT WITH TOFACITINIB 1975



vaccination and the start of immunosupression makes the-
oretical sense, in order to further decrease the possibility of
dissemination. Current recommendations suggest that this
time lag should be 2–4 weeks (1,20), but our data would
suggest that 4 weeks might be preferable. Alternatively,
testing patients who do not recollect a history of chicken-
pox, to ensure prior exposure to VZV before vaccinating
them, would also potentially mitigate this risk. In this case,
our patient who lacked preexisting immunity would not
have been a candidate for LZV.

A limitation of the current study is that the long-
term effectiveness of the vaccine in RA patients was not
investigated. However, this point is being investigated in
the patients who joined an open-label LTE study of
tofacitinib. In addition, because this study was conducted
specifically to assess vaccine responses and not the efficacy
of tofacitinib, further RA disease activity measures were
not obtained. Last, our study was small in nature such that
our conclusions regarding the safety of this vaccine and in
RA patients in general are limited. Although only 1 case of
vaccine dissemination occurred, in a patient lacking preex-
isting immunity, it is possible that other such cases could
occur in the RA setting. Larger studies should be con-
ducted to better understand the risk of this complication in
RA patients in general.

In summary, we have conducted the first clinical
study evaluating the use of LZV in patients with RA who
are receiving nonbiologic DMARDs. In accordance with
guidelines, our patients were vaccinated 2–3 weeks prior to
starting tofacitinib therapy. Importantly, our data suggest
that starting tofacitinib according to these guidelines does
not hinder the immunogenicity of this vaccine, and that
these patients were able to mount humoral and cell-
mediated responses similar to those seen in other studies
in healthy volunteers who do not have RA.

From a safety standpoint, the single event of dis-
seminated shingles vaccine (Oka) virus in a patient without
prior immunity suggests that patients should be screened
for prior immunity (i.e., by eliciting a history of chickenpox
or testing with commercially available VZV serologic tests)
before receiving this vaccine, or that the time periods
between vaccination and initiation of tofacitinib treatment
should be longer (e.g., 4 weeks). Further research is neces-
sary to understand the risk of this complication as well as
the long-term effectiveness of this LZV to prevent HZ in
this high-risk population.
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Induction of Matrix Metalloproteinase Expression by Synovial Wnt Signaling and
Association With Disease Progression in Early Symptomatic Osteoarthritis

Martijn H. van den Bosch,1 Arjen B. Blom,1 Fons A. van de Loo,1 Marije I. Koenders,1 Floris P. Lafeber,2

Wim B. van den Berg,1 Peter M. van der Kraan,1 and Peter L. van Lent1

Objective. Increased Wnt signaling in chondro-
cytes is associated with development of osteoarthritis
(OA). However, OA is considered a disease of the entire
joint, where the synovium has been attributed an
important role in disease pathogenesis and progression.
This study was undertaken to determine whether Wnt
signaling in synovial tissue could contribute to patho-
logic development of OA through the production of
matrix metalloproteinases (MMPs), and to assess the
relationship of synovial expression of Frizzled (FZD)
receptors and the Wnt inhibitor FRZB to MMP expres-
sion and disease progression in patients with early OA
in the Dutch Cohort Hip and Cohort Knee (CHECK)
study cohort.

Methods. In mouse knee joints, human WNT8A
and mouse Wnt16 were overexpressed using adenoviral
vectors, and expression of messenger RNA (mRNA)
for MMPs in the synovium was determined by reverse
transcription–polymerase chain reaction or Luminex
assay. In human synovial tissue from a subgroup of
patients with early OA with knee pain enrolled in the
CHECK cohort, levels of Wnt family members were
assessed for linkage to MMP expression and disease
progression. In addition, MMP production in human
synovium from patients with end-stage OA was deter-
mined after stimulation of Wnt signaling with WNT3A
or inhibition with FRZB or DKK1 in the synovium.

Results. Overexpression of WNT8A and Wnt16 in
mouse knee joints induced MMP expression in vivo.
Expression of MMPs relevant to human OA in the syno-
vium from CHECK study participants significantly cor-
related with expression of FZD1, FZD10, and FRZB
mRNA. Moreover, increased FZD1 mRNA expression
and decreased FRZB mRNA expression were observed
in CHECK study patients who experienced disease pro-
gression compared to those who were nonprogressors.
Stimulation of human OA synovium with WNT3A
induced the production of various MMPs, whereas inhi-
bition of Wnt signaling with FRZB or DKK1 reduced
the production of MMPs.

Conclusion. Wnt signaling in the synovium may
potently induce progression of OA via increased pro-
duction of MMPs.

Osteoarthritis (OA) is one of the most common
debilitating diseases worldwide. However, no curative
treatment is available. It is now accepted that OA
involves all tissues in the joint (1). Synovial activation,
which is present in .50% of OA patients, is involved in
cartilage degeneration (2,3).

We previously described strongly increased syno-
vial expression of members of the Wnt signaling pathway
in experimental models of OA (4). Wnt proteins are
lipid-modified glycoproteins that bind to Frizzled (FZD)
receptors. Binding to both an FZD receptor and the co-
receptor low-density lipoprotein receptor–related protein
5 (LRP-5)/LRP-6 activates the b-catenin–dependent ca-
nonical Wnt signaling pathway, whereas binding to FZD
alone results in noncanonical Wnt signaling (5).

Various studies have linked aberrant Wnt signaling
to the development of OA (6,7). A polymorphism in the
Wnt inhibitor gene FRZB that decreases its inhibitory
activity against Wnt signaling is associated with a higher
incidence of OA (8). Consistent with this observation,
absence of Frzb in experimental mouse models increases
the level of disease activity during OA (9). A possible
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mechanism of action of this increased disease activity
might be elevated production of matrix metalloproteinases
(MMPs) induced by active Wnt signaling, as has been
described in various other diseases (10,11).

Whereas most previous studies focused on the
relationship between Wnt signaling in the cartilage and
the development of OA, in this concise study we investi-
gated whether active Wnt signaling in the synovial tissue
results in increased expression of MMPs. Furthermore,
we studied the relationship between the expression of
members of the Wnt signaling pathway and disease pro-
gression in patients with early symptomatic OA from the
Dutch Cohort Hip and Cohort Knee (CHECK) study.

MATERIALS AND METHODS

Patients with early OA. Synovial biopsy tissue was
obtained arthroscopically from a subgroup of participants with
knee pain who were enrolled in the CHECK study, which was
initiated to follow up patients with early symptomatic OA.
Standardized radiographs were obtained from each patient to
determine measurements of joint space width narrowing and
osteophyte size, carried out using Knee Images Digital Analysis
(12). At baseline, participants reported having pain and/or
stiffness of the knee or hip, were ages 45–65 years, and had not
consulted their physician for these symptoms during the 6
months before study entry. Participants with other pathologic
conditions that could explain the symptoms were excluded. We
determined whether the CHECK study participants showed
progression in joint space width narrowing and osteophyte size
between the baseline and 5-year follow-up measurements, and
participants were accordingly classified as either progressors or
nonprogressors. Progression was defined as a decrease in joint
space width of $1 mm and an increase in osteophyte size of $4
times. All patients (n 5 5 female patients, mean 6 SD age
60.9 6 4.1 years, 2 progressors and 3 nonprogressors; n 5 4
male patients, mean 6 SD age 55.8 6 2.3 years, 2 progressors
and 2 nonprogressors) signed written informed consent to par-
ticipate in the study. All study protocols involving human tissue
were approved by the local ethics committee (CMO Arnhem–
Nijmegen; approval no. 2004–009).

Patients with established OA, and tissue culture.
Anonymized synovial tissue specimens were obtained from
patients with end-stage OA who were undergoing joint replace-
ment. Punch biopsy specimens were randomly allocated to
wells, and 2 punches per well were stimulated in quadruplicate
with 300 ng/ml WNT3A (R&D Systems), which is one of the
few recombinant canonical Wnt signaling inducers with suffi-
cient bioactivity, or with 10 ng/ml interleukin-1 (IL-1) (R&D
Systems). Alternatively, biopsy specimens were incubated
with 100 ng/ml FRZB (R&D Systems), 500 ng/ml DKK1
(PeproTech), or IL-1 receptor antagonist (Sobi). All cultures
were performed in RPMI 1640 medium, supplemented with
10% fetal calf serum, sodium pyruvate, 100 units/ml penicillin,
and 100 mg/ml streptomycin, for 24 hours.

Animals and adenoviral vectors. Adenoviral vectors
for human WNT8A and murine Wnt16 were made as previ-
ously described (13). First, 1 3 107 plaque-forming units

of adenoviral vector was injected into the naive knee joints of
12-week-old male C57BL/6J mice (supplied by Janvier). Mice
were housed in filter-topped cages, and water and food were
provided ad libitum. The mice were killed 3 days after

Figure 1. Synovial overexpression of Wnt ligands results in increased
expression of matrix metalloproteinases (MMPs). WNT8A, a classic
example of a Wnt ligand that activates the canonical Wnt signaling
pathway, and Wnt16, known to be strongly up-regulated in the joint
during experimental osteoarthritis, were overexpressed in mouse syno-
vium by intraarticular injection of 1 3 107 plaque-forming units of
adenoviral vectors containing human WNT8A or mouse Wnt16; a lucif-
erase adenoviral vector was used as a control. Expression of mRNA for
MMPs 2, 3, 9, and 13 was assessed by quantitative real-time reverse
transcription–polymerase chain reaction in the synovial tissue (A) and
articular cartilage (B) from mice 3 days after overexpression of
WNT8A and Wnt16. Bars show the mean 6 SEM relative levels of
expression (corrected for the expression of the reference gene GAPDH
[2DCt]) in 6 samples per group. * 5 P , 0.05; ** 5 P , 0.01.
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adenoviral overexpression. As a control, we used an adenoviral
vector for luciferase. Animal studies were approved by the local
animal experimentation committee (RU-DEC approval no.
2011–226).

RNA isolation and quantitative real-time reverse
transcription–polymerase chain reaction (RT-PCR). Gene
expression was determined using quantitative real-time
RT-PCR. Total RNA was isolated using TRIzol reagent
(Invitrogen), according to the manufacturer’s protocol, after
homogenizing the cartilage or synovial tissue with a MagNA
Lyser Instrument (Roche). RT-PCR was performed with
specific primers and SYBR Green Master Mix, using a
StepOnePlus real-time PCR system (Applied Biosystems).
Expression levels are presented as DCt values, normalized to
the expression values for the reference gene GAPDH.

Protein measurement using Luminex technology. Pro-
tein levels in culture supernatants were determined using
Luminex multianalyte technology on a Bio-Plex system, in com-
bination with multiplex kits (Millipore). The supernatants in
each well were adjusted for the weight of the synovial biopsy
tissue, which was determined after cell culture.

Statistical analysis. Statistical analyses were per-
formed using GraphPad Prism software (version 5). For every
analysis, data were checked for normality using the D’Agostino-
Pearson test. Differences between groups were tested using
Student’s t-test or 1-sample t-test. The number of repeats con-
ducted in each experiment varied (as reported in the Figure
legends). P values less than 0.05 were considered significant.
Correlations were tested with Pearson’s correlation coefficients,
at a significance level of P , 0.05.

RESULTS

Increased expression of MMPs after overex-
pression of Wnts in vivo in the synovial tissue. We
previously showed that in vivo targeting of the synovium
by intraarticular injection of adenoviral vectors for
prolonged periods in vivo leads to overexpression of
WNT8A, a classic model used to achieve activation of
canonical Wnt signaling, and overexpression of WNT16,
the levels of which we previously found to be strongly
increased in the joint during experimental OA. Adenovi-
ral injection leads to strong overexpression of both
Wnt ligands in the synovium, as well as activation of
canonical Wnt signaling in the joint and induction of car-
tilage damage, within 7 days after overexpression (14).
Because the resulting cartilage damage was observed to
be associated with formation of neoepitopes linked to
cartilage-degrading enzymes, we assessed samples of
mouse synovium and articular cartilage to determine
whether the overexpression of both Wnt ligands could
result in increased expression of MMPs.

The expression levels of messenger RNA (mRNA)
for Mmp2, Mmp3, Mmp9, and Mmp13 were significantly
increased in the synovium of mice 3 days after overexpres-
sion of WNT8A, whereas after overexpression of Wnt16,

the levels of mRNA for Mmp3 and Mmp9 were increased
(Figure 1A). In contrast, no differential expression of
Mmp mRNAs was observed in the articular cartilage from
mice (Figure 1B).

Correlation of expression levels between rele-
vant MMPs and members of the Wnt signaling path-
way in human OA. Human synovial biopsy tissue
donated by a subgroup of 9 participants with early symp-
tomatic OA in the CHECK study who were followed up
over time was assessed to determine whether baseline
mRNA levels of relevant MMPs for OA development
correlated with the expression of a set of members of the
Wnt signaling pathway; these members were selected
because they were found to be differentially expressed
between disease progressors and nonprogressors in a
microarray analysis of the synovial biopsy specimens. We
observed that the expression levels of mRNA for MMP1,
MMP2, MMP3, and MMP13 correlated inversely with
expression of the Wnt inhibitor FRZB, and correlated
positively with the expression of the Wnt receptors FZD1
and FZD10, but not FZD8. In addition, FZD1 mRNA
expression correlated positively with AXIN2 expression,
while FRZB mRNA expression correlated inversely with
AXIN2 expression, the latter acting as an indicator of
active canonical Wnt signaling. In contrast, MMP9
mRNA levels were not correlated with any of these
members of the Wnt signaling pathway (Figure 2A).

Increased expression of FZD receptors, but
decreased expression of the Wnt inhibitor FRZB, in
patients with early OA showing disease progression.
Subsequently, we investigated the relationship between
the expression of members of the Wnt signaling pathway
and progression of OA. We observed significantly
increased expression of the Wnt receptor FZD1 and sig-
nificantly decreased expression of the Wnt inhibitor
FRZB in patients who were disease progressors, as com-
pared to those who were nonprogressors (Figure 2B),
which is consistent with the correlation data reported
above.

Increased MMP production as a result of Wnt
signaling in human synovial tissue from patients with
end-stage OA. We next determined whether stimula-
tion of the synovium from patients with end-stage OA
with recombinant WNT3A would increase the produc-
tion of MMPs. For these relatively short-term experi-
ments, we used recombinant WNT3A, as opposed to
adenoviral overexpression, in order to better control the
dosage and timing. Following WNT3A stimulation of
the synovium from patients with end-stage OA, we
observed significantly increased concentrations of
MMP-1 and MMP-9 proteins, whereas MMP-2 and
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MMP-3 proteins showed a trend toward increased pro-
duction (Figure 3A).

To test the hypothesis that endogenous Wnt sig-
naling in OA synovium drives the production of MMPs,
we incubated human OA synovium with recombinant
FRZB (an inhibitor of all Wnt pathways). Following
incubation of the synovium with FRZB, we observed sig-
nificantly decreased production of MMP-2 and MMP-3
(Figure 3B). To determine whether this decreased
MMP production was the result of inhibition of canoni-
cal Wnt signaling, we blocked human OA synovium with
recombinant DKK1, which specifically inhibits b-cate-
nin/canonical signaling. This led to decreased protein
production of MMP-1 and MMP-3, but not MMP-2 and
MMP-9 (Figure 3C).

DISCUSSION

The findings from the study reported herein are
the first to show that activated Wnt signaling in OA

synovial tissue results in increased MMP production, a
process that might contribute to cartilage damage. Fur-
thermore, we show that synovial expression of various
Wnt receptors and the Wnt inhibitor FRZB is correlated
with MMP expression, and that increased FZD1 expres-
sion and decreased FRZB expression are associated with
disease progression in a cohort of patients with early
symptomatic OA.

Until now, research on the relationship between
Wnt signaling and OA has mainly focused on the carti-
lage (6,7,9). In this study, we add to this knowledge by
studying synovial Wnt signaling in the context of OA.
We previously showed that induction of canonical Wnt
signaling by synovial overexpression of WNT8A and
Wnt16 resulted in OA-like cartilage lesions in mice,
associated with formation of protease neoepitopes (14).
In the present study, we show that overexpression of
WNT8A and Wnt16 increased the synovial expression
of MMPs that are able to enhance cartilage matrix
breakdown. The different extent of MMP regulation by

Figure 2. Correlation between expression of matrix metalloproteinases (MMPs) relevant to human osteoarthritis (OA) and expression of various Wnt
signaling members. A, Gene expression analysis by reverse transcription–polymerase chain reaction was performed in freshly isolated synovial tissue
from patients with early symptomatic OA enrolled in the Cohort Hip and Cohort Knee (CHECK) study. The relative mRNA expression levels of the
Wnt receptors FZD1, FZD8, and FZD10 and the Wnt inhibitor FRZB were assessed for associations with disease progression as measured by MMP1

expression (left), and for correlations with the expression of MMP1, MMP2, MMP3, MMP9, MMP13, and AXIN2 (right). Correlations were determined
using the Pearson’s correlation coefficient with 95% confidence interval (95% CI). B, Expression of the Wnt receptors FZD1, FZD8, and FZD10 and
the Wnt inhibitor FRZB at baseline in synovial tissue from CHECK study participants was compared between patients who showed progression of
OA (PR) (n 5 4) and those who were nonprogressors (NP) (n 5 5). Disease progression was defined as an increase in joint space width narrowing of
$1 mm and an increase in osteophyte size of $4 times between baseline and the 5-year follow-up measurement. The MMPs in A were chosen
because of the relevance for development of OA. The Wnt signaling members in A and B were selected from microarray analysis of the same synovia,
in which the expression of these markers was different between progressors and nonprogressors. Circles in A represent individual donors. Bars in B

show the mean 6 SEM relative levels of expression (corrected for the expression of the reference gene GAPDH [2DCt]). * 5 P , 0.05.
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WNT8A overexpression as compared to Wnt16 overex-
pression might be the result of either differences in sig-
naling by the individual Wnts or differences in the
efficiency of these adenoviral vectors that might arise
during overexpression of the Wnt ligands.

Preferably, we would have used the same Wnt
ligand for all experiments. However, we used adenoviral
vectors for relatively prolonged in vivo overexpression,
since injection of recombinant proteins would result in
quick clearance from the joint, whereas recombinant
proteins were chosen for the relatively short-term in
vitro tissue cultures, allowing tightly controlled dosages
and timing. Moreover, tissue specimens are relatively
difficult to target with adenoviruses in vitro. We used
recombinant WNT3A because this is one of the few
recombinant inducers of canonical Wnt signaling
that has sufficient bioactivity. Although all of the Wnt
ligands used in this study preferentially signal via the
b-catenin–dependent canonical Wnt signaling route, the
unique characteristics of the individual Wnt ligands and
their signaling remain a matter of debate in the field of
research on Wnt signaling pathways. Our data show that
synovial Wnt signaling increases the production of vari-
ous MMPs that are relevant for OA development, a find-
ing that is consistent with a study that showed an
increase in MMP expression in rheumatoid arthritis
fibroblasts upon stimulation with Wnt1 (15). The dis-
crepancy in regulation of MMP production that was
observed after stimulation of Wnt signaling as compared
to inhibition of Wnt signaling might derive from the use
of synovium from patients with end-stage OA, in whom
the expression of various MMPs, such as MMP-3, is
likely to be strongly increased. This might also account
for the relatively high variation between the separate
donors, both in basal MMP expression levels and in
the observed effects of the WNT3A, FRZB, or DKK1
proteins.

Whereas Wnt signaling in multiple joint tissues
has been studied in the context of OA, this study using
synovial tissue from patients in the CHECK study is the
first that links synovial expression of FZD1 and FRZB to
OA disease progression. This cohort study provides
unique opportunities to study disease progression,
starting from the initial phases of the disease. Our
findings support those of other studies that show contin-
uous b-catenin signaling in fibroblast-like synoviocytes
from rheumatoid arthritis patients (15,16). Moreover,
we show that the expression of various MMPs in the
synovium of patients with early symptomatic OA is cor-
related with expression of members of the Wnt signaling
pathway, some of which showed an altered expression in
microarray analysis of these synovial samples. Nonetheless,

Figure 3. Increased synovial Wnt signaling induces the production of
matrix-degrading matrix metalloproteinases (MMPs) in human osteoarthritis
(OA) synovium. A, Synovial biopsy tissue was obtained from patients with
end-stage OA undergoing joint replacement. The synovial samples were
stimulated with 300 ng/ml recombinant human WNT3A (or interleukin-1b

[IL-1b] as a treatment control) for 24 hours, and the fold change in protein
levels of MMPs 1, 2, 3, and 9, relative to the untreated control, were mea-
sured in the supernatants. B and C, Based on the hypothesis that increased
Wnt signaling, and thus increased production of MMPs, is present in OA
synovial tissue, the synovial biopsy samples from patients with end-stage OA
were incubated with 100 ng/ml recombinant human FRZB (an inhibitor of
all Wnt signaling) (B) or 500 ng/ml recombinant human DKK1 (a specific
inhibitor of canonical Wnt signaling) (C), and the fold change in levels of
MMPs 1, 2, 3, and 9, relative to the untreated control, were assessed 24
hours after the start of the experiment. IL-1 receptor antagonist (IL-1RA)
was used as a treatment control. Bars show the mean6 SEM of 6 samples
per experiment. * 5 P, 0.05; ** 5 P, 0.01, versus unstimulated samples.
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the number of synovium donors was limited, although
the nature of the samples, collected at the initial phases
of OA, was highly unique. Therefore, further studies
with comparable designs would greatly improve insight
into the early events that promote OA development.
Moreover, these studies should aim to provide more
evidence at the protein level, which was not feasible in this
study due to the relatively small number of biopsy samples
obtained. Moreover, although the results obtained in the
various experiments in this study are consistent with each
other, we have to mention a possible inflation of the Type
I error, since no correction for multiple comparisons has
been applied.

In conclusion, in the current study we show for
the first time that Wnt signaling, at least partially via the
canonical Wnt signaling pathway, in synovial tissue
induces the expression of various MMPs that are rele-
vant to the development of OA. Furthermore, we show
that increased synovial expression of the FZD1 receptor
and decreased expression of the Wnt inhibitor FRZB are
associated with disease progression in patients with early
symptomatic OA.
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Intestinal Metabolites Are Profoundly Altered in the
Context of HLA–B27 Expression and Functionally Modulate

Disease in a Rat Model of Spondyloarthritis

Mark Asquith,1 Sean Davin,1 Patrick Stauffer,1 Claire Michell,1 Cathleen Janowitz,1 Phoebe Lin,1

Joe Ensign-Lewis,2 Jason M. Kinchen,3 Dennis R. Koop,1 and James T. Rosenbaum4

Objective. HLA–B27–associated spondyloarthritides

are associated with an altered intestinal microbiota and

bowel inflammation. We undertook this study to identify

HLA–B27–dependent changes in both host and micro-

bial metabolites in the HLA–B27/b2-microglobulin

(b2m)–transgenic rat and to determine whether

microbiota-derived metabolites could impact disease in

this major model of spondyloarthritis.
Methods. Cecal contents were collected from

Fischer 344 33–3 HLA–B27/b2m–transgenic rats and wild-

type controls at 6 weeks (before disease) and 16 weeks

(with active bowel inflammation). Metabolomic profiling

was performed by high-throughput gas and liquid chroma-

tography–based mass spectrometry. HLA–B27/b2m–trans-

genic rats were treated with the microbial metabolites

propionate or butyrate in drinking water for 10 weeks, and

disease activity was subsequently assessed.

Results. Our screen identified 582 metabolites, of

which more than half were significantly altered by

HLA–B27 expression at 16 weeks. Both microbial and

host metabolites were altered, with multiple pathways

affected, including those for amino acid, carbohydrate,

xenobiotic, and medium-chain fatty acid metabolism.

Differences were even observed at 6 weeks, with up-

regulation of histidine, tyrosine, spermidine, N-acetyl-

muramate, and glycerate in HLA–B27/b2m–transgenic

rats. Administration of the short-chain fatty acid propi-

onate significantly attenuated HLA–B27–associated

inflammatory disease, although this was not associated

with increased FoxP31 T cell induction or with altered

expression of the immunomodulatory cytokines interleukin-

10 (IL-10) or IL-33 or of the tight junction protein zonula

occludens 1. HLA–B27 expression was also associated

with altered host expression of messenger RNA for the

microbial metabolite receptors free fatty acid receptor 2

(FFAR2), FFAR3, and niacin receptor 1.
Conclusion. HLA–B27 expression profoundly im-

pacts the intestinal metabolome, with changes evident in

rats even at age 6 weeks. Critically, we demonstrate that a

microbial metabolite, propionate, attenuates development

of HLA–B27–associated inflammatory disease. These and

other microbiota-derived bioactive mediators may provide

novel treatment modalities in HLA–B27–associated

spondyloarthritides.

The intestinal microbiota mediates several core
functions essential to host fitness, including digestion
and metabolite provision, resistance to colonization
by gut pathogens, and signals that promote immune
function. A disturbed, or “dysbiotic,” gut microbiota is
implicated in the pathogenesis of local inflammatory
diseases of the intestine, including Crohn’s disease
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(CD) and ulcerative colitis, as well as in extraintestinal
inflammatory diseases, including arthritis, diabetes
mellitus, and multiple sclerosis (for review, see refs. 1
and 2). Recently, it has been established that dysbiosis
may be accompanied by a profound change to the meta-
bolic profile of the gut, including alterations in microbial
metabolites such as short-chain fatty acids (SCFAs) and
trimethylamine N-oxide, which are bioactive mediators
that modulate host physiology (for review, see ref. 3).

The HLA–B27/b2-microglobulin (b2m)–transgenic
rat is the foremost translational model of spondyloar-
thritis (SpA). These animals express multiple copies of
human HLA–B27 in association with the b2m heavy
chain (4). HLA–B27 is the gene with the strongest
known genetic association with SpA. These animals
model human SpA, with the development of peripheral
arthritis, psoriasis, and bowel inflammation to varying
degrees contingent on the copy number of this trans-
gene in addition to rat background (5). We have shown
previously that HLA–B27 expression significantly
alters the intestinal microbiota in this model (6,7),
mirroring parallel reports that SpA patient populations
exhibit a dysbiotic gut phenotype (8–10). These
findings complement prior animal and clinical studies
that strongly implicate the intestinal microbiota in SpA
pathogenesis (for review, see ref. 11).

In the present study, we assessed the impact of
HLA–B27 expression on the gut metabolome in this rat
model of SpA. We found that multiple metabolite fami-
lies were significantly altered by HLA–B27 expression,
including amino acids, lipids, carbohydrates, and
xenobiotics. Among the most significantly altered were
medium-chain fatty acids (MCFAs) and SCFAs. Strik-
ingly, treatment of HLA–B27/b2m–transgenic rats with
the SCFA propionate significantly attenuated HLA–
B27–associated inflammatory disease. These findings
establish a functional link between HLA–B27 expres-
sion, an altered gut metabolome, and the pathogenesis
of SpA-like disease.

MATERIALS AND METHODS

Ethics statement. All animal experiments were per-
formed according to the experimental and ethical standards of
the Association for Assessment and Accreditation of Labora-
tory Animal Care International and the Oregon Health and
Science University (OHSU) Institutional Animal Care and
Use Committee.

Animals. We maintained a colony of Fischer 33–3
HLA–B27/b2m hemizygous rats as described previously (7).
Briefly, hemizygous female rats were crossed with wild-type
(WT) Fischer 344 male rats to produce HLA–B27/b2m–
transgenic rats and littermate controls. Animals were singly
housed and maintained under specific pathogen–free conditions.

All animals were fed a diet of standard laboratory chow
(LabDiet). All animal groups included males and females, with
age/sex matching between groups.

Sample collection. Animals were euthanized at the
indicated ages/time points by CO2 asphyxiation and cervical
dislocation. Cecal contents (;1 ml) and cecal and colonic tis-
sue (;50 mg) were snap-frozen and stored at 2808C prior to
subsequent analysis. Snap-frozen colonic tissue was collected
from mid colon. For cell isolation experiments, intestinal tis-
sue, mesenteric lymph nodes (MLNs), and spleen were col-
lected into phosphate buffered saline/0.1% bovine serum
albumin and stored on ice prior to subsequent processing.
For histology, longitudinal sections of cecum and ;1-cm
cross-sections of proximal, mid, and distal colon were fixed in
10% neutral buffered formalin.

Metabolomic profiling of the gut. Cecal content sam-
ples were analyzed using an HD4 platform (Metabolon).
Briefly, samples were prepared using an automated Microlab
STAR system from Hamilton (for further details, see Supple-
mentary Methods, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40183/abstract). To remove protein and dissociate small mol-
ecules bound to protein, samples were precipitated with
methanol and centrifuged, and extract was divided for ultra-
performance liquid chromatography tandem mass spectrome-
try (MS) analysis and gas chromatography (GC)–MS analysis.

The GC-MS metabolite screen was performed using a
Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole
mass spectrometer (Thermo Electron Corporation) using elec-
tron impact ionization and operated at unit mass resolving
power. The instrument had a mass/charge scan range of
50–750.

SCFA analysis. SCFAs were measured by GC-MS at
the Bioanalytical Shared Resource/Pharmacokinetics Core
facility at OHSU (see Supplementary Methods).

SCFA treatment. Six-week-old HLA–B27/b2m–trans-
genic rats or WT controls were administered either sodium
propionate (150 mM) or sodium butyrate (150 mM) ad libitum
in drinking water throughout the experiment. Animals were
necropsied at age 16 weeks. These doses and this route of
administration were selected based on previously reported
in vivo studies (12,13).

Histology and disease scoring. Formalin-fixed intes-
tinal tissues were embedded in paraffin, sectioned to 5 mm,
and stained with hematoxylin and eosin. Scoring of intestinal
inflammation was performed using a semiquantitative scoring
system (0–12) as described previously (7). Briefly, this 4-
parameter scoring system includes epithelial hyperplasia, gob-
let cell numbers, leukocytic infiltrate, and markers of severe
inflammation (e.g., submucosal inflammation, abscesses, or
ulceration). Each parameter is scored 0–3, with the total
cecum score and mean colon score (for the 3 colon sections
collected) shown for each animal. By the final time point of 16
weeks used in our study, animals had not presented with either
psoriasis or arthritis, which typically develops at .20 weeks in
the Fischer 344 33–3 HLA–B27/b2m–transgenic line.

Analysis of intestinal gene expression. Briefly, RNA was
extracted from intestinal tissue using TRIzol reagent (Ambion)
and reverse transcribed into complementary DNA (cDNA) using
a High Capacity cDNA Reverse Transcription kit (Life Technol-
ogies). For quantitative reverse transcription–polymerase chain
reaction (qRT-PCR) analysis of interleukin-17A (IL-17A),
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interferon-g (IFNg), and IL-1b, we used published primer
sequences and RT2 SYBR Green qPCR Master Mix (Qiagen) as
described previously (7). For all other qRT-PCR analyses, we
used TaqMan Gene Expression Assays (Life Technologies) in
conjunction with Maxima Probe qPCR Master Mix (Thermo Sci-
entific). Samples’ hypoxanthine guanine phosphoribosyltransfer-
ase controls were prepared for both qRT-PCR chemistries for
the purpose of normalization. For further details (including
primer details), (see Supplementary Methods).

Analysis of immune cells by flow cytometry. Suspensions
of spleen and MLN cells were prepared as described previ-
ously (14). Cecal and colonic lamina propria lymphocytes were
isolated by EDTA digestion, collagenase/DNase treatment, and
Percoll gradient as described previously (7). Cells were then
surface-stained for 20 minutes on ice with AQUA Live/Dead
stain (Invitrogen), PerCP–Cy5.5–conjugated anti-rat CD4
(BioLegend), and phycoerythrin-conjugated anti-rat T cell
receptor b (BD Biosciences), and then FoxP3 staining was per-
formed using a FoxP3 staining kit (eBioscience) in accordance
with the manufacturer’s instructions using allophycocyanin-
conjugated anti-rat/mouse FoxP3 (eBioscience). Cells were
acquired on a BD Fortessa instrument (BD Biosciences) and
analyzed using FlowJo software.

Statistical analysis. Details of the statistical analysis
used for our metabolomic screen, see Supplementary Methods,
available online at http://onlinelibrary.wiley.com/doi/10.1002/
art.40183/abstract. For analysis of individual metabolite lev-
els from our screen, data were normalized to an equivalent
of 2 mg dry weight of cecal material per sample and log-
transformed prior to application of Welch’s unpaired t-test
(which does not assume equal variances) with subsequent
Benjamini-Hochberg correction to account for multiple
comparisons, and a false discovery rate of 0.2 was applied.
For samples obtained from 6-week-old animals, the least
abundant 20% of metabolites (median abundance for each
metabolite across the data set, irrespective of genotype or
fold difference) were removed prior to this analysis. For
comparison of histologic scores, gene expression, immune
cell frequencies, and cecal SCFA concentrations between
untreated and SCFA-treated animals or between WT and
HLA–B27/b2m–transgenic animals, the nonparametric
Mann-Whitney U test was used unless specified otherwise.
All statistical analysis was performed using the R package
(www.r-project.org) or GraphPad Prism software.

RESULTS

Significant alteration of the intestinal metabo-
lome by HLA–B27 expression. To establish the impact
of HLA–B27 expression on the intestinal metabolome,
we performed metabolomic profiling of cecal contents
from HLA–B27/b2m–transgenic rats and WT controls
at age 6 weeks and at age 16 weeks, representing animals
before disease and those with established disease, respec-
tively. Our metabolite screen identified 582 named
biochemicals in cecal contents. Using analysis of variance
with a P value threshold of 0.05 to initially compare
groups, we found that 188 metabolites were up-
regulated in 16-week-old HLA–B27/b2m–transgenic

animals relative to WT littermate controls, and 66 were
down-regulated (see Supplementary Data, available at
http://onlinelibrary.wiley.com/doi/10.1002/art.40183/
abstract), indicating that HLA–B27/b2m–transgenic rats
have a profoundly altered intestinal metabolome. In
addition to these changes in rats with established disease,
52 metabolites were up-regulated and 11 were down-
regulated in 6-week-old transgenic rats relative to age-
matched controls. These differences were visualized by
hierarchical cluster analysis (Figure 1A), which demon-
strated the global metabolic shifts in 16-week-old HLA–
B27/b2m–transgenic animals in addition to more moder-
ate changes in 6-week-old animals (before disease).

To further examine metabolic shifts driven by
HLA–B27 expression, we also performed pathway
enrichment analysis (15) to identify biochemical path-
ways that were strongly influenced by HLA–B27 expres-
sion (Figures 1B and C). Notably, HLA–B27 expression
impacted metabolites involved in numerous biochemical
pathways, including those associated with amino acid,
carbohydrate, lipid, and xenobiotic metabolism. When
we examined both 6-week (Figure 1B) and 16-week
(Figure 1C) time points, a number of these enriched
pathways were shared at both time points, including gly-
cine, serine, and threonine metabolism; aminosugar
metabolism; MCFA metabolism; fructose, mannose,
and galactose metabolism; and phenylalanine and tyro-
sine metabolism. We noted, however, that some affected
metabolite pathways were only observed at 1 time point,
for instance, gamma glutamyl amino acids at the 6-week
time point (Figure 1B; also see Supplementary Figure 1,
available at http://onlinelibrary.wiley.com/doi/10.1002/
art.40183/abstract) or food component/plant and sec-
ondary bile acid metabolism at the 16-week time point
(Figure 1C). These may point to evolving disturbances
of the intestinal metabolome over time induced by
HLA–B27 expression.

Microbial fermentation products significantly
impacted by HLA–B27 expression. In light of the large
number of metabolites detected in our screen of cecal
contents, and given our relatively restricted sample size
(n 5 8 animals per genotype per age group), we were
unable to identify any individual metabolites that
exhibited differential abundance in 6-week-old animals
that attained statistical significance when we adjusted
stringently for multiple comparisons across the entire
data set. However, after removal of low-abundance
metabolites (the lowest 20%), we observed 5 metabolites
that exhibited a significantly higher abundance in HLA–
B27/b2m–transgenic animals than in WT controls
(Figure 2A). We did not observe any significantly down-
regulated individual metabolites at this time point. The
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up-regulated metabolites (Figure 2A) were histidine
and tyrosine (amino acids), spermidine (a polyamine), N-
acetylmuramate (a microbial cell wall component), and
glycerate (a sugar). Histidine, spermidine, and glycerate
were also elevated at 16 weeks (see Supplementary
Figure 2A, available at http://onlinelibrary.wiley.com/doi/
10.1002/art.40183/abstract), indicating that metabolomic
changes detected in established disease may also be
detected before disease. Interestingly, however, while N-
acetylmuramate and tyrosine were elevated at 6 weeks in
HLA–B27/b2m–transgenic animals, they were significantly
decreased once disease was established at 16 weeks (see
Supplementary Figure 2).

Our subsequent analysis focused on the 16-week
data set, which had a large number of individual
metabolites that were significantly impacted by HLA–
B27 expression (see Supplementary Table 1, available
at http://onlinelibrary.wiley.com/doi/10.1002/art.40183/

abstract). We have shown previously that HLA–B27
expression is accompanied by a marked expansion of
the mucin-degrading bacterium Akkermansia muciniphila
(6,7). We therefore examined the abundance of mucus
components identified in our metabolomic screen.

Strikingly, the mucus carbohydrates fucose and
galactose were dramatically increased in the cecum of
HLA–B27/b2m–transgenic animals (Figure 2B). The
mucus aminosugar galactosamine and the sialic acids N-
acetylneuraminate and N-acetylglucosamine were also
increased in HLA–B27/b2m–transgenic animals (Figure
2B). In contrast, the mucus aminosugar glucosamine
was unchanged. In addition to this major host-derived
microbial energy source, we also examined dietary
components and their microbially derived metabolites
(Figure 2C). The isoflavones daidzein, naringenin, and
apigenin are flavonoid phytophenols present in soy and
other plants, and they were significantly increased in

Figure 1. Significant alteration of the intestinal metabolome by HLA–B27 expression. Ultra-performance liquid chromatography tandem mass
spectrometry was used to analyze the cecal metabolome of HLA–B27/b2-microglobulin (b2m)–transgenic rats and wild-type (WT) littermate con-
trols either before disease onset (at 6 weeks) or during active bowel inflammation (at 16 weeks). A, Hierarchical cluster analysis of WT and
HLA–B27/b2m–transgenic (B271) rats at each time point (n 5 8 rats per genotype per age group). B and C, Pathway enrichment analysis of
HLA–B27/b2m–transgenic rats versus controls at 6 weeks (B) and 16 weeks (C). Yellow bars represent enrichment at both time points. Details
of pathway enrichment analysis are provided in Supplementary Methods, available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40183/abstract.
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HLA–B27/b2m–transgenic animals (Figure 2C). In con-
trast, equol, a microbial derivative of daidzein, was
significantly decreased. Enterolactone, a mammalian
lignin formed by the action of intestinal bacteria on
dietary plant lignans, was also significantly decreased
(Figure 2C). Taken together, the liberation of mucus
components and the decrease in some plant-derived
metabolites (but with increased precursors) may
indicate markedly shifted metabolic function by the

intestinal microbiota in HLA–B27/b2m–transgenic
animals.

We also found a number of metabolites indica-
tive of an active inflammatory response that were signifi-
cantly up-regulated in intestinal contents of HLA–B27/
b2m–transgenic animals. These included the tryptophan
derivatives kynurenine and N-acetylkynurenine, which
are downstream metabolites of indoleamine 2,3-dioxy-
genase activity (Figure 2C). Elevated lactate levels are

Figure 2. Significant alteration of amino acids, carbohydrates, and xenobiotics by HLA–B27 expression. The abundance of distinct metabolite
classes in wild-type (WT) and HLA–B27/b2-microglobulin (b2m)–transgenic rats is shown, as determined by ultra-performance liquid chromatog-
raphy tandem mass spectrometry and gas chromatography mass spectrometry. A, Significantly altered cecal metabolites in 6-week-old animals
(before disease onset). B–D, Levels of mucus metabolites (B), dietary metabolites and inflammatory metabolites (C), and primary and secondary
bile acid metabolites (D) in 16-week-old animals (for findings in 6-week-old animals, see Supplementary Figure 2, available on the Arthritis &

Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40183/abstract). Values are the mean 6 SEM (n 5 8 rats per group).

* 5 P , 0.2; ** 5 P , 0.1 versus WT rats (Benjamini-Hochberg–corrected P values with a false discovery rate of 0.2 instead of conventional P val-
ues). GlcNAc 5 N-acetylglucosamine; Neu5Ac 5 N-acetylneuraminate.
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also a hallmark of intestinal inflammation and were like-
wise significantly increased at 16 weeks in HLA–B27/
b2m–transgenic animals (Figure 2C). Interestingly, the
microbial metabolite p-cresol sulfate, a product of pro-
teolytic fermentation, was also highly increased in
HLA–B27/b2m–transgenic animals. This metabolite is
associated with inflammation and oxidative stress.

Bile acid metabolism, in particular the conversion
of primary to secondary bile acids, is another major func-
tional role of the intestinal microbiota. Examination of
bile acids in our metabolomic analysis determined that
cholesterol and several bile acids were significantly im-
pacted by HLA–B27 expression (Figure 2D). Interestingly,
cholesterol and the primary bile acids a-muricholate and
cholate were significantly increased in HLA–B27/b2m–
transgenic animals, while the secondary bile acid metab-
olites 3b-hydroxy-5-cholenoic acid, 6-b-hydroxylithocholate,
6-oxolithocholate, dehydrolithocholate, deoxycholate,

hyocholate, and hyodeoxycholate were all significantly
decreased. Only 2 bile acids, 7-ketolithocholate and
ursodeoxycholate, were significantly increased in HLA–
B27/b2m–transgenic animals. Taken together, these find-
ings further indicate that HLA–B27 expression broadly
impacts the levels of microbially derived metabolites in
the gut.

Association of HLA–B27 expression with
altered levels of MCFAs and SCFAs. Our prior path-
way enrichment analysis had identified MCFAs as one
of the metabolite pathways most impacted by HLA–B27
expression in 16-week-old HLA–B27/b2m–transgenic
animals (Figure 1C). In light of this, we further exam-
ined MCFA levels in transgenic rats and WT controls
(Figure 3A). Strikingly, the MCFAs caproic (C6
hexanoic) acid and enanthic (C7 heptanoic) acid were
significantly reduced in HLA–B27/b2m–transgenic ani-
mals at 16 weeks. Of note, levels of the MCFAs caprylic

Figure 3. Significant impact of HLA–B27 expression on intestinal levels of medium-chain fatty acids (MCFAs) and short-chain fatty acids
(SCFAs) at 6 weeks and 16 weeks. A, Levels of MCFAs in cecal contents of wild-type (WT) rats and HLA–B27/b2-microglobulin–transgenic
(TG) rats, as measured by ultra-performance liquid chromatography tandem mass spectrometry metabolomic screen. Values are the mean 6

SEM (n 5 8 rats per group). * 5 P , 0.2; *** 5 P , 0.05 (Benjamini-Hochberg–corrected P values with a false discovery rate of 0.2 instead of
conventional P values). B, Cecal concentration of the SCFAs acetate, propionate, butyrate, and valerate, as determined by gas chromatography
mass spectrometry. Values are the mean 6 SEM (n 5 6–8 rats per group). * 5 P , 0.05; ** 5 P , 0.01 by Mann-Whitney U test.
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(C8 octanoic) acid and capric (C10 decanoic) acid also
trended in the same direction (levels of capric acid
decreased significantly prior to Benjamini-Hochberg
correction for multiple comparisons). This trend toward
lower MCFA levels was also seen in 6-week-old HLA–
B27/b2m–transgenic animals (Figure 3A).

SCFAs are soluble, low molecular weight
metabolites that are major microbial fermentation prod-
ucts of dietary fiber and include acetate, propionate,
butyrate, and valerate. Since these small molecules were
not readily detected by our metabolomic analysis, we
performed targeted GC-MS on cecal contents from
HLA–B27/b2m–transgenic and control rats to measure
levels of these metabolites (Figure 3B). Validating this
approach, we also confirmed that production of these
metabolites was critically dependent on the gut microbi-
ota, since antibiotic depletion of the gut microbiota with
vancomycin dramatically reduced cecal SCFA levels (see

Supplementary Figure 3, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40183/abstract). Interestingly, SCFAs also
showed HLA–B27–dependent differences, although with
more variability than MCFAs. For instance, at 6 weeks
(before disease), valerate was significantly increased in
HLA–B27/b2m–transgenic animals versus controls,
although levels of valerate were significantly lower in
HLA–B27/b2m–transgenic animals than in controls at the
16-week time point (Figure 3B). Other changes observed
were a significant increase in butyrate concentration at 6
weeks and a significant increase in propionate concentra-
tion at 16 weeks (Figure 3B). Taken together, these
findings indicate that HLA–B27 expression leads to
altered metabolism of several intestinal fatty acids.

The microbial metabolite propionate function-
ally impacts HLA–B27–associated inflammation. Since
HLA–B27 expression clearly impacted the intestinal

Figure 4. Administration of the short-chain fatty acid sodium propionate (Pr) significantly attenuates HLA–B27–associated immune pathology. Six-
week-old HLA–B27/b2-microglobulin (b2m)–transgenic rats or wild-type (WT) littermate controls were left untreated (–) or were treated with either
sodium propionate (150 mM) or sodium butyrate (Bu; 150 mM) in drinking water for 12 weeks. At necropsy (16 weeks), the cecum and colon were
harvested for analysis of intestinal inflammation. A, Histologic assessment of intestinal inflammation in the cecum and colon by semiquantitative scor-
ing system. B, Relative expression of mRNA for interleukin-1b (IL-1b), IL-17A, and interferon-g (IFNg) in colon tissue. All mRNA expression data
were normalized to hypoxanthine guanine phosphoribosyltransferase (HPRT). Symbols represent individual animals; bars show the mean. Data are
representative of 3 pooled independent experiments. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.005 by Mann-Whitney U test.
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metabolome, we were eager to determine whether
microbial metabolites specifically could modify SpA
pathogenesis. In light of the large number of HLA–
B27–dependent metabolites, we selected the SCFAs
propionate and butyrate for in vivo functional analysis
since they have low toxicity, are commercially available,
and are reported to have immunomodulatory functions.
We therefore administered propionate or butyrate
(150 mM) in drinking water to 6-week-old rats (before
disease) for 10 weeks, and we examined markers of
HLA–B27–associated bowel inflammation (Figure 4).
Strikingly, propionate significantly reduced both cecal
and colonic intestinal inflammation in HLA–B27/b2m–
transgenic rats, as assessed both histologically and by
expression of messenger RNA (mRNA) for the inflam-
matory mediators IL-1b, IL-17A, and IFNg (Figure 4).
In contrast, the effect of butyrate was more subtle, with
a trend toward reduced histology scores but with no
impact on inflammatory cytokine expression (Figure 4).
SCFA treatment had no significant impact on body
mass (see Supplementary Figure 4, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40183/abstract).

The reported immunomodulatory properties of
SCFAs include the induction of FoxP31 Treg cells and
the induction of immunoregulatory cytokines in the
intestine. We therefore determined the frequency of
CD41FoxP31 T cells in cecum, colon, the gut-draining
MLNs, and spleen following SCFA administration in
HLA–B27/b2m–transgenic rats (Figure 5A). However,
we did not observe a higher frequency of Treg cells at
any of these sites following SCFA treatment. This effect
was also not seen in WT animals without inflammation
(see Supplementary Figure 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.40183/abstract). We did observe a
trend toward a reduced frequency of Treg cells in MLNs
of propionate-treated HLA–B27/b2m–transgenic ani-
mals (Figure 5A), an observation we ascribe to the
reported accumulation of Treg cells at this site, with
intestinal inflammation (see ref. 7) being diminished
due to less bowel inflammation in propionate-treated
animals. In addition to the lack of FoxP31 Treg cell
induction, we did not observe an effect of SCFA admin-
istration on expression of intestinal mRNA for the
immunomodulatory cytokines IL-10 or IL-33 or the

Figure 5. Administration of short-chain fatty acids does not significantly impact FoxP31 Treg cell induction, expression of immunoregulatory
cytokines, or expression of the tight junction protein zonula occludens 1 (Tjp1). Six-week-old HLA–B27/b2-microglobulin (b2m)–transgenic rats
or wild-type (WT) littermate controls were left untreated (–) or were treated with either sodium propionate (Pr; 150 mM) or sodium butyrate
(Bu; 150 mM) in drinking water for 12 weeks. A, Frequency of CD41FoxP31 T cells in the cecum, colon, mesenteric lymph nodes (MLNs), and
spleen of HLA–B27/b2m–transgenic rats (for findings in WT animals, see Supplementary Figure 5, available on the Arthritis & Rheumatology

web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40183/abstract). Symbols represent individual animals; bars show the mean. B, Relative
colonic expression of mRNA for interleukin-10 (IL-10), IL-33, and the tight junction protein zonula occludens 1. All mRNA expression data
were normalized to hypoxanthine guanine phosphoribosyltransferase (HPRT). Values are the mean 6 SEM (n 5 8–11 rats per group).
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tight junction protein zonula occludens 1 in HLA–B27/
b2m–transgenic rats (Figure 5B). We also did not
find an obvious antimicrobial effect of SCFA adminis-
tration that might lower microbial load in the gut and
attenuate disease (see Supplementary Figure 6, avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.
40183/abstract).

HLA–B27 expression alters host expression of
microbial metabolite receptors. In light of the benefi-
cial effects of propionate on HLA–B27–associated inflam-
matory disease, despite the observation that this specific
metabolite was not depleted in unmanipulated HLA–
B27/b2m–transgenic animals versus healthy controls (Fig-
ure 3), we hypothesized that HLA–B27 expression may
alter host expression of SCFA receptors instead and
hence disrupt this homeostatic feedback loop. We there-
fore examined intestinal expression of free fatty acid
receptor 2 (FFAR2)/Gpr41 (a receptor that binds C2–C4
SCFAs with similar affinity), FFAR3/Gpr43 (a receptor
with high affinity for propionate), and the butyrate recep-
tor niacin receptor 1 (NIACR1)/Gpr109 (Figure 6). Strik-
ingly, we found that HLA–B27 expression impacted
intestinal expression of mRNA for several SCFA recep-
tors, with significantly decreased cecal expression of the

propionate receptor FFAR3 in contrast to increased
expression of FFAR2 and NIACR1 at age 16 weeks (Fig-
ure 6A). This specific reduction in FFAR3 expression was
also observed in 6-week-old (before disease) animals (Fig-
ure 6B). Significantly reduced expression of mRNA for
FFAR3 was also observed in colon (see Supplementary
Figure 7, available at http://onlinelibrary.wiley.com/
doi/10.1002/art.40183/abstract). These findings indi-
cate that HLA–B27 expression not only profoundly
alters the intestinal metabolome, but also is associated
with altered expression of host receptors that bind
microbial metabolites.

DISCUSSION

Mounting evidence indicates that the intestinal
microbiota may play a significant role in the pathogene-
sis of SpA disease. A dysbiotic or altered intestinal
microbiota is observed in several forms of SpA, includ-
ing psoriatic arthritis, ankylosing spondylitis (AS), and
juvenile enthesitis-related arthritis (8–10), and subclini-
cal bowel inflammation is observed in more than half of
AS patients (16). Reactive arthritis following enteric
infection is another prototypical SpA family member.

Figure 6. Significant alteration of intestinal short-chain fatty acid (SCFA) receptor expression in HLA–B27/b2-microglobulin (b2m)–transgenic
rats. Intestinal expression of mRNA for the SCFA receptors free fatty acid receptor 2 (FFAR2), FFAR3, and niacin receptor 1 (NIACR1) in
unmanipulated wild-type (WT) rats and HLA–B27/b2m–transgenic rats was determined in samples of the cecum and colon obtained at age 16
weeks (A) and in samples of the cecum obtained at age 6 weeks (B) using quantitative reverse transcription–polymerase chain reaction analysis.
All mRNA expression data were normalized to hypoxanthine guanine phosphoribosyltransferase (HPRT). Values are the mean 6 SEM (n 5 10–
19 rats per group). * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.005 by Mann-Whitney U test.
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A dysbiotic microbiota is also observed in both the
HLA–B27/b2m–transgenic rat model of SpA and the
model of curdlan-induced inflammation in ZAP-70
mutant mice (6,7,17). Depletion of the microbiota with
antibiotics or the germ-free state also attenuates SpA
disease in both models (17,18).

It is important to note that evidence of an altered
microbiota (for example, the relative abundance or
presence/absence of microbial species) does not neces-
sarily mean that the functional potential of the microbi-
ota is altered (19). Indeed, healthy humans exhibit a
high interindividual variability in the relative abundance
of microbial species in the gut but appear to select spe-
cies with similar enzymatic and functional potential
(19). Our study provides direct evidence, however, that
the previously described dysbiotic changes observed in
SpA are accompanied by functional changes in the met-
abolic output of the gut, including that of microbe-
derived bioactive mediators such as SCFAs.

One of the major changes in the gut metabolic
landscape appears to be the shift in nutrient utilization
by the intestinal microbiota. For instance, microbial
derivatives of plant fiber and isoflavones (such as
enterolactone and equol) were decreased in HLA–B27/
b2m–transgenic animals, which indicates perturbed
microbial fermentation. Interestingly, these specific
microbial metabolites are estrogenic and are thought to
have antiinflammatory properties (for review, see ref.
20). In contrast, we observed that several mucus compo-
nents were increased. This is consistent with the
increased mucus production previously reported in the
HLA–B27/b2m–transgenic rat (21), as well as with
the HLA–B27–dependent expansion of A muciniphila
(7) or other microbes that catabolize mucus. Future
studies that further address the impact of altered mucus
metabolism on both host immunity and the intestinal
microbiota would be highly interesting in the context of
SpA pathogenesis.

Strikingly, we found that multiple metabolic
pathways, even before disease, were impacted by HLA–
B27 expression, and we found that a number of individ-
ual metabolites were significantly up-regulated in HLA–
B27/b2m–transgenic animals compared with controls at
the 6-week time point. This suggests that metabolic
shifts in the gut may be a preceding event in SpA patho-
genesis, rather than merely secondary to active bowel
inflammation. Increased levels of tyrosine and histidine
(Figure 2A) and differential usage of amino acid path-
ways (Figures 1B and 2A) could reflect early changes in
colonic protein fermentation or utilization by the host
(22). Polyamines such as spermidine are derived from
amino acids (both by the host and the microbiota) and

modulate enterocyte tight junction formation (23,24),
secretory IgA production (25), and mucosal maturation
and repair from injury (26) and thus may strongly
impact intestinal homeostasis (27). Gamma glutamyl
amino acids, a product of gamma glutamyl transferase
that may be a marker of oxidative stress (28), also
appeared up-regulated at this time point (Figure 1B;
also see Supplementary Figure 1, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.40183/abstract).
Of note, HLA–B27 misfolding triggers an unfolded
protein response, which may be up-regulated in the
HLA–B27/b2m–transgenic rat and is intimately related
to oxidative stress responses (29,30).

Beyond amino acid metabolites, we also
observed altered levels of other biochemical classes
even in animals before disease. We observed signifi-
cantly increased glycerate levels at both age 6 weeks
and age 16 weeks (Figure 2A; also see Supplementary
Figure 2, http://onlinelibrary.wiley.com/doi/10.1002/art.
40183/abstract). Glycerate is a simple sugar, derivatives
of which are used in a panoply of metabolic pathways
including glycolysis. N-acetylmuramate is a component
of the microbial cell wall component peptidoglycan,
and its increase may be indicative of early HLA–B27–
dependent dysbiosis. Interestingly, peptidoglycan is a
potent adjuvant of the innate immune system, and its
systemic administration can induce both arthritis and
uveitis (31).

In light of our findings that MCFAs are reduced
in the HLA–B27/b2m–transgenic rat model of SpA, it is
notable that Scher et al reported reduced levels of the
MCFAs heptanoate and hexanoate in the feces of psori-
atic arthritis patients compared with those of healthy
controls (8), an observation also made in CD (32).
Indeed, the microbiota has been reported to regulate
absorption of MCFAs by enterocytes and is strongly
implicated in the pathogenesis of all these diseases (for
review, see refs. 11 and 33). Interestingly, neither that
study nor the current study found decreased levels of
SCFAs; instead, we found that cecal propionate (at 16
weeks) and butyrate (at 6 weeks) concentrations were
moderately elevated in HLA–B27/b2m–transgenic ani-
mals (Scher et al found no change in their study [8]).
This is also consistent with a previous study showing a
positive correlation between cecal propionate levels and
the extent of intestinal inflammation in HLA–B27/b2m–
transgenic rats (34). This is in contrast to CD, in which
several groups have reported a reduction in intestinal
SCFA concentrations (35–37), and indicates that canon-
ical HLA–B27–associated spondyloarthritides may
have a distinct metabolomic signature compared with
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inflammatory bowel disease despite the degree of clini-
cal overlap of these entities in bowel disease.

However, despite the lack of reduced SCFA pro-
duction in HLA–B27/b2m–transgenic rats compared
with controls, we found that the SCFA propionate sig-
nificantly attenuated HLA–B27–dependent intestinal
inflammation. This is broadly consistent with metabolic
studies in which dietary supplementation with prebiotics
or dietary fiber, which increase total intestinal SCFA
levels, reduces intestinal inflammation in HLA–B27/
b2m–transgenic rats (34,38,39). However, the surprising
finding that propionate was elevated in luminal contents
of HLA–B27/b2m–transgenic rats compared with con-
trols in our study (Figure 3) indicates a considerably
complex picture with respect to production of SCFAs by
the microbiota and their metabolism by the host. One
possibility is that higher propionate levels in the gut
lumen may reflect reduced SCFA absorption or con-
sumption by colonic enterocytes during active bowel
inflammation in HLA–B27/b2m–transgenic rats, with a
switch to MCFA utilization instead due to altered
energy demand (40). Alternatively (or in parallel), the
specific inflammatory environment of the gut in SpA
may create a selective pressure favoring propionate-
producing bacteria that prevent the further exacerbation
of local inflammation.

Reported actions of propionate include the
induction of intestinal Treg cells (12,13), induction of
regulatory cytokines (13,41), and improvement of bar-
rier function (42). However, we did not find evidence
that these mechanisms were significantly impacted fol-
lowing propionate (or butyrate) treatment of HLA–
B27/b2m–transgenic rats, although intestinal inflamma-
tion was significantly reduced. One possibility is that
this may reflect species-specific differences in propio-
nate activity or uptake. We note, however, that doses
used in our study were highly comparable to those used
in murine studies. Another possibility is that regulation
of colonic cytokines and tight junction proteins is post-
translational, although unfortunately we were unable to
obtain sufficient material for protein assays in the cur-
rent study since intestinal tissue was used for other
assays. A third possibility is that these mechanisms have
largely been reported in healthy animals or in cell lines,
and therefore they may have less effect in the context of
HLA–B27–dependent inflammation. However, we did
not find a significant induction of Treg cells by SCFA
treatment even in WT animals (see Supplementary
Figure 4, http://onlinelibrary.wiley.com/doi/10.1002/art.
40183/abstract).

Thus, alternative mechanisms to identify the ther-
apeutic mechanism of propionate administration warrant

further scrutiny. We note that an examination of dose
responses to SCFAs, their bioavailability, and their tissue
absorption was not performed in the current study and
would no doubt be of interest for further investigation.
We recognize this limitation and we therefore cannot
exclude the possibility that other SCFAs, such as buty-
rate, may also modulate HLA–B27–dependent inflam-
mation at other doses or other routes of administration.

In summary, we found that HLA–B27 expression
dramatically alters the intestinal metabolome. We also
provide pivotal data that microbial metabolites signifi-
cantly impact the development of HLA–B27–associated
inflammatory disease. While our study examined HLA–
B27–associated bowel inflammation, it would obviously
be valuable to ascertain whether microbial metabolites
can attenuate spondylitic and arthritic disease (an area
of active research by our own group and others). More-
over, our current data set was not large enough to corre-
late levels of HLA–B27–associated metabolites with
changes in either microbiota composition or disease
activity, which likely will continue to be a fruitful avenue
of research. Nonetheless, our data provide a compelling
rationale to investigate whether further targeting gut
microbes or gut metabolites themselves to alter the
intestinal metabolome may functionally impact SpA
pathogenesis and offer innovative treatment modalities
for future clinical management of SpA disease.
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Objective. Estimates of the incidence and prevalence
of systemic lupus erythematosus (SLE) in the US have
varied widely. The purpose of this study was to conduct
the California Lupus Surveillance Project (CLSP) to
determine credible estimates of SLE incidence and preva-
lence, with a special focus on Hispanics and Asians.

Methods. The CLSP, which is funded by the Cen-
ters for Disease Control and Prevention, is a population-
based registry of individuals with SLE residing in San
Francisco County, CA, from January 1, 2007 through
December 31, 2009. Data sources included hospitals, rheu-
matologists, nephrologists, commercial laboratories, and a
state hospital discharge database. We abstracted medical
records to ascertain SLE cases, which we defined as
patients who met ‡4 of the 11 American College of
Rheumatology classification criteria for SLE. We esti-
mated crude and age-standardized incidence and preva-
lence, which were stratified by sex and race/ethnicity.

Results. The overall age-standardized annual
incidence rate was 4.6 per 100,000 person-years. The
average annual period prevalence was 84.8 per 100,000
persons. The age-standardized incidence rate in women

and men was 8.6 and 0.7 per 100,000 person-years,
respectively. This rate was highest among black women
(30.5), followed by Hispanic women (8.9), Asian women
(7.2), and white women (5.3). The age-standardized
prevalence in women per 100,000 persons was 458.1 in
blacks, 177.9 in Hispanics, 149.7 in Asians, and 109.8 in
whites. Capture–recapture modeling estimated 33 addi-
tional incident cases and 147 additional prevalent cases.

Conclusion. Comprehensive methods that in-
clude intensive case-finding provide more credible esti-
mates of SLE in Hispanics and Asians, and confirm
racial and ethnic disparities in SLE. The disease
burden of SLE is highest in black women, followed by
Hispanic women, Asian women, and white women.

Historical estimates of the incidence and preva-
lence of systemic lupus erythematosus (SLE) in the US
have varied widely (1). These differences stem from a
variety of factors, including the definition of SLE used,
completeness of case ascertainment, geographic area,
and racial/ethnic composition of the study population.
The heterogeneity of disease manifestations and the
lack of an accurate, reliable diagnostic test result in sub-
stantial challenges and costs of conducting large-scale
epidemiologic studies in SLE. In an effort to develop
more authoritative estimates of the incidence and preva-
lence of SLE, the Centers for Disease Control and
Prevention (CDC) initially provided funding for 2
population-based lupus surveillance registries: the
Georgia Lupus Registry and the Michigan Lupus Epide-
miology and Surveillance Program. These 2 registries,
which were focused primarily on whites and blacks, have
been successfully finished (2,3). To increase the reliabil-
ity of SLE estimates in other racial/ethnic groups, the
CDC funded 2 similar registries, one in California and the
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other in New York, to focus on Hispanics and Asians, and
a third registry with the Indian Health Service to focus on
American Indians and Alaska Natives (4).

In collaboration with the CDC and the California
Department of Public Health, we conducted the Califor-
nia Lupus Surveillance Project (CLSP) to determine
contemporary, population-based estimates of the inci-
dence and prevalence of SLE in San Francisco County
during the period 2007 through 2009 using multiple
methods of case ascertainment. A secondary goal was to
describe the clinical and serologic spectrum of incident
SLE in the population. To the greatest extent possible,
we aligned our methodology with that of the Georgia
and Michigan registries (2,3) to promote consistent data
collection and optimal case ascertainment.

PATIENTS AND METHODS

The California Lupus Surveillance Project. The
CLSP was conducted under the statutory authority of the Cali-
fornia Department of Public Health (CDPH). Patients were
not contacted for this study. A partnership between the CDPH
and the University of California, San Francisco (UCSF),
allowed medical records to be collected using the health sur-
veillance exemption to the Health Insurance Portability and
Accountability Act (HIPAA) privacy rules (45 CFR parts 160
and 164). The use of protected health information was essen-
tial in the conduct of this project in order to increase potential
case-finding, perform unbiased case ascertainment, and pre-
vent duplication of patients in the registry. The CDPH sub-
contracted with the UCSF to conduct this project. The State
of California Institutional Review Board (IRB) granted a
waiver for this public health surveillance activity, but the proj-
ect was reviewed and approved by the UCSF IRB.

Source population/catchment criteria. The source
population consisted of residents of San Francisco County,
CA, during the period of January 1, 2007 through December
31, 2009. According to US Census estimates, the San
Francisco County source population in 2007–2009 averaged
790,582 residents, 56% of whom identified themselves as
white, 35% as Asian or Pacific Islander, 7% as black, and 1%
as American Indian/Alaska Native (5). Of note, Hispanic eth-
nicity is considered a distinct concept from race and is there-
fore collected and reported separately from race; 15% of
residents identified themselves as Hispanic ethnicity.

Case definitions. SLE is currently diagnosed in clini-
cal practice by an expert clinician based on characteristic
symptoms and signs in conjunction with supportive serologic
and histologic data. For the purposes of this surveillance proj-
ect in which clinical information was ascertained through
review of medical records, we used various case definitions to
classify a patient as having SLE. To maintain consistency with
the Georgia and Michigan Lupus Registries (2,3), we report
estimates using 2 case-finding definitions: the American Col-
lege of Rheumatology (ACR) case definition and the com-
bined case definition.

The ACR definition included patients who met $4 of
the 11 ACR revised criteria for the classification of SLE as

defined in 1982 and updated in 1997 (6,7). This is a standard
case definition used for research. The combined definition was
satisfied if a patient met any of the following 3 criteria. The
patient satisfied the ACR case-finding definition as described
above. The patient had documented SLE, as diagnosed by the
treating rheumatologist, and met 3 of the 11 ACR classifica-
tion criteria. This definition was chosen to allow for the possi-
bility of missing data and an inability to confirm criteria in the
available medical records for prevalent cases with longstanding
disease. The patient had lupus-related kidney disease, as
defined either by the presence of World Health Organization
class II–VI lupus nephritis upon biopsy or by the presence in
the medical record of a diagnosis of SLE (International Classi-
fication of Diseases, Ninth Revision, Clinical Modification
[ICD-9-CM] code 710.0) along with either dialysis or renal
transplantation.

Case ascertainment. The 3 primary sources of poten-
tial SLE cases were as follows: 1) community rheumatology
and nephrology clinics (office-based practices), 2) community
hospitals (nonacademic hospitals), and 3) integrated health
care systems (integrated hospitals and clinics) within the
catchment area, including the UCSF, Kaiser Permanente of
Northern California, and the San Francisco Veterans Admin-
istration Medical Center (Figure 1).

We queried these sources over the period 2000–2009
using ICD-9-CM diagnostic codes 710.0 (SLE), 695.4 (discoid
lupus), 710.8 (other specified connective tissue disease [CTD]),
and 710.9 (unspecified CTD). A secondary source was a com-
mercial laboratory, which we queried for the following serologic
tests: antinuclear antibodies, anti–double-stranded DNA anti-
bodies, anti-Sm antibodies, antiphospholipid antibodies, and
low complement levels. Another secondary source was the Cali-
fornia Office of Statewide Health Planning and Development
(OSHPD) hospital discharge database, which we queried for
discharges using the ICD-9-CM diagnostic codes 710.0 (SLE),
695.4 (discoid lupus), 710.8 (other specified CTD), and 710.9
(unspecified CTD). We added patients identified from the
OSHPD query to the roster of the appropriate primary source
hospitals and integrated health care systems.

After compiling a list of potential SLE patients from
all sources using the queries described above, we determined
catchment criteria for each patient (proof of residence in San
Francisco County during the period 2007–2009). The primary
methods for verifying catchment criteria were via the
LexisNexis online database service, hospital billing databases,
and clinic medical records. We then abstracted medical
records for each of the potential SLE patients who met catch-
ment criteria to identify those whose medical record had a
physician diagnosis of SLE, possible SLE, undifferentiated/
unspecified CTD, or a related connective tissue disorder, such
as mixed CTD.

Data collection. Four trained field staff abstracted
medical charts for each potential SLE patient who met the
catchment criteria. Training of the staff included lectures by
physicians, extensive reading about SLE clinical manifesta-
tions and terminology, and practice abstractions of patient
charts that were then reviewed in detail by the principal inves-
tigator (MD). The field abstractors accessed all available med-
ical records (paper charts and electronic medical records) at
each source location, collecting more than 200 data elements.
Laboratory records were reviewed for the presence or absence
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of antibodies and for the presence or absence of low comple-
ment levels.

The abstractors recorded whether the source was a
community clinic, community hospital, or integrated health
care system as described above. As questions arose about the
information in the medical records, the abstractors contacted
the principal investigator in real time to obtain clarifications.
Demographic information was obtained from the medical
record. For quality control, a second field abstractor and the
principal investigator reviewed 5 of every 100 charts for each
abstractor, and data entry errors identified by discordant
responses between abstractors were examined and corrected.
Overall, we calculated 98% concordance between abstractors
for the required data elements (those used to define the ACR
criteria) and 93% concordance for all other data elements.

Statistical analysis. We derived all denominators for
incidence and prevalence using the 2007–2009 San Francisco
population estimates from the revised 2000–2009 bridged-race
intercensal files (5). The average annual incidence rate (cases

per 100,000 person-years) was the number of newly diagnosed
SLE cases in persons residing in San Francisco County at the
time of SLE diagnosis (defined as the earliest date as recorded
in the medical record that the physician first stated the diagno-
sis of SLE, possible SLE, undifferentiated CTD, or mixed
CTD) during 2007–2009 divided by the sum of the annual pop-
ulation of San Francisco for 2007, 2008, and 2009. We calcu-
lated the annual period prevalence (cases per 100,000
persons) for each year separately, dividing the number of SLE
cases diagnosed before or during that year in persons residing
in San Francisco County during the year by the San Francisco
County population of that year. We then averaged the 3
annual prevalence estimates to yield the average annual preva-
lence for 2007–2009. Our next step was to calculate exact 95%
confidence intervals (95% CIs) (8) for the incidence rate and
average annual prevalence.

We calculated age-standardized incidence and preva-
lence using the direct method, based on the 2000 US projected
population (distribution no. 2) (9). In addition, we computed

Figure 1. Flow diagram showing the case ascertainment process in San Francisco County, California, 2007–2009. Two case-finding definitions
were used: the American College of Rheumatology (ACR) definition and the combined definition (see Patients and Methods for details).
*Medical record diagnosis of systemic lupus erythematosus (SLE), possible SLE, undifferentiated/unspecified connective tissue disease, or
related connective tissue disorder. † Prevalent cases represent unique persons over the 3-year time period.
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age-specific estimates using 10-year age groups, as well as sex-
specific estimates. The intercensal database of the Census
Bureau codes race and Hispanic ethnicity using 2 variables.
One collapses all persons into 4 mutually exclusive categories
defined by bridged race, without accounting for Hispanic eth-
nicity: black, white, Asian/Pacific Islander, and American
Indian/Alaska Native (10). The other codes Hispanic ethnicity
as a separate construct.

Similar to the Georgia registry (2), we used capture–
recapture methods to estimate underascertainment of cases.
Specifically, we developed log-linear models that estimated
the number of missing cases predicted by the overlap among
the 3 primary sources (community rheumatology and nephrol-
ogy clinics, community hospitals, and integrated health care
systems). We evaluated the results of all log-linear models pos-
sible for a 3-source capture–recapture analysis and then chose
the best-fitting model based on chi-square goodness-of-fit
criteria (11). Using the estimated number of undercounted
cases from the best-fitting model, we calculated the capture–
recapture revised incidence and prevalence estimates for the
ACR definition. P values less than 0.05 were considered
significant.

We compared differences between estimates by case
definition using the 95% CIs of the age-adjusted rates. Non-
overlapping 95% CIs were considered to be significantly
different.

RESULTS

Study population. As shown in Figure 1, among
15,210 potential SLE patients identified from primary

and secondary sources, 4,859 met the geographic and
temporal catchment area criteria (residency in San
Francisco County from 2007 through 2009). Abstraction
was completed for 4,832 patients because 27 patients did
not have any available medical records. Of the abstracted
patients, 1,257 satisfied the catchment criteria and had a
physician recorded diagnosis of SLE, possible SLE,
undifferentiated/unspecified CTD, or a related connec-
tive tissue disorder such as mixed CTD in their medical
record. Of these 1,257 cases, 121 incident and 796 preva-
lent cases met the ACR case definition while 137 incident
and 909 prevalent cases met the combined case defini-
tion. All cases were confirmed using primary data
sources, including those initially ascertained from state
hospital discharge data. Commercial laboratory queries
did not provide any additional cases.

Incidence rates according to the ACR case defi-
nition. The overall crude and age-standardized inci-
dence rates were 5.1 (95% CI 4.3–6.1) and 4.6 (95% CI
3.8–5.5) per 100,000 person-years (Table 1). The 121
incident cases consisted of 112 women and 9 men. Race
for these cases was identified as black (n 5 27), white
(n 5 43), Asian/Pacific Islander (n 5 39), and American
Indian/Alaska native (n 5 1); no race was identified in
11 of them. Hispanic ethnicity was identified in 17
patients; 18 had no ethnicity identified. Among the
Asian/Pacific Islander subgroup, the predominant race

Table 1. Crude and age-standardized average annual incidence rates of systemic lupus erythematosus (overall and by race/ethnicity and sex) in
the ACR case definition and combined case definition groups, San Francisco County, California, 2007–2009*

Race/ethnicity
and sex

No. of person-
years contributed

by population

Average annual incidence rate per 100,000 person-years

ACR case definition Combined case definition

No. of
cases

Crude rate
(95% CI)

Age-standardized
rate (95% CI)

No. of
cases

Crude rate
(95% CI)

Age-standardized
rate (95% CI)

Overall† 2,371,747 121 5.1 (4.3–6.1) 4.6 (3.8–5.5) 137 5.8 (4.9–6.8) 5.2 (4.3–6.2)
Women 1,170,817 112 9.6 (8.0–11.5) 8.6 (7.1–10.5) 127 10.8 (9.1–12.9) 9.8 (8.2–11.8)
Men 1,200,930 9 0.7 (0.4–1.4) 0.7 (0.4–1.4) 10 0.8 (0.5–1.5) 0.8 (0.4–1.5)

Black 170,035 27 15.9 (10.9–23.1) 15.5 (10.6–22.6) 28 16.5 (11.4–23.8) 16.0 (11.1–23.3)
Women 83,535 25 29.9 (20.3–44.2) 30.5 (20.7–44.9) 26 31.1 (21.2–45.6) 31.9 (21.8–46.5)
Men 86,500 2 2.3 (0.6–8.4) 2.1 (0.6–8.2) 2 2.3 (0.6–8.4) 2.1 (0.6–8.2)

White 1,338,200 43 3.2 (2.4–4.3) 2.8 (2.1–3.9) 50 3.7 (2.8–4.9) 3.3 (2.4–4.4)
Women 629,158 38 6.0 (4.4–8.3) 5.3 (3.8–7.5) 44 7.0 (5.2–9.4) 6.1 (4.5–8.4)
Men 709,042 5 0.7 (0.3–1.7) 0.6 (0.3–1.6) 6 0.8 (0.4–1.8) 0.8 (0.3–1.7)

Asian/Pacific Islander 840,386 39 4.6 (3.4–6.3) 4.1 (2.9–5.7) 43 5.1 (3.8–6.9) 4.6 (3.3–6.3)
Women 447,855 37 8.3 (6.0–11.4) 7.2 (5.1–10.2) 41 9.2 (6.7–12.4) 8.1 (5.8–11.2)
Men 392,531 2 0.5 (0.1–1.9) 0.6 (0.2–1.9) 2 0.5 (0.1–1.9) 0.6 (0.2–1.9)

Hispanic 347,911 17 4.9 (3.1–7.8) 4.2 (2.5–7.0) 22 6.3 (4.2–9.6) 5.6 (3.6–8.7)
Women 163,586 16 9.8 (6.0–15.9) 8.9 (5.3–14.8) 21 12.8 (8.4–19.6) 12.0 (7.7–18.6)
Men 184,325 1 0.5 (0.1–3.1) 0.3 (0.0–2.7) 1 0.5 (0.1–3.1) 0.3 (0.0–2.7)

* Age-standardized rates were age-standardized to the 2000 projected Census population. Hispanic ethnicity was recorded separately from race;
therefore, persons in this ethnicity category are also represented in the race categories of black, white, and Asian/Pacific Islander. Ethnicity infor-
mation was missing for 18 patients in the American College of Rheumatology (ACR) case definition group and 21 in the combined case defini-
tion (see Patients and Methods for details) group. 95% CI 5 95% confidence interval.
† Represents the entire population, including persons whose race/ethnicity was not known (11 in the ACR case definition group and 15 in the
combined case definition group) or was American Indian/Alaska native (1 in each case definition group).
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was Chinese (21 patients; 17 were identified as Chinese
only, with the remaining 4 including another Asian/
Pacific Islander racial category) followed by Japanese (3
patients; 2 were exclusively Japanese), Filipino (2
patients; both of whom also had another Asian/Pacific
Islander racial category), and 1 each of Korean, Viet-
namese, Asian Indian, Samoan, and Hawaiian. The
remaining 7 cases were classified as “other Asian,” a
category that included Burmese, Indonesian, and Asian
not otherwise specified (data not shown).

The age-standardized incidence rates were about
12 times higher among women than men: 8.6 versus 0.7
per 100,000 person-years. The age-standardized inci-
dence rate was highest among black women (30.5 [95%
CI 20.7–44.9]), followed by Hispanic women (8.9 [95%
CI 5.3–14.8]), Asian women (7.2 [95% CI 5.1–10.2]),
and finally, white women (5.3 [95% CI 3.8–7.5]). The
age-standardized incidence rate among black women
was ;6 times higher than among white women.

Among black women, the age-specific incidence
rate peaked at 61.2 per 100,000 women in the 40–49-
year-old age group. Among the other racial/ethnic
groups, incidence rates were relatively constant across
the age groups (Figure 2). There were too few incident
cases in men (9 cases) to enable age stratification. The
overall mean age at diagnosis was 43.9 years. The mean

age at diagnosis stratified by bridged race/ethnicity was
40.1 years in blacks, 46.5 years in whites, 45.1 years in
Asians, and 36.6 years in Hispanics. All 95% CIs for the
race/ethnicity mean age estimates overlapped (data not
shown).

Our capture–recapture modeling estimated 33
(95% CI 8–130) additional incident cases in the popula-
tion. This yielded a capture–recapture inflated crude
rate of 6.5 per 100,000 person-years.

Incidence rates according to the combined case
definition. The combined definition yielded an addi-
tional 16 cases (15 from the 3 ACR criteria plus rheu-
matologist diagnosis criterion and a single case from the
lupus-related kidney disease criterion) for a total of 137
incident cases (Table 1). The overall crude and age-
standardized incidence rates were 5.8 (95% CI 4.9–6.8)
and 5.2 (95% 4.3–6.2) per 100,000 person-years. Sex
and racial/ethnic disparities in the incident cases were
similar to those observed in the ACR cases.

Prevalence according to the ACR case definition.
The ACR definition yielded overall crude and age-
standardized prevalence proportions of 96.0 (95% CI
89.4–103.1) and 84.8 (95% CI 78.6–91.5) per 100,000
persons (Table 2). The 796 unique prevalent cases over
the 3-year period consisted of 708 women and 88 men.
We identified race for these cases as white (n 5 294),
Asian/Pacific Islander (n 5 290), black (n 5 160), and
American Indian/Alaskan native (n 5 4); race was not
identified in 48 patients. Hispanic ethnicity was identi-
fied for 118 patients. Similar to the incident cases, the
majority of the Asian/Pacific Islander subgroup was
composed of Chinese (137 patients; 101 were identified
as Chinese and no other race), followed by “other
Asian” (56 patients), Filipino (42 patients; 26 were not
identified with any other race), Vietnamese (18 patients;
12 had no other race identified), Japanese (10 patients;
8 were not identified with any other race), Korean (5
patients; 3 had no other race identified), Thai and Paki-
stani (4 patients each), Asian Indian and Samoan (3
patients each), other South Asian, Cambodian, and
Pacific Islander not otherwise specified (2 patients
each), and Hawaiian and Laotian (1 patient each) (data
not shown).

Age-standardized prevalence was about 8 times
higher among women than men: 155.6 versus 19.3 per
100,000 persons. The age-standardized prevalence was
highest among black women (458.1 [95% CI 385.4–
544.5]), followed by Hispanic women (177.9 [95% CI
145.9–217.0]), Asian women (149.7 [95% CI 131.4–
170.7]), and finally, white women (109.8 [95% CI 96.5–
124.9]). The age-standardized prevalence among black
women was over 4 times higher than that among white

Figure 2. Average annual age-specific incidence rates of systemic lupus
erythematosus (SLE) among women living in San Francisco County,
California, 2007–2009, categorized by race and Hispanic ethnicity. SLE
was defined according to the American College of Rheumatology crite-
ria. The 95% confidence intervals for the incidence rates overlapped
within each age group, except for the groups ages 30–39 years and 40–49
years, where the rates for black women were statistically significantly
higher than those in the other racial groups or Hispanics. The race cate-
gories are mutually exclusive. Hispanic ethnicity was recorded separately
from race; therefore, persons of Hispanic ethnicity are also represented
in the race categories (mostly white).
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women. The age-standardized prevalence among black
men was over 5 times higher than among white men.

The age-specific prevalence in the ACR-defined
cases was statistically significantly higher in black
women compared with women of other racial groups for
ages 30–59 years, with whites and Asians for ages 69–79
years, and with whites only for ages 20–29 years. Among
black women, age-specific prevalence began to increase
at age 20 years and peaked at 954.5 per 100,000 in the
group ages 40–49 years (Figure 3). Among black men,
age-specific prevalence peaked in the 50–69 year range.
Age-specific prevalence was higher in black men as
compared to the other racial/ethnic groups (Figure 3).
Among men, 95% CIs overlapped within each age
group with the following exception: among those ages
50–59 years, the prevalence in black men was statisti-
cally significantly higher than in white men.

The overall mean age at diagnosis was 34.8 years.
Age at diagnosis stratified by bridged race and ethnicity
was as follows: 35.5 years in blacks, 34.4 years in whites,
34.6 years in Asians, and 33.9 years in Hispanics. Once
again, the 95% CIs for these estimates overlapped (data
not shown).

Our capture–recapture modeling estimated 147
(95% CI 93–225) additional prevalent cases in the

population. This yielded a capture–recapture inflated
average annual crude prevalence of 113.7 per 100,000
persons.

Prevalence according to the combined case defi-
nition. By including an additional 113 individuals (89
based on the 3 ACR criteria plus rheumatologist diag-
nosis criterion and 24 based on the lupus-related kidney
disease criterion), the combined definition yielded a
total of 909 unique individuals over the 3-year
period (Figure 1), or 869 average annual prevalent cases
(Table 2). The overall crude and age-standardized prev-
alence proportions were 109.9 (95% CI 102.8–117.4)
and 96.8 (95% 90.2–103.9) per 100,000 persons. Age-
standardized prevalence proportions were 9 times
higher among women than men: 179.4 versus 20.6
per 100,000 person-years. The age-standardized preva-
lence was highest among black women (498.4 [95% CI
422.3–588.2]), followed by Hispanic women (209.9
[174.9–252.0]), Asian/Pacific Islander women (171.0
[151.3–193.2]), and finally, white women (130.0 [115.5–
146.4]). The age-standardized prevalence among black
women was ;4 times higher than among white women.

Clinical manifestations. Among the incident
2007–2009 cases meeting the ACR definition, the
most common manifestations were hematologic (84%),

Table 2. Crude and age-standardized average annual prevalence of systemic lupus erythematosus (overall and by race/ethnicity and sex) in the
ACR case definition and combined case definition groups, San Francisco County, California, 2007–2009*

Race/ethnicity
and sex

Average annual prevalence per 100,000 persons

ACR case definition Combined case definition

No. of
cases†

Crude
prevalence
(95% CI)

Age-standardized
prevalence
(95% CI)

No. of
cases†

Crude
prevalence
(95% CI)

Age-standardized
prevalence
(95% CI)

Overall‡ 759 96.0 (89.4–103.1) 84.8 (78.6–91.5) 869 109.9 (102.8–117.4) 96.8 (90.2–103.9)
Women 675 172.9 (160.3–186.4) 155.6 (143.7–168.5) 778 199.4 (185.9–213.9) 179.4 (166.6–193.2)
Men 84 21.1 (17.0–26.1) 19.3 (15.4–24.1) 91 22.6 (18.4–27.8) 20.6 (16.6–25.6)

Black 150 264.1 (225.1–309.8) 241.0 (203.9–284.9) 163 287.0 (246.2–334.5) 261.0 (222.3–306.5)
Women 133 476.6 (402.3–564.6) 458.1 (385.4–544.5) 145 519.7 (441.9–611.2) 498.4 (422.3–588.2)
Men 17 58.9 (36.8–94.4) 52.3 (31.7–86.2) 18 62.4 (39.5–98.6) 54.8 (33.7–89.3)

White 282 63.3 (56.3–71.1) 55.2 (48.7–62.6) 333 74.7 (67.1–83.2) 64.9 (57.8–72.8)
Women 256 121.9 (107.8–137.7) 109.8 (96.5–124.9) 303 144.6 (129.2–161.8) 130.0 (115.5–146.4)
Men 27 11.3 (7.7–16.5) 10.0 (6.7–14.9) 30 12.7 (8.9–18.1) 11.4 (7.8–16.5)

Asian/Pacific Islander 279 99.7 (88.7–112.1) 90.5 (80.0–102.3) 317 113.1 (101.4–126.3) 102.5 (91.3–115.1)
Women 247 165.2 (145.8–187.1) 149.7 (131.4–170.7) 282 189.1 (168.3–212.4) 171.0 (151.3–193.2)
Men 33 25.0 (17.7–35.1) 22.9 (16.1–32.7) 35 26.5 (19.0–36.9) 24.3 (17.2–34.3)

Hispanic 111 95.7 (79.4–115.2) 94.7 (78.5–114.1) 131 112.6 (94.9–133.6) 110.5 (93.0–131.3)
Women 98 179.0 (146.8–218.1) 177.9 (145.9–217.0) 115 211.3 (176.1–253.5) 209.9 (174.9–252.0)
Men 13 21.7 (12.8–36.9) 20.1 (11.6–34.9) 15 25.0 (15.2–41.0) 22.2 (13.1–37.5)

* Age-standardized rates were age-standardized to the 2000 projected Census population. Hispanic ethnicity was recorded separately from race;
therefore, persons in this ethnicity category are also represented in the race categories. Ethnicity information was missing for 178 patients in the
American College of Rheumatology (ACR) case definition group and 235 in the combined case definition (see Patients and Methods for details)
group. 95% CI 5 95% confidence interval.
† Average annual cases (sum of the prevalent cases for 2007–2009 divided by 3).
‡ Represents the entire population, including persons whose race/ethnicity was not known (134 in the ACR case definition group and 158 in the com-
bined case definition group) or was American Indian/Alaska native (4 in the ACR case definition group and 6 in the combined case definition group).
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immunologic, (80%), arthritis (57%), renal disorder
(45%), pleuritis or pericarditis (41%), and malar rash
(33%) (Table 3). Neurologic disorder was the least com-
mon manifestation (8%). Renal disorder occurred more
commonly in the black (52%), Asian/Pacific Islander
(51%), and Hispanic (47%) patients than in the white
patients (40%). Discoid rash was highest among black
patients (22%) compared to the other groups and was
least common in the Asian (5%) and Hispanic (0%)
patients. Similar trends in the frequencies of clinical
manifestations across the racial and ethnic groups were

observed among the prevalent cases meeting the ACR
definition (data not shown).

DISCUSSION

The California Lupus Surveillance Project had
the opportunity to extend previous CDC-funded epide-
miologic work to include 2 additional racial/ethnic
groups and to confirm striking racial and ethnic dis-
parities in the incidence and prevalence of SLE. San
Francisco County is diverse, with substantial numbers of
Asian and Hispanic patients. We found that, in addition
to African Americans, Asian/Pacific Islanders and His-
panics (of any race) have been disproportionately
affected by SLE as compared to whites (regardless of
Hispanic ethnicity). Of the Hispanic cases included in
the analyses, the majority were identified as white or
had no race identified, e.g., race categories for the ACR
definition of prevalent cases of Hispanic ethnicity were
white (69%), no race identified (25%), Asian/Pacific
Islander (5%), and black (1%).

Hispanics currently comprise 16% and Asians
5% of the US population. By 2050, these numbers are
expected to rise to 30% and 8%, respectively (12). Thus,
a reliable estimate of the burden of SLE in these grow-
ing populations is essential for health care planning. A
major challenge to advancing knowledge in this area has
been the paucity of large-scale, population-based sur-
veillance studies with rigorously defined case definitions
and case-finding procedures. Up until the recent com-
pletion of the Georgia and Michigan surveillance proj-
ects, most previous epidemiologic studies were limited
by small geographic areas, homogenous populations,
varying case definitions, and incomplete case ascertain-
ment that relied on administrative codes or patient self-
reported diagnosis. Such historical studies provided
estimates ranging from 2.0 to 7.6 per 100,000 for the
overall incidence and from 19 to 241 per 100,000 for
the overall prevalence (13,14). The methods used in
the CDC-funded registries, including the CLSP, have
enabled us to determine more accurate and contempo-
rary estimates of the incidence and prevalence of SLE
in the US.

This study has several limitations. The first is the
potential for incomplete case ascertainment. Although
we used the HIPAA exemption for obtaining informed
consent, each clinic and hospital had to voluntarily
agree to participate in the CLSP. This issue led to the
potential for incomplete case ascertainment. For exam-
ple, 2 small community hospitals in San Francisco chose
not to participate in the CLSP. Based on the proportion
of discharges from these 2 hospitals to the total number

Figure 3. Average annual age-specific prevalence of systemic lupus
erythematosus (SLE) among women and men living in San Francisco
County, California, 2007–2009, categorized by race and Hispanic eth-
nicity. SLE was defined according to the American College of Rheu-
matology criteria. Among men, the 95% confidence intervals for
prevalence overlapped within each age group, except for the group
ages 50–59 years, where the prevalence in black men was statistically
significantly higher than that in white men. The race categories are
mutually exclusive. Hispanic ethnicity was recorded separately from
race; therefore, persons of Hispanic ethnicity are also represented in
the race categories (mostly white).
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of discharges for San Francisco residents in 2007–2009
(16%) and the number of cases identified solely by
community-based hospitals (9), we estimate that the lack
of participation of these 2 hospitals resulted in potentially
only 2 missed prevalent cases according to the ACR defi-
nition. Incomplete case ascertainment might also have
occurred because we did not conduct field work in pri-
mary care clinics. Thus, it is possible that there were diag-
nosed cases of SLE in the community that never reached
the attention of a specialist or had not been seen by a
specialist for many years. Although capture–recapture
analysis estimated an additional 33 incident cases and
147 prevalent cases, these estimates are imprecise, as
indicated by the wide 95% CIs.

A second limitation is that data were collected
from a review of the medical records rather than from
direct patient interview and evaluation. The quality of
medical record documentation of SLE manifestations
varied widely. For longstanding, prevalent cases, it was
sometimes difficult to retrieve the initial medical
records that may have documented early manifestations
of disease. Third, race and ethnicity were determined
from the medical record and were not always well docu-
mented. This led to missing data for race and ethnicity
as well as the potential for misclassification. Last, our
denominator data were extracted from the US Census
files, which provide population totals at the Federal
Information Processing Standards level separately for
race and ethnicity. Therefore, it was not possible for us
to estimate the prevalence and incidence for mutually
exclusive combined categories of these variables (e.g.,
non-Hispanic white).

One of the major strengths of the CLSP was the
ability to conduct widespread case ascertainment by
using a variety of sources, including university and com-
munity clinics, hospitals, regional laboratories, and state
administrative databases. The abstractors comprehen-
sively reviewed the patients’ medical records, thereby
minimizing underreporting bias in case ascertainment.
The CDC funded this project with the specific intention
of developing credible and complete estimates of the
incidence and prevalence of lupus in Asians and His-
panics. Asians and Hispanics are generally smaller pop-
ulations that we thought might access health care
through alternative routes. To identify these patients,
case-finding efforts were refined by working with physi-
cians who were focused on those populations. For exam-
ple, we partnered with a physician who cares for many
of the Chinese patients in San Francisco at the Chinese
Hospital. To access the Hispanic population in San
Francisco, we performed extensive case-finding at San
Francisco General Hospital and the associated commu-
nity health network clinics. Our approach of partnering
with the community and engaging culturally and linguis-
tically concordant community members led to successful
case ascertainment of these traditionally understudied
populations. Had we not taken these extra steps, we
would have missed SLE cases in the Asian and Hispanic
populations.

SLE is a complex and heterogeneous disease for
which there is no gold standard diagnostic test (15).
One of the challenges of large epidemiologic studies is
the need to designate a diagnosis of SLE based on docu-
mentation in the medical record without the benefit of

Table 3. ACR clinical manifestations among incident ACR-defined systemic lupus erythematosus cases, overall and by race/Hispanic ethnicity,
San Francisco County, California, 2007–2009*

ACR criterion
Overall

(n 5 121)

Race

Hispanic
ethnicity (n 5 17)

Black
(n 5 27)

White
(n 5 43)

Asian or Pacific
Islander (n 5 39)

Malar rash 33.1 (24.6–41.6) 18.5 (3.7–33.4) 32.6 (18.4–46.8) 41.0 (25.4–56.7) 41.2 (17.4–64.9)
Discoid rash 12.4 (6.4–18.4) 22.2 (6.3–38.1) 16.3 (5.1–27.5) 5.1 (0.0–12.2) 0.0 (0.0–0.0)
Photosensitivity 29.8 (21.5–38.0) 25.9 (9.2–42.7) 32.6 (18.4–46.8) 25.6 (11.7–39.5) 35.3 (12.3–58.3)
Oral ulcers 19.0 (11.9–26.1) 11.1 (0.0–23.1) 16.3 (5.1–27.5) 25.6 (11.7–39.5) 23.5 (3.1–44.0)
Nonerosive arthritis 57.0 (48.1–66.0) 66.7 (48.6–84.7) 65.1 (50.7–79.6) 38.5 (23.0–53.9) 64.7 (41.7–87.7)
Pleuritis or pericarditis 40.5 (31.6–49.4) 48.1 (29.0–67.3) 39.5 (24.7–54.4) 41.0 (25.4–56.7) 58.8 (35.1–82.6)
Renal disorder 44.6 (35.6–53.6) 51.9 (32.7–71.0) 39.5 (24.7–54.4) 51.3 (35.4–67.2) 47.1 (23.0–71.1)
Neurologic disorder 8.3 (3.3–13.2) 11.1 (0.0–23.1) 9.3 (0.5–18.1) 5.1 (0.0–12.2) 11.8 (0.0–27.3)
Hematologic disorder 83.5 (76.8–90.2) 85.2 (71.6–98.8) 76.7 (63.9–89.6) 89.7 (80.1–99.4) 88.2 (72.7–100.0)
Immunologic disorder 80.2 (73.0–87.4) 88.9 (76.9–100.0) 72.1 (58.5–85.7) 84.6 (73.1–96.1) 70.6 (48.6–92.6)
Antinuclear antibody 98.3 (96.0–100.0) 96.3 (89.1–100.0) 97.7 (93.1–100.0) 100.0 (100.0–100.0) 94.1 (82.8–100.0)

* Values are the percentage (95% confidence interval). Hispanic ethnicity was recorded separately from race; therefore, persons in this ethnicity
category are also represented in the race categories. Ethnicity information was missing for 18 patients in the American College of Rheumatology
(ACR) case definition group and 21 in the combined case definition (see Patients and Methods for details) group. 95% CI 5 95% confidence
interval.
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evaluating the patient in the clinical setting. For the
purposes of the CLSP, we used case definitions identical
to those utilized by other CDC-funded surveillance reg-
istries. In this way, consistent methodology across the
registries was achieved. The primary case-finding defini-
tion used for the study was meeting $4 of the 11 revised
classification criteria for SLE as defined by the ACR.
Because case ascertainment relied on patients’ medical
records and sometimes not all medical records for a
given patient were available, there was a potential for
underdiagnosis of SLE if we had relied only on the
ACR criteria definition. Therefore, we also used the
combined case definition that was used by the Georgia
Lupus Registry.

The CLSP found high age-standardized mean
annual incidence rates and prevalence proportions of
4.6 and 84.8 per 100,000, respectively, for the ACR defi-
nition and 5.2 and 96.8 per 100,000, respectively, for the
combined definition. The data confirmed and quantified
a higher burden of SLE in women and in racial and eth-
nic minorities. Using the ACR definition, the age-
standardized female-to-male incidence ratio was 12:1,
with an 8:1 prevalence ratio. The highest age-
standardized mean annual incidence rates and preva-
lence proportions per 100,000 were found in black
women (30.5 and 458.1, respectively), followed by His-
panic women (8.9 and 177.9, respectively), Asian women
(7.2 and 149.7, respectively), and white women (5.3 and
109.8, respectively). Age-specific incidence rates and
prevalence proportions were highest in black women,
with peak incidence and prevalence in the group ages
40–59 years. The findings confirm previous studies that
showed an increased burden of SLE among black
women. For example, a population-based study in Alle-
gheny County, PA, determined a 3-fold higher incidence
rate among black women compared to white women
during the years 1985–1990 (16). The Georgia and
Michigan registries also showed higher incidence and
prevalence estimates among black women (2,3).

Interestingly, while the age-standardized inci-
dence rate per 100,000 according to the ACR definition
in CLSP was slightly lower (4.6) than those in the Geor-
gia (5.6) and Michigan (5.5) registries, the CLSP age-
standardized prevalence per 100,000 (84.8) was statisti-
cally significantly higher than that in either the Georgia
(73.0) or Michigan (72.8) registries. While the reasons
for the higher prevalence but lower incidence of SLE in
CLSP are not clear, factors such as better access to
health care and awareness of the disease in San Fran-
cisco compared to the locations of the other registries
may be playing a role. Also, among black women, the
age-standardized annual incidence rate and average

annual prevalence per 100,000 (30.5 and 458.1) were .2
times higher in California compared to Georgia
(13.4 and 196.2, respectively) and Michigan (12.8 and
186.3, respectively). Among white women, the age-
standardized mean annual incidence rates were more
similar among the 3 registries, although prevalence was
still statistically significantly higher in the CLSP.

The reasons for the higher incidence and preva-
lence for black women in the CLSP compared with the
other registries are not known, but may relate to several
factors. With regard to the observed increased inci-
dence, it is possible that the genetic ancestry of the black
population in San Francisco is different from that in
Georgia and Michigan, portending greater risk of dis-
ease. In addition, there may be environmental influ-
ences that increase the risk of SLE. Future studies will
be required to address these important questions and
further examine these possibilities.

There is a paucity of population-based studies
estimating the incidence and prevalence of SLE among
Hispanics and Asians in the US. Increased SLE disease
activity and organ damage among US Hispanics versus
non-Hispanic Caucasians have been previously noted by
studies conducted within the LUpus in MInorities,
NAture versus nurture (LUMINA) longitudinal cohort.
LUMINA studies have also showed differing disease
outcomes among various Hispanic subgroups, with
worse outcomes occurring among Hispanics in Texas
compared to Hispanics in Puerto Rico (17–19). Because
of reliance on medical record documentation of ethnic-
ity in CLSP, we were unable to differentiate various His-
panic subgroups in the incidence and prevalence
estimates. Fewer studies have examined differences in
SLE frequency and severity in Asian patients. One
recent study from the Monash Lupus Clinic in Mel-
bourne, Australia, showed increased disease severity
and serologic activity among Asian patients compared
with white patients (20). Thus, the CLSP contributes to
an improved understanding of the burden of SLE
among Asians and highlights the need for further work
on disease phenotypes, outcomes, and drug responses
which are likely to differ among patients from different
racial and ethnic backgrounds.

In conclusion, the CLSP confirmed the increased
burden of SLE in black, Asian, and Hispanic women
compared to white women. Future studies will be neces-
sary to broaden our understanding of the underlying eti-
ologies for this disparity, including attempts to unravel
the contributions of genetic and biologic factors versus
social and environmental factors in order to improve
patient outcomes.
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Objective. The Manhattan Lupus Surveillance
Program (MLSP) is a population-based registry designed
to determine the prevalence of systemic lupus erythema-
tosus (SLE) in 2007 and the incidence from 2007 to 2009
among residents of New York County (Manhattan), New
York, and to characterize cases by race/ethnicity, includ-
ing Asians and Hispanics, for whom data are lacking.

Methods. We identified possible SLE cases
from hospital records, rheumatologist records, and
administrative databases. Cases were defined according
to the American College of Rheumatology (ACR)

classification criteria, the Systemic Lupus International
Collaborating Clinics (SLICC) classification criteria,
or the treating rheumatologist’s diagnosis. Rates among
Manhattan residents were age-standardized, and
capture–recapture analyses were conducted to assess
case underascertainment.

Results. By the ACR definition, the age-
standardized prevalence and incidence rates of SLE were
62.2 and 4.6 per 100,000 person-years, respectively. Rates
were ~9 times higher in women than in men for preva-
lence (107.4 versus 12.5) and incidence (7.9 versus 1.0).
Compared with non-Hispanic white women (64.3), preva-
lence was higher among non-Hispanic black (210.9), His-
panic (138.3), and non-Hispanic Asian (91.2) women.
Incidence rates were higher among non-Hispanic black
women (15.7) compared with non-Hispanic Asian (6.6),
Hispanic (6.5), and non-Hispanic white (6.5) women.
Capture–recapture adjustment increased the prevalence
and incidence rates (75.9 and 6.0, respectively). Alternate
SLE definitions without capture–recapture adjustment
revealed higher age-standardized prevalence and inci-
dence rates (73.8 and 6.2, respectively, by the SLICC defi-
nition and 72.6 and 5.0 by the rheumatologist definition)
than the ACR definition, with similar patterns by sex and
race/ethnicity.

Conclusion. The MLSP confirms findings from
other registries on disparities by sex and race/ethnicity,
provides new estimates among Asians and Hispanics,
and provides estimates using the SLICC criteria.

Systemic lupus erythematosus (SLE) is a poten-
tially fatal, heterogeneous, chronic, systemic autoim-
mune disease of unknown etiology (1). Given widely
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varying estimates of the incidence and prevalence of
SLE in the US (2) and the absence of available data for
certain demographic groups, we sought to obtain a fun-
damental epidemiologic understanding of SLE across
racial/ethnic groups. Under the auspices of the National
Arthritis Action Plan (3), the Centers for Disease Con-
trol and Prevention (CDC) funded 4 state or city health
departments as well as the Indian Health Service (IHS)
to more robustly define the incidence and prevalence of
SLE. Results from the 2 initial sites, the Georgia Lupus
Registry (GLR) and the Michigan Lupus Epidemiology
and Surveillance (MILES) program, and the IHS site
have been recently published (4–6). However, their
estimates for Asians and Hispanics were limited. The
Manhattan Lupus Surveillance Program (MLSP) was
designed, along with the California Lupus Surveillance
Project (CLSP), to provide estimates of the incidence
and prevalence of SLE overall and specifically among
Hispanic and Asian populations.

We launched the MLSP in 2009 as a collabora-
tion between the New York City Department of Health
and Mental Hygiene (DOHMH) and New York Univer-
sity School of Medicine (NYUSoM). Following methods
similar to those used at the other CDC-funded sites
(2,5,6), we designed the MLSP as a retrospective
descriptive project to identify all cases of diagnosed SLE
among residents of New York County (Manhattan),
New York, 2007–2009, to determine the prevalence and
incidence of SLE in this population.

PATIENTS AND METHODS

The Manhattan Lupus Surveillance Program. The
MLSP was designed to be similar to the GLR and MILES pro-
grams and, as described elsewhere (5,6), was conducted as a
public health surveillance project by the New York City
DOHMH, with NYUSoM acting as a public health agent on
behalf of the DOHMH. No patients were contacted for this
project. Medical records were collected under the health sur-
veillance exemption to the Health Insurance Portability and
Accountability Act (HIPAA) privacy rules (45 CFR §
164.512[b]) and as authorized by New York City Charter Sec-
tions 556(c)(2) and (d)(2). The CDC deemed the MLSP to be
public health practice that did not require review by the CDC
Institutional Review Board (IRB). IRBs at both the New York
City DOHMH and NYUSoM reviewed and deemed the
MLSP to be a surveillance activity. Additional IRB applica-
tions were completed and submitted to independent case-
finding sources as requested.

Study population and study period. The MLSP sur-
veillance period was January 1, 2007 through December 31,
2009. New York County (Manhattan) was selected as the program
catchment area because of its racial/ethnic diversity and because it
is an island on which inhabitants largely remain for their health
care, thus making access to medical records easier. We used data
from lupus specialty clinics across New York City during initial

planning for the MLSP and found that few Manhattan residents
seek care in outer boroughs and that residents from other
boroughs were more likely to seek care across a wide geographic
range. Based on US Census data, there were 1,585,873 persons
residing in Manhattan in 2010 (48% non-Hispanic white, 13%
non-Hispanic black, 25% Hispanic, 11% non-Hispanic Asian)
(7).

Case definitions. Our primary American College of
Rheumatology (ACR) case definition required $4 of the 11
criteria for the classification of SLE (8,9). Under the ACR
classification criteria, patients with evidence of lupus nephritis
(by biopsy report or specific documentation by a rheumatolo-
gist and/or nephrologist) are considered to have met the renal
criteria for SLE, even without information on the degree of
proteinuria or a description of the sediment. We also used
2 secondary case definitions of SLE: 1) the Systemic Lupus
Erythematosus Collaborating Clinics (SLICC) classification
criteria, which require the presence of at least 4 of 17 criteria,
at least 1 of which must be clinical and 1 immunologic, or
requires the presence of biopsy-proven lupus nephritis as well
as antinuclear antibodies or anti–double-stranded DNA anti-
bodies (10); or 2) the treating rheumatologist’s diagnosis of
SLE. The SLICC case definition was included as a recently
derived set of classification criteria with greater sensitivity and
less specificity than the ACR classification criteria (10). The
rheumatologist case definition was included because there is
no gold standard for diagnosing SLE, and diagnosis is usually
made by a physician who is familiar with the disease, often a
rheumatologist.

Initial case-finding. We used information from
administrative databases, hospitals, and private rheumatolo-
gists to identify possible cases from as far back as 2004, when
records were available. Administrative databases included the
State of New York Department of Health Statewide Planning
and Research Cooperative System, with information on hospi-
talization discharges in New York State, and the New York
City DOHMH Vital Records, with information on all deaths
in New York City. We included only hospitals and private
rheumatologists based in Manhattan. We queried these
sources to identify records with International Classification of
Diseases, Ninth Revision, Clinical Modification diagnosis
codes indicating SLE (710.0), discoid lupus (695.4), or a
related condition that may evolve into SLE or might have
related symptoms (sicca syndrome [710.2], other specified
connective tissue disease [CTD] [710.8], unspecified CTD
[710.9]). If residence information was available from the case-
finding source, we further restricted these records to include
only those with evidence of Manhattan residence. Final
screening of records was completed by trained MLSP
abstractors to confirm physician diagnosis or suspicion of SLE
or a related CTD and Manhattan residence during the surveil-
lance period.

Data collection. After initial case-finding, abstractors
collected and entered information from the medical records
into a New York City DOHMH database, with database and
data dictionary materials adapted from those used by the
GLR. When necessary, we corroborated Manhattan residence
using the LexisNexis online database service (11). Our
abstractors entered any ambiguous information into open text
notes, which were later reviewed with the NYUSoM principal
investigator (PMI) to correctly code it in the database.
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All MLSP abstractors were trained under the GLR
model (5) before abstraction began and underwent routine
quality assurance reviews throughout the project. These
reviews provided the opportunity for abstractors and the
NYUSoM principal investigator to discuss any issues arising in
the field and to address questions from the abstractors. Each

abstractor had a medical degree and consistently achieved the
required minimum interobserver agreement of 90% on all ele-
ments and 95% on the ACR classification criteria, using as
the gold standard abstraction by the NYUSoM principal
investigator. The average performance of the abstractors dur-
ing training and reviews was 95.6% on all elements, 97.2% on

Figure 1. Flow chart showing the Manhattan Lupus Surveillance Program case-finding procedure for systemic lupus erythematosus (SLE). Cases
of SLE were defined according to the American College of Rheumatology (ACR) criteria (met $4 of the 11 classification criteria), the Systemic
Lupus International Collaborating Clinics (SLICC) criteria (met at least 4 of 17 criteria, at least 1 of which must be clinical and 1 immunologic,
or the presence of biopsy-proven lupus nephritis as well as antinuclear antibodies or anti–double-stranded DNA antibodies), or the treating rheu-
matologist’s diagnosis. SPARCS 5 Statewide Planning and Research Cooperative System (of the New York State Department of Health);
NYC 5 New York City; ICD-9 5 International Classification of Diseases, Ninth Revision Clinical Modification.
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the ACR classification criteria elements, and 97.5% on the
unique elements in the SLICC classification criteria that
were not already captured as part of the ACR classification
criteria.

Statistical analysis. We defined prevalent cases as
new or existing cases meeting the ACR, SLICC, or rheumatol-
ogist case definition and residing in Manhattan at some time
from January 1, 2007 through December 31, 2007. We defined
incident cases as those meeting at least 1 of the case defini-
tions, having their first diagnosis from January 1, 2007 through
December 31, 2009, and residing in Manhattan. Population
denominators were taken from the New York City DOHMH–
interpolated intercensal population estimates for Manhattan
(12). We calculated rates overall, by sex, and by race/ethnicity
per 100,000 person-years and age-standardized to the 2000
standard population of the US using 10-year age categories for
each racial/ethnic group (13). Information on race was col-
lected separately from Hispanic ethnicity during abstraction.
For analysis, we assigned cases to 1 of 5 mutually exclusive
race/ethnicity categories: non-Hispanic white, non-Hispanic
black, Hispanic, non-Hispanic Asian, and non-Hispanic other.
Non-Hispanic cases identified as .1 race were categorized as
non-Hispanic other.

We conducted capture–recapture analyses (14,15) to
estimate case underascertainment from our primary ACR case
definition. We fit log-linear models separately for incident and
prevalent cases by sex and race/ethnicity to estimate the num-
ber of cases missed in our catchment area. Specifically, we fit
various models that addressed potential violation of the homo-
geneity assumption of capture probability and identified the
best fitting model using the Akaike information criterion. We
then used estimates from these models to calculate revised
prevalence and incidence rates.

Chi-square tests, or Fisher’s exact tests when needed,
were used to assess univariate differences in SLE and ACR
manifestations by race/ethnicity and sex. We compared differ-
ences between estimates by case definition using 95% confi-
dence intervals (95% CIs) of the age-standardized rates,
with non-overlapping 95% CIs considered to be significantly
different. All analyses were completed using SAS version 9.3
(SAS Institute) and R version 3.3.0 (R Foundation for Statisti-
cal Computing) software.

RESULTS

Case-finding results. Case-finding and abstrac-
tion were completed in 19 of 21 hospitals (90.5%)
(Figure 1), with 2 hospitals declining to participate
(a cancer specialty hospital and a Veterans Affairs hos-
pital). Case-finding and abstraction were performed
from records of 94 of 124 private rheumatologists identi-
fied in the catchment area (75.8%). Of the 30 rheuma-
tologists who did not participate, 19 did not respond to
repeated requests or declined to participate, 2 died, 2
had retired and relocated, and 7 agreed to participate
but abstraction could not be arranged despite repeated
attempts before the data abstraction period ended.

Initial lists provided from the various case-
finding sources identified 76,220 records (Figure 1). We

removed duplicate records and records that did not
have a Manhattan address, resulting in 5,065 possible
cases with records for abstraction. During abstraction
and data cleaning, we deemed 1,184 cases ineligible due
to miscoded diagnosis or non-Manhattan residence. Of
the remaining 3,881 possible cases, 1,854 met at least 1
of the case definitions.

Primary ACR case definition of prevalence. In
2007, a total of 1,078 cases (307 non-Hispanic white, 282
non-Hispanic black, 344 Hispanic, 111 non-Hispanic
Asian, and 34 non-Hispanic other race/ethnicity) ful-
filled the ACR case definition for SLE (Table 1). The
overall crude and age-standardized prevalence rates
were 68.2 (95% CI 64.1–72.2) and 62.2 (95% CI 58.4–
66.0) per 100,000 person-years. Age-standardized rates
were ;9 times higher for women compared with men
(107.4 versus 12.5).

Age-standardized rates also differed by race/
ethnicity among both women and men. The highest
age-standardized prevalence rate was seen among
non-Hispanic black women (210.9 per 100,000 person-
years) followed by Hispanic women (138.3), non-
Hispanic Asian women (91.2), and non-Hispanic
white women (64.3). The age-standardized prevalence
among men followed a similar pattern, with the highest
estimate among non-Hispanic blacks (26.7) followed
by Hispanics (19.4), non-Hispanic Asians (14.2), and
non-Hispanic whites (3.7).

Capture–recapture estimates showed an addi-
tional 122 cases of SLE, indicating that 10.2% of cases
may have been missed. Almost two-thirds (62.5%) of
the estimated cases missed were non-Hispanic white
women. With capture–recapture adjustment, the preva-
lence rate increased to 75.9 per 100,000 person-years
(95% CI 70.6–81.2).

The mean 6 SD age of women and men with SLE
living in Manhattan in 2007 was 43.3 6 15.5 years and
40.7 6 16.9 years, respectively. The average age by race/
ethnicity was 47.0 6 16.5 years among non-Hispanic
whites, 41.5 6 13.7 years among non-Hispanic blacks,
42.9 6 15.6 years among Hispanics, and 37.3 615.4 years
among non-Hispanic Asians. Figure 2A shows the
age-specific prevalence for women by race/ethnicity.
Prevalence was higher among non-Hispanic black
and Hispanic women ages 20–59 years as compared to
non-Hispanic white women of the same age group.
Prevalence among non-Hispanic Asian women was not
significantly different from that among non-Hispanic
white women for any age group. Numbers among men
were too small to assess age-specific rates by race/
ethnicity.
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Among the 344 Hispanic cases, 82.6% were also
identified as white, 11.0% as black, and 6.4% as other
race/ethnicity. Information on Hispanic ethnicity was
often absent, with 239 (69.5%) having no further details,
but Hispanic case ethnicities included Central or South
American, Cuban, Dominican, Mexican, Puerto Rican,
and Spanish. There were 111 non-Hispanic Asian cases
as well as 5 identified as non-Hispanic other due to mul-
tiple race/ethnicity but with evidence of Asian race.
More than one-fourth (26.7%) of these cases had no
further classification for Asian ethnicity, but ethnicities
among cases with information available included Chi-
nese, Filipino, Hawaiian, Indian or Pakistani, Japanese,
Korean, Pacific Islander not otherwise specified, South
Asian, and Vietnamese.

Table 2 shows the occurrence of the 11 ACR cri-
teria overall and by race/ethnicity among prevalent
ACR cases. Renal disease was more common among
non-Hispanic Asians (53.2%), non-Hispanic blacks
(50.7%), and Hispanics (49.4%) compared with non-
Hispanic whites (25.4%). Neurologic manifestations
were more common among Hispanics (26.2%) and non-
Hispanic blacks (24.5%) compared with non-Hispanic
whites (16.6%). Also compared with non-Hispanic
whites, discoid lesions were more commonly seen
among non-Hispanic blacks (25.9% versus 8.8%) and
malar rash was more commonly seen among Hispanics
(50.0% versus 35.8%).

Primary ACR case definition of incidence
rates. From 2007 to 2009, a total of 232 incident cases
met the ACR case definition (Table 3) for SLE (92 non-
Hispanic white, 62 non-Hispanic black, 49 Hispanic,
22 non-Hispanic Asian, and 7 non-Hispanic other race/
ethnicity). The overall crude and age-standardized inci-
dence rates were 4.9 (95% CI 4.3–5.5) and 4.6 (95% CI
4.0–5.2) per 100,000 person-years, respectively. Age-

standardized rates differed by sex and were almost 8
times higher in women than in men (7.9 versus 1.0).
Age-standardized rates also differed by race/ethnicity
among both women and men. The highest age-
standardized incidence rates among women were among
non-Hispanic blacks (15.7) followed by non-Hispanic
Asians (6.6), Hispanics (6.5), and non-Hispanic whites
(6.5). Similarly, the highest age-standardized incidence
rates among men were among non-Hispanic blacks (2.4)
followed by Hispanics (1.3), non-Hispanic Asians (0.5),
and non-Hispanic whites (0.5).

Capture–recapture adjustment estimated 284
incident cases of SLE, indicating that 18.4% of cases
were missed; 67.0% of these were non-Hispanic white
women. The resulting capture–recapture adjusted inci-
dence rate increased to 6.0 per 100,000 person-years
(95% CI 4.6–7.4).

The mean 6 SD age at diagnosis was 40.1 6 16.6
years among women and 42.9 6 20.4 years among men,
with values of 42.2 6 17.7 years among non-Hispanic
whites, 39.2 6 16.3 years among non-Hispanic blacks,
39.6 6 17.0 years among Hispanics, and 37.9 6 16.0 years
among non-Hispanic Asians. Figure 2B shows the age-
specific incidence rates for women by race/ethnicity. The
only age-specific difference was between non-Hispanic
black and non-Hispanic white women who were 20–39
years old. Otherwise, due to small numbers within each
stratum, no age-specific differences were found.

Among the 49 incident Hispanic cases, 77.6%
were also identified as non-Hispanic white, 16.3% as
non-Hispanic black, and 6.1% as non-Hispanic other
race/ethnicity. As with the prevalent cases, Hispanic eth-
nicity information for incident cases was often absent,
with 71.4% having no further ethnicity information
available. Among the 22 incident non-Hispanic Asian
cases, 32% had no further data available.

Figure 2. Age-specific prevalence and incidence rates (with 95% confidence intervals) of systemic lupus erythematosus among female residents
of New York County (Manhattan) in 2007 and during 2007–2009, respectively, according to the American College of Rheumatology case defini-
tion (met $4 of the 11 classification criteria), categorized by age group. Cases were assigned to 1 of 5 mutually exclusive race/ethnicity catego-
ries: non-Hispanic white, non-Hispanic black, Hispanic, non-Hispanic Asian, and non-Hispanic other. Non-Hispanic cases identified as being of
.1 race were categorized as non-Hispanic other and are not shown here.
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Table 2 shows the occurrence of the 11 ACR
criteria overall and by race/ethnicity among incident
ACR cases. Evidence of renal disease was found among
34.9% of incident cases, but was more common among
non-Hispanic Asians (45.5%), non-Hispanic blacks
(43.5%), and Hispanics (42.9%) compared with non-
Hispanic whites (23.9%). Discoid lesions were more
common among non-Hispanic blacks (25.8%) compared
with non-Hispanic whites (9.8%).

Secondary case definitions. Prevalence and
incidence rates calculated using the SLICC case defini-
tion for SLE were significantly higher than those calcu-
lated using the primary ACR case definition. Using
the SLICC case definition generated crude and age-
standardized prevalence rates of 80.1 (95% CI 75.7–
84.5) and 73.8 (95% CI 69.6–77.9) per 100,000 person-
years, respectively, which were 17–19% higher than
those calculated using the ACR case definition. The
SLICC crude and age-standardized incidence rates (6.6
[95% CI 5.8–7.3] and 6.2 [95% CI 5.5–6.9], respectively)
were nearly 35% higher than the ACR incidence rates.

The rheumatologist case definition yielded crude
and age-standardized prevalence rates that were ;17%
higher than the ACR case definition rates (79.4 [95%
CI 75.0–83.8] and 72.6 [95% CI 68.5–76.7] per 100,000
person-years, respectively). Crude and age-standardized
incidence rates using the rheumatologist case definition
were similar to rates using the ACR case definition (5.3
[95% CI 4.7–6.0] and 5.0 [95% CI 4.4–5.7], respec-
tively). For both secondary case definitions, differences
in rates by sex and race/ethnicity were similar to those
identified by the ACR case definition.

Of the 1,538 incident and prevalent cases meeting
either the ACR or SLICC case definition, 75.6% met
both ACR and SLICC definitions, 4.3% met only the
ACR definition, and 20.2% met only the SLICC defini-
tion. Table 4 displays information on the unique SLICC
criteria that are not part of the ACR classification criteria
among incident and prevalent cases meeting the SLICC
case definition only. The most common unique SLICC
criteria among these cases were low complement levels,
alopecia, and different definitions for lymphopenia. In
addition, 5.5% of cases meeting the SLICC case defini-
tion had ANA or anti–double-stranded DNA antibody
and biopsy findings consistent with lupus nephritis.
Reasons that cases met the ACR and not the SLICC
case definition were largely due to having $4 clinical cri-
teria but no immunologic criteria, differences in categori-
zation of photosensitivity and malar rash (which were
separate in the ACR criteria and combined in the SLICC
criteria), and differences in defining lymphopenia and
anticardiolipin antibody (data not shown).

DISCUSSION

Our analysis of the MLSP data provides preva-
lence and incidence rate estimates of SLE among Man-
hattan residents using methods similar to other CDC-
funded SLE registries. Our analysis confirms evidence
of a higher prevalence of SLE among non-Hispanic
blacks compared with non-Hispanic whites and adds
evidence of a higher prevalence of SLE among His-
panics and non-Hispanic Asians. The MLSP is the first
among the CDC-funded SLE registries to report using
the SLICC classification criteria, which were recently
validated (10), to describe cases of SLE.

The age-standardized prevalence and incidence
rates of SLE in Manhattan were 62.2 (95% CI 58.4–

Table 4. Unique criteria among 310 incident and prevalent SLE
cases meeting the SLICC, but not the ACR, case definitions*

Unique SLICC criteria
No. (%) of

patients

Immunologic criteria
Low complement levels 151 (48.7)
Anti–b2-glycoprotein antibodies (IgG or IgM) 16 (5.2)
Positive direct Coombs’ test result in the

absence of hemolytic anemia
5 (1.6)

Clinical criteria
Acute cutaneous lupus

Bullous lupus 1 (0.3)
Toxic epidermal necrolysis variant of SLE 0 (0.0)
Maculopapular lupus rash 13 (4.2)
Subacute cutaneous lupus 4 (1.3)

Chronic cutaneous lupus
Hypertrophic (verrucous) lupus 3 (1.0)
Lupus panniculitis (profundus) 4 (1.3)
Mucosal lupus 0 (0.0)
Lupus erythematosus tumidus 1 (0.3)
Chilblains lupus 1 (0.3)
Discoid lupus/lichen planus overlap 4 (1.3)

Nonscarring alopecia 122 (39.4)
Neurologic criteria

Mononeuritis multiplex 3 (1.0)
Myelitis 2 (0.6)
Peripheral or cranial neuropathy 53 (17.1)
Acute confusional state 3 (1.0)

Lymphopenia 147 (47.4)

ANA or anti-dsDNA antibody
and biopsy-proven lupus nephritis

17 (5.5)

* More than 1 criterion may have been manifested by a given sys-
temic lupus erythematosus (SLE) case. Data on the IgA isotype of
anti–b2-glycoprotein I and anticardiolipin antibodies were not col-
lected. For anti–double-stranded DNA (anti-dsDNA) determined by
enzyme-linked immunosorbent assay, the results were reported as
positive or negative; thus, it is possible that in some cases, this criterion
was overcounted in the Systemic Lupus International Collaborating
Clinics (SLICC) system if the positive result was not specifically double
the upper cutoff for the negative value. Finally, CH50 was not cap-
tured, and thus, it is possible that the SLICC criterion for complement
was undercounted. ACR 5 American College of Rheumatology; ANA-
5 antinuclear antibody.
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66.0) and 4.6 (95% CI 4.0–5.2) per 100,000 person-years
using the ACR case definition. Compared with previous
reports by the CDC-funded sites, we estimated slightly
lower overall age-standardized prevalence than did the
GLR (73.0 [95% CI 68.9–77.4]) (5) and MILES (72.8
[95% CI 70.8–74.8]) studies (6), but we found similar
disparities by sex and race/ethnicity for non-Hispanic
whites and non-Hispanic blacks. The MLSP prevalence
estimates increased with capture–recapture adjustment
(75.9 [95% CI 70.6–81.2]) and were comparable to the
capture–recapture–adjusted estimates from the GLR
(83.0 [95% CI 78.6–87.7]). Our age-standardized inci-
dence rates using the ACR case definition were similar
to those from the GLR and MILES.

We found the highest prevalence and incidence
rates among non-Hispanic blacks, consistent with the
GLR and MILES studies and with preliminary data
from the CLSP study. However, unlike the GLR and
MILES studies, we found elevated prevalence among
non-Hispanic Asians and Hispanics compared with non-
Hispanic whites. Compared with preliminary crude esti-
mates from the CLSP study (16), the MLSP showed
similar elevated rates among Hispanics (84.2 [95% CI
75.3–93.1] versus 87.7 [95% CI 72.1–106.8] per 100,000
person-years) but slightly lower rates among non-
Hispanic Asians (64.0 [95% CI 52.1–75.9] versus 95.8
[95% CI 84.9–108.1] per 100,000 person-years). These
MLSP findings are particularly important, given the few
published studies on the prevalence and incidence of
SLE among Asians and Hispanics in the US. A review
published in 1973 presented estimates among New
York City residents from 1956 to 1965 but focused only
on whites, blacks, and Puerto Ricans (17). Another
study published in 2001 estimated the prevalence of
SLE among Hispanics in Arizona to be 103.0 per
100,000 persons, slightly higher than the rate found by
the MLSP among Hispanics in Manhattan (18). A more
recent study using Medicaid data estimated an even
higher prevalence of SLE among Hispanics (126.5 per
100,000 persons) with Medicaid coverage in the US
from 2000 to 2004 (19).

The study using Medicaid data is one of the few
to estimate rates of SLE among Asians in the US, report-
ing a prevalence ;3 times that estimated by the MLSP
(175.1 versus 56.2 per 100,000 persons) (19). The only
other studies known to assess rates of SLE among Asians
in the US focused on SLE prevalence. One study identi-
fied cases in Hawaii based on physician diagnosis at 5
medical centers and outpatient practices in 1989. The
overall SLE prevalence identified in that study (41.8 per
100,000 persons) was similar to the MLSP estimate for
non-Hispanic Asians, and the age-standardized rates for

women of specific Asian ethnic groups (Chinese, Fili-
pino, Hawaiian, Japanese) was found to be higher com-
pared with that among white women (20). Another study,
using hospital discharge data, reported that Asian/Pacific
Islander women had a lower rate of prevalent SLE com-
pared with white women (21). Less is known about the
incidence of SLE among Asians. In England, new diag-
noses of SLE are more common among Asians,
specifically South Asians from India and Pakistan, com-
pared with whites (22,23), but to our knowledge, there
are no other published reports on the incidence of SLE
among Asians in the US.

In this analysis, we also provide information on
manifestations among SLE cases. Clinical or serologic
manifestations among prevalent cases approximated
those from the GLR and MILES registries. The MLSP
found a high burden of nephritis overall, with nearly
half (42.4%) of prevalent cases developing nephritis.
The proportion of those with nephritis was higher
among non-white prevalent cases, specifically 50.7%
among non-Hispanic blacks, 49.4% among Hispanics,
and 53.2% among non-Hispanic Asians as compared
with 25.4% among non-Hispanic whites, results that are
consistent with those of other studies (5,6,19,24,25).

The SLICC case definition of SLE yielded higher
incidence and prevalence estimates than the ACR case
definition. Unique criteria which substantiated the classi-
fication of SLE based on SLICC, but not ACR, criteria
included low complement levels, alopecia, and different
definitions of lymphopenia (10). The small number of
cases that met the ACR but not the SLICC case defini-
tion is reassuring, as it suggests that few cases met ACR
criteria for SLE without the presence of autoantibodies.
However, given the descriptive nature of the MLSP and
the absence of a gold standard test that would unambigu-
ously identify SLE, this project could not assess which set
of classification criteria is more sensitive or specific. In
addition, non-overlapping confidence intervals were used
to conservatively assess differences among rates (26).

There were several limitations to this project.
First, we may have underestimated cases, as 2 hospitals
and one-fourth of rheumatologists in the catchment
area declined to participate. Most of the practices
that did not participate were in neighborhoods with a
majority white population, which is consistent with our
capture–recapture analysis that estimated 67.3% of
prevalent cases and 70.0% of incident cases missed were
non-Hispanic white. However, the exclusion of the
Veterans Affairs hospital may have resulted in under-
identification of men diagnosed as having SLE. We also
did not include nephrology, dermatology, or primary or
alternative care practices among our case-finding
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sources. Though when possible we did query hospital
pathology databases for relevant kidney or skin biopsies,
we still may have missed milder cases that were not hos-
pitalized or seen by a rheumatologist during the surveil-
lance period. It is also possible that we missed cases if
they lived in Manhattan but sought care in other bor-
oughs or a neighboring state.

Second, medical systems differed tremendously,
and any difficulty navigating different electronic medical
records or any difficulty with the legibility of paper
records could have led to missed or miscoded data.
Additionally, medical records are designed for physician
use, not for data abstraction and surveillance. Thus,
some information of interest may have been missing or
ambiguous, depending on what was collected and re-
corded by the case-finding source.

Third, abstracting occurred several years after
the surveillance period, which could have led to missing
information if records were put into storage or if data
elements were lost during a facility’s migration from
paper to electronic records. This lag time may have also
affected our ability to find cases of SLE, as some newer
systems were unable to query past certain dates. Addi-
tionally, many private practices did not retain informa-
tion on patients’ prior addresses, so we may not have
abstracted cases who moved outside of Manhattan since
the surveillance period. However, when possible, the
software LexisNexis was used to verify patient residence
within the catchment area.

Finally, data on race and ethnicity was abstracted
from administrative and medical records, which may not
accurately represent the patient’s own racial or ethnic
identification. Additionally, information on ethnicity
was often missing or did not include detail such as coun-
try of origin, which limited our ability to describe rates
of SLE among specific ethnic groups. Though available
information did reflect the major ethnic groups in Man-
hattan, ethnicity information was missing for most His-
panic cases and more than one-fourth of non-Hispanic
Asian cases. Categorized broadly, Hispanic or Asian
race encompasses a number of heterogeneous groups
and SLE rates among them may differ. Given the
already limited number of published studies on SLE
among Asians and Hispanics, additional work is needed
to better describe and understand the experience of
SLE among specific ethnic subpopulations.

Despite these limitations, our analysis benefitted
from the design and composition of the MLSP. First,
the MLSP was designed as a population-based registry
with methods similar to those used for 4 other CDC-
funded SLE registries, which allowed us to compare
rates across sites. Second, the diverse population within

our catchment area allowed us to estimate rates of SLE
among the major racial categories, particularly Asians
and Hispanics. Third, given the recent publication of
the SLICC classification criteria, we were able to esti-
mate rates of SLE by this case definition and compare
them to the ACR case definition. Fourth, the partner-
ship with the New York City DOHMH allowed us to
collect information from a number of case-finding
sources and find complete clinical information on most
cases. Finally, our abstractors all had a medical back-
ground, which helped during training and provided an
advantage during extensive review of medical records to
identify SLE criteria.

In conclusion, we found substantial disparities in
prevalence, incidence, and manifestations of SLE by sex
and race/ethnicity among Manhattan residents. Women
consistently had higher prevalence and incidence rates
of SLE compared with men, and non-Hispanic blacks,
Hispanics, and non-Hispanic Asians had higher rates
of diagnosed SLE and a higher proportion had lupus
nephritis compared with non-Hispanic whites. The
highest rates of SLE were seen among non-Hispanic
black women, followed by Hispanic, non-Hispanic
Asian, and non-Hispanic white women. Using the
SLICC criteria for SLE provided higher prevalence and
incidence rates than the ACR criteria.
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Plasmablasts With a Mucosal Phenotype Contribute to
Plasmacytosis in Systemic Lupus Erythematosus
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Objective. To analyze the composition of known
plasmacytosis in systemic lupus erythematosus (SLE)
to obtain further insight into the nature of underlying
mechanisms.

Methods. Plasmablasts from patients with active
SLE, patients with inactive/treated SLE, and healthy
controls were characterized by flow cytometry, enzyme-
linked immunospot assay, and Transwell migration assays
and compared to vaccination-induced plasmablasts.
Serum cytokine levels were analyzed by Luminex assay,
and histologic analysis of kidney biopsy specimens was
performed.

Results. Circulating plasmablasts in SLE expressed
markers of mucosal immune reactions. IgA, CCR10,
and b7 integrin were expressed by 48%, 40%, and 38%
of plasmablasts, respectively, with varying coexpression
patterns. Consistent with mucosal homing, some SLE
plasmablasts migrated toward the mucosal chemokine
CCL28 and secreted polymeric IgA. SLE plasmablasts
shared phenotypic characteristics with antigen-specific
plasmablasts induced by oral, but not parenteral,
vaccinations. Autoreactive antibody–secreting cells of
the IgG and IgA isotypes were detectable, but only the
emergence of phenotypically mucosal plasmablasts was

positively associated with serum interleukin-2 and
platelet-derived growth factor BB levels.

Conclusion. Our data suggest that distinct plas-
mablast differentiation pathways jointly contribute
to peripheral plasmacytosis in SLE, i.e., a cytokine-
amplified mucosal “steady-state” plasmablast response,
and an autoreactive plasmablast response, representing
conventional autoimmunity. Our results indicate an
overly activated mucosal immune system in patients with
SLE, with both immunologic and clinical implications.

Systemic lupus erythematosus (SLE) is a sys-
temic autoimmune disease that often affects multiple
organs and organ systems. At the level of the immune
system, it is not only characterized by a complex dysreg-
ulation of cellular and humoral adaptive immune
responses, but also of innate immune functions (1). B
cells, and specifically antibody-secreting plasma cells
(PCs) and their immediate precursors, plasmablasts,
have gained special interest in SLE since they directly
cause distinctive immunologic symptoms: hypergamma-
globulinemia, immune complex formation, and the
production of autoantibodies. SLE patients exhibit
defective B cell selection, including abnormal germinal
center responses, B lymphopenia, and disturbed compo-
sition of the remaining peripheral B cells (2,3) with a
marked expansion of antibody-secreting plasmablasts
(2,4). Plasmablasts are positively associated with lupus
disease activity, as well as with the presence of serum
autoantibodies and titers (2,4), and therapeutic target-
ing of autoreactive PCs is discussed as a future treat-
ment option for SLE (5).

In healthy individuals who have not been immu-
nized recently, plasmablasts are continuously detect-
able in the blood at very low frequencies. Most
of these plasmablasts appear to be generated in
mucosal immune reactions of the gut and/or airways,
as indicated by the expression of the prototypical
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immunoglobulin of mucosal immune reactions, IgA,
and of the mucosal homing receptors CCR10 and
a4b7 integrin (6,7), as well as by secretion of poly-
meric IgA (8).

IgA expression results from class-switch recom-
bination of activated B cells under the influence of
transforming growth factor b (TGFb), occurring pre-
dominantly in mucosal tissues (7), and is therefore
considered a marker of mucosal B cell activation. The
a4b7 integrin mediates adhesion to mucosal addressin
cell adhesion molecule 1 (MAdCAM-1) expressed on
high endothelial venules (HEVs) of mucosal tissues of the
gastrointestinal (GI) tract. Consistently, a4b7 integrin–
positive plasmablasts are capable of initiating homing to
the gut, while a4b7 integrin–negative plasmablasts can
use a4b1 integrin to adhere to vascular cell adhesion mol-
ecule 1–positive HEVs of the trachea and bronchoalveo-
lar tissues (9,10). Expression of a4b7 integrin in B cells is
triggered by retinoic acid produced by dendritic cells
(DCs) residing in gut- or airway-associated lymphoid tis-
sue, but not other DCs (11,12), and is therefore used as a
reliable identifier of not only mucosal homing, but also
mucosal priming, of a4b7 integrin–positive cells. The che-
mokine receptor CCR10 mediates plasmablast chemo-
taxis along gradients of CCL28, which is expressed in all
mucosal tissues (13). Skin-expressed CCL27 can also bind
to CCR10 (14). Unlike CCR9, which specifically mediates
homing to the small intestine (7), CCR10 does not select
for migration to a specific mucosal site and appears to be
important for homing to the nonintestinal mucosa (15).

In mucosal PC deposits, most PCs express
CCR10, b7 integrin, and IgA (15,16), including 60%
coexpressing the J-chain (16) for formation of polymeric
IgA that is dedicated to its secretion at mucosal surfaces
(17). The a4b7 integrin, IgA, and CCR10 are expressed
by many but not all circulating plasmablasts specific for
mucosally administered vaccines or enteric pathogens
(18,19). Indeed, multiple, partially redundant molecular
pathways exist that mediate plasmablast homing into
different mucosal locations (7,20,21). In this study, we
base our analyses on our own vaccination data, which
show exclusive expression of b7 integrin and CCR10 by
antigen-specific plasmablasts in blood after mucosal,
but not after systemic (i.e., intramuscular or subcutane-
ous), vaccination.

Generally, the accumulation of plasmablasts in
the blood of SLE patients is thought to result from B
cell hyperactivity. Consistent with aberrant B cell stimu-
lation by an autoantigen, autoreactive plasmablasts have
been found in the blood of SLE patients (22). Despite
the longstanding interest in plasmablasts as biomarkers
and potential therapeutic targets, their composition and

origin in SLE have not been explicitly addressed. To
better understand the differentiation of plasmablasts
and the mechanism(s) underlying plasmacytosis in SLE,
we conducted a cross-sectional study of patients with
active SLE and patients with treated, inactive SLE to
investigate quantitative and qualitative characteristics of
plasmablasts with a focus on mucosal traits.

PATIENTS AND METHODS

Detailed information on Patients and Methods is
included in the Supplementary Methods, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.wiley.
com/doi/10.1002/art.40181/abstract.

Study subjects. Blood samples were obtained from 56
SLE patients and 36 healthy controls. Additional healthy con-
trol samples were analyzed after oral cholera or intramuscular
tetanus/diphtheria vaccination. Patient characteristics are sum-
marized in Supplementary Table 1, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40181/abstract. The ethics committee of Charit�e University
Medicine approved the study, and informed consent was obtained
from all subjects before enrollment, in accordance with the Declara-
tion of Helsinki.

Isolation of peripheral blood mononuclear cells
(PBMCs). PBMCs were isolated as previously described (23),
with optional depletion of T cells and monocytes by rosetting
(StemCell Technologies).

Flow cytometric analysis. Flow cytometry was per-
formed on a FACSCanto II or LSRII flow cytometer (BD Biosci-
ences) using fluorochrome-conjugated monoclonal antibodies.
Fluorescence-labeled antigen was used to detect antigen-specific B
cells (23,24).

In vitro antibody secretion and enzyme-linked immuno-
spot (ELISpot) assay. PBMCs were incubated in media for 2
days, allowing for spontaneous antibody secretion. Detection
of polymeric and monomeric IgA in PBMC supernatants was
achieved by subjecting supernatants or control samples to fast-
protein liquid chromatography, followed by the detection of
IgA by enzyme-linked immunosorbent assay (ELISA) in the
collected fractions. ELISpot assays were performed as previ-
ously described (23–25).

Cytokine quantification. Serum cytokines were quan-
tified by ELISA and Luminex assays (Bio-Rad). In vitro che-
motaxis was assessed using a Transwell migration assay as
previously described (6).

Histologic analysis. Histologic analysis was per-
formed on kidney biopsy sections by periodic acid–Schiff, IgG,
and IgA staining.

Statistical analysis. Cytometric data were analyzed
using FlowJo (Tree Star). ELISA data were analyzed using
SoftMax Pro software version 5 (Molecular Devices). Data
were statistically analyzed and displayed in GraphPad Prism.
Statistical significance was calculated using the Mann-Whitney
test for comparisons between patients and controls (2-tailed,
95% confidence interval), and Wilcoxon’s test for paired com-
parisons, except where otherwise indicated. Spearman’s rank
correlation combined with bootstrap resampling (26) was used
to correlate cytokine and cytometric data.

DISTINCT PLASMABLAST SUBSETS IN SLE 2019

http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract


RESULTS

IgA1 plasmablasts contribute to the increased
levels of circulating plasmablasts in SLE patients.
Plasmablasts, naive B cells, and memory B cells were
quantified in blood samples from 32 SLE patients and
19 healthy donors (Figure 1A). As previously reported
(2), B lymphopenia in SLE affected naive B cells and
memory B cells, while plasmablast numbers and fre-
quencies were increased in SLE patients versus healthy
donors (2.2-fold [P , 0.0001] for plasmablast numbers
and 4.5-fold [P , 0.0001] for plasmablast frequencies)
(Supplementary Figure 1 and Supplementary Table 2,
available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40181/
abstract). Detection of cytoplasmic Ig, CD138, and high
levels of CD38 within CD191 CD27highCD20–/low cells
confirmed the plasmablast phenotype (Figure 1C and
Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40181/abstract). Consistent with the
inclusion of patients with largely inactive, controlled
disease, the correlation between disease activity and
plasmablast frequency was less striking than in pre-
vious reports (4) (r 5 0.27, P 5 0.13) (data not
shown).

Similar proportions of plasmablasts from SLE
patients and controls expressed cell-surface IgA, at
median levels of 58% and 55%, respectively (P 5 0.49).
Accordingly, numbers of both IgA1 and IgA– plasmablasts
were increased in SLE patients compared to healthy donors
(2.5-fold [P 5 0.0003] for IgA1 plasmablasts and 1.5-fold
[P 5 0.0017] for IgA– plasmablasts) (Figures 1A and B).
Since increased frequencies of IgA1 plasmablasts were
evident both in patients with high disease activity and in
those with low disease activity and both in patients with
high and in those with low absolute numbers of
plasmablasts or plasmablast frequencies (data not shown),
no association between IgA1 plasmablasts and the over-
all emergence of peripheral plasmablasts and SLE disease
activity was established.

In an independent analysis of 4 healthy donor
and 6 SLE samples, the predominance of IgA1

plasmablasts was confirmed by the detection of cytoplas-
mic IgA, IgG, and IgM among PBMCs. While cytoplas-
mic IgA–positive and cytoplasmic IgG–negative cells
were detectable at comparable median frequencies
among total plasmablasts in SLE patients and controls
(for IgA, 66% in SLE patients and 64% in healthy
donors, and for IgG, 29% in SLE patients and 23% in
healthy donors), frequencies of cytoplasmic IgM–posi-
tive plasmablasts were significantly reduced in SLE

patients (4% in SLE patients versus 11% in healthy
donors; P , 0.001) (Figure 1C). These data confirm the
expansion of plasmablasts in the peripheral blood of SLE
patients and indicate that the expanded plasmablast

Figure 1. Increased numbers of circulating IgA-expressing and non–
IgA-expressing plasmablasts (PBs) in blood samples from patients
with systemic lupus erythematosus (SLE). SLE and control periph-
eral blood mononuclear cells (PBMCs) were analyzed by flow cytom-
etry for the presence of IgA1 and IgA– plasmablasts among CD3–
CD14–DAPI–CD191CD27highCD20–/low cells. A, Representative gat-
ing of PBMCs for IgA1 and IgA– plasmablasts. mem 5 memory B
cell. B, Frequency of IgA-expressing plasmablasts, number of IgA1

plasmablasts, and number of IgA– plasmablasts in healthy donors
(HDs) and SLE patients. Circles represent individual subjects; hori-
zontal lines show the median. C, Cytoplasmic expression of IgA, IgG,
and IgM among CD3–CD14–CD191/intermediateCD38high PBMCs from
6 SLE patients and 4 controls. Pie charts show the mean percentage of
plasmablasts expressing cytoplasmic IgG, cytoplasmic IgA, and cyto-
plasmic IgM. The total area of the pie reflects the median frequency of
plasmablasts among PBMCs, which was 2.25-fold higher in the SLE
patients than in the controls. Patients in B and C exhibited similar lev-
els of disease activity (mean 6 SD SLE Disease Activity Index
8.5 6 2.9 and 9.7 6 1.8, respectively). ** 5 P , 0.01; *** 5 P , 0.001 by
Mann-Whitney 2-tailed test.

2020 MEI ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract


population consists predominantly of IgA1 plasmablasts,
followed by IgG1 plasmablasts and diminished amounts
of IgM1 plasmablasts.

Expression of mucosal homing receptors by cir-
culating plasmablasts in SLE. CCR10 and b7 integrin
were expressed by SLE plasmablasts at median frequen-
cies of 40% and 38%, respectively (Figure 2A). The
intestinal chemokine receptor CCR9 was not found on
plasmablasts in SLE patients or controls (,1.4% of
plasmablasts, except for 1 sample from a healthy donor
that expressed CCR9 on 7% of plasmablasts). Likewise,
SLE plasmablasts lacked expression of cutaneous
lymphocyte antigen (CLA) involved in skin homing
(,1.4% of plasmablasts). Frequencies of CCR101

plasmablasts did not differ significantly between
patients and healthy donors (P . 0.05), while frequen-
cies of b7 integrin–positive plasmablasts were dimin-
ished in SLE patients (P 5 0.037) (Supplementary Table
3, available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40181/
abstract). Thus, CCR101, CCR10–, and b7 integrin–
negative plasmablasts clearly contributed to the expan-
sion of plasmablasts in SLE. b7 integrin–positive
plasmablasts were expanded to more than 2.2 cells/ml
(a threshold set according to the maximum value in
healthy donors, not considering the outlier) in a sub-
group of 9 SLE patients, 6 of whom had active SLE
(Figure 2A and Supplementary Table 3).

IgA, b7 integrin, and CCR10 expression were
simultaneously analyzed to study their coexpression pat-
tern on plasmablasts. CCR10 and b7 integrin were
expressed by IgA1 plasmablasts but also by IgA–
plasmablasts, i.e., IgM1 or IgG1 plasmablasts, indicat-
ing that a significant proportion of circulating non-IgA
plasmablasts exhibit a mucosal homing phenotype
in SLE (Figure 2B). In this analysis, 75% of SLE
plasmablasts expressed at least IgA or 1 mucosal hom-
ing receptor (median 75% [range 57–88%] for SLE
patients [n 5 9] and median 81% [range 57–87%] for
controls [n 5 14]; P 5 0.13) (Figure 2C). Since some
IgA1 plasmablasts can also emerge from systemic
immune responses (Figure 2E), we repeated the analy-
sis without considering IgA expression. Here, 63% of
control plasmablasts and 58% of SLE plasmablasts
expressed b7 integrin, CCR10, or both (P 5 0.64), con-
firming that at least half of the plasmablasts carry a
mucosal phenotype based on their homing receptor
expression. We further analyzed the composition of
plasmablasts by determining the frequencies of 8 plas-
mablast populations defined by the expression of IgA,
CCR10, and b7 integrin. This approach revealed a trend
toward lower frequencies of IgA1CCR101b7 integrin–

negative plasmablasts and higher frequencies of IgA–
CCR10–b7 integrin–negative plasmablasts in SLE, but
the difference did not reach statistical significance (Sup-
plementary Figure 3, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40181/abstract).

Finally, spontaneous secretion of polymeric IgA
by unstimulated SLE PBMCs in 5 of 6 samples further
supported the presence of at least some IgA1

plasmablasts in SLE blood that secrete antibodies dedi-
cated to transepithelial transport at mucosal surfaces
(Figure 2D and Supplementary Figure 4, available on
the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract).

Next, we validated the use of IgA, CCR10, and
b7 integrin expression as markers of mucosal prove-
nance in secondary oral cholera versus systemic tetanus
vaccination studies, serving as models of mucosal (GI
tract) versus parenteral plasmablast responses. As previ-
ously described (6,23), tetanus toxoid (TT)–specific
plasmablasts were detectable 1 week after intramuscular
booster vaccination. They predominantly expressed cyto-
plasmic IgG (median 82%) and rarely expressed cytoplasmic
IgA (9%). Few, if any, TT-specific plasmablasts expressed
CCR10 (median 7%) or b7 integrin (median 6%) (Figure
2E). Cholera toxin B (CTB) subunit–specific plasmablasts
peaked 4 days after secondary vaccination in both donors
analyzed (Figure 2F and Supplementary Figure 5A, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract). The
specificity of CTB-specific plasmablast detection was con-
firmed by blocking the staining with unlabeled antigen (Sup-
plementary Figure 5B). CTB-specific plasmablasts expressed
the phenotype IgA1/–, b7 integrin–positive, and CCR101/–
in both donors analyzed (Figure 2G). Like other vaccine-
induced plasmablasts (6,27), CTB-specific plasmablasts
expressed the proliferation marker Ki-67, consistent with
their recent differentiation from activated B cells (Supple-
mentary Figure 5C).

In summary, these results confirm the induction
of IgA1/–, b7 integrin–positive, and CCR101/–
plasmablasts in specific mucosal immune responses.
A substantial fraction of plasmablasts in SLE expressed
IgA, CCR10, or b7 integrin, and thus shares similarities
with plasmablasts induced by mucosal vaccination. How-
ever, IgA-expressing and CCR10-expressing plasmablasts
regularly contributed to plasmacytosis in SLE, while a con-
tribution of b7 integrin–positive plasmablasts was seen in
only a few patients.

Autoreactivity of IgA1 and IgG1 plasmablasts in
SLE. We next addressed whether or not autoreactivity
was limited to IgG1 plasmablasts. ELISpot was used
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Figure 2. Mucosal phenotype of IgA1 plasmablasts (PBs) from patients with systemic lupus erythematosus (SLE). A, Top, Frequency of
CCR10-expressing plasmablasts, number of CCR101 plasmablasts, and number of CCR10– plasmablasts in samples from healthy donors (HDs)
and SLE patients. Bottom, Frequency of b7 integrin–expressing plasmablasts, number of b7 integrin–positive plasmablasts, and number of b7
integrin–negative plasmablasts in samples from healthy donors and SLE patients. Circles represent individual subjects; horizontal lines show the
median. B, Representative gating of IgA1 and IgA– plasmablasts for coexpression of CCR10 and b7 integrin. Contour plots (from left to right)
show 1,697, 969, 107, and 150 plasmablasts, respectively. C, Frequencies of plasmablasts expressing neither IgA, b7 integrin, nor CCR10 and fre-
quencies of plasmablasts expressing at least 1 of these receptors in healthy donors and SLE patients. Circles represent individual subjects; hori-
zontal lines show the median. P values were determined by Mann-Whitney test. D, Detection of plasmablasts secreting polymeric IgA (pIgA).
Supernatants from SLE PBMCs cultured for 2 days under nonactivating conditions were subjected to size-exclusion chromatography. Fractions
obtained were analyzed for IgA by enzyme-linked immunosorbent assay. Results for 4 of 6 samples analyzed are shown. Colostrum IgA was
used as a reference to identify the fractions in which polymeric IgA was eluted (red bars) (see Supplementary Figure 4, available on the Arthritis

& Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract). E, Expression of CCR10, b7 integrin, cytoplasmic (cyt)
IgG, and cytoplasmic IgA by recombinant tetanus toxin C-fragment (rTT.C)–specific plasmablasts. Dot plots show CD3–CD14–DAPI–
CD191CD27highCD20–/low cells. Results are representative of 5 experiments. F, Cytometric identification of cholera toxin B (CTB) subunit–spe-
cific plasmablasts in peripheral blood after oral cholera vaccination. G, CCR10, b7 integrin, and IgA expression by CTB-specific and total
plasmablasts. * 5 P , 0.05; ** 5 P , 0.01; *** 5 P , 0.001.
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to enumerate double-stranded DNA (dsDNA)–specific
IgG- and IgA-secreting blood plasmablasts from SLE
patients. Both dsDNA-specific IgG1 and IgA1

plasmablasts were detectable in 5 of 5 patients with highly
active disease, at frequencies between 0.03% and 3.10%
among total IgG-secreting cells and between 0.01% and
1.10% among total IgA-secreting cells, corresponding to
median levels of 76 and 23 cells per 1 3 106 PBMCs,
respectively (Supplementary Table 4, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40181/abstract). Thus, individ-
ual IgA1 and IgG1 plasmablasts secreted auto-
antibodies in SLE, indicating that autoreactivity did not
spare IgA1 plasmablasts.

Association of IgA and CCR10 expression by
SLE plasmablasts with serum cytokine levels. We
subsequently considered the possibility that the cytokine
milieu present in SLE patients accounts for the amplifi-
cation of plasmablast response in an autoantigen-
independent manner. We determined serum concentra-
tions of 25 cytokines from SLE blood samples, which
were simultaneously analyzed for blood plasmablast
characteristics by flow cytometry. A total of 28 parame-
ters derived from manual gating of flow cytometric plas-
mablast data were classified according to whether they
reflected systemic or mucosal plasmablast differentia-
tion, based on the phenotype of vaccination-induced
plasmablasts. Spearman’s correlation analyses and sub-
sequent bootstrap resampling revealed a serum cytokine
signature comprising interleukin-2 (IL-2), IL-6, IL-17,
platelet-derived growth factor BB (PDGF-BB), and vas-
cular endothelial growth factor (VEGF) that directly
correlated with frequencies of IgA1 and/or CCR101

plasmablasts (rs . 0), but not b7 integrin–positive
plasmablasts (Figure 3). Negative associations were
found between levels of IL-12 and the expression of
CD62L by plasmablasts. The emergence of phenotypi-
cally mucosal rather than parenteral plasmablasts was
positively associated with serum cytokine levels in SLE
(P , 0.0001 by Fisher’s exact test). Few inverse correla-
tions (rs , 0) were found when features of systemic plas-
mablast differentiation were analyzed. These were
related to frequencies of plasmablasts lacking IgA and
CCR10, and to the expression of CD62L, an adhesion
molecule expressed by plasmablasts induced by intra-
muscular vaccination (6).

A similar data set from healthy donors demon-
strated a largely distinct pattern of plasmablast feature
versus serum cytokine level correlations, suggesting that
the pattern observed in SLE patients is associated with
the disease, and not a general pattern observed in
healthy individuals (data not shown).

SLE plasmablasts are migration competent.
While autoreactivity of B cells and cytokines may facili-
tate the plasmablast expansion in SLE patients’ blood

Figure 3. Correlation of measures of mucosal, but not parenteral,
plasmablast differentiation with serum cytokine levels in patients
with systemic lupus erythematosus (SLE). Plasmablast data from 26
SLE patients and serum concentrations of 22 cytokines, determined
by bead-based multiplex assay, were analyzed using Spearman’s cor-
relation. Levels of BAFF, APRIL, and interferon-a were determined
separately by enzyme-linked immunosorbent assay and did not show
correlations with plasmablast data (data not shown). Serum and
plasmablast analyses were performed using the same donors and
time points. Sera were treated with a heterophilic binding blocker to
avoid potential interference by autoantibodies (55). The matrix
shows cytokines with at least 2 significant correlations (P , 0.05).
Significant correlations confirmed by bootstrapping are shown in
color according to their rs values. IL-2 5 interleukin-2; PDGF-
BB 5 platelet-derived growth factor BB; VEGF 5 vascular endothe-
lial growth factor; MFI 5 median fluorescence intensity.
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by enhancing plasmablast production, we additionally
considered impaired plasmablast mobility as seen in the
NZM mouse model of SLE (28) as a potential mecha-
nism contributing to blood plasmacytosis in SLE. We
therefore analyzed in vitro chemotaxis of plasmablasts
from SLE patients and controls toward CXCL12,
CCL28, and CXCL9, which have been implicated in
plasmablast homing to the bone marrow, mucosal tis-
sues, and sites of autoimmune inflammation (20,29).
Like control plasmablasts, plasmablasts from SLE
patients were principally competent to migrate toward
the chemokines tested, with a trend for enhanced migra-
tion toward CXCL9 in individual patients and some-
what decreased migration toward CXCL12 and CCL28
(Supplementary Figure 6, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40181/abstract). Since we found no evi-
dence of principally impaired migration of SLE
plasmablasts, plasmablasts appear to accumulate in the
blood of SLE patients because of their overproduction
rather than due to defective plasmablast migration.

PCs in inflamed kidneys are selected for IgG
expression. Finally, we addressed whether the predom-
inance of IgA1 plasmablasts in the peripheral blood of
SLE patients is also evident at sites of chronic inflam-
mation. We analyzed kidney biopsy specimens with lym-
phocytic infiltrates from 5 patients with active lupus
nephritis (Supplementary Table 5, available on the
Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40181/abstract) for the pres-
ence of cytoplasmic IgA1 and cytoplasmic IgG1 cells
by fluorescence microscopy. This analysis provided a
numerical ratio of 3:1 for IgG:IgA PCs (Figure 4),
documenting that IgG1 PCs are enriched over IgA1

PCs in inflamed kidneys in SLE. It remains unclear
whether the observed kidney PCs were autoreactive or
expressed mucosal homing receptor. The enrichment of

IgG1 PCs in lupus nephritis supports the notion that
they are more intimately involved in SLE tissue immu-
nopathology than IgA1 PCs.

DISCUSSION

In this study, we show that major subsets of
plasmablasts in the blood of SLE patients carry a phe-
notype reminiscent of mucosal immune reactions and
that such phenotypically mucosal plasmablasts contrib-
ute to plasmablast expansion in SLE. Previous studies
identified IgA1 plasmablasts as the minor (30,31) or
major (32,33) plasmablast subset in SLE. In the present
study, on average 58% of the plasmablasts expressed
IgA, indicating the predominance of IgA1 plasmablasts
in SLE, while individual patients showed rather few
IgA-expressing plasmablasts, amounting to 20–40% of
total plasmablasts, or in ELISpot assays, excessive
amounts of IgG-secreting cells. At least some of
the IgA1 plasmablasts in the blood secreted polymeric
IgA, dedicated to transepithelial transport at mucosal
surfaces.

By including stainings for the mucosal homing
receptors b7 integrin and CCR10 in our cytometric
panel, we detected additional, apparently mucosal
plasmablast subsets that do not produce IgA, such as
CCR101 and/or b7 integrin–positive, IgM1, or IgG1

plasmablasts. The detection of these IgA2 subsets
substantiates the emergence of mucosal plasmablasts in
SLE: 40% of SLE plasmablasts expressed CCR10, and
38% expressed b7 integrin. Notably, IgA, CCR10,
and b7 integrin were coexpressed in different patterns,
ranging from plasmablasts expressing only 1 of the
receptors to cells coexpressing all 3. Seventy-five per-
cent of plasmablasts expressed at least 1 of these mole-
cules. Our present results confirm previous observations
(23,34–36) that IgA1 plasmablasts can be byproducts of

Figure 4. IgG1 plasma cells (PCs) are enriched in inflamed systemic lupus erythematosus (SLE) kidney biopsy specimens. Left, Periodic acid–
Schiff (PAS), IgG, and IgA staining of representative kidney biopsy specimens containing lymphocytic infiltrates from 5 patients with SLE. PCs
were detected and counted according to characteristic morphology and IgG or IgA staining. Right, Percent of IgG-expressing PCs and IgA-
expressing PCs in the kidney biopsy specimens. Circles represent individual replicates; each color represents an individual patient. Horizontal
lines show the median. Original magnification 3 200. ** 5 P , 0.01 by Wilcoxon’s test.

2024 MEI ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40181/abstract


intramuscular vaccination responses, so that IgA expres-
sion alone may not serve as an unequivocal marker of
mucosally induced plasmablasts. When only the expres-
sion of CCR10 and/or b7 integrin was considered, 58%
of the plasmablasts qualified as mucosal plasmablasts.

As a reference for mucosally induced plasmablasts,
we studied antigen-specific plasmablasts induced by oral
cholera vaccination. This analysis showed that expression of
IgA, CCR10, and b7 integrin was induced in the plasmablast
population resulting from oral vaccination, yet only b7 integ-
rin was expressed by virtually all CTB-specific plasmablasts.
Unlike the CTB-specific plasmablasts, which almost uni-
formly expressed b7 integrin, SLE plasmablasts consisted of
subpopulations expressing or lacking b7 integrin. This
illustrates the heterogeneity of the plasmablast response in
SLE and confirms that not all SLE plasmablasts qualify as
mucosal plasmablasts.

Similar heterogeneity was recently observed in a
study of blood plasmablast homing receptor signatures in
patient groups with different mucosal immune syndromes.
For example, plasmablasts from patients with upper respi-
ratory tract infections showed a b7 integrin–negative
CCR10low/1 phenotype, plasmablasts from patients with
ulcerative colitis were b7 integrin–positive/negative and
CCR101, and plasmablasts from patients with celiac dis-
ease or symptoms of GI tract infection were b7 integrin–
positive and CCR101, besides having varying expression
of additional homing receptors. Our vaccination data and
the findings of Seong et al and others (18,21) support the
notion that blood plasmablasts in SLE represent a mix-
ture of plasmablasts induced in different tissues, with
diverse mucosal sites contributing plasmablasts with dif-
ferent b7 integrin/CCR10 phenotypes. This appears to be
consistent with the systemic inflammation evident in SLE,
which includes mucosal tissues in some patients.

Notably, mucosal priming does not exclude hom-
ing of the resultant plasmablast to the bone marrow
(37), indicating that mucosal and parenteral plasmablast
migration routes are not fully separated. The absence of
CLA and CCR9 expression on plasmablasts is evidence
against selective intestinal and skin homing as major
plasmablast migration routes in SLE.

Since an unequivocal phenotypic definition of
mucosal plasmablasts is lacking, true enumeration of
unambiguously mucosal plasmablasts and their assign-
ment to specific mucosal tissues was not possible.
However, our data clearly show that, unexpectedly,
plasmablasts with a mucosal phenotype make up a signifi-
cant fraction of total plasmablasts in SLE and that
plasmablasts expressing IgA in combination with CCR10
contribute to the plasmablast expansion in SLE patients.
In this study, we reproduced the typical expansion of

frequencies and absolute numbers of plasmablasts in
active SLE when comparing patients with active versus
inactive disease using an SLE Disease Activity Index
(SLEDAI) threshold of 6. However, a close and signifi-
cant correlation between plasmablast numbers and dis-
ease activity could not be established in our study,
possibly because of the inclusion of patients who had
received previously unavailable treatments, such as anti-
BAFF (belimumab) or B cell depletion, and also because
patients were included from both inpatient and outpa-
tient settings. While plasmablast expansion was detect-
able in patients in both groups, our prior studies on
plasmablasts in SLE (2,4,38) were performed almost
exclusively among hospitalized patients, who have
enhanced disease activity compared to outpatients.

We found no evidence of an association between
frequencies of IgA1, CCR101, or b7 integrin–positive
plasmablasts among total plasmablasts and disease
activity or the overall emergence of plasmablasts. This
suggested that the contribution of IgA1, CCR101, or
b7 integrin–positive plasmablasts to the overall plasma-
blast population in SLE is relatively stable and indepen-
dent of disease activity and severity of plasmacytosis.

Unlike in blood, PCs in chronically inflamed kid-
neys of SLE patients were dominated by the IgG isotype
in all cases analyzed, supporting the involvement of
IgG-secreting cells in lupus nephritis pathology. It
remained unclear whether PCs detectable in the kidneys
had migrated there, were generated in situ, or were a
mixture of both.

The intriguingly similar composition of SLE and
control plasmablasts led us to speculate that plasmacy-
tosis in SLE was largely due to unselective amplification
of the normal steady-state plasmablast response (6).
However, we detected autoreactive cells among IgG-
and IgA-secreting cells, showing that at least some
IgA1 plasmablasts do not belong to the homeostatic
plasmablast repertoire seen in healthy controls, and
peripheral blood IgA1 plasmablasts are not principally
spared from autoreactivity. Our comparison of serum
cytokine levels with plasmablast features indicating pref-
erentially mucosal versus parenteral induction revealed
a set of cytokines that was positively associated with
the emergence of mucosal (IgA1 and/or CCR101)
plasmablasts but was not associated, or was negatively
associated, with the emergence of parenteral plasmablasts.
This cytokine signature included IL-2, IL-6, IL-17,
PDGF-BB, and VEGF, with IL-2 and PDGF-BB having
greater numbers of associations. PDGF-BB is known to
be a regulator of mesangial cells and is implicated in
nephropathy (39), and has also been linked to both
proinflammatory and antiinflammatory roles (40,41),
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although direct interactions with mature B cells or PCs
have not been described.

Treg cells are candidates for a possible link
between IL-2 and the emergence of mucosal
plasmablasts. Treg cells produce the IgA class-switch–
inducing cytokine TGFb (42), and IL-2 therapy
increases Treg cell frequencies and activation state in
the blood of SLE patients (43,44). Treg cell depletion in
mice decreases the amounts of lamina propria IgA1

PCs and IgA antibodies (45). Notably, serum levels of
PDGF-BB and TGFb have been found to be associated
in a study of chronic pancreatitis (46). In addition, IL-2
may selectively promote differentiation of CD271

CD251IgA1/– memory B cells, which, when activated,
likewise secrete TGFb (47). In contrast, IL-6, which
belongs to the group of inflammation-promoting cyto-
kines, stimulates the proliferation of B cells activated by
IL-2 or IL-10, promotes the survival of PCs, and likely
promotes plasmablasts expressing the IL-6 receptor
(48,49). Some, but not all, human blood plasmablasts
express the IL-6 receptor (50), and IL-6 has been shown
to be required for normal IgA production in vivo (51).
A network of IL-2, TGFb, and IL-6 appears to control
Treg cells and Th17 cells (52), which are implicated in
both IgA production (53) and autoimmune pathogene-
sis (54). However, the nature of our cytokine/plasma-
blast comparison is purely associative and requires
further mechanistic studies.

Taken together, the cytokine signature identified
is, with the exception of PDGF-BB and VEGF, consis-
tent with the involvement of cytokine signals that either
directly or via T cells can impact the quality and quantity
of plasmablast responses.

Finally, we tested the hypothesis that the enrich-
ment of plasmablasts in SLE blood might be due to a
migration defect interfering with the plasmablast’s exit
from blood. In Transwell chemotaxis assays, SLE
plasmablasts showed a somewhat enhanced response
toward CXCL9 implicated in plasmablast recruitment
to inflamed sites. Migration responses toward CXCL12
and CCL28, reflecting the functionality of CXCR4 and
CCR10, were largely comparable to controls, and con-
firmed that SLE plasmablasts chemotactically respond
normally, at least under in vitro conditions.

In summary, our data document the participation
of mucosal plasmablasts in the exaggerated plasmablast
response in SLE, reflecting an overactivation and
involvement of the mucosal immune system in SLE.
The heterogeneity of plasmablasts in SLE appears to
be due to superimposed B cell hyperactivity driven by
autoreactivity and the cytokine environment. Further
studies are needed to evaluate how immune therapies

influence mucosal immune activity in SLE and whether
additional treatment considerations are required.
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Peripheral Immunophenotyping Identifies Three Subgroups
Based on T Cell Heterogeneity in Lupus Patients
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Objective. To elucidate the diversity of systemic
lupus erythematosus (SLE) based on immunophenotyping.

Methods. Peripheral blood mononuclear cells
were obtained from 143 SLE patients and 49 healthy
individuals. Circulating B, T, and dendritic cells were
defined using flow cytometric analysis as recommended
by the Human Immunology Project Consortium. Based
on these results, immunophenotypes were distinguished
by principal components analysis (PCA), and cluster
analysis was used to classify SLE patients into
subgroups.

Results. The proportions of Treg and follicular
helper T (Tfh) cells were higher in SLE patients than in
healthy controls, whereas Th1 and Th17 cell propor-
tions did not differ. Proportions of class-switched mem-
ory B cells and IgD–CD27– B cells were increased in

SLE patients as well. The largest difference compared
to the control group was observed in the proportion of
plasmablasts, which was higher in SLE patients and
correlated with disease activity as assessed with
the British Isles Lupus Assessment Group index. PCA
indicated that the immunophenotype of SLE patients
consisted of abnormalities of the T and B cell axes.
Cluster analysis showed that the SLE patients could
be stratified into 3 subgroups (with high proportions
of plasmablasts in all groups): patients who did not
show the characteristic features (T cell–independent
group), patients with a high percentage of Tfh cells
(Tfh-dominant group), and patients with a high per-
centage of memory Treg cells (Treg-dominant group).
The percentage of patients whose SLE was resistant to
treatment was highest among the Tfh-dominant group.

Conclusion. Our study indicates that patients
with active SLE can be divided into 3 subgroups based
on T cell heterogeneity. Further immunophenotyping
studies should help elucidate the pathogenesis of SLE
and provide important information for the development
of new therapies.

Systemic lupus erythematosus (SLE) is an auto-
immune disease characterized by overproduction of
autoantibodies by B cells and breaking self tolerance of
T cells and dendritic cells (DCs). Various immunologic
abnormalities are involved in the development of SLE
(1). For instance, we (2,3) and others (4–7) have
described characteristic abnormalities of B cells in this
disease. In particular, plasmablasts play a central role in
the pathogenesis of SLE, through the production of
anti–double-stranded DNA (anti-dsDNA) antibody (8).
CD41 T helper cells have an important role in disease
progression and pathology (9). There is evidence of a
predominance of the Th1 cell subset in patients with
lupus nephritis (10) and of defects in the homeostatic
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control of Th17 and natural Treg cell subpopulations
contributing to SLE pathology (11). Moreover, follicular
helper T cells (Tfh cells), which are an essential helper
subset for B cell maturation (12), are increased in the
peripheral blood (PB) of lupus patients (13). Further-
more, plasmacytoid DCs (14) and macrophages (15),
which are involved in innate immunity, contribute to the
initiation and perpetuation of autoimmunity in SLE.

Taken together, the above findings suggest that
SLE is molecularly heterogeneous (16). Therefore, it
would be difficult to manage every case based on one
kinetic molecular theory. This is evidenced by the fact
that targeted therapy has not yet been established in the
treatment of SLE, although it has been used in the treat-
ment of rheumatoid arthritis for as long as 20 years.

Based on these considerations, we “took a step
back” from certain molecular changes reported in previ-
ous studies (2–4,9,14,15) and tried to obtain a broader
perspective on the molecular heterogeneity in SLE by
immunophenotyping. The heterogeneity of SLE raises 3
clinical questions: 1) What are the differences in immuno-
phenotype between lupus patients and healthy individu-
als? 2) How do the immune cell phenotypes interact? 3)
Can patients be divided into subgroups by immunopheno-
typing? To address these questions, PB mononuclear cells
(PBMCs) were obtained from 143 patients with SLE. Cir-
culating B cells, T cells, natural killer (NK) cells, and DCs
were defined based on comprehensive flow cytometric
analysis for human immunophenotyping, as described by
the Human Immunology Project Consortium (17).

PATIENTS AND METHODS

Patients. Patients who fulfilled the American College
of Rheumatology classification criteria for SLE (18) were
enrolled in this study between December 2012 and February
2016. Age- and sex-matched healthy individuals were included
as controls. The Human Ethics Review Committee of our uni-
versity reviewed and approved the study, including the collec-
tion of PB samples from healthy controls and SLE patients.

Clinical measurements. Disease activity at baseline
was assessed using the SLE Disease Activity Index (SLEDAI)
(19,20) and the British Isles Lupus Assessment Group
(BILAG) index (21–23) for organ involvement. Laboratory
studies included testing for anti-dsDNA, anti-Sm, IgG, CH50,
and C-reactive protein (CRP) levels, erythrocyte sedimenta-
tion rate (ESR), leukocyte count, and lymphocyte count. We
also collected clinical data and samples after 24 weeks of treat-
ment. Patients who required .2 different immunosuppressive
therapies in addition to glucocorticoids were considered to
have treatment-resistant disease.

Flow cytometric analysis. All patients in this study
were enrolled in the FLOW registry, with immunophenotyping
analysis performed by multicolor flow cytometry and the
results recorded in the registry. PBMCs were isolated from
PB samples using lymphocyte separation medium (ICN/

Cappel). Next, PBMCs were resuspended in phosphate buff-
ered saline (PBS)/3% human IgG (Baxter) in order to block
Fc receptors and prevent nonspecific antibody binding, and
then incubated for 15 minutes at 48C in the dark. The cells
were then washed with PBS containing 1% bovine serum albu-
min. Background fluorescence was assessed using appropriate
isotype- and fluorochrome-matched control monoclonal anti-
bodies. After staining with antibodies (described in Supple-
mentary Table 1, on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract),
the cells were assessed by multicolor flow cytometry
(FACSVerse; BD Biosciences) and the data analyzed with
FlowJo software (Tree Star). The phenotype of immune cell
subsets was defined based on the Human Immunology Project
protocol of comprehensive 8-color flow cytometric analysis
proposed by National Institutes of Health/Federation of Clini-
cal Immunology Societies (17), with some modification for
detecting Tfh cells. Details of the gating strategy are shown
in Supplementary Figures 1 and 2 (http://onlinelibrary.wiley.
com/doi/10.1002/art.40180/abstract).

Study design. Differences in immunophenotype were
evaluated in 143 SLE patients and 49 healthy individuals. To
elucidate the diversity among patients with active lupus, 80
patients with severe organ involvement ($1 feature from
BILAG category A or $2 from BILAG category B) were iden-
tified from the overall group of 143 lupus patients, for princi-
pal components analysis (PCA) and cluster analysis. These
80 patients were receiving intensive treatment, such as cyclo-
phosphamide plus glucocorticoids, and 55 of them remained
in the study for the full 24-week follow-up period. Changes
after treatment were analyzed in samples obtained from
these 55 patients at 24 weeks. Supplementary Figure 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract) presents
this information in flowchart format.

PCA of immunophenotyping data. For easy explora-
tion and visualization of immunophenotyping data, which
contained many items, and for estimation of the correlation
between variables, we used PCA to statistically aggregate items,
reducing the number of observed variables into a smaller num-
ber of principal components and reducing the dimensionality
of immunophenotyping data. We selected 2 eigenvectors with
the highest eigenvalues as PC1 (eigenvalue 5.6) and PC2
(eigenvalue 3.7) based on each contribution rate, although all
factors aggregated in 12 eigenvectors. The values for PC1 and
PC2 were also calculated in individual SLE patients.

Cluster analysis of lupus patients. Cluster analyses were
performed by the Ward method (24), using the immunophenotypes
of SLE patients. We determined the number of clusters based on a
scree plot, which showed the sum of within-cluster dissimilarities
(Supplementary Figure 4, http://onlinelibrary.wiley.com/doi/10.
1002/art.40180/abstract). The ordinate is the distance that was
bridged to join the clusters at each step. There was a natural
break where the distance jumps up suddenly, and we defined
the break as the cut point. Consequently, we judged that
the appropriate number of clusters was 3 and created a tree
diagram.

Statistical analysis. Continuous data were expressed
as the mean 6 SD, and categorical data as the number (%).
The significance of differences between groups was assessed
by Student’s t-test, with chi-square test used for nominal vari-
ables. Analysis of variance was performed among 3 groups.
Multiple comparisons were performed by Games-Howell test
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(if the samples were not homoscedastic) or Tukey’s test (if the
samples were homoscedastic). Pearson’s correlation coeffi-
cient was used for correlation analysis. Multivariate analyses
were conducted using variables that had P values of less than
0.05 in the univariate analysis. Paired t-tests were used to
assess differences between baseline data and data measured at
week 24 (with missing data). For assessment of statistical sig-
nificance of the posttreatment data, nonparametric compari-
sons were used. P values less than 0.05 were considered
significant. All analyses were conducted using JMP version
11.0 (SAS Institute) or SPSS version 22.0 (SPSS).

RESULTS

Baseline characteristics of the patients. Base-
line characteristics of the study patients are shown in Sup-
plementary Table 2 (http://onlinelibrary.wiley.com/doi/10.
1002/art.40180/abstract). All were of Asian ethnicity. The
mean age was 42.7 years, and most patients were women

(89.5%). The mean duration of SLE was 9.5 years; mean
disease activity scores at baseline were 11.0 (SLEDAI)
and 11.7 (BILAG index). The proportion of patients with
$1 BILAG category A feature or $2 BILAG category B
features was 61.5%, although 71.3% of the patients were
receiving concomitant immunosuppressive medications at
baseline. Eight of the 88 patients with $1 BILAG cate-
gory A feature or $2 BILAG category B features had
some missing data and were not included in further analy-
ses. Other laboratory findings included mean anti-dsDNA
and IgG levels of 71.7 units/ml and 1,696 mg/dl, respec-
tively, and a mean ESR of 49.1 mm/hour.

Peripheral immune cell phenotype in the patients
with SLE. The immunophenotypes of PB from patients
with SLE are shown in Figure 1. Higher proportions of
effector memory and activated CD41 T cells, and a
lower proportion of central memory CD41 T cells, were

Figure 1. Differences in phenotypes of lymphocytes, monocytes, dendritic cells, and natural killer (NK) cells between patients with systemic
lupus erythematosus (SLE) and age- and sex-matched healthy control subjects. Values are the mean 6 SD percentage, with levels that were sig-
nificantly different in the patient group compared with the healthy control group highlighted in color (blue for decreased; red for increased).
P values in the univariate analysis were determined by Student’s t-test. Multivariate analyses were performed using variables for which the
P values in the univariate analysis were less than 0.05. TEMRA 5 terminally differentiated effector memory cells; Tfh 5 follicular helper T cells.
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found in SLE patients compared with healthy subjects.
Similarly, the proportions of activated CD81 T cells
were higher in SLE patients. We next assessed the prop-
erties of functional subsets of CD41 T cells, such as
Th1, Th17, Treg, and Tfh cells. Among them, propor-
tions of Treg cells, Tfh cells, activated Th1 cells, acti-
vated Treg cells, and activated Tfh cells were higher in
SLE patients compared with controls, but no differences
in proportions of Th1 and Th17 cells were observed
between groups.

Assessment of B cell subsets revealed that the
proportion of IgM memory B cells was lower, while
that of class-switched memory B cells and IgD–CD27–
(double-negative) B cells was higher, in SLE patients
than in healthy subjects. Of note, the largest difference
in all immune cell phenotypes was observed in the
proportion of plasmablasts (16.2% in patients and 3.3%
in controls) (Figure 1).

With regard to DCs, the percentage of myeloid
DCs was lower among patients compared with controls,
while that of plasmacytoid DCs did not differ between
the groups. For NK cells, the proportion of CD16– NK
cells was higher in SLE patients, whereas the propor-
tions of monocyte subsets did not differ.

We also investigated the correlation between var-
ious immune cells and clinical findings. The percentages
of activated CD81 T cells correlated with the SLEDAI,
and the percentages of activated CD81 T cells and
plasmablasts correlated with the BILAG index. The
proportion of Tfh cells correlated with serum IgG level,

and the proportion of activated Tfh cells correlated with
serum anti-Sm antibody level and IgG level. Detailed
results are shown in Supplementary Tables 3 and 4
(http://onlinelibrary.wiley.com/doi/10.1002/art.40180/
abstract).

PCA based on immunophenotype. For easier
exploration and visualization of these immunophenotypes,
we attempted to identify patterns using 2-dimensional
PCA (Figure 2) as well as 3-dimensional PCA (Supple-
mentary Figure 5, http://onlinelibrary.wiley.com/doi/10.
1002/art.40180/abstract). Immunophenotypes were statisti-
cally aggregated to the PCs. The results showed that the
first factor from the PCA (PC1) was associated with T cell
phenotype. The positive side of PC1 contained effector
memory CD41 T cells, activated CD41 T cells, and acti-
vated CD81 T cells, while the negative side contained
naive CD41 T cells and naive CD81 T cells. In contrast,
PC2 was mainly associated with B cell phenotype. The
positive side of PC2 contained naive B cells, while the neg-
ative side contained plasmablasts and double-negative B
cells (Figure 2 and Supplementary Figure 6 [http://
onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract]).

Moreover, we were able to clarify the correla-
tions among immunophenotypes by focusing on the dis-
tances between variables (Figure 2). Among these
correlations, Th17 and Treg cells were statistically close
and showed positive correlation (P , 0.001). Further-
more, Tfh and Th1 cells were also statistically close and
showed positive correlation (P 5 0.04). The same pat-
tern was also noted for Tfh cells and plasmablasts
(P 5 0.02). The results of PCA indicated that the immu-
nophenotype of SLE patients consists of T cell axis and
B cell axis abnormalities.

Statistical cluster analysis based on immuno-
phenotype in SLE. Because SLE is molecularly hetero-
geneous, targeting of 1 molecule is not an appropriate
treatment strategy. Therefore, we next attempted to
identify subgroups among the 80 SLE patients with
severe organ involvement ($1 feature in BILAG cate-
gory A or $2 features in BILAG category B).

Cluster analysis revealed that the patients with
active SLE could be classified into 3 subgroups (Figure
3A). The values in PC1, which was associated with T cell
phenotype, and PC2, which was associated with B cell
phenotype, in individual patients in the 3 groups are
plotted in Figure 3B. The PCA score plot confirmed
that SLE patients were clearly separated and localized
into 3 regions according to these 2 axes. In addition, if
we combined SLE patients and healthy controls in one
cluster analysis, the immunophenotype of SLE formed
a separate cluster from that of healthy subjects (Supple-
mentary Figure 7, on the Arthritis & Rheumatology web

Figure 2. Results of principal components (PC) analysis based on
immune cell phenotypes in patients with systemic lupus erythematosus.
Each immunophenotype was visualized in 2 dimensions. DC 5 dendritic
cells; NK 5 natural killer; Tfh 5 follicular helper T cells.

2032 KUBO ET AL

http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract


site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40180/abstract).

Next, we explored the immunologic features of
the 3 subgroups (Figure 4 and Supplementary Table 5
[http://onlinelibrary.wiley.com/doi/10.1002/art.40180/
abstract]). High proportions of plasmablasts were seen
in all groups, to varying extents. However, in 1 group,
few changes in T cell differentiation and activation were
seen. In particular, the increase in Tfh and Treg cells
that was seen among the SLE patients overall was not
observed in this group (termed the T cell–independent
group). The second group, in which the percentage of
plasmablasts was the highest, also had high percentages
of Tfh and activated Tfh cells; these elevated percent-
ages appeared in this group exclusively (termed the
Tfh-dominant group). In addition, the proportion of
activated Th1 cells was the highest in this group. Finally,
the third group (termed the Treg-dominant group)
exhibited the highest proportions of Th17, activated
Treg, and memory Treg cells. Additionally, the propor-
tion of plasmablasts was lower in this group than in
either of the other SLE groups (though still increased
compared with healthy controls).

Clinical features of the SLE patients in each of
the subgroups identified are shown in Table 1 and

Supplementary Table 6 (http://onlinelibrary.wiley.com/
doi/10.1002/art.40180/abstract). There were significant
differences in IgG levels (mean 1,720.5 mg/dl,
1,888.9 mg/dl, and 1,270.5 mg/dl) and leukocyte counts
(mean 4,697.3/ml, 4,172.0/ml, and 7,955.6/ml among the
T cell–independent group, the Tfh-dominant group, and
the Treg-dominant group, respectively). However, dis-
ease activity indices, such as the SLEDAI and the
BILAG index, were comparable (Table 1), as was the
presence of renal and neurologic manifestations (data
not shown). These findings indicate that immunologic
features were different even among patients with similar
clinical features. Indeed it was difficult to distinguish
subgroups according to clinical features.

Effects of immunosuppressive therapy. Finally,
we investigated changes in peripheral immune cell
phenotypes after 24-week treatment with cyclophospha-
mide, mycophenolate mofetil, or calcineurin, in addition
to high-dose glucocorticoids. Treatment resulted in
decreases in the proportions of plasmablasts as well as
double-negative B cells, activated CD81 T cells, and
Tfh cells (Supplementary Table 7 [http://onlinelibrary.
wiley.com/doi/10.1002/art.40180/abstract]).

Next we assessed the effects of treatment in the 3
groups (Supplementary Figure 8 and Supplementary

Figure 3. Results of statistical cluster analysis based on immune cell phenotypes in patients with systemic lupus erythematosus. A, Hierarchical
statistical clustering of lupus patients. Subgroups are colored red, green, and blue. B, PC1 and PC2 values in individual patients in the 3 sub-
groups. TEMRA 5 terminally differentiated effector memory cells (see Figure 2 for other definitions).
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Table 8 [http://onlinelibrary.wiley.com/doi/10.1002/art.
40180/abstract]). Treatment resulted in markedly
decreased proportions of plasmablasts and Tfh cells in
the Tfh-dominant group, with the levels of these cells
becoming comparable with those in the other groups.
Other phenotypes showed the same tendency, i.e.,
became closer to normal after treatment. However, the
features of each group were still evident (e.g., high pro-
portion of activated Treg cells in the Treg-dominant
group). Furthermore, cluster analysis revealed that
the immunophenotypes of SLE patients remained dif-
ferent from those of healthy controls even after treat-
ment of the patients (Supplementary Figure 9 [http://
onlinelibrary.wiley.com/doi/10.1002/art.40180/abstract]).

However, specific changes were not associated with spe-
cific treatments, apart from rituximab (Supplementary
Figure 10 [http://onlinelibrary.wiley.com/doi/10.1002/art.
40180/abstract]).

Table 2 shows the clinical changes after treatment,
in the patients grouped according to SLE immunopheno-
type. Treatment resulted in marked improvement in disease
activity indices, such as the SLEDAI and the BILAG index,
and the extent of the reduction was comparable among the
3 groups. Other clinical improvements, such as changes in
anti-dsDNA, IgG, CH50, and CRP levels and ESR, were
also comparable. However, the proportion of SLE patients
whose disease was resistant to treatment was highest among
the Tfh-dominant group (Table 2).

Figure 4. Results of statistical cluster analysis based on immune cell phenotypes in patients with systemic lupus erythematosus, classified into
the 3 subgroups that were identified. Baseline immunophenotypes in each group are shown. Values are the mean 6 SD percentage, with levels
that were significantly different in the patient group compared with the healthy control group highlighted in color (blue for decreased; red for
increased). P values in the univariate analysis were determined by one-way analysis of variance. Multinomial logistic regression analyses were
performed using variables for which the P values in the univariate analysis were less than 0.05. See Figure 1 for definitions.
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DISCUSSION

In rheumatoid arthritis, targeted therapy has
made it possible to induce remission in many patients,
leading to a paradigm shift in treatment of that disease
(25). However, there has been no published evidence of
such an effect of targeted therapy in SLE. Due to the
molecular heterogeneity among lupus patients, several
clinical trials of potential treatments demonstrated no
improvement in patients with SLE (26–29). To assess
the molecular heterogeneity in SLE, we conducted the
present study using PBMCs from SLE patients.

Various phenotype differences were observed
among patients with SLE. In addition, there were some
correlations between clinical parameters and peripheral
cell phenotypes. For instance, the proportion of Tfh
cells correlated with the titer of IgG, and that of acti-
vated Tfh cells correlated with anti-Sm antibody levels.
This might indicate an interaction between activated
Tfh and long-lived plasma cells, which promote the pro-
duction of autoantibodies such as anti-Sm. Further-
more, the proportions of plasmablasts correlated with
organ involvement. A landmark study investigating the
blood transcriptome of 158 SLE patients identified

Table 1. Baseline characteristics of the SLE patients grouped according to cluster analysis*

T cell–
independent

group (n 5 37)
Tfh-dominant
group (n 5 25)

Treg-dominant
group (n 5 18)

P

Uni-
variate

Multi-
variate

Age, years 42.1 6 16.9 44.4 6 16.8 49.7 6 17.6 0.30
Sex, no. (%) female 36 (97.3) 20 (80.0) 15 (83.3) 0.08
Disease duration, years 9.9 6 11.0 7.7 6 8.7 13.6 6 11.7 0.19
SLEDAI 15.8 6 8.4 14.4 6 8.2 13.7 6 8.5 0.64
BILAG 17.2 6 9.5 17.7 6 8.8 17.0 6 10.2 0.97
BILAG A1 or B2, no. (%) 37 (100) 25 (100) 18 (100) 1.00
ANA, no. (%) positive 34 (91.9) 23 (92.0) 16 (88.9) 0.26
Anti-dsDNA, units/ml 86.8 6 123.8 106.3 6 141.9 40.6 6 54.3 0.05 0.51
Anti-dsDNA, no. (%) positive 17 (45.9) 9 (36.0) 9 (50.0) 1.00
Anti-Sm, units/ml 78.3 6 183.3 50.3 6 123.4 11.3 6 35.4 0.07
Anti-Sm, no. (%) positive 24 (64.9) 15 (60.0) 14 (77.8) 0.31
IgG, mg/dl 1,720.5 6 614.8 1,888.9 6 1,003.6 1,270.5 6 509.7 0.03 0.05
CH50, units/ml 36.9 6 17.1 33.3 6 18.4 36.7 6 15.3 0.69
CRP, mg/dl 0.9 6 2.1 1.3 6 3.1 1.6 6 4.4 0.77
ESR, mm/hour 49.9 6 29.5 68.5 6 38.5 47.4 6 30.5 0.05 0.11
Leukocyte count, /ml 4,697.3 6 1,956.8 4,172.0 6 2,699.3 7,955.6 6 4,795.2 0.02 0.84
Lymphocyte count, /ml 765.8 6 430.5 693.3 6 512.8 815.5 6 500.0 0.69

* Except where indicated otherwise, values are the mean 6 SD. SLE 5 systemic lupus erythematosus; Tfh 5 follicular helper
T cell; SLEDAI 5 SLE Disease Activity Index; BILAG 5 British Isles Lupus Assessment Group; ANA 5 antinuclear anti-
body; anti-dsDNA 5 anti–double-stranded DNA; CRP 5 C-reactive protein; ESR 5 erythrocyte sedimentation rate.

Table 2. Characteristics of the patients in each cluster after treatment*

T cell–independent
group (n 5 24)

Tfh-dominant
group (n 5 10)

Treg-dominant
group (n 5 11)

SLEDAI 1.8 6 3.8 2.4 6 3.4 2.2 6 2.6
BILAG 1.6 6 4.0 2.1 6 4.0 1.4 6 1.4
BILAG A1 or B2, % 4.2 10.0 0.0
Treatment resistant, % 4.2 30.0† 0.0
Anti-dsDNA, units/ml‡ 9.9 6 11.5 8.5 6 7.9 33.3 6 86.6
Anti-dsDNA positive, %‡ 15.0 10.0 20.0
IgG, mg/dl 977 6 285.3 722.4 6 174.3 919.0 6 325.5
CH50, units/ml 54.6 6 7.4 53.0 6 12.2 53.7 6 10.1
CRP, mg/dl 0.0 6 0.1 0.2 6 0.4 0.8 6 1.8
ESR, mm/hour 19.2 6 18.3 19.3 6 15.5 25.9 6 27.7
Leukocyte count, /ml 7,533.3 6 2,845.2 6,320.0 6 1,334.0 8,050.0 6 2,099.9
Lymphocyte count, /ml 1,083.7 6 666.8 910.7 6 508.1 949.2 6 595.1

* Except where indicated otherwise, values are the mean 6 SD. See Table 1 for definitions.
† P 5 0.03 versus each of the other groups, by chi-square test.
‡ Data not available for 4 patients in the T cell–independent group and 1 patient in the Treg-dominant group.
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plasmablast signature as the most robust biomarker of
disease activity (16). Although the methodology was dif-
ferent, our findings are broadly consistent with the
results of that RNA transcriptome analysis.

PCA demonstrated interactions among immuno-
phenotypes in SLE. These interactions were also described
in previous reports. For example, an earlier study showed a
negative correlation between proportions of Th17 and
naive Treg cells (11). Our study also showed that Th17 and
naive Treg cells were at opposite sites of the PCA graph
(Figure 2). Meanwhile, the result that Th17 and activated
Treg cells were statistically close indicates the plasticity of
Th17 and Treg cells (30,31). Similar to the results of many
in vivo and in vitro studies showing the importance of Tfh
cells in B cell differentiation and pathogenesis of autoim-
munity (12,32), our data confirmed the importance of the
Tfh cell–plasmablast axis in SLE.

In this study, SLE patients could be stratified sta-
tistically by immunophenotyping, resulting in 3 immu-
nologic subgroups (the T cell–independent group, the
Tfh-dominant group, and the Treg-dominant group),
although these clusters have not been validated. The
finding that plasmablast proportions were elevated in all
3 groups highlights the fundamental role of plasmablasts
in SLE. Further analysis of the 3 groups showed that in
the first group (T cell–independent group), there were
no characteristic features other than increased plasma-
blast proportions. Therefore, the most important factor
in the pathogenesis of SLE in this group is uncertain. It
is possible that neutrophils, which are not included in
PBMCs and were not investigated in this study, could
play a role in this group. A high percentage of Tfh cells
was especially noted in the second group (Tfh-dominant
group). The proportion of plasmablasts in this group
was also particularly high, and almost all T cells were
activated. Moreover, among patients in this group, SLE
was resistant to conventional treatment. The third group
(Treg-dominant group) had high proportions of acti-
vated Treg and memory Treg cells and low proportions
of naive Treg cells. Thus, plasticity of Th17 and Treg
cells might play an important role in the Treg-dominant
group.

Our study has several limitations. First, it was
exploratory and was not validated by investigation of
other cohorts. Moreover, some of the patients dropped
out after treatment and thus could not be included in
the follow-up analyses. However, immunophenotypes
that had been assessed differently at each institution
were standardized through the Human Immunology
Project, and this facilitated the comparison of reports
from different institutions. Thus, it should be possible to
conduct further studies to validate our results. Next, we

did not investigate neutrophils. Although abnormality
of neutrophil extracellular traps has been reported to
play a role in the pathogenesis of SLE (33,34), it is diffi-
cult to study neutrophils. Finally, we did not investigate
secondary lymphoid tissue or actual inflammatory lesions.

Despite these limitations, our results indicate
that immunologic abnormalities are not specific in any
single SLE patient. However, each abnormality was
enhanced by subdividing SLE patients. In other words,
the phenotype of lymphocytes was different among the
patients, although these patients had similar disease
activity. Accumulation of further evidence along these
lines will not only contribute to the elucidation of the
pathogenesis of SLE, but also help in the development
of new treatments.
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Increased CCL25 and T Helper Cells Expressing
CCR9 in the Salivary Glands of Patients With

Primary Sj€ogren’s Syndrome

Potential New Axis in Lymphoid Neogenesis

Sofie L. M. Blokland,1 Maarten R. Hillen,1 Aike A. Kruize,1 Stephan Meller,2 Bernhard Homey,2

Glennda M. Smithson,3 Timothy R. D. J. Radstake,1 and Joel A. G. van Roon1

Objective. Follicular helper T (Tfh) cells play a
critical role in germinal center formation and B cell acti-
vation, both of which are hallmarks of primary Sj€ogren’s
syndrome (SS). CCR9-expressing T helper cells have
“Tfh-like” characteristics and their numbers are
increased at mucosa-associated sites in several inflam-
matory conditions. Because the characteristics of these
cells are unique and evaluation has been limited, this
study was undertaken to investigate the local and sys-
temic CCL25/CCR9 axis in patients with primary SS.

Methods. Levels of CCL25 protein and messen-
ger RNA (mRNA) and CCR91 T helper cells were
evaluated in the labial salivary glands (LSGs) of
patients with primary SS and patients with sicca syn-
drome without a diagnosis of primary SS (non-SS
sicca controls). CCL25 levels were assessed for corre-
lation with parameters of inflammation and clinical
features. Circulating CCR91 and CXCR51 T helper
cells were compared on the basis of phenotypic and
functional properties.

Results. CCL25 protein and mRNA levels were
elevated in the LSGs of patients with primary SS as

compared to non-SS sicca controls. Increased levels of
CCL25 were associated with B cell hyperactivity, auto-
immunity, and levels of interleukin-21 (IL-21) and solu-
ble IL-7 receptor a-chain (IL-7Ra). Furthermore, the
frequency of CCR9-expressing cells in the LSGs was
increased and levels of circulating CCR91 T helper
cells expressing programmed death 1 and inducible T
cell costimulator were elevated in patients with primary
SS. CCR91 T helper cells displayed higher expression
of IL-7Ra and secreted higher levels of interferon-g,
IL-17, IL-4, and IL-21 as compared to CXCR51
T helper cells, ex vivo and upon triggering with antigen
or IL-7. Both CCR91 and CXCR51 T helper cells in-
duced IgG production by B cells more potently than
that induced in the cultures with CCR92CXCR52
T helper cells.

Conclusion. Enhanced expression of CCL25 in
LSGs of patients with primary SS can facilitate attrac-
tion of CCR91 T helper cells, and these cells secrete
high levels of proinflammatory cytokines when trig-
gered with antigen or IL-7. The observed associations
with B cell hyperactivity, autoimmunity, and markers
of lymphoid neogenesis indicate that the CCL25/CCR9
axis plays a significant role in the immunopathology of
primary SS, suggesting that this axis could represent a
novel therapeutic target for the disease.

Primary Sj€ogren’s syndrome (SS) is characterized
by inflammation of the exocrine glands, with features
mainly involving dryness of the eyes and mouth. A hall-
mark feature of primary SS is B cell hyperactivity, which
is reflected by production of autoantibodies, elevated
levels of serum IgG, and an increased risk of lymphoma
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development (in ;10% of patients) (1,2). Both the pres-
ence of germinal centers (GCs) and a high number of
lymphocytic infiltrates in the salivary glands are associ-
ated with lymphoma development (3,4).

Follicular helper T (Tfh) cells are potent B cell–
stimulating cells and reside in GCs in the lymph nodes.
Tfh cells are characterized by expression of Bcl-6, CXCR5,
inducible T cell costimulator (ICOS), programmed death 1
(PD-1), and cytokines such as interleukin-21 (IL-21), IL-4,
and CXCL13, which attracts CXCR51 Tfh cells and
CXCR51 B cells (5,6). Tfh cells are elevated in the
peripheral blood of patients with primary SS, and the fre-
quency of Tfh cells correlates with autoantibody produc-
tion, disease severity, and presence of aberrant memory
B cell and plasma cell subsets. Expression of IL-21, IL-4,
and CXCL13 as well as the numbers of Tfh cells are
increased in the salivary glands of patients with primary
SS (7–10).

McGuire et al recently described a novel CD41 T
helper cell subset that has characteristics similar to those
of Tfh cells, including the production of IL-21, expression
of ICOS and Bcl-6, and expression of the chemokine
receptor CCR9, but not CXCR5. These CCR91 T
helper cells are therefore called “Tfh-like” cells (11).
Both in mice and in humans, CCR91 T helper cells are
present in secondary lymphoid organs (12,13). In
humans, CCR91 T helper cells produce high levels of
interferon-g (IFNg) in addition to high levels of IL-17,
IL-10, and IL-4. Moreover, these cells induce robust B
cell responses (12,14,15). They specifically migrate to
mucosal sites in response to the chemokine CCL25 (also
known as thymus-expressed chemokine, or TECK)
(16,17). CCR91 T helper cells are important for the
maintenance of mucosal immune homeostasis, but also
may have a function in mucosal inflammation, potentially
contributing to inflammatory bowel disease (IBD) and
primary sclerosing cholangitis (18–20). Increased num-
bers of CCR9-expressing cells have been found in the
peripheral blood and inflamed intestinal tissue of
patients with Crohn’s disease, and elevated production of
CCL25 has also been observed at sites of inflammation
(21,22). Inhibition of CCR9 decreased intestinal inflam-
mation in a mouse model of ileitis. In patients with
Crohn’s disease, inconsistent results with regard to the
inhibition of CCR9 have been demonstrated, possibly
because the pharmacokinetic properties of this small-
molecule therapy are poor (23–25).

Recently, in NOD mice, CCR91 T cells were also
shown to mediate immunopathologic processes in
mucosa-associated tissue from accessory organs of the
digestive tract, including the pancreas and salivary glands.
The NOD mice spontaneously developed primary SS–like

symptoms and exhibited infiltration of IL-21–expressing
CCR91 T helper cells in the salivary glands (11).

CCL25 messenger RNA (mRNA) is not detect-
able in healthy human salivary gland tissue, but is up-
regulated during oral inflammation (26). Reduced
methylation of the CCL25 gene is found in gingival tis-
sue of patients with periodontitis (27). In mice, CCL25
gene expression is up-regulated in the oral mucosa
upon triggering with antigen and during wound heal-
ing (28,29).

Apart from demonstrating a pivotal role for
CCR91 T helper cells in experimental SS-like disease,
McGuire and colleagues found that CCR91 T helper
cells are enriched in the circulation of patients with pri-
mary SS (11), indicating that these cells might play a role
in the disease. In the present study, we confirmed these
findings and further characterized the role of CCR91 T
helper cells in primary SS. We investigated the presence
of CCR91 T helper cells and its specific ligand, CCL25,
in the labial salivary glands (LSGs) of patients with pri-
mary SS. In addition, the phenotypic and functional
properties of circulating CCR91 T helper cells were
studied in comparison to CXCR51 T helper cells.

PATIENTS AND METHODS

Patients and controls. All patients with primary SS
were classified according to the American-European Consen-
sus Group (AECG) criteria for SS (30). Patients with sicca
syndrome who did not fulfill the AECG criteria for SS were
defined as non-SS sicca disease controls. In both groups, auto-
antibody status and LSG biopsy samples were assessed. All
patients, disease controls, and healthy volunteers were from
the University Medical Center (UMC) Utrecht. The demo-
graphic and clinical characteristics of the patients and controls
are shown in Table 1. The UMC Utrecht ethics committee
approved the study, and all participants gave written informed
consent.

Analyses of CCL25 and CCR9 expression. CCL25
and CCR9 mRNA expression levels in the LSG biopsy tissue
were assessed by quantitative reverse transcription–polymerase
chain reaction; 18S was used as a housekeeping gene. The

expression of mRNA was calculated using the 22DDCt method,
with values normalized against the median value of the disease
control group. To detect the secretion of CCL25 by LSG tissue,
the LSGs were thoroughly rinsed directly after the biopsy
procedure and incubated in 200 ml of saline for 1 hour at
room temperature. The tissue supernatant was then frozen.
Levels of CCL25 as well as IFNg, IL-17, IL-4, IL-21, IL-7, solu-
ble IL-7 receptor a-chain (sIL-7Ra), and CXCL13 were mea-
sured using a Luminex multianalyte assay, as previously
described (31).

Immunohistochemical analysis was performed to
detect CCR9 expression in the LSG samples. Frozen tissue
sections were incubated with an anti-CCR9 monoclonal anti-
body; control incubations involved a mouse IgG2a isotype or
omission of the first antibody. Antigen–antibody complexes
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were visualized using a BrightVision poly–horseradish peroxi-
dase detection system.

For immunofluorescence staining to assess colocali-
zation, anti-CCR9, anti-CD3, anti-CD4, and anti-ICOS anti-
bodies were used along with Alexa Fluor 488–labeled and
Alexa Fluor 555–labeled secondary antibodies. Details on the
gene expression and immunohistochemical analyses are pro-
vided in Supplementary Materials and Methods (available on
the Arthritis & Rheumatology web site at http://onlinelibrary.
wiley.com/doi/10.1002/art.40182/abstract).

Isolation of cells. Peripheral blood mononuclear
cells (PBMCs) were isolated by density-gradient centrifuga-
tion using Ficoll-Paque. Monocytes, CD191 B cells, and
CD41 T cells were isolated from the PBMCs using an
autoMACS system. To compare the functional characteristics
of CCR91 T helper cells to those of CXCR51 T helper cells,
5–12 3 107 PBMCs from patients and healthy controls were
obtained, and each cell subset was sorted using a BD
FACSAria III flow cytometer. The cells were sorted for the
expression of CD3, CD4, CXCR5, and CCR9, after which
they were cultured.

Flow cytometric analysis. To characterize CCR91
T helper cells, 1 3 106 PBMCs from patients and healthy con-
trols were stained for the expression of CD3, CD4, CD45RO,
CXCR5, CCR9, CD127 (IL-7Ra), ICOS, and PD-1. For intra-
cellular cytokine staining, 1 3 106 CD41 T cells per milliliter
were stimulated with phorbol myristate acetate (PMA) and
ionomycin in the presence of brefeldin A for 4 hours at 378C.
Thereafter, the cells were fixed, permeabilized, and stained for
the expression of CD3, CD4, CD45RO, CD27, CXCR5, CCR9,
CD127, IFNg, IL-17A, IL-4, IL-21, and IL-10. Details on the
flow cytometry analyses are shown in Supplementary Materials
and Methods (available on the Arthritis & Rheumatology web site
at http://onlinelibrary.wiley.com/doi/10.1002/art.40182/abstract).

Cell culture. For analysis of cytokine secretion, 2 3 104

CCR91 T helper cells or CXCR51 T helper cells were cul-
tured with 5 3 103 monocytes for 3 days with 10 ng/ml IL-7 or
0.1 ng/ml superantigen (Staphylococcus enterotoxin B [SEB])
and restimulated with PMA and ionomycin for 24 hours. For
analysis of B cell stimulation, 2 3 104 CCR91, CXCR51, or
CCR92CXCR52 T helper cells were cultured with 2 3 105 B
cells and 5 3 103 monocytes for 12 days, along with 1 ng/ml IL-
7 or 0.01 ng/ml SEB superantigen. IgG production was mea-
sured by enzyme-linked immunosorbent assay (Human IgG
Quantification Kit; Bethyl Laboratories) in accordance with
the manufacturer’s instructions.

Statistical analysis. Statistical analyses were per-
formed in Prism version 6 and SPSS software. Student’s t-test,
a paired parametric t-test, Mann-Whitney U test, and non-
parametric Wilcoxon’s paired test were used as appropriate.
For assessment of correlations with disease parameters,
Pearson’s correlation coefficient and Spearman’s rho were
used as appropriate. Differences and correlations were consid-
ered statistically significant at P values less than 0.05.

RESULTS

Correlation of increased levels of CCL25 in LSG
tissue with B cell hyperactivity and factors associated
with lymphoid neogenesis in primary SS. Levels of
serum CCL25 were not significantly different in patients

with primary SS (n 5 12) as compared to healthy con-
trols (n 5 5) (median 2,748 pg/ml, interquartile range
[IQR] 2,056–3,748 versus median 1,992 pg/ml, IQR
1,904–2,449; P 5 0.064). No significant correlations of
the CCL25 serum levels with clinical parameters were
found.

In the LSG biopsy samples, expression of CCL25
mRNA was significantly increased in patients with pri-
mary SS as compared to non-SS sicca controls (Figure
1A). In most individuals, expression of CCR9 mRNA in
this tissue was not detectable or was very low.

Furthermore, CCL25 protein levels were signifi-
cantly increased in the LSG biopsy supernatants from
patients with primary SS as compared to non-SS sicca
controls (Figure 1B). In addition, CCL25 protein levels
were found to be elevated in anti-Ro/SSA–positive
patients with primary SS as compared to those negative
for anti-Ro/SSA (Figure 1C).

In LSG supernatants from all patients with sicca
syndrome, the levels of CCL25 correlated with the
lymphocytic focus score. In LSG supernatants from
patients with primary SS, the CCL25 protein levels sig-
nificantly correlated with an increased percentage of
IgM-expressing and IgG-expressing plasma cells and
increased serum IgG levels (Figure 1D). No significant
correlations were found between the levels of CCL25 in
LSGs and Schirmer’s test results for eye dryness, the
EULAR Sj€ogren’s Syndrome Disease Activity Index, or
the EULAR Sj€ogren’s Syndrome Patient Reported
Index (data not shown).

In view of the potential role of CCL25 in
attracting CCR91 T helper cells, we assessed whether
CCL25 protein expression in the tissue supernatants was
associated with LSG expression of cytokines that are typi-
cally associated with Tfh cells and lymphoid neogenesis,
including IL-21, CXCL13, IL-7, and sIL-7Ra (6,32). In
addition, the major Th1-, Th2-, and Th17-defining cyto-
kines IFNg, IL-4, and IL-17 were assessed. IFNg, IL-4,
IL-17, and IL-7 were detectable in a minority of the LSG
samples, which hampered the assessment of correlations
with CCL25 protein expression (data not shown). Levels
of IL-21 and sIL-7Ra, however, were significantly
increased in patients with primary SS compared to non-
SS sicca controls, and the levels of both cytokines corre-
lated robustly with the levels of CCL25 (Figure 1E). Fur-
thermore, CXCL13 levels were significantly increased in
patients with primary SS as compared to non-SS sicca
controls, but this did not correlate with the levels of
CCL25 (Figure 1E).

Enhanced numbers of CCR9-expressing cells in
primary SS LSGs. We confirmed the findings reported
by McGuire et al (11), observing that the frequency of
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CCR91CD41 T cells was increased in the peripheral
blood of patients with primary SS as compared to
healthy controls (mean 6 SD 3.0 6 1.3% versus
2.4 6 0.9%; P 5 0.041). In addition, we extended these
findings by evaluating the numbers of CCR91 cells
upon immunohistochemical staining of the LSG biopsy
tissue. The numbers of CCR91 cells were increased in
the LSGs of patients with primary SS as compared to
non-SS sicca controls (Figures 2A and B), and the pres-
ence of these cells largely colocalized with CD3 and
CD4 (Figure 2C). In addition, 41.4 6 15.7% of the
CCR91 cells expressed ICOS in the LSGs of patients
with primary SS (n 5 4) (Figure 2D), thus confirming
the presence of functional molecules associated with B
cell activation.

CCR91 cells were found mostly near epithelial
cells, in and around lymphocytic infiltrates. No significant

correlations of CCR91 cell numbers with the lympho-
cytic focus score, percentage of IgG1IgM1 plasma cells,
or serum IgG levels were found (data not shown).

High expression levels of IL-7Ra in circulating
CCR91 T helper cells compared to CXCR51 T helper
cells, and elevated proportions of circulating CCR91
T helper cells coexpressing ICOS and PD-1 in primary
SS. Since the IL-7/IL-7Ra pathway plays an important
role in the pathogenesis of primary SS (8,33–37) and in
(ectopic) GC formation, including that occurring in
LSGs, expression of IL-7Ra on circulating CCR91 and
CXCR51 T helper cells from patients with primary SS
and healthy controls was studied (32,38,39). CCR91 T
helper cells showed a higher median fluorescence inten-
sity of IL-7Ra expression as compared to CXCR51 T
helper cells, both in patients with primary SS and in
healthy controls (Figures 3A–C).

Figure 1. Elevated expression of CCL25 in the labial salivary glands (LSGs) of patients with primary Sj€ogren’s syndrome (pSS) is associated
with autoimmunity and B cell hyperactivity. A, CCL25 mRNA expression in LSG tissue was compared between patients with primary SS (n 5 9)
and control sicca syndrome patients without a diagnosis of primary SS (nSS) (n 5 9). Relative expression was calculated with values normalized
against the median value in the non-SS sicca controls; 18S was used as a housekeeping gene. FC 5 fold change. B and C, CCL25 protein concen-
trations (conc.) in LSG biopsy supernatants were compared between patients with primary SS (n 5 26) and non-SS sicca controls (n 5 34) (B)

and between patients with primary SS who were positive for anti-Ro/SSA autoantibodies and those who were negative for anti-Ro/SSA (C). Sym-
bols in A–C represent individual patients; horizontal lines indicate the median. D and E, CCL25 concentrations in LSG biopsy supernatants
from all patients with sicca syndrome (primary SS and non-SS sicca), patients with primary SS, and non-SS sicca controls were assessed for cor-
relations with the lymphocytic focus score (LFS), percentage of IgM-expressing and IgG-expressing plasma cells, and serum IgG levels (D) and
for levels of interleukin-21 (IL-21), soluble IL-7 receptor a-chain (sIL-7Ra; a marker of the IL-7/IL-7Ra pathway), and CXCL13 (E).
Spearman’s correlation coefficients were used.
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As CCR91 T helper cells share many features
with Tfh cells, it was of particular interest to compare
them to CXCR51 T helper cells. Expression of ICOS
and PD-1, both of which are activation markers char-
acteristically expressed on Tfh cells, was assessed (6).
Since the majority of PD-1 and ICOS in both cell sub-
sets was expressed on the CD45RO1 effector memory

cells and central memory cells, CD45RO1CCR91

and CD45RO1CXCR51 T helper cells from patients
with primary SS were compared to those from healthy
controls (40,41). Patients with primary SS displayed
significantly increased numbers of ICOS and PD-1–
coexpressing cells in the CCR91 T helper cell subset
compared to that from healthy controls; this was not

Figure 2. Levels of CCR9-expressing T cells are increased in the salivary glands of patients with primary SS. A, Representative images of immuno-
histochemical staining for CCR9 (red) in LSG tissue from a patient with primary SS and a non-SS control patient with sicca syndrome are shown,
along with a mouse IgG2a isotype control. Arrows indicate CCR91 cells. B, Levels of CCR9-expressing cells in LSG tissue were compared between
patients with primary SS (n 5 10) and non-SS sicca controls (n 5 9). Symbols represent individual patients; horizontal lines indicate the median. C,

Representative immunofluorescence images demonstrate that in a CD3 (red) T cell–rich lymphoid aggregate, the majority of CCR91 cells coexpress
CD3 and CD4 (yellow/orange). Solid arrows indicate colocalization, and dashed arrow indicates CD32CCR91 cells (green). D, Representative
immunofluorescence images of the LSGs of a patient with primary SS demonstrate the presence of CCR91 cells (green) that are positive for induc-
ible T cell costimulator (ICOS) (red) (counterstained with DAPI [blue]). Solid arrows indicate colocalization, and dashed arrows indicate single
expression of CCR9 or ICOS. Original magnification 3 200 in A; 3 400 in C and D. See Figure 1 for other definitions.
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observed in CXCR51 T helper cells. Among patients
with primary SS or healthy controls, no statistically sig-
nificant differences were seen in the percentage of
ICOS1PD-11 cells, either in the CCR91 T helper
cell subset or in the CXCR51 T helper cell subset
(Figures 3D and E).

Higher proportions of circulating CCR91 T
helper cells producing IL-21 and IL-10 and expressing
a Th1/Th17.1 phenotype as compared to CXCR5+ T
helper cells. Intracellular cytokine staining was per-
formed to characterize the polarization of T helper
cells ex vivo among total peripheral blood CCR91 and
CXCR51 T helper cells from patients with primary SS
compared to healthy controls (representative images
from fluorescence-activated cell sorting analysis are
shown in Figure 4A). Both in patients with primary
SS and in healthy controls, higher percentages of
CCR91 T helper cells produced IFNg (Th1 cells, not

expressing IL-4 or IL-17) as compared to CXCR51

T helper cells (mean 6 SD 54.9 6 21.1% versus 12.8 6

4.5%; P , 0.001). In addition, the proportion of IFNg1

cells coexpressing IL-17, a typical cytokine profile for pro-
inflammatory Th17.1 cells (42), was elevated in the
CCR91 T helper cell subpopulation (mean 6 SD 0.8 6

0.6% versus 0.1 6 0.1% of CXCR51 cells; P , 0.001).
Furthermore, the percentages of CCR91 T helper cells
producing IL-21 and IL-10 were increased (for IL-21,
3.8 6 1.6% versus 2.3 6 1.3% of CXCR51 cells [P 5

0.003]; for IL-10, 2.2 6 1.4% versus 1.1 6 1.1% of
CXCR51 cells [P 5 0.002]). The percentages of Th17
cells (IL-17–producing T helper cells, not producing
IFNg or IL-4) and Th2 cells (IL-4–producing T helper
cells, not producing IFNg or IL-17) did not differ signifi-
cantly between the CCR91 and CXCR51 cell subsets
(for Th17, 1.1 6 0.6% versus 0.8 6 0.6%; for Th2, 1.3 6

0.7% versus 1.0 6 1.0%). Within the group of patients

Figure 3. CCR91 T helper cells are characterized by high levels of IL-7Ra and increased coexpression of inducible T cell costimulator (ICOS) and
programmed death 1 (PD-1) in patients with primary SS. A, The representative flow cytometry dot plot identifies distinct CCR9-expressing and
CXCR5-expressing CD41 T cells. B, The representative histograms show IL-7Ra expression by CCR91 T helper cells (solid) compared to
CXCR51 T helper cells (gray shaded) and the unstained control (open). C, Expression of IL-7Ra by CCR91 and CXCR51 T helper cells was
compared between healthy controls (HC) (n 5 7) and patients with primary SS (n 5 8). Symbols represent individual subjects, with results expressed
as the median fluorescence intensity (MFI). D, Representative dot plots show the expression of ICOS and PD-1 by CCR91 T helper cells from a
healthy individual and a patient with primary SS. E, The percentages of ICOS and PD-1–coexpressing CCR91 and CXCR51 T helper cells were
compared between healthy controls (n 5 9) and patients with primary SS (n 5 12). Symbols represent individual subjects. See Figure 1 for other
definitions.
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with primary SS and the healthy control group, no signifi-
cant differences in circulating T helper cell subset polari-
zation were found for either CCR91 T helper cells or
CXCR51 T helper cells (Figure 4B).

Naive, effector, effector memory, and central
memory T helper cells were expected to produce dif-
ferent levels of cytokines. Therefore, the frequencies
of these subsets within the CCR91 and CXCR51

T helper cell populations were assessed, showing that

the CCR91 T helper cell subset contained a higher
frequency of effector and effector memory cells, and
the CXCR51 T helper cell subset contained a higher
frequency of central memory cells (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatol-
ogy web site at http://onlinelibrary.wiley.com/doi/10.
1002/art.40182/abstract). These subsets were distin-
guished on the basis of the expression of CD45RO
and CD27.

Figure 4. Enhanced proportions of ex vivo peripheral blood CCR91 T helper cells produce IL-21 and IL-10 and have a more robust Th1 phe-
notype (interferon-g positive [IFNg1]) and Th17.1 phenotype (IFNg1IL-171) compared to CXCR51 T helper cells. A, The representative
flow cytometry dot plots show the expression of IL-17, IFNg, IL-4, IL-21, and IL-10 by CCR91 T helper cells as compared to CXCR51 T
helper cells. Values in each quadrant are percentages of cells. B, The percentages of CCR91 and CXCR51 T helper cells secreting IFNg, IL-
17, both IFNg and IL-17, IL-21, IL-4, and IL-10 were determined in healthy controls (HC) (n 5 8; for IL-21 staining, n 5 6) and patients with
primary SS (n 5 6; for IL-21 staining, n 5 5). Symbols represent individual subjects. See Figure 1 for other definitions.
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We subsequently assessed cytokine production in

these cell subsets, and found that cytokine production

differed between the subsets, as had also been observed

in total CD41 T cells. Frequencies of IFNg1 cells were

increased in all CCR91 T helper subsets, while the

frequencies of IFNg1IL-171 cells and IL-101 cells

were increased in the naive, effector memory, and cen-

tral memory CCR91 T helper subsets, and the fre-

quency of IL-211 cells was increased in the naive and

central memory CCR91 T helper cell subset (see

Figure 5. CCR91 T helper cells robustly produce interferon-g (IFNg), IL-17, IL-4, and IL-21 upon challenge with antigen or IL-7, while antigen-
triggered CXCR51 T helper cells more potently produce CXCL13. Both CCR91 and CXCR51 T helper cells have increased capacity to stimulate IgG
production. A, CCR91 and CXCR51 T helper cells (2 3 104) (n 5 4 healthy controls and n 5 3 patients with primary SS) were cocultured with monocytes
(5 3 103) for 3 days and restimulated with phorbol myristate acetate and ionomycin. Culture of CCR91 T helper cells without stimuli showed increased
production of IFNg, IL-17, and IL-4 as compared to CXCR51 T helper cells. B, CXCR51 T helper cells stimulated with superantigen (Staphylococcus

enterotoxin B [SEB]) (n 5 3 healthy controls and n 5 2 patients with primary SS) produced significantly more CXCL13 than CCR91 T helper cells. How-
ever, in response to SEB, CCR91 T helper cells produced higher levels of IFNg and IL-4. Stimulation with IL-7 (n 5 4 healthy controls and n 5 3 patients
with primary SS) induced CCR91 T helper cells to produce significantly more IFNg, IL-21, and IL-4 as compared to CXCR51 T helper cells. C, CCR91,
CXCR51, and CCR92CXCR52 T helper cells (2 3 104) (n 5 6 healthy controls) were cocultured with B cells (2 3 105) and monocytes (5 3 103) for
12 days in the presence of IL-7 and SEB. IgG levels were measured in the supernatants. In the cultures with CCR91 and CXCR51 T helper cells, IgG pro-
duction was significantly higher as compared to cultures with CCR92CXCR52 T helper cells. Results are the mean 6 SEM. * 5 P , 0.05 for the indicated
comparisons or for cells stimulated with SEB or IL-7 alone versus cells cultured in medium alone. See Figure 1 for other definitions.
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Supplementary Figure 2, available on the Arthritis &
Rheumatology web site at http://onlinelibrary.wiley.com/
doi/10.1002/art.40182/abstract).

Both CCR91 and CXCR51 memory T helper
cells showed higher IL-7Ra expression and higher percent-
ages of ICOS1PD-11 cells than did CCR92CXCR52

naive T helper cells (see Supplementary Figure 3, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40182/abstract).
Furthermore, CCR91 and CXCR51 T helper cells that
consisted primarily of central memory cells (Supplemen-
tary Figure 1) showed higher percentages of cytokine-
secreting cells (producing IL-21, IFNg, IL-17, IL-4, and
IL-10) as compared to CCR92CXCR52 T helper cells
that mainly consisted of naive T helper cells (see Sup-
plementary Figure 4, available on the Arthritis & Rheu-
matology web site at http://onlinelibrary.wiley.com/doi/
10.1002/art.40182/abstract).

Robust production of IFNg, IL-4, IL-17, and IL-
21 by antigen- and IL-7–triggered CCR91 T helper
cells, compared to antigen-driven production of CXCL13
by CXCR51 T helper cells. In view of their crucial role
in immunopathology, the function of CCR91 T helper
cells from patients with primary SS and healthy controls
were studied in cocultures with monocytes (43). No sig-
nificant differences in in vitro cytokine production were
found between cocultures with primary SS patient cells
and cocultures with healthy control cells. Therefore, the
data on in vitro cytokine production were pooled
together to compare the function of CCR91 and
CXCR51 T helper cells. Upon restimulation, CCR91

T helper cells showed elevated production of IFNg, IL-
17, and IL-4 as compared to CXCR51 T helper cells
(Figure 5A). Production of IL-21 and CXCL13 under
the same conditions was very low or undetectable (data
not shown), and IL-10 production was not different
between CCR91 and CXCR51 T helper cell cultures
(Figure 5A).

To investigate T cell receptor–triggered T cell
activation, which is expected to occur in the target
organs when T helper cells enter the tissue, CCR91

and CXCR51 T helper cells were cultured in the pres-
ence of SEB antigen. Interestingly, CXCR51 T helper
cells, when stimulated with SEB superantigen, produced
levels of CXCL13 that were significantly higher than
that produced by CCR91 T helper cells (P 5 0.043). In
contrast, CCR91 T helper cells, in response to stimula-
tion with SEB, produced higher levels of IFNg and IL-4
as compared to CXCR51 T helper cells (both
P 5 0.043). In addition, CCR91 T helper cells produced
higher levels of IL-17, IL-21, and IL-10 as compared to
CXCR51 T helper cells, although this difference did
not reach statistical significance (Figure 5B). IL-7Ra–

mediated stimulation of the cells was also investigated,
because it is known to play a role in the immunopathol-
ogy of primary SS (8,33–37). A strong correlation of
sIL-7Ra levels with CCL25 levels was observed in
CCR91 T helper cells, and expression of IL-7Ra on
CCR91 T helper cells was high. Stimulation with IL-7
induced CCR91 T helper cells to produce significantly
higher amounts of IFNg, IL-21, and IL-4 as compared
to that produced by CXCR51 T helper cells (P 5 0.018,
P 5 0.018, and P 5 0.028, respectively). In addition, a
trend toward increased production of IL-17 by CCR91

T helper cells was found (P 5 0.091). Production of
CXCL13 was not significantly induced by IL-7, and pro-
duction of IL-10 did not significantly differ between
CCR91 T helper cells and CXCR51 T helper cells
upon stimulation with IL-7 (Figures 5A and B).

Potent induction of IgG production by B cells in
the presence of CCR91 and CXCR51 T helper cells as
compared to CCR92CXCR52 T helper cells. Since
both CCR91 and CXCR51 T helper cells have been
described to potently induce the antibody responses of
B cells, coculture of these cells with B cells was per-
formed (6,14). Stimulation with IL-7 and SEB was per-
formed to activate each subset of T helper cells. Both
CCR91 and CXCR51 T helper cells induced B cell
production of IgG, the levels of which were significantly
increased as compared to that induced in the presence
of CCR92CXCR52 T helper cells (P 5 0.025 and
P 5 0.013, respectively) (Figure 5C).

DISCUSSION

The present study demonstrates, for the first time,
increased levels of CCL25 and elevated numbers of
CCR9-expressing cells in the salivary glands of patients
with primary SS. Elevated CCL25 levels correlated with
lymphocytic focus scores, B cell hyperactivity, autoim-
munity (presence of anti-Ro/SSA autoantibodies), and
expression of mediators potentially involved in lymphoid
neogenesis (IL-21 and sIL-7Ra). Circulating CCR91 T
helper cells from patients with primary SS displayed
increased expression of ICOS and PD-1. In addition, we
demonstrated that CCR91 T helper cells, as compared to
CXCR51 T helper cells, had increased IL-7Ra expres-
sion, and increased proportions of CCR91 T helper cells,
ex vivo and in response to stimulation with antigen and
IL-7, produced higher levels of IFNg, IL-4, IL-17, and
IL-21. The CXCR51 T helper cell subset, in turn, pro-
duced more CXCL13. Both CCR91 and CXCR51

T helper cells stimulated IgG production by B cells more
potently than that by CCR92CXCR52 T helper cells.
Taken together, these findings suggest a role for the
CCL25/CCR9 axis in the pathogenesis of primary SS, in a
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manner that is distinct from that of CXCR51 T helper
cells.

CCR9-expressing T helper cells both from
patients with primary SS and from healthy controls were
found to migrate in response to CCL25 (16,26,44).
CCL25 is found in the intestinal mucosa of patients with
IBD as well as in healthy individuals, and is primarily
produced by epithelial cells (21,26). However, CCL25
expression has not been detected in the LSGs of healthy
individuals (26). We show herein that expression of
CCL25 mRNA and protein was increased in the salivary
glands of patients with primary SS as compared to non-
SS sicca controls. Moreover, consistent with the produc-
tion of CCL25 by epithelial cells, we observed CCR91

cells mainly in the vicinity of epithelial cells. Although
the trigger for CCL25 induction in the salivary glands of
patients with primary SS is unknown, studies in cell lines
and mice have demonstrated that viral and bacterial
infections and tissue damage can up-regulate CCL25
expression in mucosal tissue (28,29,45–48).

We and others have shown that incubation of
CCR91 T helper cells with CCL25 dramatically reduces
CCR9 cell surface expression (44,49). This might explain
the findings of a low frequency of CCR91 T helper cells
at the site of inflammation without a significant correla-
tion with the lymphocytic focus score. The lack of detec-
tion of CCR9 mRNA expression may be attributable to
the characteristics of chemokine receptor expression.
Since chemokine receptor genes are known to be low
copy number genes and because the chemokine receptor
proteins are recycled on the cell membrane, the expres-
sion of chemokine receptor mRNAs tends to be low and
is often not directly correlated with the levels of protein
present (50). In support of a role for the CCL25/CCR9
axis in primary SS, we demonstrated significant correla-
tions of CCL25 in LSG supernatants with the lymphocytic
focus score, B cell hyperactivity, and autoimmunity in
patients with primary SS. Consistent with this finding,
increased expression of PD-1 and ICOS on CCR91

T helper cells in patients with primary SS was observed,
indicating activation and potentially superior interaction
with B cells.

Finally, in this study, we demonstrated the strong
capability of CCR91 T helper cells to produce high
levels of IFNg, IL-4, IL-10, IL-17, and IL-21 and to
stimulate increased IgG production by B cells. Taken
together, these findings suggest that these cells play a
role in activation of B cells in primary SS. Expression of
ICOS and PD-1 and production of the cytokines IL-4
and IL-21 by Tfh cells have been shown to play impor-
tant roles in GC processes that induce long-term, high-
affinity B cell responses (5,6). The Tfh-like role for
CCR91 T helper cells is supported by the finding that

they are potent inducers of antibody production (14). A
role for the CCL25/CCR9 T helper cell axis in autoim-
munity and the immunopathology of primary SS is fur-
ther supported by the increased frequencies of CCR91

T helper cells in the blood of patients with primary
SS and by the capacity of CCR91 T helper cells to
induce experimental sialadenitis, glandular disease, and
autoimmunity (11). Thus, despite their low numbers,
increased numbers of CCR91 T cells in the salivary
glands are shown to play a pivotal role in autoimmunity
via the production of high levels of cytokines and the
capacity to stimulate B cells (14).

Corresponding to the findings of previous studies
that focused on CCR91 T helper cells in healthy con-
trols, ex vivo studies in patients with primary SS showed
that CCR91 T helper cells produced high levels of the
Th1 and Th17 cytokines IFNg and IL-17 as compared
to CXCR51 T helper cells (14,15). In addition, we dem-
onstrated that CCR91 T helper cells producing IL-10
were enriched in patients with primary SS (14). Herein
we demonstrate, for the first time, that human CCR91

T helper cells encompass enriched proportions of
IL-21–producing cells, as well as the proinflammatory
Th17.1 cell subset that produces both IFNg and IL-17.

In vitro, CCR91 T helper cells were superior
producers of IFNg, IL-4, IL-17, and IL-21 as compared
to CXCR51 T helper cells, depending on the stimulus.
Upon triggering of the T cell receptor, elevated produc-
tion of IFNg and IL-4 by CCR91 T helper cells was
found, but CXCR51 T helper cells were superior pro-
ducers of CXCL13. Interestingly, IL-7–induced activa-
tion caused strong up-regulation of all of the cytokines
measured, except for CXCL13, and CCR91 T helper
cells produced significantly elevated levels of IFNg,
IL-4, and IL-21 compared to CXCR51 T helper cells.
In addition, we demonstrated a strong correlation of
CCL25 levels with sIL-7Ra levels, which recently was
shown to strongly enhance IL-7–induced immune acti-
vation in vivo (51). Considering these findings and the
pivotal role of the IL-7/IL-7Ra pathway in lymphoid
neogenesis in salivary glands, IL-7–driven activation of
CCR91 T helper cells may play a pivotal role in this
process (32).

Our results showed that CCL25 levels did not
correlate with CXCL13 levels in the LSGs, and that
CCR91 T helper cells did not produce high levels of
CXCL13 as compared to CXCR51 T helper cells. In
addition, CCR91 T helper cells were much more potent
cytokine producers in response to IL-7 than CXCR51

T helper cells. These findings, in combination with the
Tfh-like characteristics of CCR91 T helper cells, indicate
a distinct role for the IL-7/IL-7R–associated CCL25/
CCR9 axis as compared to the CXCL13/CXCR5 axis in B
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cell activation and lymphocyte infiltration, including GC-
like structure formation, in patients with primary SS.

Both in the ex vivo and in vitro experiments, we
demonstrated equally potent cytokine production by
CCR91 T helper cells from patients with primary SS
and healthy controls. In view of the increased expression
of PD-1 and ICOS on CCR91 T helper cells from
patients with primary SS, this finding is still unex-
plained. Currently, we are investigating coexpression of
other chemokine receptors on CCR91 T helper cells to
support the hypothesis that subsets of CCR91 T helper
cells migrate in response to coexpressed chemokine
receptors, which would thus explain the lack of increased
circulating cytokine-secreting cells.

In conclusion, elevated expression of CCL25 and
increased numbers of CCR91 cells in the LSGs of
patients with primary SS correlate with clinical features,
including lymphocytic infiltration in the LSGs, B cell
hyperactivity, and autoimmunity. Peripheral blood
CCR91 T helper cells from patients with primary SS
displayed increased expression of ICOS and PD-1.
When compared to CXCR51 T helper cells, the
CCR91 T helper cells were found to be IL-7Rahigh and
produced elevated levels of IFNg, IL-4, IL-17, and
IL-21, especially upon IL-7R–mediated stimulation.
Considering the pivotal role of CCR91 T cells in an
experimental SS-like disease model, our findings sug-
gest an important role for the CCL25/CCR9 axis in the
immunopathology of primary SS, thus representing a
novel therapeutic target in this disease.
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Clinical Images: Carpal tunnel biopsy identifying transthyretin amyloidosis

The patient, an 86-year-old woman, underwent routine decompression for carpal tunnel syndrome (CTS). A sample of teno-
synovium was examined histologically, and amyloid deposits were identified (Congo red staining under polarized light) (A). Immu-
nohistochemical staining confirmed that the amyloid deposits were transthyretin type. The patient was referred to us for further
evaluation, at which time she described a recent hospital admission for unexplained dyspnea. Echocardiography showed normal sys-
tolic function but a thickened intraventricular septum along with an impaired global strain rate (–15.7%) and a strain pattern consis-
tent with cardiac amyloidosis. Scintigraphy with 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid (99mTc–DPD) revealed
Perugini grade 2 uptake of tracer (B) (arrow). Gene sequencing revealed no mutations in the transthyretin gene. Wild-type ATTR
(ATTRwt) amyloidosis was diagnosed. CTS is a common early clinical manifestation of wild-type transthyretin amyloidosis, also
known as senile systemic or cardiac amyloidosis. Of the patients with cardiac ATTRwt amyloidosis who have been treated at our
institution, 98% showed evidence of median nerve entrapment on neurophysiologic studies, and 48% had a history of carpal tunnel
decompression as many as 12 years prior to presentation, with advanced heart failure symptoms. Cardiac ATTRwt amyloidosis is
currently diagnosed in only ;150 individuals in the UK each year, but postmortem studies indicate that ATTRwt amyloid deposits
are present in up to 30% of men older than age 80 years (1). Repurposing of 99mTc–DPD bone scintigraphy largely abrogates the
need for diagnostic cardiac biopsy, showing substantial cardiac uptake in nearly all cases (2). Carpal tunnel biopsy can readily iden-
tify ATTR amyloid deposition and may identify individuals at risk of developing cardiac ATTR amyloidosis, for which specific ther-
apies are now being studied in clinical trials (3).
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Major Histocompatibility Complex Class II Alleles Influence
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Objective. Both environmental and genetic factors
are important in the development of antiphospholipid
antibodies (aPL) in patients with antiphospholipid
syndrome (APS). Currently, the only available data on
predisposing genetic factors have been obtained from
epidemiologic studies, without mechanistic evidence.
Therefore, we studied the influence of major histocom-
patibility complex (MHC) class II alleles on the produc-
tion of aPL in a mouse model of APS.

Methods. Three groups of mice, MHC class II–
deficient (MHCII2/2) mice, MHCII2/2 mice transgenic
for human HLA–DQ6 (DQ6), DQ8, or DR4 alleles,
and the corresponding wild-type (WT) mouse strains
were immunized; half were immunized with human b2-
glycoprotein I (b2GPI), and the other half were immu-
nized with control ovalbumin (OVA) protein. Thrombus
formation in vivo, tissue factor activity in carotid and
peritoneal macrophages, and serum levels of tumor

necrosis factor (TNF), IgG anticardiolipin (aCL), anti-
bodies, and anti-OVA antibodies were determined.

Results. Immunization with b2GPI induced sig-
nificant production of aCL and anti-b2GPI in WT mice
compared with control mice immunized with OVA
(P < 0.001) but diminished aCL (P < 0.001) and anti-
b2GPI (P 5 0.016) production in MHCII2/2 mice. Anti-
b2GPI production was fully restored in DQ6 and DQ8
mice, while levels of anti-b2GPI in DR4 mice and aCL
in all transgenic lines were only partially restored
(P < 0.001 to P < 0.046). Thrombus size in WT mice was
twice that in MHCII2/2 mice (P < 0.001) but similar to
that in all transgenic lines. Carotid and peritoneal mac-
rophage tissue factor levels decreased by >50% in
MHCII2/2 mice compared with wild-type B6 mice and
were restored in DQ8 mice but not DR4 mice or DQ6
mice. TNF levels decreased 4-fold in MHCII2/2 mice
(P < 0.001) and were not restored in transgenic mice.

Conclusion. Our mechanistic study is the first to
show that MHC class II alleles influence not only quan-
titative aPL production but also the pathogenic capac-
ity of induced aPL.

Antiphospholipid syndrome (APS) is an autoim-
mune disease of unknown etiology that is characterized
by persistent antiphospholipid antibodies (aPL) with
associated thrombosis and/or adverse obstetric events
(1,2). Antiphospholipid antibodies represent a large,
heterogeneous group of autoantibodies that target
anionic phospholipids such as phosphatidylserine and
cardiolipin as well as proteins such as b2-glycoprotein I
(b2GPI) and prothrombin. Beta2-GPI has been recog-
nized as one of the main antigenic targets of aPL and
has an important pathogenic role in the development of
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thrombosis in patients with systemic lupus erythemato-
sus (SLE) and those with APS (3,4).

Dysregulated activation of platelets, endothelial
cells, and monocytes occurs in conjunction with disrup-
tion of natural anticoagulant and fibrinolytic systems in
response to pathogenic aPL and results in a procoagu-
lant phenotype in patients with APS (5). Endothelial
cells activated by pathogenic aPL, particularly anti-
b2GPI–b2GPI complexes, express significantly greater
amounts of adhesion molecules promoting leukocyte
adhesion and transformation (6,7). This is accompanied
by up-regulation of tissue factor and tumor necrosis fac-
tor (TNF) gene expression and secretion in both endo-
thelial cells and monocytes, resulting in a
proinflammatory vascular environment (8–10). This
proinflammatory environment is key to the pathophysi-
ology of thrombosis in APS, which is a highly heteroge-
neous and multifaceted process that is linked to a
variety of different genes and acquired factors (5).

Similar to most autoimmune diseases, APS is
believed to occur as a result of a complex interaction
between environmental and genetic factors, and current
evidence suggests that pathogenic aPL are produced by
exposure to certain viral or bacterial products con-
taining sequences similar to those contained in host
antigens, thus inducing a break in tolerance (11). These
environmental antigens are believed to be phospholipid-
binding proteins with structural similarity to b2GPI that
induce aPL production through activation of cross-
reacting T cells (12). There is also evidence that envi-
ronmental antigens can interact with b2GPI to reveal
cryptic epitopes and in so doing activate epitope-specific
autoreactive T cells and B cells (13). Previous studies
have demonstrated that active immunization of mice
and rabbits with b2GPI, or portions of the protein,
induces production of pathogenic anticardiolipin anti-
bodies (aCL) and anti-b2GPI that are capable of caus-
ing intrauterine fetal death, thrombocytopenia, and
thrombosis (12,14–16).

Familial and nonfamilial population studies in
different ethnic groups of patients with primary or sec-
ondary APS have shown multiple associations of HLA–
DR and HLA–DQ with the occurrence of APS and the
development of aPL. Loci that are relevant in conferring
susceptibility to the development of APS and aPL
include HLA–DR4, DR7, DR9, DR13, DR53, DQ6,
DQ7, and DQ8 major histocompatibility complex
(MHC) class II alleles (17). The most consistently
reported HLA associations with APS across several eth-
nic groups appeared to be with HLA–DR4 and HLA–
DRw53. These haplotypes are thought to be efficient at
presentation of antigens relevant to the development of

APS. However, these epidemiologic associations have
not been proven mechanistically in an experimental
model. As such, we studied the in vivo involvement of
human HLA–DR4, DQ6, and DQ8 MHC class II alleles
in the production of pathogenic aPL.

MATERIALS AND METHODS

Mice. Mice with a homozygous null mutation for
MHC class II genes (B6.129-H2dlAB-EaAbl [MHCII2/2] mice)
and unique transgenic strains of MHCII2/2 mice that solely
express functional human HLA–DQ8 (HLA–DQA1*0301/
DQB1*0302 [DQ81]), HLA–DQ6 (HLA–DQA1*0103/
DQB1*0601) [DQ61]), or HLA–DR4 (DRB1*0401) [DR41])
up to 16 weeks of age were kindly provided by Dr. Chella David
(Mayo Clinic, Rochester, MN). Generation of knockout and
transgenic mice was achieved as previously described (18,19).
Corresponding wild-type (WT) strains for MHCII2/2 mice
(C57BL/6J) [B6]) and transgenic mice (C57BL/10J [B10])
ranged from age 8 weeks to age 12 weeks and were obtained
from The Jackson Laboratory. All animals were housed in the
viral antibody–free barrier facility at the University of Texas
Medical Branch (UTMB).

Reagents. Beta2-GPI was isolated from pooled nor-
mal human sera, as described in detail elsewhere (3). Briefly,
human b2GPI was purified using perchloric acid precipitation
and affinity chromatography on a heparin–Sepharose column
(GE Healthcare), and purified mouse b2GPI (R&D Systems)
and cardiolipin from bovine heart were purchased from
Sigma-Aldrich. All preparations were determined to be free of
endotoxin contamination, using a Limulus amebocyte cell
lysate assay (E-Toxate; Sigma-Aldrich) (assay sensitivity ,0.06
IU/ml).

Immunization scheme and experimental groups. The
DQ61 mice (n 5 12), DQ81 mice (n 5 12), DR41 mice
(n 5 6), B6 mice (n 5 6), B10 mice (n 5 6), and MHCII2/2

mice (n 5 6) were injected intraperitoneally at time 0 with
either a 1-ml preparation containing 150 mg/ml of human
b2GPI and 200 mg/ml of adjuvant (AdjuPrime, Immune Mod-
ulator; Pierce) or ovalbumin (OVA) (Sigma-Aldrich) and
adjuvant, at the same concentrations. In each group of mice,
half were immunized with b2GPI and the other half with the
control protein OVA. Each mouse received 2 subsequent
booster injections with the same antigen that was given at the
start of the immunization schedule, using the same technique.
The second injection was given 8 days after the first injection,
and the third injection was given 15 days after the first injec-
tion. Animal use and care were performed according to the
guidelines established by the UTMB Institutional Animal
Care and Use Committee.

Determination of aCL, anti-b2GPI, and anti-OVA
antibodies. To monitor the production of IgG anti-b2GPI
and aCL, blood samples were obtained from each mouse
weekly over the course of 4 weeks on days 7, 14, 21, and 28 after
the first injection was given. The serum level of IgG anti-OVA
antibodies was determined on day 28 of the immunization
schedule. IgG aCL, anti-b2GPI, and anti-OVA antibodies were
determined using in-house enzyme-linked immunosorbent
assays (ELISAs) according to a standardized protocol, as
previously described (14). Murine b2GPI (2 mg/ml) instead
of human b2GPI was used as the coating antigen in a
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modified anti-b2GPI assay to identify antibodies with specific
affinity for murine b2GPI. To examine the cofactor depen-
dency of induced aCL, we carried out the aCL assay in the
presence of increasing concentrations of purified human
b2GPI to a maximum of 10 mg/ml in the reaction well, and
the results were compared with those obtained in the absence
of b2GPI, as previously described (20). To avoid the influ-
ence of b2GPI external to the assay system, both blocking
and assay buffers were serum free (2% bovine serum albumin
[BSA]/phosphate buffered saline [PBS]). In addition, the
serum samples to be tested were obtained on day 28 from 3
mice in each WT group (i.e., high-titer antibody levels) and
diluted 1:200 with assay diluent.

Inhibition studies. The inhibition studies were
performed as previously described (14). A 1:100 dilution of
mouse sera obtained on day 28 (in 2% BSA/PBS) was pre-
incubated overnight with PBS solutions containing purified
human b2GPI or cardiolipin vesicles of increasing concentra-
tions, up to maximums of 3.4 mg/ml and 2.0 mg/ml, respec-
tively. The sera were then tested for aCL or anti-b2GPI
activity by ELISA, as described above. Each serum sample was
preincubated with only PBS solution to serve as a baseline
control, with the results expressed as the percent inhibition
compared with baseline.

Assessment of the thrombogenicity of aPL. The
thrombogenicity of induced aPL in the mice was assessed
using a mouse model of induced thrombosis. Thrombus
dynamics were assessed on day 28 after the first immunization,
as described previously (16). Briefly, the mice were anesthe-
tized, the right femoral vein was exposed for observation, and
an ;0.5-mm segment was transilluminated using a microscope
equipped with a closed circuit video system. The isolated vein
was pinched to introduce a standardized injury, and thrombus
formation and dissolution were then visualized and recorded.
Three thrombi per animal were each measured 5 times, and
the mean values were calculated.

Determination of cytokines in serum, peritoneal
macrophages, and carotid homogenates. Measurements of
TNF in serum from the mice were assessed on day 28, using a
commercial ELISA (R&D Systems) performed according to
the manufacturer’s instructions. On day 28, tissue factor activity
in peritoneal macrophages and carotid homogenates was deter-
mined using a commercial chromogenic assay (Actichrome
Tissue Factor; American Diagnostica) that measures the con-
version of factor X into factor Xa after activation by the tis-
sue factor–factor VII complex, as described previously (21).
Briefly, peritoneal macrophages were generated by flushing
the peritoneal cavity, followed by centrifugation, resuspen-
sion, and sonication of the cell pellet in a Tris–saline buffer
to obtain lysates, which were stored at 2708C. Pieces
(;5 mm) of uninjured carotid were dissected from both sides
in each animal, homogenized, and stored at 2708C. The tis-
sue factor activity in peritoneal macrophage lysates and
carotid homogenates for each mouse group treated with
b2GPI was expressed as the fold increase above levels in the
corresponding OVA-treated control group.

Statistical analysis. Data are presented as the
mean 6 SD, as appropriate. One-way analysis of variance fol-
lowed by Tukey’s multicomparison test was used to compare
differences between groups. The association between vari-
ables was evaluated using Pearson’s correlation test and a

multivariate linear regression model of best fit. P values less
than 0.05 were considered significant.

RESULTS

Induction of aPL in b2GPI-immunized WT
mice. Compared with control mice treated with OVA,
b2GPI-immunized B6 (mean 6 SD 1.42 6 0.40 versus
0.31 6 0.04 optical density [OD]; P , 0.001) and B10
mice produced significantly higher anti-b2GPI levels by
week 1, and levels remained significantly elevated over
the entire 4-week period (P , 0.001). The maximum anti-
b2GPI level was attained by week 2 in B10 mice (mean 6

SD 2.75 6 0.16 OD) and by week 3 in B6 mice (mean 6

SD 2.90 6 0.27 OD) (Figure 1A). Anticardiolipin
antibody levels in b2GPI-immunized B6 and B10 mice
were also significantly elevated compared with those in the
corresponding OVA-immunized mice (mean 6 SD

Figure 1. Titers of autoantibodies induced in immunized wild-type
C57BL/6J (B6) and C57BL/10J (B10) mice. Wild-type mice immu-
nized with b2-glycoprotein I (b2GPI; B2) produced significantly higher
titers of anti-b2GPI antibodies (A) and anticardiolipin antibodies
(aCL) (B) over the 4-week period compared with corresponding oval-
bumin (OVA; OA)–immunized controls. * 5 P , 0.05; ** 5 P , 0.001
versus OVA-immunized control mice.
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2.25 6 0.35 OD versus 0.17 6 0.02 and 1.14 6 0.39 versus
0.02 6 0.01 OD, respectively; P , 0.001/ for both) but not
until week 2. Anticardiolipin antibody levels remained sig-
nificantly elevated in these mice over the remainder of the
4-week period (P , 0.001) (Figure 1B).

Binding characteristics of induced aPL in mice
immunized with b2GPI. In order to evaluate the bind-
ing characteristics of induced aPL in mice treated
with b2GPI, the affinity of induced aPL for mouse
versus human b2GPI as well as the cofactor dependency
of induced aCL were determined. In both B6 and
B10 mice, although the levels of aPL against human
b2GPI (ab2-H) were increased by week 1 (mean 6 SD
1.10 6 0.24 OD in B6 mice [P , 0.001] and 1.03 6 0.35
OD in B10 mice [P , 0.001]), aPL against mouse b2GPI
(ab2-M) did not attain significantly elevated levels until
week 2 (mean 6 SD 1.61 6 0.32 OD in B6 mice
[P 5 0.009] and 1.26 6 0.49 OD in B10 mice [P 5 0.04]).
Interestingly, although the increase in ab2-H stabilized
during the last 2 weeks, ab2-M values increased consis-
tently throughout the 4-week period (Figure 2A). In our
aCL cofactor dependency assay, the cardiolipin binding

activity of mouse sera was elevated in a dose-dependent
manner with sequentially higher levels of b2GPI. The
maximum increase in OD varied from 27% to 100%
with the addition of b2GPI, indicating that the induced
aCL are cofactor dependent (Figure 2B). The results
of cross-inhibition studies using cardiolipin vesicles
and b2GPI demonstrated the presence of at least 2 sep-
arate, non–cross-reacting populations of antibodies
(i.e., aCL-specific and anti-b2GPI–specific) (Figures
2C and D).

Necessity of MHC class II alleles for complete
production of aPL. Maximum anti-b2GPI levels in
b2GPI-immunized MHCII2/2 mice were approximately
half those in the corresponding WT B6 mice (mean 6

SD 1.29 6 0.50 versus 2.90 6 0.27 OD; P 5 0.016). Sur-
prisingly, maximum anti-b2GPI levels in MHCII2/2

mice immunized with b2GPI were significantly higher
than those in control mice immunized with OVA
(mean 6 SD 1.29 6 0.50 versus 0.30 6 0.02 OD;
P , 0.001). In MHCII2/2 mice, however, a longer
period of time was required to attain anti-b2GPI levels
significantly greater than those in OVA-treated controls

Figure 2. Binding characteristics of autoantibodies induced in immunized wild-type mice. A, Anti-b2GPI antibodies with affinity for human anti-
b2GPI (ab2-H) were the first type to be produced, while production of antibodies with affinity for mouse anti-b2GPI (ab2-M) occurred later in
the time course of the study. Ultimately, ab2-M levels continued to increase, while ab2-H levels stabilized by weeks 3–4. B–D, While induced
aCL demonstrated cofactor dependency, with increased activity relative to the increase in b2GPI (B), inhibition studies indicated that induced
anti-b2GPI (C) and aCL (D) were not cross-reactive. * 5 P , 0.05; ** 5 P , 0.001 versus corresponding mice at week 0. See Figure 1 for other
definitions.
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(21 days in MHCII2/2 mice and 7 days in B6 mice) (Fig-
ure 3A).

In contrast, the b2GPI-immunized MHCII2/2

mice failed to produce significant amounts of aCL, with
maximum levels in B6 mice being more than 10 times
higher than those in MHCII2/2 mice (mean 6 SD
2.25 6 0.35 versus 0.17 6 0.06 OD; P , 0.001). There
was no significant difference between the aCL levels in
b2GPI-immunized MHCII2/2 mice compared with
those in OVA-immunized mice (P 5 0.563) (Figure 3B).

Variable restoration of aPL induction by DR4,
DQ6, and DQ8 MHC class II alleles. Maximum anti-
b2GPI levels in transgenic DR41 mice (mean 6 SD
2.24 6 0.22 OD; P , 0.001), transgenic DQ61 mice
(2.49 6 0.20 OD; P , 0.001), and transgenic DQ81 mice
(2.47 6 0.46 OD; P , 0.001) immunized with b2GPI were
significantly higher than those in b2GPI-immunized
MHCII2/2 mice (mean 6 SD 1.29 6 0.50 OD). Signifi-
cantly elevated anti-b2GPI levels were achieved in DR41,
DQ61, and DQ81 mice by day 14, compared with day 21
in b2GPI-immunized MHCII2/2 mice. Interestingly,

anti-b2GPI production in DQ61 mice (P 5 0.550) and
DQ81 mice (P 5 0.392) was restored to levels compara-
ble with those in WT B10 mice (mean 6 SD 2.75 6 0.16
OD), but the levels in DR41 mice were only partially
restored (P 5 0.022) (Figure 3C). The time line of anti-
b2GPI production also varied among b2GPI-immunized
DR41, DQ61, and DQ81 mice. In all transgenic lines,
there was no anti-b2GPI induction during week 1, but
by day 14 there was significant anti-b2GPI production,
with levels in DQ81 mice being approximately half
those in DR41 and DQ61 mice (P , 0.001). By day 21,
maximum levels were attained in DR41 and DQ61

mice, with waning until day 28, while maximum levels
were attained in DQ81 mice on day 28 (Figure 3C).

Similarly, there was partial restoration of maxi-
mum aCL production in b2GPI-immunized DR41

mice (mean 6 SD 1.10 6 0.26 OD; P , 0.001), DQ61

mice (2.02 6 0.49 OD; P 5 0.046), and DQ81 mice
(1.42 6 0.14 OD; P , 0.001) compared with WT mice
(2.51 6 0.10 OD). Significant aCL production was seen
by day 14 in both DQ61 and DQ81 mice, while this did

Figure 3. Effect of major histocompatibility complex (MHC) class II–knockout and transgenic DR4, DQ6, and DQ8 alleles on autoantibody
production in immunized mice. MHCII2/2 mice immunized with b2GPI produced lower levels of anti-b2GPI (A) with delayed induction and no
aCL (B) over the 4-week period compared with wild-type (WT) mice. Transgenic DR4, DQ6 and DQ8 mice immunized with b2GPI had variable
restoration of anti-b2GPI (C) and aCL (D) production compared with WT mice. * 5 P , 0.05; ** 5 P , 0.001, b2GPI-immunized transgenic mice
versus corresponding mice (A and B) and versus corresponding ovalbumin-immunized control mice (C and D). ¶ 5 P , 0.001, b2GPI-immunized
MHCII2/2 mice versus corresponding ovalbumin-immunized MHCII2/2 mice. Note that values for transgenic mice immunized with ovalbumin
are not shown in C and D. See Figure 1 for other definitions.
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not occur until day 28 in DR41 mice. Interestingly, aCL
production in DQ61 and DQ81 mice waned between
week 3 and week 4 (Figure 3D).

Effect of MHC class II knockout and trans-
genic human DR4, DQ6, and DQ8 on anti-OVA pro-
duction. Immunization of WT mice with OVA induced
anti-OVA antibody production similar to that of aPL
induction following b2GPI immunization. On day 28,
anti-OVA antibody levels in B6 mice and B10 mice
immunized with OVA (mean 6 SD 0.94 6 0.28 and
1.05 6 0.19 OD, respectively) were significantly higher
(P , 0.001) than levels in the corresponding mice immu-
nized with b2GPI (mean 6 SD 0.35 6 0.17 and
0.23 6 0.08 OD, respectively). MHCII2/2 mice immu-
nized with OVA failed to produce significant amounts
of anti-OVA antibodies compared with B6 mice immu-
nized with OVA (mean 6 SD 0.13 6 0.02 versus
0.94 6 0.28 OD; P , 0.001). There was no significant
difference in anti-OVA antibody levels in OVA-
immunized MHCII2/2 mice compared with control
b2GPI-immunized B6 mice (P 5 0.717). Interestingly,
although there was complete restoration of anti-OVA in
OVA-immunized DQ81 mice compared with WT
mice (mean 6 SD 1.09 6 0.42 versus 1.05 6 0.19 OD;
P 5 1.000), there was no production in OVA-immunized
DQ61 mice (mean 6 SD 0.28 6 0.14 OD; P , 0.001) and
DR41 mice (0.29 6 0.14 OD; P , 0.001) (Table 1).

Thrombotic properties of induced aPL. Levels
of both aCL (r 5 0.688, P , 0.001) and anti-b2GPI
(r 5 0.853, P , 0.001) were positively associated with
thrombus size, while anti-OVA antibodies (r 5 20.409,
P 5 0.018) were negatively associated. It is important to
note that anti-b2GPI was positively correlated with aCL
(r 5 0.746, P , 0.001) and negatively correlated with
anti-OVA antibodies (r 5 20.365, P 5 0.037). In a mul-
tivariate linear regression best-fit model, the maximum
anti-b2GPI level (b 5 0.651, P , 0.001) was the stron-
gest and only significant predictor of thrombus size. The

contribution of maximum levels of aCL (b 5 0.192,
P 5 0.203) and anti-OVA (b 5 20.160, P 5 0.105) was
not significant. The overall fit of the model (R2) was
0.753.

Both B6 (mean 6 SD 2,978.5 6 501.3 mm2) and
B10 (2,267.0 6 539.0 mm2) WT mice immunized with
b2GPI produced thrombi ;5 times larger than those in
their corresponding control OVA-immunized mice
(mean 6 SD 615.0 6 169.3 and 460.7 6 15.3 mm2, respec-
tively; P , 0.001 for both). b2GPI-immunized MHCII2/2

mice (mean 6 SD 1,470 6 242.0 mm2) produced thrombi
half the size of those in b2GPI-immunized WT B6 mice
(P , 0.001). The full thrombogenic effect was restored in
transgenic DR41 mice (mean 6 SD 2,100.7 6 507.6 mm2;
P 5 1.000), DQ81 mice (1,936.8 6 634.3 mm2; P 5 0.993),
and DQ61 mice (1,936.0 6 501.3 mm2; P 5 0.993) com-
pared with WT B10 mice. Interestingly, although the
mean thrombus size in transgenic DR41, DQ61, and
DQ81 mice was 1.3–1.5 times as large as that in
MHCII2/2 mice, the difference was not statistically signif-
icant (P 5 0.492) (Figure 4).

Proinflammatory properties of induced aPL. Tis-
sue factor levels in the carotid of MHCII2/2 mice
treated with b2GPI (1.7-fold increase compared with
OVA-treated controls) were significantly lower than
those in the corresponding WT B6 mice (3.7-fold;
P 5 0.024). Although carotid tissue factor activity in
DQ81 mice treated with b2GPI was restored to the lev-
els in WT B10 mice (3.1-fold versus 4.6-fold increase
above the level in control mice; P 5 0.171), those in
DR41 mice (1.6-fold; P 5 0.024) and DQ61 mice (1.6-

Table 1. Serum levels of anti-OVA antibodies on day 28 in mice
immunized with OVA or b2GPI*

Mice
Immunization

with OVA
Immunization

with b2GPI P

B6 0.94 6 0.28 0.35 6 0.17 ,0.001
B10 1.05 6 0.19 0.23 6 0.08 ,0.001
MHCII2/2 0.13 6 0.02 0.25 6 0.14 0.999
DR4 0.29 6 0.14 0.28 6 0.14 1.000
DQ6 0.28 6 0.14 0.28 6 0.11 1.000
DQ8 1.09 6 0.42 0.34 6 0.09 ,0.001

* Values are the mean 6 SD OD. Anti-OVA 5 anti-ovalbumin;
b2GPI 5 b2-glycoprotein I; MHCII2/2 5 major histocompatibility
complex class II–deficient.

Figure 4. Thrombus size in all groups of immunized mice. In wild-type
(WT) mice immunized with b2-glycoprotein I (b2GPI; B2), thrombi were
significantly larger than those in the corresponding major histocompatibil-
ity complex (MHC) class II–knockout mice. In transgenic DR4, DQ6, and
DQ8 mice immunized with b2GPI, thrombi were similar in size to
those in the corresponding WT mice. Values are the mean6 SD.

** 5 P, 0.001 versus corresponding ovalbumin (OVA)–immunized con-
trol mice; ¶ 5 P, 0.001 versus b2GPI-immunized B6 mice.

INFLUENCE OF MHC CLASS II ALLELES ON PRODUCTION OF PATHOGENIC aPL 2057



fold; P 5 0.026) were significantly lower (Figure 5A). A
similar pattern was observed for tissue factor levels in
MHCII2/2mice. Peritoneal macrophage tissue factor

activity in B6, MHCII2/2, B10, DQ81, DQ61, and
DR41 mice immunized with b2GPI was increased over
that in OVA-immunized controls by 3.4-, 1.4-, 2.5-, 3.9-,
1.7-, and 1.2-fold, respectively (Figure 5B).

TNF levels in MHCII2/2 mice treated with
b2GPI (mean 6 SD 32.7 6 4.8 pg/ml) were 4 times
lower than the levels in corresponding WT B6 mice
(127.3 6 7.4 pg/ml; P , 0.001). TNF production was not
restored in transgenic DR41 mice (34.0 6 6.4 pg/ml;
P , 0.001), transgenic DQ61 mice (58.9 6 22.2 pg/ml;
P 5 0.004), or transgenic DQ81 mice (59.7 6 19.2 pg/
ml; P 5 0.006) compared with levels in WT B10 mice
(118.6 6 15.1 pg/ml) (Figure 5C).

DISCUSSION

Several epidemiologic studies have highlighted
associations of HLA–DR and HLA–DQ with the occur-
rence of aPL, but to our knowledge, this is the first
mechanistic study to evaluate these associations in vivo.
The development of aPL in our WT mice indicates the
normal pattern for a T cell–dependent primary immune
response of conventional B2 cells to an antigen. Indeed,
there is reported evidence suggesting a role of Th1 CD41

T cells in the production of aCL and anti-b2GPI in
patients with APS (22,23). We have shown that immu-
nization of mice with human b2GPI first leads to the
production of antibodies reactive with human b2GPI
followed by the appearance of autoantibodies reactive
with mouse (self) b2GPI; this sequence of events was
noted in previous experiments (24).

This break in tolerance to mouse b2GPI is likely
attributable to the high structural homology between
human and mouse b2GPI (25). Furthermore, the devel-
opment of aCL in response to b2GPI immunization
occurred in a manner suggestive of epitope spreading, a
mechanism that is important in the progression of auto-
immune responses (26). Several epitopes on b2GPI
have been identified as being cross-reactive with aCL
(27,28), and protein–lipid complexes containing b2GPI
and cardiolipin occur with enough frequency (29) that
epitope spreading with increased reactivity to cardio-
lipin is very likely. The absence of aCL activity in immu-
nized MHCII2/2 mice strongly suggests that the
increase in aCL titers in this animal model is likely a
result of epitope spreading in a T cell–dependent
manner requiring antigen presentation.

Quite surprisingly, our expectation that all auto-
antibody production would be completely abolished in
the MHCII2/2 mice was overturned by the development
of anti-b2GPI in these mice, albeit at significantly
lower titers and on a delayed time line. We surmise that

Figure 5. Carotid tissue factor (TF) levels (A), peritoneal macrophage
tissue factor levels (B), and tumor necrosis factor (TNF) levels (C) in
immunized mice. Both carotid and peritoneal macrophage tissue factor
levels decreased significantly in MHCII2/2 mice compared with WT
mice. Although tissue factor activity in transgenic DQ8 mice was
restored, tissue factor levels in DR4 and DQ6 mice remained low.
While TNF levels decreased in MHCII2/2 mice compared with WT
mice, there was no restoration of TNF activity in the transgenic
mice. Values in A and B are the fold increase above levels in the
corresponding OVA-immunized mice on day 28. Values in C are
the levels in OVA-immunized mice and b2GPI-immunized mice.

* 5 P , 0.05; ** 5 P , 0.001 versus levels in WT B6 or B10 mice.
See Figure 4 for other definitions.
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although the major pathway for the production of auto-
reactive aPL requires T cell–dependent B cell activa-
tion, which in turn is dependent on MHC class II
presentation of antigenic peptides from b2GPI or struc-
tural homologs to autoreactive T cells, aPL production
can seemingly occur through T cell–independent mech-
anisms as well. The activation of B1 cells rather than
direct stimulation of B2 cells is more likely to occur in
this regard, and there is some evidence that B1 cells
may contribute to the development of systemic autoim-
mune diseases such as SLE (30).

It is important to note, however, that the exact
role of B1 cells in autoimmunity has not been clearly
defined, and there are conflicting data regarding their
importance (31). An interesting feature of the typical
autoimmune response observed with B1 cells is that
autoantibodies produced in this manner do not tend to
facilitate epitope spreading (30,31). The delayed induc-
tion of aCL and its dependency on anti-b2GPI coupled
with the non–cross-reactivity of the antibody popula-
tions may also point to development of aCL by epitope
spreading. Further research is necessary to make a
definitive determination of the potential role of B1 cells
and epitope spreading in the development of APS.

As outlined previously, both familial and nonfa-
milial population studies in APS indicate a definite
genetic component in the development of disease. Key
alleles associated with aCL include DRB1*04 (DR4),
DQB1*0302 (DQ8), DRB1*07 (DR7), DRB1*09
(DR9), DRw53, and DQw3 (32–34), and those associ-
ated with lupus anticoagulant include DR4, DR7, and
DQB1*0301 (DQ7) (35–37). Anti-b2GPI production
has been linked to DQ8, DR4, DRB1*0604/05 (DQ6),
and DRB1*1302 (DR13) (33,34,38,39), while APS dis-
ease manifestations have been linked to DR4, DRw53,
DQw7, DR7, DQ6, and DQ8 (38,40–42). Given these
associations, it is not surprising that the introduction
of human DR4 (DRB1*0401), DQ6 (DQA1*0103/
DQB1*0601), and DQ8 (DQA1*0301/DQB1*0302)
molecules in MHCII2/2 mice restored production of
anti-b2GPI and aCL in the APS model, albeit with
varying effect. The variation in titer and the time line
of autoantibody development in these transgenic
mice is likely an indication of the relative efficiency of
these alleles in presenting b2GPI-like epitopes relevant
to the production of autoimmune aPL. Interestingly,
induction of anti-OVA antibodies was abolished in
MHCII2/2 mice and restored in transgenic DQ8 mice
but not in DR4 or DQ6 mice, highlighting the notion
that these MHC class II alleles do vary in their ability to
bind and present antigens. Despite such variation, how-
ever, all 3 are seemingly able to bind and present

antigenic epitopes relevant to the induction of an auto-
immune aPL response.

Perhaps one of the most interesting findings in
the current study is variation in the pathogenicity of
induced aPL in the different mouse groups. The titer of
induced anti-b2GPI was the most important predictor
of thrombus size; this explains the observation that the
MHCII2/2 mice, which had lower levels of anti-b2GPI,
had significantly smaller thrombi compared with WT
mice. Accordingly, the thrombus size in transgenic mice
was similar to that in WT type mice, due to the restora-
tion of anti-b2GPI production. However, although the
tissue factor activity in MHCII-knockout mice was
diminished, as expected, this activity was restored only
in transgenic DQ8 mice and not in transgenic DQ6 or
DR4 mice. Furthermore, TNF levels were not restored
in any of the transgenic mice (DR4, DQ6, and DQ8).

Tissue factor plays a major role in the progres-
sion of both thrombotic and obstetric disorders in
patients with APS (8), and although the contribution of
TNF to APS pathogenesis is less certain, there is some
evidence that it has a role in obstetric APS (43). There-
fore, one would expect that restoration of aPL produc-
tion in transgenic mice would result in the restoration of
both tissue factor and TNF activity. It is noteworthy that
the absence of tissue factor in particular did not unduly
affect the ability of aPL to induce thrombosis, sugges-
ting the importance of other cytokine pathways in this
regard. Therefore, induced aPL likely vary in their path-
ogenic capacity as it relates to the induction of cytokine
production, and this capacity may be traced to the epi-
topes against which these aPL are reactive. Supportive
evidence for this theory is provided by several studies
that highlight the ability of aPL to activate distinct intra-
cellular signaling pathways, the corollary of which is the
development of different clinical manifestations of APS
(5,44).

We are aware that our model of aPL induction
using heterologous b2GPI does not provide a complete
approximation of the spontaneous development of APS,
which is true of all animal models of APS developed to
date. However, we submit that the development of
mouse self-reactive anti-b2GPI with the ability to induce
thrombosis and cytokine production indicates that this
model at the very least provides insight into the role of
these MHC class II alleles in the break in tolerance nec-
essary for the development of pathogenic autoreactive
anti-b2GPI. Transgenic animals with MHC class II
alleles that are not associated with APS were not
available to us; therefore, we were unable to compare
their ability to produce aPL in response to b2GPI
immunization.
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A priority for future studies is development of
transgenic mice with nonsusceptible MHC CLASS II
alleles, to confirm that these alleles are less permissive
of a break in tolerance to b2GPI. Because our knockout
and transgenic mice were compared with WT mice from
different sources and were not littermates, it is difficult
to state with absolute certainty that the MHC CLASS II
differences were solely responsible for the observed
effects on antibody production and pathogenicity. How-
ever, previous studies have shown that in B6.129-
H2dlAB-EaAbl (MHCII2/2) mice, all immune parameters
not directly connected to the MHC CLASS II genes
appeared normal, including T cell differentiation to the
CD8 lineage, B cell differentiation, peripheral B cell
populations, and immunoglobulin levels (18). Similarly,
the introduction of human MHC class II alleles into the
MHCII2/2 mice led to the selection and restoration
of a peripheral CD41 T cell compartment, which was
directly related to the generation of mouse collagen-
reactive autoantibodies in a model of human polyarthri-
tis when compared with transgene-negative littermates
(18,19).

Despite these limitations, our study does provide
some tantalizing insights into the process of autoim-
mune aPL induction in APS. As we expected, a lack of
MHC class II alleles resulted in diminished aPL produc-
tion; however, aPL production was not completely
abolished. This indicates that both T cell–dependent
and T cell–independent mechanisms are likely to play a
role in aPL production, but further research into these
possible mechanisms is necessary. We also conclude
that both the titer and pathogenic ability of aPL pro-
duced during the progression of APS appear to be
dependent on the expression of relevant MHC class II
alleles. Therefore, our findings provide direct mechanis-
tic evidence that APS susceptibility may be linked to the
efficiency with which MHC class II alleles present anti-
gens with structural similarity to the main antigen in
APS, i.e., b2GPI, as indicated previously in epidemio-
logic studies. Given that MHC class II is one of the
most polymorphic gene groups, additional studies are
needed to more fully elucidate the relative efficiency of
these alleles in presenting specific b2GPI epitopes and
the pathogenic effects of aPL that are produced as a
result.
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Objective. Adipose tissues secrete adipokines,
peptides with potent effects modulating fibrosis, inflam-
mation, and vascular homeostasis. Dysregulated adi-
pose tissue biology and adipokine balance have recently
been implicated in systemic sclerosis (SSc). This study
was undertaken to determine whether altered circulat-
ing adipokine levels correlate with SSc disease subsets
or clinical manifestations.

Methods. Multiplex assays were used to measure
circulating adipokine levels in 198 patients with SSc
and 33 healthy controls. Data were evaluated for corre-
lations between serum adipokine levels and demo-
graphic and clinical features, including pulmonary
arterial hypertension (PAH). To assess the relevance
of adipsin, an adipokine involved in complement path-
way activation, in SSc, we analyzed publicly available
genetic and transcriptomic data.

Results. Levels of adiponectin and adipsin dif-
fered significantly between controls and patients.
Adipsin was significantly elevated in patients with lim-
ited cutaneous SSc (odds ratio [OR] 28.3 [95% confi-
dence interval (95% CI) 7.0–113.8]; P < 0.0001), and its
levels were associated with serum autoantibody status,
pulmonary function and cardiovascular parameters,
and PAH (OR 3.3 [95% CI 1.3–8.7]; P 5 0.02). Elevated
adipsin was more strongly associated with PAH than

B-type natriuretic peptide was. Moreover, in SSc
patients, adipsin gene single-nucleotide polymorphisms
were associated with PAH. Transcriptome data set
analysis demonstrated elevated adipsin expression in
patients with SSc-related PAH.

Conclusion. We identify adipsin as a novel
adipose tissue–derived marker of SSc-related PAH.
Circulating adipsin levels might serve as predictive bio-
markers in SSc. Mechanistically, adipsin might repre-
sent a pathogenic link between adipocyte dysfunction
and complement pathway activation and play an impor-
tant role in the pathogenesis of SSc-related PAH.

Systemic sclerosis (SSc) is a devastating multisys-
tem disorder that causes significant organ dysfunction,
has no approved therapy, and has the highest mortality
rate of any connective tissue disease. A hallmark of SSc
is its marked heterogeneity, with substantial patient-to-
patient variations in clinical manifestations, autoanti-
body patterns, and disease outcomes. The pathogenesis
of SSc is driven by autoimmunity, vascular damage, and
tissue fibrosis. Skin fibrosis and Raynaud’s phenomenon
are the most common disease manifestations, while
interstitial lung disease (ILD) and pulmonary arterial
hypertension (PAH) are leading causes of death (1). The
prognosis of SSc-related PAH is worse than that of idio-
pathic and other forms of PAH (2).

Recent studies highlight an emerging role for adi-
pose tissue and fat cells (adipocytes) in modulating fibro-
sis (3). Patients with SSc have markedly attenuated
intradermal white adipose tissue, and attrition of this
adipose depot correlates inversely with increased skin
fibrosis (4). Adipokines, including leptin, adiponectin,
resistin, visfatin, and adipsin, are peptides secreted from
adipose tissue that have systemic paracrine and auto-
crine effects and play key roles in health and disease (5).
These adipokines modulate immune cell activation, vas-
cular function, and fibrogenesis, processes that are cen-
tral to SSc pathogenesis (6).
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Previous studies have revealed alterations in
circulating adipokine levels in SSc patients (7). How-
ever, to date only leptin and adiponectin have been
thoroughly investigated, and the results have been
variable. Moreover, the association of altered adipo-
kine levels with SSc organ involvement has not been
comprehensively assessed. In the present study, we
tested the hypothesis that adipokines are dysregulated
in SSc, that they are associated with clinical features,
and that their levels may have prognostic value as
biomarkers.

Our initial studies led us to focus on adipsin (also
known as complement factor D), which was elevated in a
subset of patients with limited cutaneous SSc (lcSSc),
especially those with prevalent PAH. To assess a poten-
tial pathogenic role of adipsin in SSc, we queried adipsin
genetic and gene expression data from SSc patients with
and those without PAH. Our results identify adipsin as a
potential biomarker for SSc-related PAH, and provide
evidence suggesting that by linking adipose tissue dys-
function and complement pathway activation, it may
play a role in the pathogenesis of SSc and SSc-related
PAH.

PATIENTS AND METHODS

Patients. The study sample consisted of 198 patients
with SSc evaluated at a single center. Patients were classified
as having lcSSc (n 5 116) or diffuse cutaneous SSc (dcSSc;
n 5 82) based on criteria proposed by LeRoy et al (8). All
patients fulfilled the American College of Rheumatology/
European League Against Rheumatism 2013 classification cri-
teria (9). Thirty-three healthy controls were also included.
Patients underwent baseline clinical evaluation, pulmonary func-
tion testing, and echocardiograms, which were completed within
12 months of serum collection. Pulmonary hypertension (PH)
was assessed both by echocardiography (echocardiography-
proven PH was defined as systolic pulmonary artery pressure
[PAP] .35 mm Hg) and by hemodynamic measures (PAH was
defined as mean PAP $25 mm Hg, pulmonary capillary wedge
pressure #15 mm Hg, and pulmonary vascular resistance .3
Wood units). Demographic and clinical characteristics of the
patients are shown in Table 1. Further descriptions of the
patients and assessments are included in the Supplementary
Methods, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40193/abstract.

Determination of serum adipokine levels. Serum was
collected during a standard-of-care blood draw. Levels of lep-
tin, resistin, visfatin, adipsin, and adiponectin were determined
using multiplex assay kits (Bio-Rad) according to the manufac-
turer’s protocol. Samples were run in duplicate, and the

Table 1. Clinical characteristics of the SSc patients*

SSc
(n 5 198)

dcSSc
(n 5 82)

lcSSc
(n 5 116) P†

Age, years 52.6 6 11.4 50.1 6 11.2 54.3 6 11.3 0.66
BMI, kg/m2 26.2 6 5.5 26.0 6 5.1 26.4 6 5.8 0.20
Sex, % female 83.3 77.3 87.9 0.05
ANA positive, % 95.8 97.6 94.4 0.03
ACA positive, % 20.0 5.0 30.9 ,0.0001
Antitopo positive, % 27.5 29.3 26.0 0.63
RNAP III positive, % 27.4 43.4 11.3 ,0.0001
Disease duration, years 9.2 6 8.1 3.6 6 4.2 13.2 6 7.0 ,0.0001
Immunomodulatory treatment, % 32.9 59.8 21.4 ,0.0001
MRSS 10.4 6 9.9 16.4 6 12.1 4.7 6 3.8 ,0.0001
FVC, % predicted 79.9 6 19.3 75.1 6 18.7 83.4 6 19.3 0.003
DLCO, % predicted 60.2 6 20.0 60.2 6 20.6 60.2 6 19.9 0.99
Systolic PAP, mm Hg 33.4 6 10.7 33.2 6 13.3 32.0 6 7.5 0.85
TAPSE, cm 2.1 6 0.5 2.2 6 0.5 2.1 6 0.5 0.80
Left ventricular mass, gm 77.7 6 20.2 80.7 6 24.0 76.0 6 17.6 0.18
E0 lateral velocity, cm/second 12.0 6 3.7 12.2 6 3.4 12.0 6 3.3 0.62
Left ventricular ejection fraction, % 62.0 6 5.4 60.5 6 4.0 62.2 6 5.0 0.12
Precapillary PAH, % 13.2 3.7 19.0 0.001
Adiponectin, mg/ml 7.16 6 7.32 3.41 6 3.21 9.16 6 8.09 ,0.0001
Adipsin, mg/ml 1.18 6 1.04 0.71 6 0.22 1.51 6 1.25 ,0.0001
Leptin, ng/ml 15.38 6 26.83 8.35 6 10.09 20.38 6 33.19 0.002
Resistin, ng/ml 18.39 6 5.76 16.97 6 4.52 19.60 6 6.40 0.002
Visfatin, ng/ml 6.99 6 10.75 7.15 6 13.49 6.89 6 8.34 0.32

* Except where indicated otherwise, values are the mean 6 SD. SSc 5 systemic sclerosis; dcSSc 5 diffuse cutaneous SSc;
lcSSc 5 limited cutaneous SSc; BMI 5 body mass index; ANA 5 antinuclear antibody; ACA 5 anticentromere antibody; anti-
topo 5 antitopoisomerase antibody; RNAP III 5 RNA polymerase III; MRSS 5 modified Rodnan skin thickness score;
FVC 5 forced vital capacity; DLCO 5 diffusing capacity for carbon monoxide; PAP 5 pulmonary artery pressure;
TAPSE 5 tricuspid annular plane systolic excursion; PAH 5 pulmonary arterial hypertension.
† Patients with dcSSc versus patients with lcSSc.
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coefficient of variation for adipsin was 6.7%. Measurement was
performed on a Luminex 100 platform.

Evaluation of correlation of serum adipokine levels
with clinical parameters. We first compared clinical character-
istics and levels of each adipokine in lcSSc versus dcSSc subgroups
using chi-square and Fisher’s exact tests (for categorical vari-
ables) and the Mann-Whitney U test (for continuous vari-
ables). In addition, we further subdivided lcSSc patients into
those with high and those with low adipsin levels, with the cut-
off value for high adipsin level defined as 2 SD above the
mean in the control group. Next, we performed a multivari-
able logistic regression analysis to determine the independent
association between adipsin and PAH. For additional descrip-
tion of the statistical methods used, see Supplementary Meth-
ods, available on the Arthritis & Rheumatology web site at
http://onlinelibrary.wiley.com/doi/10.1002/art.40193/abstract.

Assessment of adipsin genetic polymorphisms and gene
expression. Adipsin gene single-nucleotide polymorphisms
(SNPs) were assessed using publicly available data from a
genome-wide association study (GWAS) that included SSc
patients with and SSc patients without PH determined by
echocardiography (systolic PAP .40 mm Hg) (clinical data
obtained with authorized access from dbGaP, accession no.
phs000357.v1.p1). SNPs associated with SSc-related PAH were
then assessed for the presence of expression quantitative trait loci
(eQTLs) using expression data from the GTEx portal (www.
gtexportal.org). Additionally, adipsin expression was assessed
using publicly available data from both peripheral blood
mononuclear cells (PBMCs) and lung tissue from SSc patients
with and SSc patients without PAH (GEO accession nos.
GSE19617and GSE22356). Further descriptions of the data sets
and methods of analysis used are presented in the Supplementary
Methods.

RESULTS

Adipokine levels in SSc. Compared to patients
with dcSSc, patients with lcSSc had significantly higher
levels of adiponectin (mean 6 SD 9.16 6 8.09 mg/ml ver-
sus 3.41 6 3.21 mg/ml; P , 0.0001), adipsin (mean 6 SD
1.51 6 1.25 mg/ml versus 0.71 6 0.22 mg/ml; P , 0.0001),
leptin (mean 6 SD 20.38 6 33.19 ng/ml versus
8.35 6 10.09 ng/ml; P 5 0.002), and resistin (mean 6 SD
19.60 6 6.40 ng/ml versus 16.97 6 4.52 ng/ml; P 5 0.002)
(Table 1). Similar differences in adipokine levels were
noted between lcSSc patients and controls. After correc-
tion for multiple hypothesis testing and adjustment for
age, sex, race, body mass index (BMI), and disease dura-
tion (defined as the interval between the first non-
Raynaud’s phenomenon SSc symptom and serum collec-
tion), only levels of adiponectin (P 5 0.003) and adipsin
(P 5 0.001) remained significantly different between the
lcSSc and dcSSc subsets (Supplementary Table 1, avail-
able on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40193/abstract).
Further analysis focused on adipsin, also known as com-
plement factor D, which has been implicated in the

alternative complement pathway, but has not previously
been linked to SSc.

Stratification of adipsin levels. Adipsin was
substantially elevated in a subset of SSc patients, almost
exclusively those with lcSSc (Figure 1A). Using a cutoff of
1.49 mg/ml (Figure 1B), 25.8% of the patients with lcSSc
(30 of 116), but only 1.2% of the patients with dcSSc (1 of
82) and 6.1% of the controls (2 of 33) had elevated
adipsin levels (odds ratio [OR] for lcSSc 28.3 [95% confi-
dence interval (95% CI) 7.0–113.8]; P , 0.0001 and OR
for dcSSc 38.2 [95% CI 4.1–333.3]; P 5 0.001 after adjust-
ment for clinical covariates). Moreover, elevated adipsin
levels were associated with a greater frequency of anti-
centromere antibodies (OR 2.85 [95% CI 1.25–6.51];
P 5 0.01), and a lower frequency of anti–Scl-70 antibodies
(OR 0.09 [95% CI 0.01–0.69]; P 5 0.004) (Figures 1C and
D). The difference in adipsin levels in SSc patients overall
versus controls was not significant (P 5 0.66) (Supplemen-
tary Table 1, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.40193/
abstract), largely reflecting the bimodal distribution in
which adipsin was increased in lcSSc patients and
decreased in dcSSc patients as compared to controls.

Lack of association between adipsin levels and
markers of fibrosis in SSc. Adipsin was assessed for
association with severity of SSc-related skin and lung dis-
ease. These analyses showed no association between the
levels of adipsin (or any other adipokines) and the modified
Rodnan skin thickness score (MRSS), radiographically
defined ILD, or pulmonary function parameters (forced
vital capacity [FVC], forced expiratory volume in 1 second
[FEV1], or total lung capacity) (Supplementary Figure 1,
available on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40193/abstract).

Association of adipsin levels with PAH in SSc.
High adipsin levels were significantly associated with
PH, as determined by echocardiography (OR 4.6 [95%
CI 1.8–11.3]; P 5 0.001), and with PAH, as defined by
invasive hemodynamic testing (OR 3.3 [95% CI 1.3–8.7];
P 5 0.02) (Figures 1E and F). After adjustment for age,
sex, BMI, disease duration, and disease subtype, the asso-
ciation between adipsin levels and echocardiography-
proven PH remained significant (OR 7.7 [95% CI 2.1–
21.0]; P , 0.001), but the association between adipsin
level and PAH did not (OR 2.7 [95% CI 0.8–8.9];
P 5 0.10). Elevated adipsin levels were also associated
with a reduction in diffusing capacity for carbon monox-
ide (DLCO), an increased ratio of FVC to DLCO, and
lower values of tricuspid annular plane systolic excur-
sion (TAPSE) and Doppler E0 lateral velocity, which
are indicative of right ventricular dysfunction and dia-
stolic dysfunction, respectively (Figures 1G–J). Patients
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with elevated adipsin levels had increased frequency of
both right ventricular dysfunction (TAPSE ,1.5 cm)
(OR 19.9 [95% CI 3.8–104.5]; P , 0.001), and left ven-
tricular diastolic dysfunction (OR 5.1 [95% CI 2.1–
12.4) (Figures 1I and J).

Stronger association between adipsin levels and
SSc-related PAH than between B-type natriuretic pep-
tide (BNP) levels and SSc-related PAH. BNP is widely
used as a biomarker for SSc-related PAH (10). Serum

levels of BNP were elevated (.100 pg/ml) in 21% of SSc
patients, while levels of adipsin were elevated in 16%.
Elevated BNP was not significantly associated with PH
defined by echocardiography (P 5 0.91) or PAH defined
by invasive hemodynamic assessment (P 5 0.23), in con-
trast to elevated adipsin levels, which were significantly
associated with both echocardiography-proven PH
(P , 0.0001) and PAH defined by invasive hemodynamic
assessment (P 5 0.001). High adipsin levels were more

Figure 1. Association of serum adipsin levels with limited cutaneous systemic sclerosis (lcSSc) and pulmonary arterial hypertension (PAH). A, Serum levels
of adipsin in controls and SSc patients. There was no significant difference between the 2 groups. B, Higher adipsin levels in patients with lcSSc than in controls
or patients with diffuse SSc (dcSSc). The broken line represents the upper cutoff value for adipsin. C–J, Association of SSc groups stratified by limited or diffuse
cutaneous status and adipsin level with anticentromere antibodies (Ab) (C), anti–Scl-70 antibodies (D), pulmonary artery (PA) systolic pressure measured by
echocardiography (E), PAH proven by right-sided heart catheterization (RHC) (F), ratio of forced vital capacity (FVC) to diffusing capacity for carbon monox-
ide (DLCO) (G), DLCO (H), tricuspid annular plane systolic excursion (TAPSE) (I), and E0 lateral velocity (J). In A, B, E, and G–J, symbols represent individual
subjects; horizontal lines and error bars show the mean and 95% confidence interval. In C, D, and F, bars show the mean 6 SD. In C–J, n 5 82 patients (81
with low adipsin) in the dcSSc group, n 5 86 patients in the lcSSc adipsin low group, and n 5 30 patients in the lcSSc adipsin high group. P values were deter-
mined by Mann-Whitney test. * 5 P , 0.01.
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specific for PAH than BNP levels (specificity of 85% ver-
sus 57% for PAH defined by invasive hemodynamic assess-
ment), and receiver operating curve analysis demonstrated
that adipsin had a greater area under the curve (AUC)
than BNP for both echocardiography-proven PH and
PAH proven by invasive hemodynamic assessment (AUC
of 0.73 versus 0.51 for systolic PAP .35 by echocardiogra-
phy and 0.65 versus 0.62 for PAH proven by right-sided
heart catheterization) (Supplementary Figure 2, available
on the Arthritis & Rheumatology web site at http://
onlinelibrary.wiley.com/doi/10.1002/art.40193/abstract).

Adipsin gene variants are associated with SSc-
related PAH and modulate gene expression. To inves-
tigate whether elevated adipsin levels may be genetically
determined in SSc-related PAH, we evaluated the
association of polymorphisms in the CFD (adipsin) gene
with SSc-related PAH using GWAS data (dbGAP

phs000357.v1.p1). We analyzed data from 7 SNPs in the
CFD region and assessed SNP allele frequencies in patients
classified as having normal systolic PAP (,40 mm Hg;
n 5 167) or elevated systolic PAP (.40 mm Hg; n 5 91) as
determined by echocardiography. This strategy revealed
that 4 of 7 CFD region SNPs (rs1683591, rs2365702,
rs106044, and rs2965292) were associated with elevated
PAP (Figure 2A). To determine the potential functional
consequences of the genetic association between CFD and
PAH, we queried the GTEx portal. This analysis showed a
significant eQTL effect in whole blood, with individuals car-
rying the minor allele of the PAH-associated SNPs showing
increased adipsin expression (Figure 2B).

Increased adipsin expression in lcSSc patients
with SSc-related PAH. Next, to determine if the genetic
association of CFD SNPs with SSc-related PAH leads to
dysregulated adipsin expression in tissue, we analyzed

A

B

C

Figure 2. Genetic and expression studies demonstrating dysregulated adipsin in systemic sclerosis (SSc)–associated pulmonary arterial hypertension (PAH).
A, List of 7 single-nucleotide polymorphisms (SNPs) in the adipsin (complement factor D) region on chromosome 19 genotyped in an SSc genome-wide associ-
ation study (dbGAP accession no. phs000357.v1.p1). Minor allele frequencies (MAFs) for patients with SSc without pulmonary hypertension (PH) (systolic
pulmonary artery pressure [PAP] .40 on echocardiography) and patients with SSc with PH (systolic PAP ,40 on echocardiography) are shown. Note that 4
of 7 SNPs in the region are associated with SSc-related PAH. Data were derived from dbGaP accession no. phs000357.v1.p1. B, Whole blood expression quan-
titative trait loci (eQTLs) SNPs. C, Elevated adipsin expression in peripheral blood mononuclear cells (PBMCs) from patients with limited cutaneous SSc
(lcSSc) and patients with lcSSc with PAH (data derived from GEO accession no. GSE19617). In B and C, 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 maximum and minimum range.
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data from publicly available PBMCs and lung tissue
microarrays. Data from 2 independent SSc cohorts
(GEO accession nos. GSE19617 and GSE22356) dem-
onstrated that circulating PBMCs from SSc patients
with PAH had higher adipsin expression compared to
patients without PAH (Figure 2C and Supplementary
Figure 3, available on the Arthritis & Rheumatology web
site at http://onlinelibrary.wiley.com/doi/10.1002/art.
40193/abstract). In lung tissue obtained at the time of
lung transplant, patients who received a transplant for
SSc-related PAH also demonstrated elevated adipsin
expression when compared to those who received a trans-
plant for SSc-related ILD (accession no. GSE48149; data
not shown).

DISCUSSION

We found that levels of multiple adipokines were
significantly dysregulated in SSc. Our detailed analysis
focused on adipsin for a number of reasons. First, the
largest difference in adipsin levels was seen between
lcSSc and dcSSc patients. Second, adipsin, which is also
known as complement factor D, has not previously been
associated with SSc or vascular disease. Most intriguing,
adipsin has a unique role in linking adipose tissue func-
tion and complement pathway activation. In this analy-
sis, we uncovered a robust association between elevated
circulating levels of adipsin and SSc-associated PAH.

Patients with elevated adipsin levels were more
likely to have the limited cutaneous form of SSc and
were at significantly increased risk of PAH and related
cardiac dysfunction. The association with PAH was con-
firmed by both echocardiography and hemodynamic
data and further bolstered by associations with DLCO,
the FVC:DLCO ratio, and measures of right ventricular
function. While levels of leptin, resistin, and adiponectin
were also elevated in lcSSc patients, they were not signif-
icantly associated with clinical markers of fibrosis or vas-
cular disease, suggesting that while multiple adipokines
are dysregulated in SSc, adipsin may be unique in its
relationship with vascular outcomes such as PAH.

To begin to explore a potential involvement of
adipsin in SSc pathogenesis, we queried publicly available
data sets. The results indicate that adipsin gene variants
are associated with increased PAH susceptibility. More-
over, SNPs associated with SSc-related PAH were associ-
ated with increased adipsin expression, SSc patients
(particularly those with lcSSc) had elevated adipsin
expression compared to controls, and patients with SSc-
related PAH showed increased adipsin expression com-
pared to SSc patients without PAH. Taken together, these
findings suggest that elevated adipsin production may

play a pathogenic role in SSc-related PAH. While we are
unaware of studies evaluating adipsin in PAH, an intrigu-
ing study showed that a protease implicated in the patho-
genesis of monocrotaline-induced PAH in rats is related
to adipsin (11).

Our analyses have certain limitations. First, in view
of its cross-sectional design, the study is limited in its ability
to assess the prognostic significance of adipsin. Future stud-
ies are planned to examine the prognostic value of baseline
adipsin levels for predicting future outcomes such as clinical
worsening, development of PAH, and the implications of
changes in adipsin over time. Because the results of this
study are Luminex based, future studies might use confir-
matory enzyme-linked immunosorbent assay or other sen-
sitive assays. Additionally, while we studied a relatively
large and well-characterized cohort of SSc patients, the
association of serum adipsin with SSc-related PAH will
need to be validated in independent SSc cohorts. More-
over, the relatively small number of controls included in the
present study (n 5 33) limits the power to detect adipokine
differences between SSc patients and controls. Although
genetic and gene expression data support a possible mecha-
nistic relationship between adipsin, SSc, and PAH, func-
tional studies will be required to demonstrate the role of
adipsin in disease pathogenesis.

In contrast to adipokines such as leptin and adipo-
nectin, adipsin has not been well studied, and its role in
autoimmune/inflammatory/fibrotic disease has not been
evaluated. Adipsin is one of the major adipocyte products
and was the first adipokine described (12). Subsequently,
it was recognized to function as the serine protease com-
plement factor D, which catalyzes the rate-limiting step of
the alternative complement pathway, promotes the for-
mation of the membrane-attack complex, and generates
complement-signaling molecules, including the anaphyl-
atoxins C3a and C5a (13). Serum levels of adipsin decline
in obesity, pregnancy, and type 2 diabetes mellitus, while
elevated levels are seen in preeclampsia, but adipsin levels
have not previously been assessed in patients with SSc or
other rheumatic diseases (12).

The pathogenic role of the complement cascade
remains incompletely characterized in SSc. However,
previous studies have described dysregulated comple-
ment activity in a subset of patients, particularly those
with vascular disease. SSc patients have increased com-
plement activation (14), and activated complement com-
plex C5b–9 and CD46 are present on arterioles in SSc
skin biopsy specimens (15). Moreover, SSc patients with
vascular damage have elevated circulating levels of com-
plement C3f desarginine (DRC3f) which enhances
endothelial cell proliferation (16).
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Importantly, adipsin and complement cascade acti-
vation represent potential drug targets. In particular, lam-
palizumab, a pharmacologic inhibitor of adipsin, is
currently in phase III clinical trials for macular degenera-
tion, while eculizumab, a terminal complement inhibitor,
has been approved for the treatment of paroxysmal noctur-
nal hemoglobinuria and atypical hemolytic uremic syn-
drome (HUS). Remarkably, eculizumab has been
reported to induce remission in scleroderma renal crisis (a
thrombotic microangiopathy that resembles atypical
HUS), and to ameliorate pulmonary hypertension in
patients with paroxysmal nocturnal hemoglobinuria (17). If
adipsin-mediated activation of the alternative complement
pathway is shown to be pathogenic in SSc, in addition to
marking a set of patients with severe vascular manifesta-
tions, this work may also identify a novel personalized and
much needed treatment approach for this set of patients.

We demonstrate that circulating adipsin levels
are elevated in patients with lcSSc and identify a signifi-
cant association between elevated adipsin levels and
PAH in this population. Genetic variants of adipsin are
associated with SSc-related PAH, and adipsin gene
expression was elevated in patients with SSc-related
PAH. Taken together, these findings suggest a previ-
ously unrecognized pathogenic role for adipsin in SSc
and SSc-related PAH and highlight adipsin as a novel
marker of vascular manifestations with important prog-
nostic and potentially therapeutic value. Moreover, in
light of the essential role of adipsin in modulating com-
plement pathway activity, our results implicate the com-
plement system in SSc-related PAH.
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Objective. Autoantibodies against myeloperoxidase
(MPO) that are expressed in neutrophils play an impor-
tant role in the pathogenesis of microscopic polyangiitis
(MPA). We recently observed that misfolded cellular pro-
teins are transported to the cell surface by HLA class II
molecules and are targeted by autoantibodies in patients
with rheumatoid arthritis or antiphospholipid syndrome,
suggesting that HLA class II molecules play an important
role in autoantibody recognition. The aim of this study
was to address the role of HLA class II molecules in the
cell surface expression of MPO in patients with MPA.

Methods. The association of MPO with HLA–DR
was analyzed using MPO and HLA–DR transfectants as
well as neutrophils from healthy donors and patients with
MPA. Autoantibody binding to the MPO/HLA–DR com-
plex was analyzed by flow cytometry. The association of

MPO with HLA–DR was assessed using the immunopre-
cipitation technique. The function of MPO–antineutrophil
cytoplasmic antibody (ANCA) was assessed using a
neutrophil-like cell line expressing HLA–DR and MPO.

Results. MPO protein was detected on the cell sur-
face in the presence of HLA–DR, and the MPO/HLA–DR
complex was recognized by MPO-ANCA. A competitive
inhibition assay suggested that MPO associated with
HLA–DR expresses cryptic autoantibody epitopes for
MPO-ANCA. Autoantibody binding to the MPO/HLA–DR
complex was correlated with disease susceptibility con-
ferred by each HLA–DR allele, suggesting that the MPO/
HLA–DR complex is involved in the pathogenicity of
MPA. Indeed, MPO–HLA class II complexes were
detected in neutrophils from a patient with MPA as well
as in cytokine-stimulated neutrophils from healthy
donors. Moreover, MPO-ANCA stimulated MPO/HLA–
DR complex–expressing HL-60 cells.

Conclusion. Our findings suggest that MPO com-
plexed with HLA class II molecules is involved in the path-
ogenesis of MPA as a target for MPO-ANCA.

Microscopic polyangiitis (MPA) is a type of sys-
temic small vessel vasculitis that affects multiple organs
(1). It is categorized as an antineutrophil cytoplasmic anti-
body (ANCA)–associated vasculitis (1). Approximately
70% of patients with MPA possess myeloperoxidase
(MPO)–ANCAs (2) that recognize MPO expressed in
neutrophils (3). Although MPO is not expressed on the
cell surface of neutrophils in a steady state, it is transported
to the cell surface via cytokine stimulation, which enables
MPO-ANCAs to bind to the cell surface of neutrophils
(4,5). ANCAs bind to and stimulate neutrophils (4,6–8)
and cause vasculitis in small vessels (9,10). A mouse model
of MPA has demonstrated that the transfer of anti-MPO
antibodies causes vasculitis (11), suggesting that MPO-
ANCAs are directly involved in the pathogenesis of MPA
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(12,13). However, it has not been fully elucidated how
MPO is transported to the cell surface of neutrophils after
cytokine stimulation.

We previously observed that misfolded endoplas-
mic reticulum (ER) proteins are transported to the cell sur-
face, without processing to peptides, by HLA class II
molecules. This occurs when misfolded proteins are associ-
ated with the peptide-binding groove of HLA class II mole-
cules instead of the invariant chain (14). Furthermore,
misfolded proteins that were transported to the outside of
the cell by HLA class II molecules were efficiently recog-
nized by autoantibodies from patients with rheumatoid
arthritis (RA) or the antiphospholipid syndrome (15–17).
More importantly, autoantibody binding to the IgG heavy
chain/HLA class II complex is strongly associated with sus-
ceptibility to RA conferred by each HLA–DR allele, sug-
gesting that the IgG heavy chain/HLA class II complex is
involved in the pathogenesis of RA (15). Although HLA
class II expression is generally limited to certain cell popu-
lations, such as dendritic cells and B cells, HLA class II
expression is induced on a variety of cells upon stimulation
by cytokines, such as interferon-g (IFNg). Therefore, cer-
tain types of inflammation or infection would induce
expression of HLA class II molecules. Because the antige-
nicity of misfolded proteins seems to be different from that
of normally folded proteins, we hypothesized that the mis-
folded proteins that are transported to the cell surface by
these HLA class II molecules might be involved in the path-
ogenesis of autoimmune diseases (18).

Resting neutrophils do not express HLA class II
molecules. However, HLA class II expression is induced in
neutrophils by cytokine stimulation (19,20). In addition, a
recent genome-wide association study (GWAS) revealed
that susceptibility to MPA is associated with polymorphisms
in HLA class II genes (21). In Japanese individuals, MPA is
significantly associated with HLA–DRB1*09:01 (22,23).
However, the role of HLA class II molecules expressed on
neutrophils in the pathogenesis of MPA has remained
unknown. In this study, we addressed the role of HLA class
II molecules in the cell surface expression of MPO in
patients with MPA. Our findings provide new insight into
the role of HLA class II molecules in the pathogenesis of
MPO-ANCAs in patients with MPA.

PATIENTS AND METHODS

Patient samples. Sera, peripheral blood neutrophils,
and DNA from patients with MPA were collected from Kyoto
University, Hokkaido University, and Osaka University. Diagno-
ses of MPA were based on the European Medicines Agency
algorithm–based criteria (24) and the Chapel Hill Consensus
Conference definition (1). Human peripheral blood neutrophils
were obtained from healthy volunteers or patients with MPA,

using the Ficoll-dextran method (25). IgG was purified from the
plasma of MPA patients or healthy donors by affinity chromatog-
raphy using protein G–Sepharose, as described previously (26).

Study approval. The protocol for the collection and
use of human sera, peripheral blood cells, and DNA was
approved by the institutional review boards (IRBs) of Kyoto Uni-
versity (E458, G1006–1), Hokkaido University (010–0326), and
Osaka University (25–2, 12246). Written informed consent in
accordance with the Declaration of Helsinki was obtained from
all participants according to the relevant guidelines of the IRBs.

Plasmids. Complementary DNAs (cDNAs) for differ-
ent HLA class II alleles and the invariant chain (accession no.
NM_004355.2) were prepared as previously described (14–16).
Human MPO (accession no. NC_000017.11) was cloned from
cDNA prepared from human bone marrow total RNA
(Clontech). Some HLA–DR alleles were generated using
QuikChange multimutagenesis kits (Agilent) from HLA genes
with similar sequences. All cDNA sequences for HLA were based
on information in the IMGT/HLA Database (www.ebi.ac.uk/
imgt/hla/index.html). The nucleotide sequences of all of the con-
structs were confirmed by DNA sequencing (ABI 3130xl DNA
Sequencer; Applied Biosciences). HLA–DRB1*01:01 containing
a covalently attached transferrin receptor peptide (TfRpep–
HLA–DRB1*01:01) and HLA–DRB1*04:04 containing a cova-
lently attached HLA–Cw3 peptide (HLA–Cw3–pep–HLA–
DRB1*04:04) were generated as previously described (27).

Antibodies. Anti–HLA–DR monoclonal antibody (L243;
American Type Culture Collection) was used for the detection of
HLA–DR by flow cytometry and immunoprecipitation (IP) of
HLA–DR proteins. Anti–HLA–DR/DP monoclonal antibody
(HL-38; Sigma-Aldrich) was used for IP detected by flow cytome-
try. Anti-human MPO monoclonal antibody (16E3; GeneWay
Research) was used for flow cytometry. Anti-DYKDDDDK–
tagged (clone L5) monoclonal antibody (BioLegend) was
used for IP. Rabbit anti–HLA–DRa antibody (FL-254; Santa
Cruz Biotechnology), anti-FLAG monoclonal antibody (clone
M2; Sigma-Aldrich), and anti-human MPO polyclonal
antibody (HPA021147; Sigma-Aldrich) were used for Western
blotting.

Cell lines. HEK 293T cells (RCB2202) were purchased
from the RIKEN BioResource Center (Tsukuba, Japan). HL-60
cells (JCRB0085) were purchased from the Japanese Collection
of Research Bioresources Cell Bank (JCRB) (Osaka, Japan). We
used polymerase chain reaction to confirm that the cells were
negative for mycoplasma contamination. Expression plasmids
containing each cDNA were transfected into cells, using Poly-
ethylenimine Max (Polysciences).

Flow cytometric analysis. Cells were incubated with
mouse primary monoclonal antibodies (anti–HLA–DRa anti-
body [L243] or anti-human MPO antibody [16E3]), followed by
allophycocyanin (APC)–conjugated anti-mouse IgG antibody
(Jackson ImmunoResearch). For intracellular staining, cells were
fixed and permeabilized with Fixation/Permeabilization solution
(BD Biosciences). Intracellular MPO was detected with anti-
human MPO followed by APC-conjugated anti-mouse IgG anti-
body. Stained cells were analyzed using a FACSCalibur (Becton
Dickinson) or FACSVerse cytometer (Becton Dickinson).

Analysis of autoantibody binding to the MPO/HLA–
DR complex. Human MPO was cotransfected together with
HLA–DRa and green fluorescent protein (GFP). The trans-
fectants were mixed with sera (dilution 1:300) from patients with
MPA, followed by APC-labeled anti-human IgG Fc antibody
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(Jackson ImmunoResearch). To determine specific autoantibody
titers against MPO/HLA–DR complex, the mean fluorescence
intensity (MFI) of autoantibody binding to HLA–DR9 alone
transfectants was subtracted from the MFI of autoantibody bind-
ing to HLA–DR9 and human MPO transfectants. Anti–MPO/
HLA–DR complex antibody titers were calculated based on
the MFI of IgG autoantibody binding to MPO/HLA–DR9
cotransfectants, using a standard MPA serum for which the
MPO-ANCA titer (720 units/ml) is known, as determined by
enzyme-linked immunosorbent assay (ELISA).

Immunoprecipitation and immunoblotting. Cells
were lysed in lysis buffer (10 mM Tris, 150 mM NaCl, pH 7.5) con-
taining 0.5% Nonidet P40 (Sigma). HLA–DR and human MPO
were precipitated with anti–HLA–DR monoclonal antibody
(L243) and protein G–Sepharose (GE Healthcare) or anti-
DYKDDDDK monoclonal antibody (L5) and protein G–
Sepharose. Mouse IgG2a (BD Biosciences) was used as an
isotype-matched control. The immunoprecipitates were eluted by
boiling with sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis sample buffer, separated on 10% (weight/volume) poly-
acrylamide gels (Atto), and transferred onto PVDF membranes
(Millipore). The membranes were incubated with anti–HLA–
DRa antibody (FL-254) or anti-human MPO antibody
(HPA021147), followed by horseradish peroxidase (HRP)–conju-
gated anti-rabbit IgG (Thermo Fisher Scientific). The membranes
were also incubated with anti-FLAG antibody (M2), followed by
HRP-conjugated anti-mouse IgG antibody (Jackson Immuno-
Research). Peroxidase activity was detected with SuperSignal
reagent (Thermo Fisher Scientific).

HLA–DRB1 genotyping and ELISA. HLA–DRB1
alleles were determined as previously described (28). Briefly, a
WAKFlow system (Wakunaga Pharmaceutical) was used for the
HLA–DRB1 typing.

MPO protein purified from human neutrophils (Sigma-
Aldrich) was coated onto 96-microwell plates (3690; Costar), and
IgG bound to the plates was detected by HRP-conjugated donkey
anti-human IgG antibody (Jackson ImmunoResearch). Peroxi-
dase activity was detected using an OptEIA kit (BD Biosciences).
Anti-MPO antibody titers were calculated using standard serum
from a patient with MPA, for which the MPO-ANCA titer is
known (720 units/ml). Interleukin-8 (IL-8) expression in the cul-
ture supernatant was determined by ELISA (eBioscience).

Competitive inhibition assay. Sera from MPA patients
were mixed with various concentrations of MPO protein purified
from human neutrophils (Sigma) and incubated overnight at 48C.
Anti–MPO/HLA–DR complex antibodies and anti-MPO anti-
bodies were detected using flow cytometry and ELISA, respec-
tively. Anti–MPO/HLA–DR complex antibody titers and anti-
MPO antibody titers were calculated using a standard MPA
serum, as described above. The percent inhibition was defined as
100 – (titer of inhibited serum/titer of noninhibited serum) 3 100.

Immunoprecipitation detected by flow cytometry (IP-
FCM). For the IP-FCM assay, we used a modified version of
the protocol described by Schrum et al (29). Anti–HLA–DRa
monoclonal antibody HL-38 was coupled to Aldehyde/Sulfate
Latex Beads (Life Technologies). The beads were washed twice
with MES buffer. Anti–HLA–DRa monoclonal antibody (HL-
38) was mixed with the beads and shaken at room temperature
overnight. The antibody-coupled beads were then washed 3 times
and suspended in phosphate buffered saline (PBS) containing
0.1% glycine and 0.1% NaN3. Next, the antibody-coupled beads
were mixed with cell lysate at 48C for 1 hour. The beads were

subsequently stained with biotinylated primary antibody, followed
by APC–streptavidin (Jackson ImmunoResearch). Finally, the
stained beads were analyzed using a FACSVerse system (Becton
Dickinson).

Stimulation of neutrophils. Isolated neutrophils were
resuspended with RPMI 1640 medium containing 10% autolo-
gous serum. Neutrophils (1 3 107) were cultured for 48 hours in
the presence of IFNg (final concentration 100 units/ml) plus
autologous serum in a 6-well plate. Thereafter, neutrophils were
stained with anti–HLA–DR or anti-MPO antibody and analyzed
by flow cytometry.

Stimulation of HLA–DR–transfected HL-60 cells.
HLA–DR9 was stably transfected into HL-60 cells using a
Platinum-E (Plat-E) system (30). HLA–DR9 and an ampho-
tropic envelope were transfected into Plat-E cells. Culture super-
natant containing a retroviral vector was collected 2 days after
replacement and added to medium for the HL-60 cells. HLA–
DR–positive cells were then sorted with a Sony SH800 cell sorter.
GFP was stably transfected into HL-60 cells in the same manner,
and these were used as mock cells. HL-60 cells were cultured in
medium containing 10 mM all-trans-retinoic acid for 5 days in
order to differentiate into neutrophil-like cells (31,32). Next, 20
mg/ml IgG purified from plasma was coated onto a 96-well plate.
After incubation at 48C overnight, the plate was washed twice
with PBS. A total of 100 ml of 1 3 106 cells/ml of differentiated
HL-60 cells was cultured with the precoated plate for 3 hours.
The IL-8 concentration in culture supernatant was determined by
ELISA.

Statistical analysis. Pearson’s product-moment corre-
lation coefficient was used to assess the significance of correla-
tions, and the correlation coefficient and P value of the linear
regression line were calculated. Mann-Whitney U test, Student’s
t-test, or one-way analysis of variance with Tukey’s post hoc test
was used to determine the significance of differences. The odds
ratios (ORs) for the association between different HLA–DRB1
alleles and MPA were log-transformed to normalize the distribu-
tion. HLA–DRB1 alleles with a frequency of .2% in MPA
patients were analyzed for their association with autoantibody
binding to the MPO/HLA–DR complex. P values less than 0.05
were considered significant.

RESULTS

MPO expression on the cell surface in associa-
tion with HLA class II molecules. In order to address
the role of HLA class II molecules in the cell surface expres-
sion of MPO, we transfected human MPO with MPA-
susceptible HLA–DR9 (HLA–DRA*01:01/DRB1*09:01)
(22) into HEK 293T cells and used flow cytometry to analyze
the cell surface expression of MPO. Cell surface expression
of MPO was low when MPO alone was transfected. How-
ever, when MPO and HLA–DR9 were cotransfected, the
cell surface expression of MPO was markedly increased; the
intracellular level of MPO was not affected by HLA–DR9
expression (Figure 1A). We then investigated whether
MPO-ANCAs could bind to cell surface–expressed MPO
induced by HLA–DR. IgG autoantibodies from an MPA
patient bound to MPO induced on the cell surface by HLA–
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DR. In contrast, MPO-ANCAs did not bind to the cells that
were transfected with MPO alone.

Next, we used an IP assay to investigate whether
full-length MPO is associated with HLA–DR. Full-length
90-kd MPO protein was coimmunoprecipitated with
HLA–DR9, whereas MPO was not detected in the

absence of HLA–DR9, indicating that full-length but not
fragmented MPO is associated with HLA–DR (Figure
1B). Our group previously showed that various misfolded
proteins are associated with the peptide-binding groove of
major histocompatibility complex (MHC) class II mole-
cules (14–16). To test the possibility that MPO also is

Figure 1. Myeloperoxidase (MPO) is expressed on the cell surface in association with HLA–DR. A, MPO and green fluorescent protein (GFP)
were transfected into HEK 293T cells with (solid line) or without (broken line) HLA–DRA*01:01 and HLA–DRB1*09:01 (HLA–DR9). The
transfectants were stained with anti-MPO antibodies, anti–HLA–DR antibodies, or serum from a patient with microscopic polyangiitis (MPA-
IgG). Intracellular MPO was also stained. Antibody binding to GFP-expressing cells is shown. Cells transfected with GFP alone were stained as
a control (shaded histograms). B, MPO protein was coimmunoprecipitated with HLA–DR9. HLA–DR9 and/or MPO was transfected into HEK
293T cells. Cell lysates were immunoprecipitated (IP) with anti-FLAG or anti–HLA–DR antibody. Immunoprecipitates were blotted with anti-
FLAG, anti-MPO, or anti–HLA–DRa antibodies. C, HLA–DR1 (solid lines), HLA–DRB1*01:01 containing a covalently attached transferrin
receptor peptide (TfRpep–HLA–DR1) (broken lines), or control plasmids (shaded histograms) were cotransfected with MPO and GFP. Cell sur-
face expression of MPO and HLA–DR on GFP-positive cells is shown. D, HLA–DR4 (solid lines), HLA–DRB1*04:04 containing a covalently
attached HLA–Cw3 peptide (HLA–Cw3–pep–HLA–DR4) (broken lines), or control plasmids (shaded histograms) were cotransfected with MPO
and GFP. Cell surface expression of MPO and HLA–DR on GFP-positive cells is shown. Results are representative of at least 3 independent
experiments.
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associated with the peptide-binding groove of HLA–DR,
we measured MPO cell surface expression using HLA–
DR1 that was covalently attached to a transferrin receptor
peptide, which reportedly binds to the peptide-binding
groove of HLA–DR1 with relatively high affinity
(14,27,33). We also used HLA–DR4 that was covalently
attached to a HLA–Cw3 peptide, which also binds to the
peptide-binding groove of HLA–DR4 (15,34). When cova-
lently attached to a peptide, both HLA–DR1 and HLA–
DR4 transported less MPO to the cell surface than did
wild-type HLA–DR (Figures 1C and D). These findings
indicate that full-length MPO is associated with the
peptide-binding groove of HLA class II molecules.

The invariant chain binds to the peptide-binding
groove of newly synthesized MHC class II molecules at the
ER and transports them to the endolysosomal pathway. In
addition, the invariant chain inhibits the binding of certain
proteins to MHC class II molecules at the ER (35). We
investigated the effect of the invariant chain on the

association of MPO with HLA–DR. In the absence of the
invariant chain, HLA–DR7, an allele not associated with
susceptibility to MPA, transported MPO to the cell surface
in a manner similar to that of HLA–DR9 (Figures 2A and
B). In the presence of the invariant chain, the cell surface
expression of MPO induced by HLA–DR7 was clearly
inhibited (Figure 2A). On the other hand, inhibition of
MPO cell surface expression by the invariant chain was
low when HLA–DR9 was transfected (Figure 2B). There-
fore, the affinities of HLA class II molecules to the invari-
ant chain and MPO differed depending on the alleles of
HLA class II molecules that were expressed.

Binding of autoantibodies from MPA patients
to MPO complexed with MHC. We determined the
anti–MPO/HLA–DR complex antibody titers in sera
obtained from patients with MPA at the time of disease
onset as well as those in sera obtained from healthy con-
trols. Anti–MPO/HLA–DR complex antibodies were
detected in 87.5% of patients with MPA when the cutoff

Figure 2. Cell surface expression of MPO induced by HLA–DR with an MPA-susceptible allele is less affected by the invariant chain (Ii) than
by an MPA-nonsusceptible allele (HLA–DR7). MPO and GFP were cotransfected with HLA–DR into HEK 293T cells in the presence (broken
lines) or absence (solid lines) of the invariant chain. Cell surface expression of HLA–DR and MPO on GFP-positive cells was analyzed. Cells
transfected without HLA–DR were stained as a control (shaded histograms). Expression of the invariant chain was analyzed by intracellular
staining. A, MPO was transfected with HLA–DR7. B, MPO was transfected with HLA–DR9. Results are representative of at least 3 independent
experiments. See Figure 1 for other definitions.
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value was defined as the mean 12SD of the titers in
healthy controls. The titers of anti–MPO/HLA–DR com-
plex antibody in patients with MPA were significantly
higher than those in healthy controls (Figure 3A). This
finding suggests that the MPO/HLA–DR complex is rec-
ognized by autoantibodies from patients with MPA. We
next analyzed whether anti–MPO/HLA–DR complex anti-
body titers were correlated with MPO-ANCAs detected by
conventional ELISA. The anti–MPO/HLA–DR complex
antibody titer was significantly correlated with the MPO-
ANCA titer determined by ELISA (Figure 3B). These
results imply that MPO/HLA–DR complexes are targets
for MPO-ANCAs in patients with MPA.

We investigated the effects of the HLA–DR of dif-
ferent alleles on the transport of MPO to the cell surface.
MPO was transfected into HEK 293T cells with different
HLA–DR alleles, and its cell surface expression was ana-
lyzed (Figure 3C). The results indicated that the cell sur-
face expression of MPO differed depending on the HLA–
DR alleles. As observed in other autoimmune diseases,
susceptibility to MPA is associated with certain HLA–
DRB1 alleles (22,23). The ORs for the association
between MPA and each HLA–DR allele were plotted
against autoantibody binding to the MPO/HLA–DR com-
plex for each allele (Figure 3C). There was a significant
positive correlation between autoantibody binding to the
MPO/HLA–DR complex and the OR for the correlation
conferred by each HLA–DR allele (r 5 0.64, P 5 0.014).

These findings suggest that the MPO/HLA–DR complex
is involved in the pathogenesis of MPA.

Cryptic autoantibody epitopes expressed by
MPO associated with HLA–DR. Because the structure
of the proteins associated with HLA–DR differs from that
of native proteins (14–16), there is a possibility that cryptic
autoantibody epitopes that are not exposed on the surface
of native MPO proteins are exposed on MPO by associa-
tion with HLA–DR. To test this possibility, we neutralized
patient sera containing MPO-ANCAs using native MPO
protein purified from human neutrophils. Anti–native
MPO antibody titers detected by ELISA were decreased
in the presence of native MPO proteins, in a dose-
dependent manner (Figure 4). In contrast, autoantibodies
against the MPO/HLA–DR complex were still detected in
sera from MPA patients even after neutralization with
native MPO proteins (Figure 4). In particular, there was a
significant difference between the anti–MPO/HLA–DR
antibody titer and the anti-MPO antibody titer after neu-
tralization with 3.16 mg/ml native MPO. These results sug-
gest that MPO associated with HLA–DR might express
cryptic autoantibody epitopes that are not exposed on
native MPO.

Formation of the MPO/HLA–DR complex in
neutrophils stimulated with IFNg. The presence of
autoantibodies specific to MPO complexed with HLA–DR
suggests that under certain conditions, MPO is associated
with HLA–DR in neutrophils. Although neutrophils

Figure 3. Autoantibodies from MPA patients bind to MPO complexed with HLA–DR. A, Anti–MPO/HLA–DR complex antibody (Ab) titers
were determined in sera obtained from patients with MPA (n 5 40) and from healthy controls. The cutoff value was defined as the mean 1

2SD of the titers in healthy controls. Differences between anti–MPO/HLA–DR complex antibody titers in patients with MPA and healthy con-
trols were analyzed by Mann-Whitney U test. Each data point represents an individual subject; the horizontal line shows the cutoff value.

* 5 P , 0.05. B, MPO–antineutrophil cytoplasmic antibody (ANCA) titers in serum samples from 40 MPA patients were plotted in relation to
IgG autoantibody titers in each serum to MPO complexed with HLA–DR9 (anti–MPO/HLA–DR antibody titer). C, MPO was cotransfected
with HLA–DRA*01:01 in combination with each HLA–DRB1 allele indicated, and the mean fluorescence intensity (MFI) of binding of auto-
antibodies from an MPA patient to MPO complexed with HLA–DR was plotted against the odds ratio for MPA susceptibility for each HLA–
DRB1 allele. The odds ratios for the association between different HLA–DRB1 alleles and MPA were log-transformed to normalize the distri-
bution. In B and C, Pearson’s product-moment correlation coefficient was used for the analysis. Results are representative of at least 3 indepen-
dent experiments. ELISA 5 enzyme-linked immunosorbent assay (see Figure 1 for other definitions).
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contain high levels of intracellular MPO, resting neutro-
phils express few HLA class II molecules. However, it has
been reported that human neutrophils express HLA class
II molecules after stimulation with IFNg (19,20). We thus
analyzed HLA–DR expression on the surface of neutro-
phils isolated from healthy donors, following IFNg stimu-
lation (Figure 5A). As reported previously, neutrophils
expressed HLA–DR following stimulation with IFNg.

When HLA–DR was immunoprecipitated from
the cell lysates of neutrophils from healthy donors, MPO
was coprecipitated with HLA–DR from the cell lysates of
IFNg-stimulated neutrophils with MPA-susceptible HLA–
DRB1*09:01, but not from those of unstimulated neutro-
phils. In addition, MPO was not coprecipitated with
HLA–DR from the cell lysates of IFNg-stimulated neutro-
phils with MPA-nonsusceptible HLA–DRB1*12:01/15:02
(Figure 5B). These findings indicate that MPO can be
complexed with HLA class II molecules in neutrophils,
under pathophysiologic conditions.

Detection of the MPO/HLA–DR complex in
neutrophils isolated from a patient with MPA. We
next analyzed neutrophils obtained from a patient with a
diagnosis of MPA. The patient, a 75-year-old female, had
an MPO-ANCA titer of 220 units/ml. She had a fever and
interstitial pneumonia but no glomerulonephritis or neu-
ropathy. We isolated neutrophils from her peripheral

blood at onset and after immunosuppressive therapy and
analyzed them using flow cytometry. A small but signifi-
cant amount of HLA–DR was expressed on the surface of
neutrophils at onset, but this decreased after treatment
(Figure 5C). We next investigated whether the MPO/
HLA–DR complex was present in the patient’s neutro-
phils, using the IP-FCM method, which is much more sen-
sitive for the detection of molecular interactions compared
with conventional methods using IP and Western blotting
(29,36). The association of MPO with HLA–DR was
detected in neutrophil cell lysates obtained from the
patient at onset (Figure 5D). The amount of MPO com-
plexed with HLA–DR decreased after treatment. In con-
trast, the association of MPO with HLA–DR was not
detected in cell lysates from healthy donors. These results
indicate that MPO forms a complex with HLA–DR in the
neutrophils of MPA patients.

Activation of neutrophil-like cell lines by MPO-
ANCA autoantibodies. Next, we investigated the patho-
physiologic function of the MPO/HLA–DR complex on the
surface of neutrophils. We hypothesized that MPO-ANCAs
activate neutrophils through MPO/HLA–DR complexes.
However, in vitro functional analyses of the MPO/HLA–DR
complex on IFNg-stimulated neutrophils were not success-
ful, because resting peripheral neutrophils are nonspecifi-
cally activated by IFNg. Accordingly, we stably transfected

Figure 4. Cryptic autoantibody epitopes on myeloperoxidase (MPO) are exposed by association with HLA–DR. Serum samples from patients with micro-
scopic polyangiitis (MPA) (n 510) were mixed with various concentrations of MPO protein purified from human neutrophils and incubated overnight at
48C. After incubation, anti–MPO/HLA–DR complex antibodies (Ab) were detected using flow cytometry, and anti-MPO antibodies were determined using
enzyme-linked immunosorbent assay. Autoantibody titers were calculated using standard serum. Inhibition (%) was defined as 100 – (titer of inhibited
serum/titer of noninhibited serum) 3 100. Results are representative of at least 3 independent experiments. Student’s t-test was used to analyze the differ-
ence between the anti–MPO/HLA–DR antibody titer and the anti-MPO antibody titer after incubation with MPO at a concentration of 3.16 mg/ml native
MPO. Lines connect the data points for each subject. Each patient was distinguished using different colors and symbols.
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HLA–DR9 into HL-60 cells, which constitutively express
MPO and differentiate into mature neutrophil-like cells
upon stimulation with all-trans-retinoic acid (31,32). Intrinsic
MPO expressed in HL-60 cells was expressed on the cell

surface in the presence of HLA–DR9, suggesting that MPO
formed a complex with HLA–DR (Figure 6A). HL-60 cells
were differentiated into neutrophil-like cells by stimulation
with all-trans-retinoic acid and then were stimulated with

Figure 5. The MPO/HLA–DR complex is detected in neutrophils stimulated with interferon-g (IFNg) and neutrophils isolated from patients
with MPA. A, Neutrophils from healthy donors (HDs) were isolated and incubated for 2 days in the presence or absence of IFNg. After stimula-
tion, neutrophils were stained with anti–HLA–DR antibody (Ab). The expression of HLA–DR on neutrophils with (thick line) or without (thin
line) stimulation by IFNg is shown. B, MPO protein was coimmunoprecipitated with HLA–DR9. After stimulation with IFNg, cell lysates were
immunoprecipitated with anti–HLA–DR or isotype-matched control IgG antibody. Immunoprecipitates were blotted with anti-MPO or anti–
HLA–DR antibody. HD 1 5 a donor carrying HLA–DRB1*09:01/09:01; HD 2 5 a donor carrying HLA–DRB1*12:01/15:02. Results are represen-
tative of at least 3 independent experiments. C, Neutrophils were isolated from a patient with MPA at disease onset and after immunosuppres-
sive therapy. Freshly isolated neutrophils were stained with anti–HLA–DR antibody. Numbers in the boxes are the proportions of HLA–DR–
positive cells. D, Anti–HLA–DR antibody–coupled beads were mixed with cell lysates of neutrophils obtained from a patient with MPA and
shaken at 48C for 1 hour. The beads were stained with biotinylated anti–HLA–DR or anti-MPO antibody, followed by allophycocyanin–streptavi-
din. Staining of isotype-matched control IgG-coupled beads is shown as shaded histograms. Results are representative of at least 3 independent
experiments. See Figure 4 for other definitions.
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IgG purified from the sera of MPA patients or healthy
donors. IL-8 was secreted by HLA–DR9–expressing HL-60
cells upon stimulation with IgG from MPA patients, but not
with IgG from healthy donors (Figure 6B). These results
suggest that the MPO-ANCAs stimulate neutrophils
through the MPO/HLA–DR complex.

DISCUSSION

In the current study, we demonstrated that intracel-
lular MPO is transported to the cell surface by HLA class
II molecules with an MPA-susceptible allele. MPO
expressed on the cell surface by HLA class II molecules
was recognized by MPO-ANCAs, which was involved in
neutrophil activation by MPO-ANCAs. These findings
suggest that HLA class II molecules are involved in the
pathogenesis of MPA by direct association with MPO.

The major function of HLA class II molecules is to
present antigenic peptides to T cells. However, it has

remained unclear how HLA class II molecules control sus-
ceptibility to autoimmune diseases. However, we have
observed that misfolded ER proteins are transported to
the cell surface by MHC class II molecules without pro-
cessing to peptides when they are associated with MHC
class II molecules (14,18). In the current study, we demon-
strated that MPO proteins are also transported to the cell
surface by associating with HLA–DR. Although mature
MPO consists of a heavy subunit (60 kd) and a light sub-
unit (12 kd), the MPO protein that coimmunoprecipitated
with HLA–DR was 90 kd, which is a molecular weight
compatible with apopro-MPO or pro-MPO (37). Because
both ends of the peptide-binding groove of HLA class II
are open (38–40), it is possible (structurally) that the
peptide-like structure exposed on full-length MPO pro-
teins binds to the peptide-binding groove. Although we
cannot determine the conformation of MPO proteins that
are bound to HLA class II molecules, it is likely that MPO
proteins associated with HLA class II molecules are

Figure 6. MPO–antineutrophil cytoplasmic antibodies activate the HL-60 neutrophil-like cell line expressing MPA-susceptible HLA–DR. A,

HLA–DR9 was stably transfected into HL-60 cells via a retroviral vector. HLA–DR–positive cells were sorted. The sorted cells (thick lines) and
mock cells (thin lines) were stained with anti-MPO antibody or anti–HLA–DR antibody. Shaded histograms represent control staining. Results
are representative of at least 3 independent experiments. B, HLA–DR–transfected HL-60 cells were differentiated into neutrophil-like cells with
all-trans-retinoic acid. Cells were stimulated with plate-bound IgG purified from a patient with MPA or a healthy control (HC). The interleukin-
8 (IL-8) concentration of culture supernatants was determined using enzyme-linked immunosorbent assay. Values are the mean 6 SD of tripli-
cate experiments. * 5 P , 0.05 by one-way analysis of variance and Tukey’s post hoc test. See Figure 4 for other definitions.
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structurally different from native MPO proteins, because
only misfolded proteins are associated with HLA class II
molecules and are transported to the cell surface (14,15).
Indeed, native MPO protein efficiently blocked anti–native
MPO autoantibodies, whereas autoantibodies against the
MPO/HLA–DR complex were not completely blocked by
native MPO protein. These results suggest that cryptic
autoantibody epitopes on MPO might be exposed by an
association with HLA–DR. These findings are consistent
with our hypothesis that MPO associated with HLA–DR
is structurally altered compared with native MPO protein.

The ORs for the association between each HLA–
DRB1 allele and MPA were significantly correlated with
autoantibody binding to MPO complexed with HLA–DR
for each allele. This is the first study to show a molecular
mechanism that is associated with MPA susceptibility con-
ferred by each HLA–DR allele. HLA–DR of MPA-
susceptible alleles efficiently transported MPO to the cell
surface, suggesting a relatively high affinity for MPO. The
invariant chain binds to newly synthesized HLA class II mol-
ecules at the ER and blocks the binding of ER proteins to
HLA class II molecules (35). Interestingly, the effect of the
invariant chain on the binding of MPO to HLA–DR was
lower for susceptible alleles than for nonsusceptible alleles.
The affinities of MPO to HLA–DR seem to be higher than
the affinities of the invariant chain to HLA–DR in the case
of MPA-susceptible HLA–DR alleles.

Significant associations of HLA–DRB1*09:01 with
MPA and MPO-ANCA–positive vasculitis in Japanese
patients have been reported (22,23). HLA–DRB1*09:01 is
the most common HLA–DRB1 allele in Japanese individu-
als but is rare in Caucasians (Allele*Frequencies in World-
wide Populations [http://www.allelefrequencies.net/]) (41).
Our results demonstrating the efficient binding of MPO
protein with HLA–DRB1*09:01 might explain why MPA is
more common than granulomatosis with polyangiitis
(Wegener’s) (GPA) in Japan, while GPA is more common
in Europe (42). A previous GWAS demonstrated that posi-
tivity for MPO-ANCAs, not susceptibility to MPA, is signif-
icantly associated with a single-nucleotide polymorphism
(rs5000634) in the HLA–DQ region (21). Because the
HLA–DR region was not included in the GWAS, and there
is strong linkage disequilibrium between HLA–DQ and
HLA–DR, HLA–DR is also a possible candidate gene.
Because HLA–DRB1*09:01 is a dominant allele in Japan,
the high frequency of MPO-ANCAs in Japanese individu-
als (43), unlike that in Caucasians, might be a result of the
high-affinity binding between MPO and HLA–DR9.

The presence of autoantibodies against MPO/
HLA–DR complexes suggested that MPO/HLA–DR com-
plexes are generated in vivo. Neutrophils possess high lev-
els of MPO but express very few HLA–DR molecules in a

steady state. Previous studies have shown that HLA–DR
molecules are induced on neutrophils after stimulation
with cytokines such as IFNg (20,44). Indeed, it has been
reported that neutrophils isolated from patients with GPA
express MHC class II molecules (45,46). Similarly, we
showed that neutrophils from MPA patients express
HLA–DR. In addition, we demonstrated that HLA–DR9–
positive neutrophils but not HLA–DR12–positive or
HLA–DR15–positive neutrophils from healthy donors
produce MPO/HLA–DR complexes following stimulation
with IFNg. Therefore, in certain pathologic conditions
such as viral infections in which various cytokines are pro-
duced, HLA–DR induced by cytokines forms a complex
with MPO. Indeed, MPO/HLA–DR complexes were
detected in freshly isolated neutrophils from MPA
patients. These results imply that the MPO/HLA–DR
complex is involved in the pathogenesis of MPA.

We demonstrated that MPO-ANCAs activated
HL-60 cells that expressed the MPO/HLA–DR complex.
Pathologic conditions in which cytokines such as IFNg are
overproduced might lead to cell surface expression of the
MPO/HLA–DR complex in neutrophils, which could be a
target for MPO-ANCAs. Several studies have demon-
strated that HLA class II molecules transduce activating
signals in MHC class II–expressing cells such as dendritic
cells and B cells (47–50). Although the precise mechanism
of neutrophil activation by autoantibodies is unclear, it is
possible that HLA–DR complexed with MPO transduces
activating signals in neutrophils by MPO-ANCAs.

The mechanism by which MPO-ANCAs are pro-
duced in patients with MPA remains unclear. The presence
of autoantibodies against the MPO/HLA–DR complex sug-
gests that MPO proteins complexed with HLA–DR are the
targets of autoantibodies against MPO. It is possible that
structurally altered MPO proteins that are associated with
HLA–DR could be recognized as “altered-self” or “neo-
self” antigens by immune cells and initiate autoantibody
production (18). Indeed, misfolded protein–HLA class II
complexes stimulate antigen-specific B cells (14). At pres-
ent, it remains unclear how T cells are involved in the pro-
duction of autoantibodies against the complex. Considering
that IgG autoantibodies are the most common, T cells must
be involved in production of autoantibodies against the mis-
folded protein–HLA class II complexes. Further analyses
are necessary to elucidate how autoantibodies against
MPO/HLA class II complexes are produced.
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error in the footnote of Table 2. In the abstract, the first sentence of the Results paragraph (page 77)
should have read “Intriguingly, in the modified intent-to-treat (mITT) population, CS/GS combination therapy
was inferior to placebo in the reduction of joint pain (mean 6 SEM change in VAS global pain score over 6
months 211.8 6 2.4 mm [19% reduction] in patients receiving CS plus GS versus 220.5 6 2.4 mm [33%
reduction] in patients receiving placebo; peak between-group difference in global pain score at 6 months
8.7 mm [14.2%], P < 0.03), but no between-group differences were seen in the per-protocol completers.”
In the “Statistical analysis” section under Patients and Methods (page 79), the first sentence of the fifth par-
agraph should have read “Continuous variables were summarized using the mean 6 SD, unless otherwise
indicated.” In the “Efficacy results” section under Results (page 80), the third sentence of the first para-
graph should have read “Indeed, at this interim time point, in the mITT population, there was a mean 6
SEM reduction in the VAS global pain score from baseline to 6 months of 20.5 6 2.4 mm (33% reduction)
in the placebo group compared to 11.8 6 2.4 mm (19% reduction) in the active treatment group.” In the
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225. That paragraph should have read “Supported by the Arthritis Foundation (Clinical to Research Transi-
tion Award, project 5577), the Rheumatology Research Foundation (Scientist Development Award), and the
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Grant from the National Institute of Arthritis and Musculoskeletal and Skin Diseases).”
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Musculoskeletal Disease in MDA5-Related
Type I Interferonopathy

A Mendelian Mimic of Jaccoud’s Arthropathy

Luciana Martins de Carvalho,1 Gonza Ngoumou,2 Ji Woo Park,3 Nadja Ehmke,4

Nikolaus Deigendesch,2 Naoki Kitabayashi,5 Isabelle Melki,6 Fl�avio Falc€ao L. Souza,1

Andreas Tzschach,7 Marcello H. Nogueira-Barbosa,1 Virg�ınia Ferriani,1 Paulo Louzada-Junior,1

Wilson Marques Jr.,1 Charles M. Lourenço,1 Denise Horn,2 Tilmann Kallinich,2

Werner Stenzel,2 Sun Hur,8 Gillian I. Rice,9 and Yanick J. Crow10

Objective. To define the molecular basis of a multi-
system phenotype with progressive musculoskeletal dis-
ease of the hands and feet, including camptodactyly,
subluxation, and tendon rupture, reminiscent of Jaccoud’s
arthropathy.

Methods. We identified 2 families segregating an
autosomal-dominant phenotype encompassing musculo-
skeletal disease and variable additional features, including
psoriasis, dental abnormalities, cardiac valve involvement,
glaucoma, and basal ganglia calcification. We measured
the expression of interferon (IFN)–stimulated genes in the
peripheral blood and skin, and undertook targeted Sanger
sequencing of the IFIH1 gene encoding the cytosolic
double-stranded RNA (dsRNA) sensor melanoma differ-
entiation–associated protein 5 (MDA-5). We also assessed

the functional consequences of IFIH1 gene variants using
an in vitro IFNb reporter assay in HEK 293T cells.

Results. We recorded an up-regulation of type I
IFN–induced gene transcripts in all 5 patients tested and
identified a heterozygous gain-of-function mutation in
IFIH1 in each family, resulting in different substitutions
of the threonine residue at position 331 of MDA-5. Both of
these variants were associated with increased IFNb
expression in the absence of exogenous dsRNA ligand,
consistent with constitutive activation of MDA-5.

Conclusion. These cases highlight the significant
musculoskeletal involvement that can be associated with
mutations in MDA-5, and emphasize the value of testing for
up-regulation of IFN signaling as a marker of the underly-
ing molecular lesion. Our data indicate that both Singleton-
Merten syndrome and neuroinflammation described in the
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context of MDA-5 gain-of-function constitute part of the
same type I interferonopathy disease spectrum, and provide
possible novel insight into the pathology of Jaccoud’s
arthropathy.

The type I interferonopathies represent discrete
examples of a disturbance of the homeostatic control
of type I interferon (IFN) signaling due to Mendelian
mutations, where constitutive up-regulation of type I IFN
activity is considered directly relevant to pathogenesis.
Definition of the type I interferonopathies has emphasized
involvement of the central nervous system and the skin as
primary clinical characteristics (1). The recent observation
of mutations in IFIH1, encoding the cytosolic double-
stranded RNA (dsRNA) sensor melanoma differentia-
tion–associated protein 5 (MDA-5), has highlighted the
possibility of joint disease in this context also (2,3). In
this report we describe 2 families segregating autosomal-
dominant mutations in MDA-5 where musculoskeletal
involvement demonstrating overlap with Jaccoud’s arthrop-
athy was a major clinical feature. We also provide a brief
overview of joint disease so far described in the broader
type I interferonopathy grouping, the recognition of which
may become of increasing importance as anti-IFN thera-
pies are developed.

PATIENTS AND METHODS

Study participants. Clinical and molecular data were
ascertained through direct clinical contact. Written informed con-
sent was obtained from participating family members. The study
was approved by the Comit�e de Protection des Personnes (ID-
RCB/EUDRACT: 2014-A01017-40) and the Leeds (East)
Research Ethics Committee (reference number 10/H1307/132).
Clinical and radiologic features of each patient are listed in Table 1.

IFN score. The IFN scoring method has been described
in detail elsewhere (4). Whole blood was collected into PAXgene
tubes, total RNA was extracted using a PreAnalytiX RNA isola-
tion kit, and RNA concentration was assessed by spectropho-
tometry (FLUOstar Omega; Labtech). Quantitative reverse
transcription–polymerase chain reaction (PCR) analysis was per-
formed using TaqMan Universal PCR Master Mix (Applied Bio-
systems) and complementary DNA (cDNA) derived from 40 ng
of total RNA. Using TaqMan probes for IFI27 (Hs01086370_m1),
IFI44L (Hs00199115_m1), IFIT1 (Hs00356631_g1), ISG15
(Hs00192713_m1), RSAD2 (Hs01057264_m1), and SIGLEC1
(Hs00988063_m1), the relative abundance of each target tran-
script was normalized to the expression levels of HPRT1
(Hs03929096_g1) and 18S (Hs999999001_s1), and assessed with
Applied Biosystems StepOne software version 2.1 and DataAssist
software version 3.01. For each of the 6 probes, individual data
were expressed relative to a single calibrator. Relative quantifica-
tion is equal to 2–DDCt , i.e., the normalized fold change relative to
the control data. The median fold change of the 6 genes compared
to the median in 29 previously assessed healthy controls is used to
create an IFN score for each individual, with an abnormal IFN
score being defined as greater than 2SD above the mean of the

control group, i.e., an IFN score of .2.466 was considered
abnormal.

Mutation analysis. Primers were designed to amplify
the coding exons of IFIH1 (sequences available upon request
from the corresponding author). Purified PCR amplification
products were sequenced using BigDye Terminator chemistry
and an ABI 3130 DNA sequencer. The mutation description is
based on the reference cDNA sequence NM_022168, with nucle-
otide numbering beginning from the first A in the initiating ATG
codon. Variants were assessed using the in silico programs SIFT
(http://sift.jcvi.org) and PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/), and population allele frequencies were obtained
from the ExAC database (http://exac.broadinstitute.org).

IFN reporter assay. The pFLAG-CMV4 plasmid
encoding IFN-induced helicase C domain–containing protein 1
(IFIH-1) has been described elsewhere (5). The mutations indi-
cated were introduced using KAPA HiFi DNA polymerase.
HEK 293T cells (ATCC) were maintained in 48-well plates in
Dulbecco’s modified Eagle’s medium (Cellgro) supplemented
with 10% heat-inactivated fetal calf serum and 1% L-glutamine.
At ;80% confluence, cells were cotransfected with pFLAG-
CMV4 plasmids encoding wild-type or mutant IFIH-1 (10 ng,
unless indicated otherwise), IFNb promoter–driven firefly lucif-
erase reporter plasmid (100 ng), and a constitutively expressed
Renilla luciferase reporter plasmid (pRL-CMV, 10 ng) by using
Lipofectamine 2000 (Life Technologies) according to the manu-
facturer’s protocol. The medium was changed 6 hours after trans-
fection, and cells were subsequently stimulated with poly(I-C)
(0.5 mg/ml; InvivoGen) or with in vitro–transcribed 162-bp
dsRNA (0.5 mg/ml) using Lipofectamine 2000. Cells were lysed
16 hours after stimulation, and IFNb promoter activity was mea-
sured using a Dual-Luciferase Reporter Assay (Promega) and a
Synergy 2 plate reader (BioTek). Firefly luciferase activity was
normalized to Renilla luciferase activity.

Histopathologic analysis. Snap-frozen skin samples
from family 1972 patient 2 and a control subject without any obvi-
ous rheumatic or inflammatory skin disease were obtained by
open biopsy. Cryostat sections (7 mm) were stained with hema-
toxylin and eosin and by immunohistochemistry with the follow-
ing antibodies: IFN-stimulated gene 15 (ISG-15) (clone ab14374;
1:50) (Abcam), sialic acid–binding Ig-like lectin 1 (Siglec-1)
(clone HSn7D2; Novus Biologicals), CD45 (clone 2B11; Dako),
and CD3 (rabbit polyclonal; Dako). Staining was performed
using a Ventana iVIEW DAB Detection Kit. Appropriate bio-
tinylated secondary antibodies were used, and visualization of the
reaction product was carried out on a Benchmark XT
immunostainer (Ventana).

RESULTS

Family 1938. Family 1938 patient 1. The pro-
band of family 1938, who was 18 years old at the time of
this study, is a female born to nonconsanguineous parents
of Brazilian ancestry. She was delivered at 32 weeks gesta-
tion by cesarean section indicated because of placental
abruption. A gluteal fistula, diagnosed at age 2 months,
necessitated multiple surgical interventions between the
ages of 2 and 7 years. She sat at 5 months of age (adjusted
for gestation at birth), and walked independently at 24
months of age. At 4 years of age muscle weakness and
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difficulties with climbing stairs were noted. Electromyogra-
phy results were suggestive of a myopathic process, and a
muscle biopsy showed striated muscle fibers with discrete
irregularity of myofibril diameter and peripheral nuclei
in a subsarcolemmal distribution. Creatine kinase levels
measured on multiple occasions were consistently normal.

Beginning at the age of 2 years she reported joint
pain, and subsequently developed progressive deformities
of the hands and feet. Rheumatologic review at 7 years of
age revealed significant deformities of both feet, and limi-
tation of movement of the cervical spine, elbows, wrists,
hands, knees, and ankles (Figures 1A–F). There was no
obvious muscle weakness at that time. She was noted
to have dry skin, multiple lentigines, and hypochromic

macular lesions (Figure 1E). She was diagnosed as having
juvenile idiopathic arthritis (JIA) and started on metho-
trexate and, subsequently, the tumor necrosis factor (TNF)
inhibitor etanercept. At age 12 years, considering the
degree of joint damage and poor response to etanercept, a
putative diagnosis of psoriatic arthritis was made, and
treatment with infliximab was initiated but was stopped
after 7 months, following an infusion reaction. Due to pain
at the injection site, a subsequent course of adalimumab
was also stopped. After the appearance of diffuse cutane-
ous guttate psoriatic lesions at age 13 years, etanercept
treatment was started again in combination with lefluno-
mide, with equivocal therapeutic benefit. The erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP)

Figure 1. Radiologic and clinical features of patient 1 of family 1938. A–D, Radiographs of the hands (A), right foot (B), and upper limbs (C

and D) at age 18 years, demonstrating subluxations (broken arrows), with well-preserved joint spaces and articular surfaces, and dense
calcifications of tendon insertions at the elbows (solid arrows), which were not palpable. E and F, Photographs of the hands (E) and feet (F) at
age 18 years, demonstrating camptodactyly, subluxation, and plantar collapse. Note the pigmentary abnormalities on the hands. G, Computed
tomography image of the brain at age 18 years, demonstrating dense calcification of the basal ganglia (in the absence of any neurologic signs or
symptoms).

2084 DE CARVALHO ET AL



level have been consistently normal, and the patient has
always been negative for autoantibodies.

In addition, this patient was noted to have experi-
enced delayed eruption of her primary and secondary
dentition. During adolescence she was found to have
hypertension, and echocardiography revealed concentric
left ventricle hypertrophy, left atrial dilation, and aortic
root dilation with aortic valve insufficiency. There was no
evidence of aortic calcification.

At the age of 18 years her height was 146 cm (2 SD
below the mean). There was no evidence of glaucoma.
Dense calcification of the basal ganglia was observed on
cranial computed tomography (CT) imaging (Figure 1G),
in the absence of overt neurologic features.

Family 1938 patient 2. The proband’s mother was
initially evaluated at 35 years of age because of a deforming

polyarthritis of the hands and feet. Joint involvement was
reported to have started at 6 years of age. She lost almost
all of her teeth during adolescence and early adulthood,
necessitating the use of a dental prosthesis. She was
diagnosed as having psoriatic arthropathy, and treat-
ment with methotrexate and the TNF inhibitor inflixi-
mab was initiated at age 44 years, with apparently
limited efficacy.

At the time of this study, the patient was 45 years
of age and had a height of 145 cm (3 SD below the mean),
dry skin, and lentigines. She had subluxation, camptodac-
tyly, and ulnar deviation in the hands, with plantar arch
collapse, valgus deformity, and bilateral plantar callosities
of the feet (Figures 2A–D, F, and G). There was also a
reduction in the range of motion at the elbows, and valgus
orientation of the knees. Radiologic evaluation demonstrated

Figure 2. Radiologic and clinical features of patient 2 of family 1938. A–D, Radiographs of the hands (A), left knee (B), left femur and hip (C),
and left foot (D) at age 45 years, demonstrating significant deformities and ectopic calcification at the sites of tendon insertions (arrows). E, Radio-
graph of the jaw, demonstrating a complete absence of teeth. F and G, Photographs of the hands (F) and feet (G) at age 45 years, demonstrating
musculoskeletal deformities. H, Transverse computed tomography image of the chest, demonstrating dense ectopic calcification of the aortic valve.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.40179/abstract.
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acro-osteolysis, joint subluxation, and tendon insertion cal-
cification. Imaging of her jaw confirmed complete loss of
her teeth (Figure 2E). She was found to have hyper-
tension, and echocardiography revealed left ventricular
hypertrophy with moderate aortic insufficiency and
aortic stenosis. Calcification of the aortic valve was
observed on chest CT (Figure 2H), and calcification

of the basal ganglia was seen on cranial CT in the
absence of neurologic signs.

Family 1938 patient 3. A maternal aunt to the
proband was evaluated at age 27 years, with a height of
144 cm (3 SD below the mean). She reported the loss of
almost all of her teeth during adolescence, necessitating
the use of a dental prosthesis beginning at age 15 years.

Figure 3. Radiologic features of patients 1 and 2 of family 1972. A, Radiograph of the left hand of patient 1 of family 1972 at age 8 years. There
were no major radiologic changes other than slight osteopenia. B–E, Radiographs of the hands (B and C) and feet (D and E) of her father,
patient 2 of family 1972, at age 47 years. Bilateral subluxation of the thumbs and hallux deformity of the large toes can be seen. Note a sugges-
tion of acro-osteolysis of the phalanges in B and C.
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There was a history of arthralgia of the wrists, metacar-
pophalangeal and interphalangeal joints, elbows, knees,
and ankles, with progressive deformation starting at age
3 years. Radiography revealed diffuse osteopenia, acro-
osteolysis, and calcifications at tendon insertions and of
the plantar fascia. She had a 6-year history of guttate
psoriasis. Chest CT demonstrated calcification of the
aortic valve, and calcification of the basal ganglia was
observed on cranial CT in the absence of overt neuro-
logic disease.

Other patients in family 1938. The family history
indicated that a maternal uncle was evaluated at 24 years
of age with a history of a deforming arthropathy beginning
at age 12 years. He exhibited features of acro-osteolysis of
the hands with metacarpophalangeal subluxations. There
were scaly erythematous plaques involving the trunk, scalp,
limbs, and buttocks. Lesional biopsy findings were compat-
ible with psoriasis vulgaris with hyperkeratosis and accu-
mulation of neutrophils in the corneal layer, acanthosis
with scarce granulosa layer, and mild spongiosis associated
with microabscesses. He was treated with methotrexate
with good response of the cutaneous features, but with no
apparent effect on his joint disease. He was subsequently
lost to follow-up. It was reported that the proband’s mater-
nal grandmother and another maternal aunt also exhibited
a deforming arthropathy, cutaneous lesions, and cardiac
valvulopathy of which they both died. The aunt had 2 chil-
dren, also described to have severe arthropathy. None of

these individuals were available for clinical or molecular
evaluation.

Family 1972. Family 1972 patient 1. The pro-
band of family 1972 is a girl, age 9 years at the time of this
study, who was born to nonconsanguineous parents of
Caucasian ancestry. She presented to the rheumatology
service at age 8 years with muscle weakness and pain in
her legs. At that time her height was 125 cm (the median
for her age). She was noted to have short distal phalanges
of the hands and feet, and hallux valgus deformity of both
feet. Radiography showed wide medullary cavities of the
metacarpal bones and the proximal phalanges of the hands
(Figure 3A), and acro-osteolysis of the distal phalanges of
the feet. There were no skin abnormalities, ophthalmologic
examination identified no evidence of glaucoma, and there
was no calcification of the aorta or cardiac valves. Her
developmental history was normal. She had delayed erup-
tion of secondary dentition, having lost her first tooth at
age 8 years. Laboratory studies showed normal levels of
antinuclear antibodies. The ESR and CRP level were con-
sistently normal. Levels of antibodies against double-
stranded DNA (dsDNA) were elevated (30.8 units/ml;
normal ,20), and the expression of CD169/Siglec-1 on
monocytes was increased (5).

Family 1972 patient 2. The father of the proband
was 47 years old at the time of this study. He reported a his-
tory of joint pain without evidence of arthritis, beginning at
age 20 years. He experienced delayed tooth eruption, and

Figure 4. Schematic illustration of melanoma differentiation–associated protein 5 (MDA-5) and disease-associated mutations. The protein
domains and their amino acid boundaries within the 1,025–amino acid protein MDA-5 are shown. Hel1 and Hel2 are the 2 conserved core heli-
case domains, and Hel2i is an insertion domain that is conserved in the retinoic acid–inducible gene 1–like helicase family. P denotes the pincer
or bridge region that connects Hel2 to the C-terminal domain (CTD) involved in binding double-stranded RNA. Mutations shown above the
line have been recorded in patients with a Singleton-Merton syndrome phenotype. Mutations shown below the line have been identified in
patients with a neurologic phenotype. Numbers in parentheses are the numbers of families with each mutation described in the literature. Aster-
isk denotes a variant identified in 3 members of the same family, 2 with a neurologic phenotype and 1 with a Singleton-Merten syndrome pheno-
type (3). ¶ denotes a variant identified in 3 families segregating a Singleton-Merten syndrome phenotype (7), an individual with predominant
neurologic involvement more consistent with Aicardi-Goutières syndrome (13), and a further family including a patient with features of
Singleton-Merten syndrome, spastic paraparesis, and systemic lupus erythematosus (12). CARD 5 caspase activation recruitment domain.
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the early loss of secondary dentition with resorption of the
dental roots. He was diagnosed as having glaucoma at age
11 years, and as having psoriasis as a young adult. There
was a history of rupture of both quadriceps tendons at ages
34 and 35 years. At the time of this study, he had multiple
lentigines with hypochromic macules, and deformations of
the hands and feet with acro-osteolysis of the phalanges
and osteopenia seen on radiography (Figures 3B–E). Labo-
ratory studies showed elevated rheumatoid factor and
elevated levels of antinuclear (1:2,560), anti-SSA/Ro, and
anti–angiotensin II receptor type 1 antibodies, while levels
of antibodies against dsDNA were normal. Expression of
CD169/Siglec-1 on monocytes was increased. A lesional
skin biopsy demonstrated orthokeratosis and parakeratosis
with a markedly thickened epithelial layer and prominent
dermal papillae (results available upon request from the
corresponding author). The epidermal layer showed strong
immunoreactivity for ISG-15, and numerous Siglec-1–
positive macrophages and dendritic cells were seen in
inflammatory subepidermal foci and epithelial infiltrates
(results available upon request from the corresponding
author). There was a prominent CD451 leukocytic infil-
trate composed of macrophages and T cells (results avail-
able upon request from the corresponding author), while B
cells were absent.

Other patients in family 1972. The paternal grand-
mother of the proband was reported to have experienced
delayed tooth eruption and early loss of secondary denti-
tion, as well as osteopenia, bilateral hallux valgus, thicken-
ing of the Achilles tendons, and cervical myelopathy.
Other family members were also reported to have glau-
coma and bone and dental abnormalities, but no further
details were available.

Molecular data. In family 1938 all 3 patients
tested were heterozygous for missense variant c.992C.T/
p.Thr331Ile in IFIH1, while in family 1972 the 2
patients sampled were heterozygous for missense vari-
ant c.992C.G/p.Thr331Arg in the same gene (Figure 4).
The threonine at position 331 is highly conserved to
baker’s yeast (data available upon request from the
corresponding author). Both substitutions are predicted by
in silico programs to be damaging, and neither is anno-
tated in the ExAC database. Mapping of the Thr331 resi-
due onto the crystal structure of the 2CARD deletion
construct (D2CARD) demonstrated that the residue lies
within the Hel1 domain, one of two highly conserved core
helicase domains responsible for binding RNA and RNA-
dependent ATP hydrolysis (results available upon request
from the corresponding author).

IFN signature. All 5 individuals tested from both
families demonstrated a marked up-regulation of IFN-
induced gene transcripts. The IFN scores for family 1938

were 29.7 in patient 1 at age 18 years, 15.1 in patient 2 at
age 45 years, and 16.8 in patient 3 at age 27 years (normal
#2.466). The IFN scores for family 1972 were 14.0 in
patient 1 at age 9 years and 18.8 in patient 2 at age 47 years
(Figure 5A).

IFN reporter activity. IFNb reporter stimulatory
activity of wild-type and mutant MDA-5 in HEK 293T cells
was also assessed (Figure 5B). HEK 293T cells express low
levels of endogenous viral RNA receptors, including
IFIH-1, as evidenced by low IFN production upon stimu-
lation with dsRNA, allowing comparison of the signaling
activity of ectopically expressed receptors. Wild-type
MDA-5 was induced only upon stimulation with poly(I-C),
a long (.1-kb) dsRNA, and not upon stimulation with
short (162-bp) dsRNA, and activity was negligible in the
absence of exogenous RNA. In contrast, as in previously
described disease-associated mutations (6), basal levels of
IFN signaling were markedly increased with the 2 p.Thr331
mutant constructs in the absence of exogenous RNA.

DISCUSSION

We describe 5 individuals from 2 families demon-
strating progressive joint disease of the hands and feet con-
sequent to heterozygous gain-of-function mutations in
MDA-5. Musculoskeletal involvement began in infancy or
early adulthood and was severely deforming in the 4 oldest
patients ascertained. Contractures, subluxations, tendon
rupture, and tendon insertion calcification were major fea-
tures, becoming more prominent over time. Joint swelling,
effusion, and synovial thickening were absent clinically and
on radiologic imaging. In 1 patient, patient 1 of family
1938, the degree of joint involvement prompted a diagno-
sis of JIA and of psoriatic arthritis, leading to the use of
TNF antagonists with minimal efficacy. Her more severely
affected mother, patient 2 of family 1938, was also treated
with disease-modifying antirheumatic drugs, again with lit-
tle effect. All 5 individuals experienced significant dental
problems, with a variable defect of primary exfoliation and
abnormal permanent dentition leading to premature tooth
loss. Furthermore, 3 patients were diagnosed as having
psoriasis, 2 as having cardiac valve calcification, and 1 as
having glaucoma.

Singleton-Merten syndrome is an autosomal-
dominant trait characterized by bone disease particularly
affecting the hands and feet, abnormal tooth development,
and aortic and cardiac valve calcification associated with a
considerable risk of mortality (7,8). Additional features
include glaucoma, psoriasis, and poorly defined muscle
weakness. A possibly characteristic facies with broad fore-
head has been reported in certain cases. In 2015, a
p.Arg822Gln (c.2456G.A) heterozygous gain-of-function
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mutation in MDA-5 was identified to segregate with the
Singleton-Merten syndrome phenotype in 2 families com-
prising multiple affected individuals, and in an isolated
patient in whom the mutation occurred de novo (2).

Findings in the 2 families described here conform
to previous descriptions of Singleton-Merten syndrome.

However, their disease is not due to the recurrent
p.Arg822Gln mutation identified by Rutsch et al (2), indi-
cating that Singleton-Merten syndrome–like features are
not exclusively associated with that particular amino acid
substitution. In further support of this suggestion,
Bursztejn et al described a 41-year-old man with

Figure 5. Type I interferon (IFN) status in families 1938 (F1938) and 1972. A, Expression of 6 IFN-stimulated genes. Values in parentheses are
the patient’s age (years); IFN score. Scores of .2.466 are considered abnormal. RQ 5 relative quantification. B, IFNb reporter activity in Flag-
tagged wild-type and mutant IFN-induced helicase C domain–containing protein 1 (IFIH-1) left unstimulated, stimulated with 162-bp double-
stranded RNA (dsRNA), or stimulated with poly(I-C) in HEK 293T cells. IFIH-1 mutants activated the IFN signaling pathway more efficiently
than did wild-type IFIH-1. Bars show the mean 6 SD of 3 independent experiments.
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camptodactyly of the fifth fingers, bilateral hallux valgus,
and loss of permanent teeth after adolescence, whose dis-
ease was due to a p.Ala489Thr MDA-5 substitution (3).

Gain-of-function mutations in MDA-5 have also
been described in a broad range of neuroimmunologic
phenotypes, encompassing the early-onset encephalopathy
Aicardi-Goutières syndrome (AGS), isolated spastic para-
paresis, and spastic paraparesis with systemic lupus erythe-
matosus (SLE) (6,9–12). Interestingly, all 3 members of
family 1938 exhibited calcification of the basal ganglia, a
cardinal sign of AGS, in the absence of any neurologic fea-
tures. Calcification of the basal ganglia and abnormalities
of the white matter were also recorded in the adult male
patient described by Bursztejn et al (3), again in the
absence of overt neurologic disease. These observations
indicate that the Singleton-Merten syndrome and neuro-
inflammatory phenotypes seen in the context of MDA-5
gain-of-function constitute part of the same disease spec-
trum. Indeed, we note that case 2 described by Singleton
and Merten in 1973 developed a fever and lost the ability to
walk at the age of 14 months, after a previously unremark-
able neonatal period (8). Furthermore, and effectively con-
clusive in support of this point, Buers et al (13) very
recently reported the previously described p.Arg822Gln
Singleton-Merten syndrome–associated mutation in a child
with an AGS-like phenotype, while Pettersson et al (12)
described a female patient with SLE and spastic parapare-
sis in association with the same mutation.

The type I interferonopathies represent a set of dis-
eases grouped on the premise of a shared pathogenic role
of up-regulated type I IFN signaling. A recent review sug-
gested that this grouping currently comprises 18 distinct
genotypes including IFIH1 (1). MDA-5, encoded by
IFIH1, recognizes viral RNA in the cytosol, leading to the
induction of a type I IFN–mediated immune response. All
of the IFIH1 mutations so far characterized confer a gain
of function on MDA-5, resulting in constitutive activation
of the receptor and enhanced type I IFN signaling. Consis-
tent with published data on a large cohort of patients with
MDA-5 mutations (2,3,14), all 5 affected individuals tested
in the present study exhibited a marked up-regulation of
type I IFN signaling. As such, an IFN signature clearly rep-
resents a useful indicator of MDA-5–related pathology.

The nature of the musculoskeletal disease associ-
ated with mutations in MDA-5, and the role of type I IFN
in this process, remain undefined. We note the frequent
observation of psoriasis in the context of Singleton-Merten
syndrome (ref. 8 and 3 patients in the present study), and
that variants in IFIH1 have been associated with an
increased risk of psoriasis (15). We also note a lack of con-
sistent autoantibody production in Singleton-Merten
syndrome (2,7), the absence of elevated levels of

inflammation markers (ESR and CRP), and the limited
therapeutic efficacy of anti-TNF agents in 2 patients in
family 1938. Although bone changes have been described
in Singleton-Merten syndrome, in particular widened med-
ullary cavities of the metacarpal bones and acro-osteolysis,
joint spaces are well preserved without any obvious
erosions or involvement of the epiphyses/metaphyses, and
with no evidence of an increased fracture risk. Musculo-
skeletal disease seems mainly limited to the hands and
feet, with an absence of obvious joint swelling. Muscle
weakness has been described in a number of patients with
Singleton-Merten syndrome reported in the literature, as
in patient 1 in family 1938 in this study, but this is not a uni-
versal feature, and investigations do not support a specific
neuromuscular disturbance or myositis.

Jaccoud’s arthropathy has been described as a
deforming arthropathy of the hands and feet, seen most
commonly in the context of SLE. Importantly, there is an
absence of cartilage loss or erosion of juxtaarticular bone
on radiography (16,17). The pathogenesis of Jaccoud’s
arthropathy is unknown, but is thought to involve tendon
inflammation, with an animal model suggesting a possible
link with enhanced IFN signaling (18). Tendon rupture, as
previously described in Singleton-Merten syndrome (7)
and as recorded in patient 2 of family 1972 in this study,
has been reported to frequently co-occur with Jaccoud’s
arthropathy in SLE patients (19). Taking these features
into account, we suggest that MDA-5–related musculo-
skeletal disease might be considered to be a Mendelian
mimic of Jaccoud’s arthropathy, providing possible clues
to the underlying pathogenesis.

The prominent joint disease observed in the
Singleton-Merten syndrome phenotype indicates a particu-
lar association with mutations in IFIH1 compared to other
type I interferonopathy genotypes (20). However, arthrop-
athy has been noted in individual reports of patients with
dysfunction of SAM domain and HD domain–containing
protein 1 (21–24), 30 repair exonuclease 1 (25,26), stimula-
tor of IFN genes (27,28), retinoic acid–inducible gene 1
(29), and proteasome subunit b type 8 (30) (results avail-
able upon request from the corresponding author), provid-
ing possible evidence of for a shared underlying pathology
related to enhanced type I IFN signaling. If this is proven
to be the case, the identification of such IFN-associated
phenotypes will be of increasing clinical relevance as anti-
IFN treatments become available (31).
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Methodologic questions regarding study of the efficacy
of chondroitin sulfate/glucosamine treatment of knee
osteoarthritis: comment on the article by Roman-Blas
et al

To the Editor:
I read with interest the article by Roman-Blas et al

describing a randomized, double-blind, placebo-controlled
clinical trial of combined treatment with chondroitin sulfate
(CS) and glucosamine sulfate (GS) in patients with knee osteo-
arthritis (1). While the results presented are very intriguing,
I would like to point out some critical flaws in the reported
study methodology that render the findings inconclusive and
doubtful.

First, intragroup variability was extremely low. The
authors and reviewers should have observed this, considering
that a common standard deviation of 30 was one of the study
assumptions, whereas the reported result was ;2.4—much
lower than that in any recently published similar clinical trials
and 10 times lower than expected. This artificially low estima-
tion of the standard deviation consequently makes it possible to
mistakenly establish statistically significant differences. When
assessing differences, both the magnitude of the effect and its
precision matter; if the precision is very high (low variability) it
is easy to establish as significant, small differences, which may
not even be clinically relevant. The low variability estimated
from the analysis using the mixed model for repeated
measurements (MMRM) method to impute missing values
should be the first sign that something did not function prop-
erly and that the statistical analysis was likely not correct.

Second, a high percentage of the initially enrolled study
subjects dropped out before completion of the trial (;30% of
those in the active treatment group), thereby making interpre-
tation problematic. Missing data were ignored in this study,
which could potentially bias the results. In fact, given that the
study was discontinued prematurely, the proportion of missing
data is unusually high, as many patients did not attend the final
assessment visit.

Third, in the primary analysis for the primary efficacy
end point the authors used MMRM, which assumes that data
are missing at random and that findings among dropouts would
be similar to those among other patients in the same treatment
group, had they not dropped out. The absolute change from
baseline was calculated for each visit without imputing any
missing values before applying the MMRM. This seems to be
the root of the problem. As seen in the reported study results,
the standard deviation was extraordinarily low in comparison
to that in other similar studies of CS plus GS (for example, the
Glucosamine/Chondroitin Arthritis Intervention Trial [GAIT]
[2] or the Multicentre Osteoarthritis Intervention Trial With
SYSADOA [MOVES] [3]). This is most likely due to the appli-
cation of MMRM without imputing missing values.
Considering the premature ending of the study, it is fairly likely
that most patients did not attend the final visit, which resulted
in the use of MMRM with an extraordinarily high proportion
of missing data. Obviously, this makes the estimation of the

model effect have a much smaller artificial variability than it
should have had with all available data. Therefore, it may pro-
duce false findings. Furthermore, considering the low mean
estimated difference, with the correct variability, such as the
one in GAIT or MOVES, it seems unlikely that the study would
have been halted.

Fourth, results in the modified intent-to-treat (mITT)
population were different from those in the per-protocol (PP)
population. Although the data trended in the same direction,
the primary end point was significant in the mITT population
but not in the PP population. This is likely due to the large
amount of missing data. If the interest is in the effectiveness of
the assigned treatment in all randomized subjects, whether or
not they complied with the protocol (i.e., the intent-to-treat
estimate), then the primary analysis assumes that among
patients who dropped out early, the observed early treatment
effect was maintained after they discontinued treatment. This
assumption is not scientifically plausible for this study because
CS plus GS treats symptoms, and therefore any benefits of
treatment will not be retained after the treatment stops.
Additionally, it is not scientifically plausible that virtually all
patients would experience improvement in all symptomatic
parameters measured, as depicted in Table 2 of the article (1).

Finally, the calculation of sample size was based on a
10-mm decrease from baseline on a visual analog scale (VAS).
However, several peer-reviewed reports indicate that this
decrease is not a clinically relevant change. Tubach et al (4)
defined a 19.9-mm change in VAS-reported pain (41%) from
baseline to follow-up as a clinically important within-group cha-
nge. Dworkin et al (5), on behalf of the Initiative on Methods,
Measurement, and Pain Assessment in Clinical Trials group,
recommended provisional benchmarks for interpreting the
clinical importance of treatment outcomes in studies
of patients with chronic pain: “moderately important” and
“substantial” improvement were defined, respectively, as
$30% and $50% reduction in pain intensity. Similarly, Farrar
and colleagues (6) recommended a 30% improvement from
baseline as the threshold for clinical importance in pain studies.

Overall, based on the above-mentioned considerations,
I believe the study results described by Roman-Blas et al may
be misleading. Therefore, I would suggest that the conclusions
discussed in the article be interpreted with caution.

Maritza Quintero, MD, MSc, PhD
University of Los Andes
M�erida, Venezuela
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Reply

To the Editor:
We thank Dr. Quintero for her interest in this intricate

field of statistics applied to osteoarthritis (OA) clinical trials,
and in particular in our recent publication. Precisely due to the
difficulties in protocol design that are usually encountered in
studies of this disease, we also would like to stress once more
the necessity of independent analysis and critique.

First, we apologize for a typographical error in our man-
uscript, which appears to have prompted Dr. Quintero’s reply.
Specifically, data on the primary end point, reduction in the
VAS global pain score at 6 months (mentioned in the abstract,
Results section, Figure 2, and Table 2 of our article), should be
shown as the mean 6 SEM rather than the mean 6 SD (1). This
being stated, in our study a sensitivity analysis was carried out in
order to select the best method for imputation of missing values
in the primary efficacy analysis. Of them, a multiple assignment
based on an MMRM method was the one used, as it can be re-
garded as the most conservative for the analysis. The other
methods that were considered but not used were last observation
carried forward and baseline observation carried forward.

As Dr. Quintero rightly points out, it is critical to
address the threshold for clinical relevance of improvement in
knee OA pain in clinical trials. This issue was underscored by a
European panel of experts and regulators on OA clinical trials
(Reginster et al [2]) in a 2015 update of the European
Medicines Agency 2010 guideline on clinical investigation of
medicinal products used in the treatment of OA. However, a
clear cutoff value has not been provided so far, and remains a
matter of controversy, particularly with regard to trials of symp-
tomatic slow-acting drugs in OA (SySADOAs). Dr. Quintero
suggests that a 20-mm improvement on a VAS would be
needed for clinical relevance. This is in sharp contrast to the
consensus reported by Reginster and colleagues (2), who con-
cluded that a difference between placebo and active treatment
groups of $5 mm on a 100-mm VAS could be taken as a clini-
cally relevant cutoff for SySADOAs. This threshold was pro-
posed because most published clinical trials of SySADOAs show
pain improvement in the 5–6-mm range (2). In our study, we cal-
culated sample size taking 10 mm as clinically relevant improve-
ment, i.e., a bit higher than that usually established. Accordingly,
our sample size allowed for detection of differences in the VAS

global pain score between mean values in the placebo and active
treatment groups of $10 mm at the end of the study. It is impor-
tant to note that this end point measure, and not a 10-mm
decrease from baseline in the VAS, as mistakenly stated by
Dr. Quintero, was used for sample size calculation.

In the same way, a dropout rate of 20% was taken for
calculation of the sample size. It is true that the final dropout
count was slightly greater than predicted, and this issue was dis-
cussed with the statisticians, who found it of little relevance for
the analysis. All patients attended an “early termination visit.”

We disagree with Dr. Quintero in that missing data
were not ignored as explained above, nor was the study halted
prematurely. Conversely, a data and safety monitoring board
was instituted to ensure the ongoing safety of participants and
the accurate, bias-free gathering of data. Since this was a
placebo-controlled study, the protocol established beforehand
that an interim analysis would be performed when 50% of the
estimated sample had reached the point of 6-month follow-up.
If conclusive results were obtained at that time the trial would
be stopped and the code broken, thereby avoiding further pla-
cebo treatment in more patients. This was actually the case,
and the result quite unexpectedly showed that the effect on the
primary end point was greater in the placebo group than in the
active treatment group.

Dr. Quintero’s concern that the primary end point was
significant for the mITT population but not for PP completers
is unjustified. Rather, the statistical significance of the primary
end point was similar with both approaches. Often, the mITT
population is chosen for analysis because this tends to avoid
overoptimistic estimates of efficacy drawn by PP analysis. It is
thought that including noncompleters in the full analysis set
diminishes the overestimation of improvement. It is not uncom-
mon that mITT and PP analyses yield different results, but, as
Dr. Quintero notes, this was not the case in our study. The
lower improvement in pain severity observed with active treat-
ment as compared to placebo could derive from a larger num-
ber of patients with abdominal discomfort in the CS plus GS
treatment group, potentially accounting for the skewing of
results toward higher self-reported pain improvement in the
placebo group.

The experts who carried out the statistical analysis were
from Pivotal (Madrid, Spain), a leading full-service contract
research organization with substantial experience in the design
of clinical trials, most of which have been published in highly
respected journals. To date, none of these trials have received
any negative criticism, although it should also be taken into
account, that unlike our study, all showed positive results (3).

In summary, we understand that our study is complex
and it can take time to understand its methodology. We were,
in fact, the first to be intrigued by the results of this clinical trial,
since our previous experimental studies had shown that high
doses of intraperitoneal CS improved chronic arthritis and pre-
vented atherosclerosis in rabbits (4,5). Similarly, GS has been
shown to exert similar effects in in vitro and animal models, as
well as exhibiting a modest analgesic effect in human OA (6).
We therefore expected that the combination of these 2 agents
would be efficacious. We conclude that, even considering the
important hurdles that are encountered in placebo-controlled
clinical trials in OA, our study shows a consistent lack of superior-
ity of CS plus GS over placebo for reduction of joint pain and
functional impairment. This type of negative result needs to be
reported in a neutral, unbiased manner.
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Rituximab for antineutrophil cytoplasmic antibody–
associated vasculitis—not everything in the garden is
rosy: comment on the article by Cortazar et al

To the Editor:
Rituximab is a well-studied biologic agent that is used to

treat antineutrophil cytoplasmic antibody (ANCA)–associated
vasculitis (AAV). However, new data continue to emerge. In a
large cohort of patients with AAV, Cortazar et al showed that
remission induction treatment with rituximab resulted in a pref-
erential decline in ANCA titers relative to total IgG levels (47–
48% per month versus 6% per month, respectively) (1).
Furthermore, IgG levels remained essentially stable during
prolonged maintenance therapy. Serious infections were
associated with hypogammaglobulinemia (,4 gm/liter), but
the latter was a rare finding (4.6%). During maintenance
therapy with relatively high rituximab exposure (1,000-mg
dose every 4 months for 2 years, followed by 1,000 mg every 6
months), only 5 patients (2.1%) required treatment with
intravenous immunoglobulin (IVIG) for recurrent infections.
A preferential decline in rheumatoid factor and antibodies to
cyclic citrullinated peptide compared to total immunoglobu-
lin levels has also been shown in patients with rheumatoid
arthritis (2).

However, we should not assume that everything in the
garden is rosy. Cortazar and colleagues cite another

retrospective study that evaluated rituximab administered for a
median of 42 months in 243 patients with autoimmune diseases
(AAV was the most common diagnosis) (3). Moderate or
severe hypogammaglobulinemia (IgG ,5 gm/liter) occurred in
26% of the patients. It was transient and improved spontane-
ously in approximately half of the cases. Nevertheless, IVIG
replacement was initiated in 12 patients (4.9%) because of
recurrent infections. Later-onset hypogammaglobulinemia
after rituximab treatment was more likely to be sustained and
could persist for years, e.g., only 2 of 12 patients showed IgG
recovery and were able to discontinue replacement therapy
(after 48 months and 90 months, respectively). Ten patients
were still receiving immunoglobulin at last follow-up (IVIG or
switched to subcutaneous immunoglobulin). These data sug-
gest that permanent IVIG treatment may be required in a pro-
portion of patients with sustained hypogammaglobulinemia.

Administration of rituximab in lower doses may
improve its safety profile. Currently, there is a lack of data on
the comparative efficacy of different regimens of rituximab for
maintenance therapy in patients with AAV (e.g., 1,000 mg ver-
sus 500 mg every 6 months). However, in the Comparison
Study of Two Rituximab Regimens in the Remission of ANCA
Associated Vasculitis, more patients with AAV had sustained
remission at month 28 with rituximab (500 mg on days 0 and 14
and at months 6, 12, and 18) than with azathioprine (4). Major
relapses occurred only in 3 patients in the rituximab group
(5%). The authors did not report any cases of severe hypogam-
maglobulinemia, and no significant between-group differences
or decreases in total immunoglobulin, IgG, or IgM levels were
observed throughout the trial. However, the number of patients
in the rituximab arm was relatively small (n 5 57), and we
therefore cannot conclude that hypogammaglobulinemia can
be avoided with administration of rituximab in low doses. The
total dose of rituximab did not influence the nadir serum IgG
concentration in that study (4). Furthermore, there was only a
weak effect of previous cyclophosphamide treatment on the
nadir IgG level, in contrast to previous reports of stronger
associations.

We prescribed rituximab as maintenance therapy in
111 patients with AAV. Eighty-two of them were treated with
1,000 mg every 6 months for 164 patient-years, while 29
patients received a lower dose (500 mg every 6 months for 33
patient-years). The incidence of hypogammaglobulinemia
(,5 gm/liter) was similar in the 2 groups of patients (6.1 per
100 patient-years and 5.9 per 100 patient-years, respectively).
The incidence of infections was also comparable. Four
patients developed severe sustained hypogammaglobulinemia
(,3 gm/liter) that persisted for at least 2 years after the last
dose of rituximab. Notably, one-third of patients were treated
with rituximab in combination with standard immunosuppres-
sive agents (azathioprine, methotrexate, or mycophenolate
mofetil).

It appears that rituximab in any dose, and even 1 infu-
sion, can induce hypogammaglobulinemia. In our opinion, an
additive effect of cumulative cyclophosphamide dose cannot be
completely ruled out. Corticosteroids may also contribute to
the increased risk of hypogammaglobulinemia after rituximab
administration. Marco et al showed a weak but statistically sig-
nificant negative correlation (r 5 20.17, P 5 0.02) between
total oral prednisolone exposure after initial rituximab treat-
ment and IgG levels in patients with various autoimmune
diseases (5). Hypogammaglobulinemia developed in 49% of
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patients (28 of 57) who received at least 1 dose of intravenous
methylprednisolone following rituximab, compared to 28% (34
of 120) of those who did not (P 5 0.011). There was a positive
correlation between cumulative oral prednisolone exposure
and the occurrence of infection. However, no correlation
between the risk of infection and cumulative rituximab expo-
sure or prior cumulative cyclophosphamide exposure was
observed.

In summary, the results of the study by Cortazar et al
are encouraging and support the positive risk/benefit ratio of
rituximab in patients with AAV. The use of rituximab in lower
doses or as-needed administration may further improve the
favorable safety profile of biologic therapy. However, in real-
life clinical practice, hypogammaglobulinemia is not so uncom-
mon, can be associated with recurrent infections, and can
require prolonged or even permanent IVIG treatment. On the
other hand, hypogammaglobulinemia after rituximab treat-
ment, even when severe, is frequently transient and self-limited
and does not always necessitate cessation of treatment.
Immunoglobulin levels should be regularly monitored during
rituximab therapy. The indications for IVIG replacement in
patients with rituximab-induced hypogammaglobulinemia
should be defined more clearly by experts.

Pavel Novikov, MD
Leonid Strizhakov, MD
Sergey Moiseev, MD
Sechenov First Moscow State Medical University
Moscow, Russia
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Reply

To the Editor:
Dr. Novikov and colleagues stress that the com-

plications of hypogammaglobulinemia must be carefully con-
sidered in patients treated with rituximab. We agree. Our
analysis, however, assists in identifying the subgroup of patients
in whom closer monitoring is warranted due to their increased
risk. The largest decline in IgG levels occurs following the first
dose of rituximab, as short-lived antibody-producing cells that

require repletion from the B cell pool are eliminated. Other
medications used for remission induction (i.e., prednisone and
cyclophosphamide) also contribute to this effect. In our cohort,
the mean within-person decrease in IgG level from the begin-
ning of induction therapy to the beginning of maintenance ther-
apy was 226 mg/dl (95% confidence interval [95% CI] 155,
298). Thereafter, the IgG level changed little despite ongoing
rituximab-induced continuous B cell depletion, with a mean
decrease of 0.6% per year (95% CI 20.2, 1.4). Of the 161
patients in the top 3 baseline IgG quartiles (IgG $560 mg/dl)
upon entry into the maintenance cohort, none developed sig-
nificant hypogammaglobulinemia (IgG #400 mg/dl) despite
some patients having received rituximab every 4–6 months for 7
years. Thus, the baseline IgG level at the commencement of
maintenance rituximab therapy can be used to identify patients
who are at very low risk of significant hypogammaglobulinemia
and those who should be closely monitored or treated with a
different agent.

Novikov et al cite a retrospective study by Roberts et al
(1) to suggest an increased rate of moderate-to-severe hypo-
gammaglobulinemia (26%) with rituximab treatment. This pro-
portion, however, includes patients who had moderate-to-
severe hypogammaglobulinemia prior to initiation of rituximab
treatment (7%) and also was derived using a different defini-
tion of hypogammaglobulinemia than in our study (500 mg/dl
versus 400 mg/dl). The rate of new-onset severe hypogamma-
globulinemia (IgG ,300 mg/dl) reported by Roberts and
colleagues was 3%. In addition, Novikov et al highlight the
higher proportion of patients requiring IVIG (4.9%) in that
study (1) compared with our cohort (2.1%). This is an unreli-
able metric for comparison given that in the absence of clear
evidence, the threshold for treatment with IVIG is based on cli-
nician judgment and there is likely to be significant variation
between centers. We agree that further investigation is needed
to define evidence-based indications for the use of IVIG in this
population.

The rituximab dosing regimen that optimally balances
maintenance of remission with development of hypogamma-
globulinemia and other treatment-related complications
remains unknown. It is unlikely that administering rituximab
every 6 months at a lower dose (e.g., 500 mg) will circumvent
the issue of hypogammaglobulinemia given that the cumulative
dose of rituximab did not influence the rate of hypogamma-
globulinemia in our analysis and in others (1,2). It is possible
that increasing the dosing interval, thereby allowing periods of
B cell reconstitution, will mitigate the complications of long-
term rituximab therapy. To address this issue, we designed the
Maintenance of ANCA Vasculitis Remission by Intermittent
Rituximab Dosing Trial (NCT02749292), whereby patients in
whom remission has been maintained for at least 2 years with
fixed-interval rituximab (i.e., every 4–6 months) stop scheduled
treatment and are randomized to 2 different dosing strategies:
1) re-dosing based on B cell reconstitution, and 2) re-dosing
based on a specified rise in ANCA titer. We hope this study
and others will bring us closer to the optimal strategy to prevent
relapse while minimizing treatment-related adverse events.

Frank B. Cortazar, MD
John L. Niles, MD
Massachusetts General Hospital
Boston, MA
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Clinical Images: Livedoid vasculopathy

The patient was a 55-year-old woman who, during the past year, had developed tender, coalescent, purpuric papules on her
lower legs, which evolved into deep and painful ulcers. She began an immunosuppressive treatment regimen as is used for vasculitis,
but without benefit. At presentation, multiple well-demarcated ulcers on a livedoid base, surrounded by atrophic white-ivory skin and
areas of hyperpigmentation, were evident (A). Doppler ultrasound of the legs revealed no venous insufficiency, thrombi, or peripheral
arterial disease. Serum protein electrophoresis and cryoglobulin, autoantibody, complement, and acute-phase reactant
measurements all yielded normal results. Skin biopsy (C) (hematoxylin and eosin stained; original magnification 3 400) revealed
fibrinoid material and mid-dermis segmental thickening of the vessel wall (arrows), as well as vessel occlusion with hyaline micro-
thrombi (arrowhead) and extravasated erythrocytes without features of inflammation (asterisks). These findings are compatible with
livedoid vasculopathy (LV). LV is seen mostly in middle-aged women and was originally described as a form of vasculitis. However,
decreased fibrinolytic activity and defective release of tissue plasminogen activator leading to noninflammatory thrombosis of dermal
vessels are now considered to be the pathogenetic factors (1). LV can be idiopathic or secondary. It may include features of vasculiti-
des and numerous other conditions that should be considered in the differential diagnosis. Skin biopsy is diagnostic and should be
performed to avoid unnecessary immunosuppressive treatment. The characteristic fibrin occlusion and thrombus formation involve
the upper- and mid-dermal capillaries. In contrast to vasculitis, perivascular neutrophil infiltrates and leukocytoclasia are absent. Our
patient was prescribed antiplatelet agents, with complete resolution of the ulcerations in the form of white atrophic scars after 6
months (B). This provided additional evidence that LV was the correct diagnosis.
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