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E X P E R T P E R S P E C T I V E S ON C L I N I C A L C H A L L E N G E S

Expert Perspective: An Approach to Refractory
Lupus Nephritis

Swati Arora1 and Brad H. Rovin2

Systemic lupus erythematosus affects the kidneys in ~50% of all patients, and lupus nephritis (LN) is the most com-
mon manifestation of kidney involvement. Despite prompt diagnosis and treatment with aggressive immunosuppres-
sion, a significant proportion of LN patients do not respond to treatment and are considered to have refractory
LN. Several factors other than drug resistance, such as nonadherence to treatment, undertreatment with conventional
drugs, the effects of accumulated chronic damage, and genetic factors, may contribute to a poor response to treat-
ment and should be considered. We define refractory LN as no change in (or worsening of) proteinuria and/or estimated
glomerular filtration rate in response to 2 different standard-of-care induction regimens after 4–6 months in patients
who are adherent to treatment. For patients who have LN that is truly refractory to standard of care, B cell–targeted
therapy, specifically rituximab (RTX), is the most common next step. There is limited evidence available on alternative
rescue therapies that may be used when there is no response to RTX. These include anti-CD38, leflunomide,
intravenous immunoglobulin, plasma exchange, autologous stem cell transplantation, chimeric antigen receptor T cell
therapy, anticomplement therapy, and interleukin-2 therapy.

The clinical challenge

The patient, a 29-year-old woman with a 5-year history of
systemic lupus erythematous (SLE) manifested by arthralgia, skin
rash, positive anti–double-stranded DNA antibodies, and low
levels of complement components C3 and C4, who was receiving
low-dose prednisone and hydroxychloroquine, presented with
new-onset nephrotic-range proteinuria (3.5 gm/day). Her serum
creatinine concentration was 0.6 mg/dl. A kidney biopsy showed
class IV lupus nephritis (LN) with wire loop–like lesions, endocapil-
lary hypercellularity, mesangial hypercellularity, 1 glomerulus with
karyorrhectic debris, and mild interstitial fibrosis (Figure 1).
National Institutes of Health (NIH) activity and chronicity indices
(1) were 7/24 and 1/12, respectively. She was initially treated with
3 intravenous doses of methylprednisolone totaling 2 gm followed
by prednisone 0.5 mg/kg/day with a tapering schedule, and intra-
venous cyclophosphamide (CYC) 500 mg every 2 weeks for
6 doses. CYC was to be followed by mycophenolate mofetil
(MMF) maintenance (2 gm/day), but at her 12-week follow-up visit
proteinuria was 3.4 gm/day and the serum creatinine concentra-
tion was 0.8 mg/dl. Given this lack of response, MMF was started
at 3 gm/day, tacrolimus 1 mg twice a day was added, and

prednisone was recycled to 0.5 mg/kg/day and the taper

restarted. Despite these medication changes, the patient had per-

sistent proteinuria (3 gm/day) and hypocomplementemia

6 months later. The patient was given two 1-gm doses of rituxi-

mab (RTX) and MMF was continued. Some progress was noted,

with improved complement levels, but the patient developed leu-

kopenia and MMF had to be reduced to 500 mg/day. Voclosporin

became available around this time and was added. The patient’s

proteinuria decreased to 500 mg/day.

Background

SLE affects the kidneys in ~50% of all patients (2). LN, the

most common manifestation of kidney involvement in lupus, typi-

cally occurs within the first 6–36 months after diagnosis, and in

25–50% of patients LN is the initial presentation of SLE (3).

Despite prompt diagnosis and treatment with aggressive immu-

nosuppression, it has been reported that 14–33% of patients fail

to respond and have LN that is refractory to treatment (4,5).
If no response to a single course of one standard therapy is

considered refractory disease, then we suspect that the reported
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or perceived frequency of refractory LN is largely overestimated.
Several factors besides drug resistance contribute to a poor
response to treatment and should be excluded before labeling a
patient as treatment resistant. For example, nonadherence to
prescribed treatment is very common among patients with auto-
immune diseases. Using a Medicaid Database, treatment adher-
ence was assessed in >4,000 patients with SLE during their first
year of therapy using the criterion of medication refilled >80% of
the time as “adherent.” Fewer than 25% of patients met this met-
ric (6). Female sex, younger age, Black race, and Hispanic ethnic-
ity were associated with higher odds of noncompliance. Other
important barriers identified were health literacy, financial issues,
access to healthcare, perceived treatment inefficacy, and side
effects (7). It is therefore prudent to assess adherence before
changing treatment plans or adding additional immunosuppres-
sion. Obtaining pharmacy refill records, doing pill counts, and
monitoring drug levels may help in ascertaining adherence. Moni-
toring hydroxychloroquine levels also does seem to improve
adherence (8). Hydroxychloroquine has a long, 40–50-day half-
life, and serum levels do not fluctuate much, so an undetectable
hydroxychloroquine level suggests long-term nonadherence (9).
Once nonadherence is revealed, a nonjudgmental conference
with the patient (and their family) should be pursued, incorporat-
ing open discussion to identify and address barriers, improve

disease understanding, and if possible, simplify the treatment

regimen and decrease pill burden (10).
Although standard-of-care regimens for LN are well-

established, adequate drug dosing can be challenging. Most
patients start treatment within prescribed dose ranges, but how
an individual metabolizes a specific drug is generally not known
a priori. Additionally, dosing is often decreased in response to
reported side effects, and this may affect efficacy. Ideally, treat-
ment adequacy for individual patients would be determined by
monitoring blood drug levels, but the therapeutic range for most
standard LN drugs has not been established (11). Furthermore,
therapeutic drug monitoring can be challenging in the clinical set-
ting. Measurement of the area under the concentration–time
curve (AUC) is the most accurate determination of an individual’s
exposure to a drug, but involves obtaining blood samples repeat-
edly over time. Trough concentrations are more convenient, and
sometimes do correlate with a drug’s AUC (12). MMF dose
adjustment could be considered in nonresponsive patients if pre-
dose levels are consistently <3–4.5 mg/liter (11,12). Therapeutic
drug monitoring of the calcineurin inhibitors cyclosporine and
tacrolimus is more helpful for monitoring adherence and toxicity
than efficacy (11). Voclosporin levels do not need to be monitored
(13), and most clinical laboratories do not offer testing. Pharma-
codynamic effects based on a drug’s specific mechanism of

A B

C D

Figure 1. Kidney biopsy specimen from a patient with refractory lupus nephritis. A andB, Light microscopy images demonstrating wire loop–like
lesions (arrow in A) and endocapillary hypercellularity (arrow in B). C and D, Electron micrographs showing mesangial (arrows in C) and suben-
dothelial (arrow in D) immune complex deposits. Original magnification × 100 in A; × 400 in B; × 4,900 in C; × 3,800 in D.
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action may be used in lieu of blood levels. For example, the effi-
cacy of RTX in LN seems to depend on achieving complete
peripheral B cell depletion (14).

Patients with LN must be given sufficient time to achieve a
kidney response. The European Alliance of Associations for
Rheumatology (EULAR) guidelines point out that patients with
nephrotic-range proteinuria at baseline may need an additional
6–12 months to achieve complete clinical response (15). On
the other hand, continuing an ineffective therapy for many
months waiting for a complete response will likely result in
chronic damage to the kidneys. Determining the balance
between sufficient duration of treatment and prolonging expo-
sure of the kidneys to inflammatory injury may be guided by the
observation that early, albeit partial, response to treatment is
associated with complete response later. A decline in proteinuria
of ≥25% at 8 weeks has been shown to associate with a 50%
reduction in proteinuria after 6 months of therapy (16), and a
decrease in proteinuria of ≥50% after 6 months of therapy pre-
dicts good long-term kidney survival (17). Patients who have a
reduction in proteinuria of ≥25% after 2–3 months of treatment
are expected to continue to show improvement and may not
need to switch therapy; on the other hand, patients who do not
show improvement are candidates for a change in treatment. It
is important to emphasize that these thresholds are only
intended to provide a starting point for decision-making and
are not rigid. Some patients who did not meet these thresholds
went on to have good long-term responses, and conversely,
some patients who did achieve these metrics did not do well
(16,17). Monitoring LN should be a continuous process using
real-time data for flexible decision-making.

While there is no consensus definition of a complete kidney
response, most clinical trials require proteinuria to decrease to
≤700–500 mg/day and serum creatinine level or estimated glo-
merular filtration rate (eGFR) to be within 10–25% of baseline
(16,18). Ideally, a complete kidney response based on these clin-
ical thresholds would reflect resolution of intrarenal inflammation,
but there is considerable discordance between clinical and histo-
logic responses (19–21). Proteinuria and serum creatinine levels
reflect both acute inflammatory kidney injury and chronic kidney
damage. Therefore, persistent proteinuria and/or an elevated
serum creatinine level must be correctly interpreted. This is partic-
ularly difficult in LN patients who have had their disease for a long
time, or who have experienced multiple LN flares, and in whom
accumulated chronic damage may result in proteinuria and
kidney function that will never meet complete clinical response
criteria. Persistence of proteinuria or an abnormal eGFR in
patients who have been treated for longer than 18–24 months
therefore does not always represent ongoing immune-mediated
kidney injury that has evaded treatment (22). A kidney biopsy
may be needed to differentiate active disease from chronic dam-
age and resolved inflammation in such cases (19,20). A kidney
biopsy may also demonstrate an unanticipated process, such as

antiphospholipid nephropathy, that would require a different
intervention.

Finally, kidney disease in LN patients may progressively
worsen despite adequate therapy because of genetic factors,
giving the appearance of nonresponsiveness. For example,
the genetic variations of apolipoprotein L1 that predispose
patients of African ancestry to end-stage kidney disease
(ESKD) (23) are found in patients with LN and are associated
with ESKD and a shorter timeline to ESKD (24). Progressive
kidney failure in such individuals may not be due to treatment
resistance (25). Alternatively, some genetic conditions, such
as autoinflammatory disorders characterized by increased type
I interferon production, may have similar clinical and pathologic
findings as LN, but do not respond well to conventional LN
treatments (26).

Approach

Once a patient with LN is diagnosed as treatment-resistant
they often are exposed to more and more potent immunosup-
pressive treatments, sequentially or in parallel (27,28), and are at
ever-increasing risk of serious short- and long-term adverse
events. After standard treatments are exhausted, the evidence
of efficacy for any of the proposed salvage therapies is very lim-
ited. Given the paucity of evidence for alternative therapies, and
keeping in mind the previously discussed situations that may
mimic treatment resistance, we consider refractory LN to be no
change in (or worsening of) proteinuria and/or eGFR in response
to 2 different standard-of-care induction regimens after 4–6
months in patients who are taking their prescribed medications
in doses that are generally believed to be therapeutic. This
approach is operationalized in Figure 2.

The proposed algorithm takes into account patient
adherence and therapeutic drug monitoring, and tries to balance
duration of treatment against accumulating chronic kidney injury.
These attributes are evidence-based, at least to the extent
that there is evidence. However, the proposal to try 2 different
standard-of-care induction regimens sequentially is more opinion-
based, and finds rationale in the heterogeneity of LN. Not every
patient is expected to respond to the same medication. Over half
the patients enrolled in all contemporary clinical trials of LN, even
those considered successful, did not achieve a complete clinical
response by the end of the trial. It seems reasonable to try another
established regimen before reaching for rescue therapies. This
approach is consistent with the independent LN guidelines from
the EULAR, American College of Rheumatology, and Kidney Dis-
ease: Improving Global Outcomes consortium (15,29).

The LN guidelines suggest that adherent patients who are
first treated with MMF plus glucocorticoids should be switched
to the Euro-Lupus Nephritis Trial (EuroLupus) (17) or NIH dosing
(29) of CYC plus glucocorticoids and vice versa. We suggest that
after poor response to the first therapy used, strong consideration
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be given to switching to a regimen that adds voclosporin or beli-
mumab, one of the newly approved LN therapies, to standard
therapy. The addition of each of these drugs to background stan-
dard of care significantly increased the number of patients with a
good treatment response (30,31). Voclosporin responses were
better in patients who were already receiving MMF when they
entered the trial, and belimumab showed a larger beneficial effect
in patients experiencing a relapse compared to those with
de novo LN (32,33). These observations suggest that both of
these novel therapies improve response rates in patients who
have already been exposed to some immunosuppression. Of
note, belimumab may be less effective in patients with proteinuria

≥3 gm/day, and voclosporin should be used cautiously or not at
all in patients with a significantly impaired GFR of <45 ml/minute
(30,31). If voclosporin is not available, tacrolimus could be consid-
ered, assuming a calcineurin inhibitor class effect (34,35).

Given that belimumab and voclosporin are new tools for LN
management, there may be an inclination to use these medica-
tions as rescue therapies for refractory LN. However, neither
drug has been systematically evaluated in patients with refrac-
tory disease, and such patients were excluded from the pivotal
trials of voclosporin and belimumab. Interestingly, there are
reports that the addition of a calcineurin inhibitor (tacrolimus or
cyclosporine) to MMF may result in a response in refractory or

2-3 months
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Figure 2. Approach to the diagnosis of refractory lupus nephritis (LN). MMF = mycophenolate mofetil; Euro-Lupus = Euro-Lupus Nephritis Trial
dosing regimen; eGFR = estimated glomerular filtration rate.
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relapsing LN, but these have been small uncontrolled
studies (34,36).

Once a diagnosis of treatment-resistant LN has been
established, the most common next step has been the addition
of B cell–targeted therapy, specifically RTX. A fair amount of data
on the response of patients with LN refractory to RTX has been
published, and while generally of poor-to-modest quality,
provide some evidence for its use. Evidence for any particular
therapy in the case of RTX failure is severely limited. The risk/
benefit ratio of increasing immunosuppression in these patients
must be assessed. In such cases it is prudent to assess the sta-
tus of the patient’s immune system and bone marrow by

measuring quantitative immunoglobulin levels and leukocyte
subset levels (37). If uncontrolled LN has been going on for a
while, it is often useful to do a kidney biopsy and assess chronic
damage. Patients with severe interstitial fibrosis, tubular atrophy,
and global glomerulosclerosis have irreversible kidney damage
and will inevitably need dialysis. The amount of viable kidney
parenchyma left to save, and the likelihood of a need for kidney
replacement therapy even if this parenchyma is saved, will figure
importantly in calculating the risk/benefit ratio of intensifying
immunosuppression further.

Of note, although race and ethnicity may be associated with
an increased likelihood of developing refractory LN, once it has

Refractory LN

• Add Rituximab

• No Response

• The overall degree of 
immunosuppression and 
individual patient risk for 
infection should be 
considered when deciding 
how to modify the existing 
immunosuppression 
regimen after starting 
rituximab
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immunoglobulin levels may 
be useful to assess overall 
level of immunosuppression 
and whether 
immunoglobulin 
supplementation is needed

• Partial/complete
clinical response

Choose long-term immunosuppression:
• Rituximab
• MMF
• CNI
• Belimumab
• ±Glucocorticoid

Alternate rescue therapies in order of 
preference:
• Anti-CD38 followed by rituximab or

belimumab
• Leflunomide
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exchange (especially in patients who are at
high risk for infection or who have had
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• Autologous stem cell transplant
• CAR-T therapy
• Anti-complement therapy
• Interleukin-2 therapy

Assess 
Response

Disease status decision point

Presenta�on

Associated disease status

Treatment recommenda�ons

Figure 3. Therapeutic approach to patients with refractory lupus nephritis (LN). CAR T = chimeric antigen receptor T cell; MMF =mycophenolate
mofetil; CNI = calcineurin inhibitor.
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been determined that a patient has refractory disease, as defined
above, we do not choose subsequent rescue therapies based on
race or ethnicity. Treatment options are too few and evidence for
differential efficacy by race or ethnicity too sparse to make this
feasible.

Our patient was compliant with therapy. Despite treatment
with EuroLupus dosing of CYC, MMF, and tacrolimus, the patient
did not respond. Our approach to rescue therapy for patients
such as this is shown in Figure 3. The evidence supporting this
approach is discussed below.

Evidence

Rituximab. In the development of LN, B cells play a central
role in producing pathogenic autoantibodies, initiating release of
cytokines such as interleukin-6 (IL-6) and tumor necrosis factor,
and activating T cells by providing costimulatory support. B cell–
directed biologics deplete or impair the function of B cells.
Although RTX does not deplete plasma cells directly, it prevents
repletion of plasma cells by depleting precursor B cells (38).

RTX, which is directed against the B cell surface molecule
CD20, is a chimeric mouse/human monoclonal antibody. Many
uncontrolled studies and open-label observational studies have
reported efficacy of RTX in patients with refractory LN with
response rates of 50–80% (39–46). Table 1 summarizes these
RTX data. Of note, in these studies there was significant variation
in how refractory LN was defined, and patients with relapsing dis-
ease were frequently clustered with patients with refractory dis-
ease. Concomitant therapies and duration of follow-up also
varied considerably between studies.

Based on a systematic analysis of 26 studies that
described 300 patients with refractory LN, defined as being
unresponsive to previous therapy with ≥1 immunosuppressive
agent, the addition of RTX resulted in 40% of the patients with
refractory LN having a complete clinical kidney response, and
34% having a partial response (47). In the studies selected for
that systematic review, an RTX dosing regimen of 4 infusions
of 375 mg/m2 each given 1 week apart was most commonly
used (49%), followed by 2 doses of 1,000 mg given 2 weeks
apart in 37% of patients. Thirty percent of cases received CYC
along with RTX, 25% received MMF, 7% received azathioprine,
and 4% received methotrexate (47). Treatment responses were
more common in patients with class III LN and less frequent in
patients with class IV or class V LN. Another meta-analysis of
31 studies described 1,112 patients with refractory lupus, of
which 10 studies including 223 patients with refractory LN
showed that 46% and 32% of patients achieved a complete
and partial kidney response, respectively, after RTX was added.
Refractory disease was defined as resistance to traditional ther-
apy; use of prior therapies was not described (48). Further large,
well-designed multicenter randomized controlled trials are war-
ranted to establish the role of RTX in refractory LN. In the future,

obinutuzumab, an anti-CD20 monoclonal antibody similar to
RTX, but more potent, may be evaluated in refractory LN, but
at present it is in a phase III trial after a successful phase II
trial (49).

Several other approaches to refractory LN treatment have
been reported (Table 2). In general, the evidence supporting these
therapies is minimal and of low quality. Nonetheless, depending
on a patient’s specific situation, it may be necessary to consider
these alternatives.

Anti–plasma cell therapy. An underlying pathogenic
mediator of refractory LN could be long-lived autoreactive plasma
cells that are resistant to commonly used immunosuppressive
therapies (50). Bortezomib, a proteasome inhibitor, eliminates
plasma cells, thereby reducing autoantibody production, blocks
T cell–dependent inflammatory responses, and decreases
interferon-α induction by disrupting Toll-like receptor signaling in
dendritic cells (51).

A series of 12 patients with LN resistant to induction therapy
with CYC, steroids, MMF, and RTX were treated with bortezomib
plus dexamethasone. A complete clinical kidney response was
achieved in 1 patient, and 11 patients had a partial response with
improvement in proteinuria, serum creatinine level, and serologic
markers after a mean of 6 bortezomib cycles (52). Similarly, a
series of 5 patients with refractory LN also showed reduction in
proteinuria and improved kidney function with 4 cycles of bortezo-
mib plus glucocorticoids. Over 6–24 months of follow-up,
3 patients achieved a complete response, 1 had a partial
response, and 1 patient progressed and required kidney replace-
ment therapy (53). Like other B cell therapies, bortezomib may
cause hypogammaglobinemia requiring intravenous immuno-
globulin (IVIG) rescue (52,54). Also concerning, patients receiving
bortezomib may develop a disabling peripheral neuropathy,
although the incidence of this adverse event is decreased if sub-
cutaneous dosing is used (55).

Another approach to plasma cell depletion is through the
anti-CD38 monoclonal antibody daratumumab, which kills
plasma cells and modulates Teff cell responses (56). A recent
case report of 2 patients with life-threatening, refractory SLE,
one of whom had LN, described excellent clinical and serologic
responses to daratumumab given weekly for 4 weeks followed
by longer-term belimumab (56). The LN patient had an improve-
ment in proteinuria from >6 gm/day to ~1 gm/day and normaliza-
tion of serum creatinine levels during the 12-month follow-up
period.

While that report, which describes only 2 patients, provides
low-quality evidence within the hierarchy of types of clinical inves-
tigation, it offers potential mechanistic insights into refractory
LN. Both of these patients with refractory lupus had been treated
with bortezomib prior to daratumumab, but did not achieve satis-
factory responses. This finding suggests that, at least for some
patients, depleting long-lived plasma cells will not be sufficient to
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Table 1. Selected studies of rituximab for the treatment of refractory LN*

Author,
year (ref.)

No. of
patients

Study
population

Duration of
follow-up,
months

Rituximab dosing
regimen

Response to
rituximab

Gunnarsson et al,
2007 (39)

7 CYC-resistant LN 6 4 infusions of 375
mg/m2 each given
1 week apart

SLEDAI scores improved,
decrease in the renal activity
index on repeat biopsy at
6 months

Goswami et al,
2019 (40)

14 Refractory or relapsing LN 6 Not specified CR in 71.4%; PR in 28.6%

Davies et al,
2013 (41)

18 All patients had severe,
active disease that had
failed to respond to
conventional
therapy, including
MMF and CYC

6 2 infusions of 1 gm
each given 2 weeks
apart

CR in 61.1%; PR in 11.1%

Melander et al,
2009 (14)

20 18 (90%) had already
received ≥1 conventional
therapy, including
intravenous CYC in
15 patients with a
median cumulative
dose of 6 gm

22 4 infusions of 375
mg/m2 each given
1 week apart

CR in 35%; PR in 25%

Contis et al,
2016 (42)

17 All patients had refractory
LN defined as resistant
to standard treatment
with CYC

12 4 infusions of 375 mg/m2

each given 1 week apart
(in 10 patients) or
2 infusions of 1 gm
each given on day 0
and day 15 (in 7
patients)

CR or PR in 53%

J�onsd�ottir et al,
2013 (43)

25 23 patients had disease
refractory to conventional
therapy, including
CYC and/or MMF

12 4 infusions of 375
mg/m2 each given
1 week apart

CR in 64%; PR in 24%

Lindholm et al,
2008 (44)

17 Signs of active kidney
inflammation despite
ongoing treatment
with CYC (n = 14) or
MMF (n = 3)

6–12 4 infusions of 375
mg/m2 each given
1 week apart

CR in 12%; PR in 53%

Iwata et al,
2018 (45)

63 with SLE,
36 with LN

All had disease refractory
to high-dose steroids
and various conventional
therapies, including
CYC (54%), MMF
(16%), and CNI (14%)

12 2 infusions of 500 mg
each given 1 week
apart (on days 1 and
8) in 22 patients;
4 infusions of 500 mg
each (on days 1, 8, 15,
and 22) in 9 patients;
2 infusions of 1,000 mg
each given 2 weeks apart
(on days 1 and 15) in
7 patients; 4 infusions
of 1,000 mg each (on
days 1, 15, 168, and
182) in 25 patients

BILAG score improved in
83.3%; UPCR decreased
significantly

Iaccarino et al,
2015 (46)

145 with SLE,
68 with LN

All had failed to
respond to ≥1
immunosuppressant

12 2 infusions of 1 gm
each given 2 weeks
apart in 118 patients;
4 infusions of 375
mg/m2 each given
1 week apart in 27
patients, followed in
10 by 2 further doses,
after 1 and 2 months

CR in 30.9%; PR in 63.2%

* CYC = cyclophosphamide; LN = lupus nephritis; SLEDAI = Systemic Lupus Erythematosus Disease Activity Index; CR = complete response;
PR = partial response; MMF = mycophenolate mofetil; SLE = systemic lupus erythematosus; CNI = calcineurin inhibitor; BILAG = British Isles
Lupus Assessment Group; UPCR = urine protein-to-creatinine ratiio.
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control lupus activity. A deeper dive into potential cellular targets
for daratumumab showed that in addition to plasma cells, CD38
is expressed on plasmablasts, mature B cells, and plasmacytoid
dendritic cells in lupus patients, and that CD38-expressing T cells
are expanded (56). Thus, targeting CD38-expressing cells of var-
ious types may have contributed to the effect of daratumumab.

An immunoproteasome inhibitor, KZR-616, is currently
under investigation for LN, but not specifically for refractory
LN (57).

It is important to keep in mind that bortezomib and daratu-
mumab only transiently deplete plasma cells; this effect must be
maintained using additional immunosuppression to prevent auto-
reactive B cell precursors from developing into autoreactive
plasma cells (56). This was the rationale for following up daratu-
mumab with belimumab after lupus was controlled (56).

Leflunomide. Leflunomide, an inhibitor of dihydroorotate
dehydrogenase, targets lymphocytes and has antiproliferative
and antiinflammatory actions. A meta-analysis comparing lefluno-
mide to CYC suggested a better safety profile and improved effi-
cacy for leflunomide in LN, but similar effects on the SLE Disease
Activity Index (SLEDAI) (58). Leflunomide was used to treat
17 LN patients who had refractory disease or were intolerant of
conventional immunosuppression (59). Subsequently, 76% of
the patients achieved a response (complete in 29% and partial in
47%). More extensive evaluation of leflunomide will be needed
before it can be recommended for refractory LN.

Intravenous immunoglobulin. IVIG is a biologic ther-
apy comprised of polyclonal antibodies derived from the plasma

of a large pool of healthy donors. In addition to being used to
treat hypogammaglobulinemia, it has the potential to treat
inflammatory diseases, cancer, and autoimmune diseases. IVIG
tips the balance of activating and inhibitory immune responses
by neutralizing autoantibodies through antiidiotype binding,
up-regulating inhibitory Fc receptors, and increasing clearance
of pathogenic autoantibodies via the reticuloendothelial system
(60,61). Seven patients with biopsy-proven class IV or class V
LN and nephrotic syndrome who had failed to respond to ther-
apy with CYC and prednisone showed an improvement in pro-
teinuria with 1–6 courses of high-dose IVIG (62). Beneficial
effects of IVIG have also been shown in a small Italian cohort of
patients with refractory SLE (n = 12) and a Bulgarian cohort of
patients with treatment-refractory chronic glomerulonephritis
(n = 58) (63,64). The main advantage of IVIG is that it is not
immunosuppressive, and may therefore be useful in patients
who have been overimmunosuppressed and are at risk of
infection.

Interleukin-2 therapy. Low-dose IL-2 has been used to
influence the balance of T cells in SLE patients away from conven-
tional (effector) phenotypes to regulatory phenotypes (65). A small
series of 10 patients with refractory or relapsed LN was treated
with low-dose, recombinant IL-2, and after 12 weeks, 7 patients
had a reduction in proteinuria of ≥50%, and 2 of these had a com-
plete renal response (66). This was accompanied by a significant
expansion of peripheral Treg cells (66). IL-2 immunotherapy to
restore T cell regulatory homeostasis in LN may be a novel thera-
peutic approach for resistant LN, but needs to be tested in larger
randomized controlled trials.

Table 2. Therapies other than rituximab tried for refractory LN*

Author,
year (ref.) Therapy

No. of
patients Study population

Duration of
follow-up Response

Choi et al, 2018 (34) MMF plus
tacrolimus

29 12 with refractory and 17 with
relapsing LN

12 months CR in 25.9%; PR in 29.6%

Jesus et al, 2018 (36) MMF plus
tacrolimus

17 MMF-resistant patients 6 months CR in 35%; PR in 35%

Segarra et al, 2020 (52) Bortezomib plus
dexamethasone

12 Refractory LN 9–30 months CR in 8.3%; PR in 83.3%

Zhang et al, 2017 (53) Bortezomib plus
dexamethasone

6 Refractory LN 6–24 months CR in 60%; PR in 20%

Ostendorf et al, 2020 (56) Daratumumab 1 Refractory LN 12 months Proteinuria improved
Tam et al, 2006 (59) Leflunomide 17 Refractory to or intolerant of

conventional treatment
12 months CR in 29%; PR in 47%

Levy et al, 2000 (62) IVIG 7 Refractory LN, patients who
failed to respond to CYC

6 months Decreased proteinuria in all
patients

Monova et al, 2002 (64) IVIG 58 Refractory LN 7 years CR in 30%; PR in 40%
Zhang et al, 2021 (66) IL-2 therapy 10 Refractory to ≥2 conventional

treatments
6 months Decreased proteinuria

Pickering et al, 2015 (68) Eculizumab 1 Refractory to CYC, rituximab,
MMF, and tacrolimus

18 months Decreased proteinuria,
improved renal function

Mougiakakos et al, 2021 (69) CAR-T 1 Refractory to CYC, MMF,
tacrolimus, rituximab, and
belimumab

1.5 months CR achieved

* MMF = mycophenolate mofetil; LN = lupus nephritis; CR = complete response; PR = partial response; IVIG = intravenous immunoglobulin;
CYC = cyclophosphamide; IL-2 = interleukin-2; CAR T = chimeric antigen receptor T cell.
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Anticomplement therapy. The importance of the
complement system in the pathogenesis of kidney injury in
LN has been well-established in experimental models, and is
believed to translate to human disease (67). Since refractory LN
is characterized by persistent kidney inflammation, anticomple-
ment therapies may be useful in controlling this inflammation,
especially if complement-driven. While there are now several
complement-targeted therapeutics in various stages of develop-
ment, eculizumab, a monoclonal antibody that binds to comple-
ment component C5 and prevents formation of C5a and the
membrane-attack complex (C5b–9), has had the longest clinical
exposure. Most of the reports of eculizumab and SLE/LN have
been in the context of concomitant thrombotic microangiopathy.
However, a report detailed the successful use of eculizumab for
the treatment of a patient with severe LN without thrombotic
microangiopathy who had failed to respond to CYC, MMF, RTX,
and tacrolimus. During 18 months of follow-up, the patient
achieved a sustained and rapid improvement in kidney function
and proteinuria (68). While much more evidence will be needed,
understanding in whom uncontrolled disease is mediated by
complement would facilitate the application of anticomplement
therapies in resistant LN.

Chimeric antigen receptor T cell (CAR T cell)
therapy. The principle of CAR T cell technology is to engineer
autologous T cells to express a specific antigen receptor so
the modified T cells can recognize and only kill those cells
that express the antigen (69). This targeted effect of T cells is
much faster and longer lasting compared to monoclonal anti-
body therapy. CAR T cells have mostly been developed to rec-
ognize CD19 and other B cell surface antigens for use in
refractory or relapsed B cell malignancies. Harnessing B cell–
directed CAR T cells to treat SLE has garnered attention as a
way to deplete autoreactive B cells completely and for a long
duration (69).

A recent case report described a 20-year-old patient with
refractory SLE/LN treated with CAR T cells after lymphodepletion
was achieved with fludarabine and CYC. Proteinuria decreased
dramatically, and the SLEDAI score fell from 16 at baseline to
0 at follow-up (69). Another case report described a 41-year-old
patient with stage IV diffuse large B cell lymphoma (DLBCL) and
a 20-year history of SLE who was treated with CD19–BCMA
compound CAR T cells with dual targeting of CD19 on B cells
and BCMA (CD269) on plasma cells (70). The patient’s SLE
remained stable and DLBCL remained in remission for
>23 months despite receiving no additional immunosuppressive
therapy or chemotherapy.

Anifrolumab. Anifrolumab, recently approved by the US
Food and Drug Administration for the treatment of SLE, is a fully
human, IgG1κmonoclonal antibody to the type I interferon recep-
tor subunit 1, and inhibits signaling by all type I interferons (71,72).

Anifrolumab is currently being evaluated for LN, and results from a
phase II trial will be available later this year (73). While there are no
current data regarding the use of anifrolumab in refractory LN, a
transcriptomic analysis of protocol kidney biopsies after induction
therapy showed that interferon pathway transcripts remained up-
regulated in the kidneys of patients who did not respond to ther-
apy, but declined in patients who had a complete clinical
response after induction (74). These data raise the possibility that
LN patients who do not respond to standard treatment may have
ongoing intrarenal interferon activity that could respond to an
interferon antagonist.

Plasma exchange. Like IVIG, plasma exchange can be
administered without significantly immunosuppressing patients,
if plasma rather than an albumin solution is added back. However,
the evidence for plasma exchange or immunoadsorption in
refractory LN is minimal, consisting mostly of single case reports
and small observational studies. In contrast, a well-designed ran-
domized controlled trial of plasma exchange added to standard
therapy in patients with severe (not necessarily refractory) LN did
show improved clinical outcomes (75).

Hematopoietic stem cell transplantation. Autologous
stem cell transplantation temporarily resets the adaptive
immune system and depletes autoreactive immunologic mem-
ory (76). In 2 large studies of patients with SLE, the probability
of 5-year disease-free survival was 50% after autologous stem
cell transplantation (77,78). More recently, 22 patients with
refractory/relapsing LN underwent autologous stem cell trans-
plantation. At a median of 72 months of follow-up, 18 patients
were in complete clinical remission (79). The relapse rate was
27%, and treatment-related mortality was 5%. Given the higher
risk of short-term mortality associated with autologous stem
cell transplantation, and the risk of recurrence after transplant,
we consider this approach only when other options are
exhausted.

Mesenchymal stem cell (MSC) transplantation.
MSCs have immunomodulatory properties and have shown ther-
apeutic benefits when given to patients with autoimmune condi-
tions. In patients with LN and in mouse models of LN,
transplantation of MSCs has been shown to suppress autoimmu-
nity and restore kidney function (80). MSC transplantation induces
regulatory immune cells and suppresses Th1, Th17, T follicular
helper cell, and B cell responses (80). Although several single-
arm studies have shown a therapeutic benefit of MSCs in patients
with LN refractory to conventional treatments, when tested in a
randomized double-blind trial, albeit in a small cohort, an addi-
tional benefit of MSCs over standard of care was not observed
(81). Better designed, larger randomized controlled trials are
needed to evaluate the role of MSCs in the treatment of LN
patients.
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Discussion

The management of LN that is truly refractory to standard
of care is challenging diagnostically and therapeutically. There
is no standard definition or specific laboratory test for refractory
disease, and because nonresponse to treatment may have sev-
eral etiologies, refractory LN is a diagnosis of exclusion. It is crit-
ical to understand all of the contributing factors to nonresponse
before labeling a patient as treatment resistant, because the
consequence of this diagnosis is generally piling on more immu-
nosuppression and increasing the risk of adverse iatrogenic
outcomes. We suggest that the most common causes of non-
response in the lupus and LN populations are nonadherence
to treatment and undertreatment with conventional drugs.
While adherence issues can be difficult to address, and titrating
standard therapies is difficult without established therapeutic
levels for most drugs, neither requires escalating immunosup-
pression. For patients with LN resistant to standard treatments,
the choice of what should be used next is based on evidence
that is of low-to-modest quality. There have been no random-
ized clinical trials of rescue therapies for LN. As such, the stud-
ies supporting regimens for refractory disease are mainly
observational, uncontrolled, and are limited by the inclusion of
a heterogeneous group of patients previously treated with vari-
able immunosuppression.

Of all the therapeutic approaches to refractory disease,
treatment with the anti-CD20 biologic RTX has garnered the
most attention. There have been a sufficient number of such
studies that several systematic analyses have shown improved
outcomes in patients with treatment-resistant LN after the addi-
tion of RTX. The fact that there appears to be a favorable signal
for anti-CD20 suggests this may be a reasonable first approach
to refractory disease, and eliminating autoreactive B cells that
may not have been depleted by other therapies fits into most
pathogenic constructs of SLE. Nonetheless, it would be
prudent to study anti-CD20 biologics in refractory LN in a well-
controlled trial of patients with uniformly defined refractory
disease. The role of newly approved LN drugs and drugs that
are in development remains to be seen. The possibility that
molecular evaluation of the kidneys from patients with refractory
disease may provide clues to inflammatory pathways not con-
trolled by conventional treatments is exciting, and suggests that
in the future patients with refractory disease may be able to be
treated more precisely, thereby avoiding immunosuppressive
roulette.

Finally, given the ongoing SARS–COV-2 pandemic, it cannot
be overstated that many of the approaches to refractory disease
will put these patients at high risk of severe infection, and may
prevent adequate protection from vaccination. We suggest that
preexposure monoclonal antibodies be given to patients with
refractory disease, and that all other safety measures, including
social distancing and masking, be maintained.
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Rituximab Impairs B Cell Response But Not T Cell Response
to COVID-19 Vaccine in Autoimmune Diseases

Samuel Bitoun,1 Julien Henry,2 Delphine Desjardins,3 Christelle Vauloup-Fellous,4 Nicolas Dib,2

Rakiba Belkhir,2 Lina Mouna,4 Candie Joly,3 Marie Bitu,3 Bineta Ly,3 Juliette Pascaud,3 Raphaèle Seror,1

Anne-Marie Roque Afonso,4 Roger Le Grand,3 and Xavier Mariette1

Objective. Antibody response to the messenger RNA (mRNA) COVID-19 vaccine has been shown to be diminished
in rituximab (RTX)–treated patients. We undertook this study to compare humoral and T cell responses between
healthy controls, patients with autoimmune diseases treated with RTX, and those treated with other immunosuppres-
sants, all of whom had been vaccinated with 2 doses of the mRNA COVID-19 vaccine.

Methods. We performed anti-spike IgG and neutralization assays just before and 28 days after the second
BNT162b2 (Pfizer-BioNTech) vaccine dose. The specific T cell response was assessed in activated CD4 and CD8
T cells using intracellular flow cytometry staining of cytokines (interferon-γ, tumor necrosis factor, and interleukin-2)
after stimulation with SARS–CoV-2 spike peptide pools.

Results. A lower proportion of responders with neutralizing antibodies to the vaccine was observed in the RTX
group (29%; n = 24) compared to the other immunosuppressants group (80%; n = 35) (P = 0.0001) and the healthy
control group (92%; n = 26) (P < 0.0001). No patients treated with RTX in the last 6 months showed a response. Time
since last infusion was the main factor influencing humoral response in RTX-treated patients. The functional CD4 and
CD8 cellular responses to SARS–CoV-2 peptides for each single cytokine or polyfunctionality were not different in
the RTX group compared to the other immunosuppressants group or the control group. In RTX-treated patients, the
T cell response was not different between patients with and those without a humoral response.

Conclusion. RTX induced a diminished antibody response to the mRNA COVID-19 vaccine, but the functional
T cell response was not altered compared to healthy controls and autoimmune disease patients treated with other
immunosuppressants. Further work is needed to assess the clinical protection granted by a functionally active T cell
response in the absence of an anti-spike antibody response.

INTRODUCTION

Immunosuppressed patients have experienced an increased

mortality rate during the COVID-19 pandemic. Particularly, patients

with autoimmune diseases treated with rituximab (RTX) have an

odds ratio of death of 4.04 (95% confidence interval 2.32–7.03) (1).

The global COVID-19 pandemic is starting to be controlled by coun-

tries having benefited from mass vaccination. Unfortunately, RTX

treatment that increases the risk of death in patients with autoim-

mune diseases also diminishes the immune response to the

COVID-19 vaccine, with only ~40% of patients showing detectable

humoral response (2–4). Other treatments such as mycophenolate

mofetil (MMF) and steroids have also been shown to diminish anti-

body response to COVID-19 vaccine (5). There is still controversy

regarding the T cell response, with preliminary studies showing pre-

served T cell response among patients treated with RTX (3,4,6,7),
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while others have shown that the T cell response was impaired upon

RTX treatment (8). Notably, those studies used either interferon-γ

(IFNγ) release assay bulk measurement (6–8) or IFNγ enzyme-linked

immunospot (ELISpot) assays (4,5). These techniques can detect

an overall T cell response to IFNγ only but do not have high sensitivity

and lack the fine-tuning provided by the characterization of the pro-

duction of multiple cytokines by specific T cells.
The objective of this study was to assess humoral and cellu-

lar responses (using cytokine production of CD4 and CD8 T cells)
to the messenger RNA (mRNA) COVID-19 vaccine in a population
of patients with autoimmune diseases treated with RTX and to
compare them to healthy controls and patients treated with other
immunosuppressive or immunomodulatory agents.

PATIENTS AND METHODS

Study patients. Consecutive patients with autoimmune dis-
eases treated in a single tertiary rheumatology center, the National
Reference Center for Rare Systemic Autoimmune Diseases, were
included between January and March 2021. Patients were divided
into 2 groups: 1) patients who had received an RTX infusion in the
previous year, and 2) patients who had been treated with other
immunosuppressive or immunomodulatory agents. Healthy con-
trols were age- and sex-matched to the included patients.

All patients and controls provided informed consent. The study
was approved by the Ethics Committee “CPP Sud Méditérrannée”
(no. 2020-A00509-30). All patients received a BNT162b2 (Pfizer-
BioNTech) vaccine injection on days 0 and 28, according to local
guidelines at the time. Participants with a detectable response
against the SARS–CoV-2 nucleocapsid at any time were excluded,
as it is a hallmark of previous SARS–CoV-2 infection. Humoral
response was assessed on day 28 and 1 month after the second
dose, on day 56. The cellular response was assessed on day 56.

Patient and public involvement. Due to the urgency
and time constraints of such a study, patients were not involved
in the design, conduct, or reporting of data. They will be involved
in the research dissemination plan, where results will be provided
to patient advocacy groups and findings applied during therapeu-
tic education sessions.

SARS–CoV-2 serology. Elecsys anti–SARS–CoV-2 and
Elecsys anti–SARS–CoV-2 S immunoassays (Roche Diagnostics)
were used for the qualitative detection of total antibodies to nucleo-
capsid protein and the quantitative determination of antibodies to
the spike protein receptor-binding domain (RBD), respectively. In
this assay, both neutralizing and non-neutralizing anti-spike antibod-
ies were detected. Anti-nucleocapsid antibodies were considered
detected when the assay index result was >1 unit; the quantification
range of anti-spike antibodies was 0.4–250 units. Results <0.4 units
were considered nonreactive, and anti-spike titers higher than the
quantification range were expressed as 250 units.

Surrogate virus neutralization assay. The iFlash-
2019-nCoV neutralizing antibody assay (Shenzhen YHLO Biotech)
allows for the quantitative determination of total anti-spike antibod-
ies able to block the interaction between soluble angiotensin-
converting enzyme 2 and RBD peptides (neutralizing antibodies)
coated on microparticles, in an automated immunoassay format.
Surrogate neutralizing antibody titers are expressed in IU/ml.
According to the manufacturer, results ≥24 IU/ml are considered
reactive.

T cell response. We analyzed the T cell response in sam-
ples collected 1 month after the second vaccine dose. The per-
centages of cytokine-secreting cells among activated T cells
(CD4+CD154+ and CD8+CD137+) were assessed using frozen
human peripheral blood mononuclear cells (PBMCs) from immu-
nized patients. Cytokine production of T cells was assessed after
stimulation with peptide pools spanning the wild-type sequence
of SARS–COV-2 spike. Briefly, PBMCs were thawed and rested
for 1 hour in complete medium (RPMI 1640 GlutaMax [Gibco]
supplemented with 10% fetal calf serum, 1% penicillin/streptomy-
cin, and 2% HEPES 1 mM [Ozyme]) at 37�C in a CO2 incubator.
Live PBMCs were then counted and stimulated at 1 × 106 per
ml with the PepMix SARS–COV-2 spike glycoprotein (JPT Pep-
tide Technologies). Two pools of 15-mer peptides overlapping
by 11 amino acids were used for the stimulation of PBMCs (spike
1 domain [S1] and spike 2 domain [S2]) at 2 μg/ml for 18 hours at
37�C in a 5% CO2 incubator. Brefeldin A (Sigma) was added to
the PBMCs at 5 μg/ml 2 hours after the beginning of the incuba-
tion. Control cells were treated with phorbol 12-myristate
13-acetate (62 ng/ml; Sigma) and ionomycin (720 ng/ml; Sigma)
(positive control), or with complete medium only (unstimulated).
After 2 washing steps with phosphate buffered saline (PBS) 1×
(Lonza), PBMCs were stained with a viability marker (Live/Dead
Near-IR; ThermoFisher) for 20 minutes at 4�C.

Next, PBMCs were fixed and permeabilized for 20 minutes
using a Cytofix/Cytoperm kit according to the guidelines of the
manufacturer (BD Biosciences). PBMCs were then stained with a
panel of antibodies targeting surface markers and cytokines: CD3
BV605, CD8 BV771, CD4 BV421, CD154 PercPCy5.5, CD137
PEDazzle594, tumor necrosis factor (TNF) PECy7, IFNγ allophyco-
cyanin, perforin fluorescein isothiocyanate (all from BioLegend),
and granzyme B Alexa Fluor 700 (BD Bioscience), in Perm/Wash
buffer supplemented with 10 μl of Fc blocking reagent (Miltenyi)
and 10 μl of Brilliant Buffer Plus (BD Biosciences) for 30 minutes
at 4�C. Finally, PBMCs were washed in Perm/Wash buffer and
resuspended in PBS 1% paraformaldehyde (Sigma) until sample
acquisition on a Fortessa Flow Cytometer (BD Biosciences). Data
were analyzed using FlowJo software, version 10. Percentages of
activated cytokine-secreting CD4 and CD8 T cells were obtained
for each of the S1 and S2 pools. For comparison to the nonstimu-
lated condition, values of the S1 and S2 peptide pools were
summed. For comparison between groups, the percentage of the
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nonstimulated condition was subtracted from each stimulated
peptide pool. The plotted percentages were the sum of percent-
ages of the S1 and S2 pools.

Statistical analysis. Continuous variables are expressed
as the mean � SD. Categorical variables were compared using
Fisher’s exact test, correlations were assessed using Spearman’s
test, continuous variables were compared using the Mann–
Whitney U test, and multiple comparisons of continuous variables
were performed using the Kruskal-Wallis test. Analyses were
performed using GraphPad Prism, version 9.

RESULTS

Patient characteristics. Two patients in the control
group, 2 in the RTX group, and 2 in the other immunosuppressant
group were excluded because of positive anti-nucleocapsid anti-
bodies, which indicate previous SARS–CoV-2 infection. Thus,

we included 26 controls and 59 patients with autoimmune dis-
eases (24 in the RTX group and 35 in the other immunosuppres-
sant group) (Table 1).

Delayed and diminished antibody and neutralizing
response in RTX-treated patients. On day 28, there was a
significantly diminished anti-spike antibody response in both the
RTX group (mean � SD 16.64 � 52 units/ml) and the other
immunosuppressant group (26.75 � 58 units/ml) compared to
the control group (83.79 � 92 units/ml) (Figure 1A). This high-
lights a significantly delayed response among most autoimmune
disease patients. On day 56, one month after the second vaccine
injection, only the RTX group (mean � SD 69 � 110 units/ml) had
lower levels of anti-spike antibody response compared to healthy
controls (235 � 58 units/ml) and those in the other immunosup-
pressant group (180 � 100 units/ml) (Figure 1B). The neutraliza-
tion assay on day 56 showed that the RTX group (mean � SD
480 � 1,064 IU/ml) had much lower levels of neutralizing

Table 1. Demographic and clinical characteristics of the subjects*

Controls
(n = 26)

RTX-treated
patients
(n = 24)

Patients treated with
other immunosuppressants

(n = 35)

Female 20 (78) 22 (92) 23 (66)
Age, median (range) years 60 (26–97) 62 (42–91) 64 (28–94)
Diagnosis

Rheumatoid arthritis – 12 (50) 14 (40)
Sjögren’s syndrome – 9 (38) 6 (17)
Myositis – 1 (4) 1 (3)
SLE – 1 (4) 3 (8)
Vasculitis – 0 (0) 2 (6)
GCA – 0 (0) 3 (8)
PMR – 0 (0) 1 (3)
Systemic sclerosis – 1 (4) 2 (6)
Psoriatic arthritis – 0 (0) 1 (3)
Ankylosing spondylitis – 0 (0) 1 (3)
Renal transplant recipient – 0 (0) 1 (3)

Treatment
Glucocorticoids – 5 (21) 15 (43)
Mean dose (mg/day) – 2.9 3.1

RTX
Time between last infusion of – 162 (0–295) –

RTX and first vaccine
injection, median (range) days

DMARDs
MTX – 10 (42) 12 (34)

bDMARDs
TNFi – 0 (0) 4 (11)
Tocilizumab – 0 (0) 3 (9)
Tofacitinib – 0 (0) 1 (3)
Belimumab – 0 (0) 1 (3)

Other immunosuppressants
MMF – 1 (4) 7 (20)
Bendamustine – 1 (4) 0 (0)

Gammaglobulinemia (<8 gm/liter) – 3 (12.5) –

* Except where indicated otherwise, values are the number (%) of subjects. RTX = rituximab; SLE = systemic lupus erythe-
matosus; GCA = giant cell arteritis; PMR = polymyalgia rheumatica; DMARDs = disease-modifying antirheumatic drugs;
MTX = methotrexate; bDMARDs = biologic DMARDs; TNFi = tumor necrosis factor inhibitors; MMF = mycophenolate
mofetil.
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antibodies compared to healthy controls (9.4 × 108 � 1.2 × 109

IU/ml; P < 0.0001) and the other immunosuppressant group
(1.5 × 108 � 5.8 × 108 IU/ml; P = 0.042) (Figure 1C). The other
immunosuppressant group also had significantly reduced levels
of neutralizing antibodies compared to healthy controls
(P = 0.001) (Figure 1C).

There was a strong correlation between neutralizing antibody
titers and anti-spike antibody titers (r = 0.87, P < 0.0001)
(Figure 1D). Ninety-seven percent of patients with detectable neu-
tralizing antibodies (>24 IU/ml) had an anti-spike concentration
>50 units/ml. Antibody responders were defined as such if they
met this anti-spike concentration threshold, indicating that they
were very likely to have detectable neutralizing antibodies. On day
56, 29.2% of patients in the RTX group were responders, com-
pared to 80% in the other immunosuppressant group
(P = 0.0001) and 92.3% in the healthy control group (P < 0.0001)
(Figure 1E).

Impact of B cell depletion on anti-spike response
among RTX-treated patients. Demographic factors and
cumulative dosing of RTX did not influence antibody responses,
as shown in Supplementary Table 1 (available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42058). However, we identified that in RTX-treated
patients, significantly more time had passed since the last infusion
for responders (mean � SD 233 � 48 days) compared to nonre-
sponders (106 � 93 days) (Figure 2A). No patient who received

an infusion in the last 6 months showed a response. There was
also a strong correlation between the number of B cells and the
anti-spike antibody response (Figure 2B).

Preservation of functional specific T cell response in
RTX-treated patients compared to healthy controls and
patients treated without RTX. We analyzed the T cell
response using percentages of cytokine-secreting cells among

Figure 1. Humoral response after mRNA vaccination against COVID-19. A and B, Anti-spike (anti-S) antibody response on day 28 (n = 90) (A) and
day 56 (n = 87) (B) after the first injection with the BNT162b2 (Pfizer-BioNTech) vaccine, in healthy controls (HC), rituximab (RTX)–treated patients, and
patients treatedwith other immunosuppressants (IS).C, Neutralizing antibody (Nab) response on day 56 after the first injection with the BNT162b2 vac-
cine (n = 80). D, Correlation between anti-spike antibody and neutralizing antibody titers that were used to set the threshold of response. E, Percent-
ages of responders, defined as subjects with an anti-spike antibody level of ≥50 units/ml (n = 78). In A–C, symbols represent individual subjects; bars
show the mean � SD. In A–D, the dotted line indicates the cutoff value. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. NS = not sig-
nificant. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42058/abstract.

Figure 2. Factors influencing the humoral response in the RTX-
treated group. A, Time between the last infusion of RTX and the first
vaccination in responders and nonresponders. Symbols represent indi-
vidual subjects; bars show the mean � SD. B, Correlation between
percentage of B cells and anti-spike antibody (Ab) response (n = 24).
** = P < 0.01. See Figure 1 for other definitions. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42058/abstract.
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activated T cells (CD4+CD154+ and CD8+CD137+) in 9 healthy
controls, 19 RTX-treated patients, and 8 patients treated
with other immunosuppressants. In all groups, the percentage of
CD4+CD154+ T cells producing IFNγ, TNF, and interleukin-2 (IL-2)
were significantly higher in response to anti-spike peptide pools
(S1 + S2) compared to the unstimulated condition (Figure 3). This
validated the specificity of the T cell response detected by our assay.
The specific anti-spike CD8 T cell response was significantly differ-
ent compared to the unstimulated condition for all 3 cytokines in
the RTX group, 2 cytokines (IFNγ and TNF) in the healthy control
group, and only TNF in the other immunosuppressant group
(Supplementary Figure 1, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42058).
T cell response was not influenced by the age of the participants
(data not shown).

Between the 3 groups, there was no difference in the CD4 T
cell response in cells secreting IFNγ, TNF, or IL-2 (Figure 4A).

Similarly, cytokine-secreting activated spike-specific CD8 T cells
were not different between the healthy controls (n = 9), RTX-
treated patients (n = 19), and patients treated with other immuno-
suppressants (n = 8) (Figure 4B). We did not observe any specific
granzyme B or perforin response.

Finally, we studied the ability of the CD4 and CD8 T cells to
secrete multiple cytokines upon stimulation with spike peptides.

Figure 3. Comparison of unstimulated (NS) and spike peptide–
stimulatedcytokinesecretion inCD4Tcells. Inperipheral bloodmononu-
clear cells from healthy controls (HC) (n = 9) (A), rituximab (RTX)–treated
patients (n = 19) (B), and patients treated with other immunosuppres-
sants (IS) (n = 8) (C), the T cell response was measured as the percent-
age of activated CD154+ T cells secreting cytokines (interferon-γ [IFNγ],
tumor necrosis factor [TNF], and interleukin-2 [IL-2]) following stimulation
with spikepeptides (S1 + S2) or in unstimulatedconditions. Values in the
stimulated samples are the sumof thepercentages of cells stimulated by
the S1 and S2 pools. Symbols represent individual subjects; bars show
themean � SD. * = P < 0.05; ** = P < 0.01; **** = P < 0.0001.
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Figure 4. Comparison of specific CD4 and CD8 T cell responses
between groups.A,Percentage of activated CD154+ cytokine-secreting
cells among CD4 T cells. B, Percentage of activated CD137+ cytokine-
secreting cells among CD8 T cells, minus the percentage among CD8 T
cells in theunstimulatedcondition.Percentages in the stimulatedsamples
are thesumof thepercentagesof cells stimulatedby theS1andS2pools.
C andD, Percentages of activated CD154+ cells among CD4 T cells (C)
and activated CD137+ cells among CD8 T cells (D) that secreted 2 cyto-
kines (left) or 3 cytokines (right) at the same time (polyfunctionality). Sym-
bols represent individual subjects; bars show the mean � SD. No
P values obtained by Kruskal-Wallis test were significant. See Figure 3
for definitions.

RESPONSE TO COVID-19 VACCINE IN RITUXIMAB-TREATED AUTOIMMUNE DISEASE PATIENTS 931

https://doi.org/10.1002/art.42058


Once again, we did not find any significant difference in the per-
centages of polyfunctional CD4 T cells (Figure 4C) or CD8 T cells
(Figure 4D) between healthy controls, RTX-treated patients, and
patients treated with other immunosuppressants.

Similar T cell response in antibody responders and
nonresponders among RTX-treated patients. To assess
whether the T cell response was different in patients with versus
those without an antibody response to the vaccine, we compared
the percentages of cytokine-secreting cells stimulated by spike pep-
tides. Nodifference in theCD4orCD8Tcell responsewas observed
when comparing antibody responders and nonresponders in the
RTXgroup for IFNγ, TNF,or IL-2 (Figure5).Notably, therewasa trend
toward a better CD8 T cell TNF response against spike peptides in
patients without a humoral response (P = 0.11) (Figure 5B).

DISCUSSION

This single-center prospective study confirmed the diminished
anti-spike antibody and neutralizing antibody response to mRNA
COVID-19 vaccines in patients with autoimmune diseases who
are being treatedwith RTX, compared to patients treatedwith other
immunosuppressants and healthy controls. Detailed analysis of the

CD4 and CD8 T cell responses using intracellular cytokine staining
(ICS) revealed a preserved response in RTX-treated patients com-
pared to healthy controls and patients treated with other immuno-
suppressants, even in those lacking a humoral response.

To provide a clinically relevant level of neutralizing response,
we identified a cutoff of 50 units/ml for the anti-spike antibody
assay, which guarantees optimal specificity in detecting neutraliz-
ing antibodies. Using this threshold, less than one-third of patients
treated with RTX had an effective humoral response to the vaccine,
which is consistent with findings from previous studies. We and
others (3,4,8) have identified that the time since last infusion and
not the cumulative dose of RTX is an important risk factor for non-
response. This could help to guide clinicians, since we showed, like
Spiera et al (3), that no patient had a humoral response if the last
infusion of RTX had been conducted in the previous 6 months.

A key finding of our study relies on the maintenance of the
T cell response against the vaccine, regardless of the humoral
response. Data on the cellular response against the COVID-19
vaccine in patients treated with RTX remain controversial. Our
results are consistent with other studies (3,4,6,7) that also provide
evidence of a similar T cell response in controls as in patients
treated with RTX, but they are in opposition to a recent publication
that identified a diminished T cell response in RTX-treated
patients, using an IFN release assay (8). In the latter study,
patients in the RTX group were co-treated with other immunosup-
pressants such as steroids (75%), MMF or azathioprine (42%),
and calcineurin inhibitors (33%), versus only 4% in our study
who were co-treated with MMF.

The main difference between our study and previous studies
is the technique used for assessing T cell response. ICS is the ref-
erence technique used by Pfizer-BioNTech to address the ques-
tion of cellular response in the general population (9). Most
published studies used the IFNγ release assay, which measures
secretion from all cells in the tube (6–8), or IFNγ ELISpot (4,5).
These techniques can detect an overall T cell response to IFNγ
only but lack the fine-tuning provided by ICS that allows for
assessment of several cytokines secreted specifically by activated
CD4 and CD8 T cells. ICS also allows for detection of polyfunc-
tional T cells, which can secrete 2 or 3 cytokines at the same time.
Again, there was no difference in the percentage of polyfunctional
T cells between healthy controls, RTX-treated patients, and
patients treated with other immunosuppressants.

Studies have shown a correlation between polyfunctional
T cells and control of HIV infection (10). Restricting our analysis
of T cell response to activated and cytokine-secreting T cells
greatly enhanced the specificity. This provides a more stringent
method of assessing the cellular response. We confirmed the abil-
ity of autoimmune disease patients to build a specific CD4 T cell
response to BNT162b2. Autoimmune disease patients showed
similar percentages of cytokine-specific CD4 T cells compared
to a study performed in healthy controls by Pfizer-BioNTech using
the same ICS technique (9). We also confirmed, both in healthy
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Figure 5. Relationship between cellular and humoral response in
RTX-treated patients. Comparisons of percentages of activated
CD154+ cytokine-secreting CD4 T cells (A) and activated CD137+
cytokine-secreting CD8 T cells (B) between antibody (Ab) responders
and nonresponders in the RTX-treated group (n = 19) are shown. Sym-
bols represent individual subjects; bars show themean � SD. P values
show comparisons between indicated groups. See Figure 3 for other
definitions. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.42058/abstract.
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controls and patients, a lower response for IL-2 in the CD8 T cells,
as previously described by Sahin et al (9). Spike-specific CD8
T cells are known to be less frequently detected compared to
CD4 T cells (11) in convalescent patients.

Studies in rhesus macaques showed that depletion of CD8
T cells in animals with low titers of neutralizing antibodies leads
to higher viral replication in rechallenge experiments (12). We did
not find diminished cytokine secretion of spike-specific CD8
T cells in the RTX group compared to the other groups, and
conversely, observed a trend toward a better CD8 T cell TNF
response in RTX-treated patients without a humoral response.
Interestingly, a recent study in multiple sclerosis patients treated
with anti-CD20 demonstrated an increase in spike-specific CD8
T cells compared to controls (13).

This study has a number of limitations. Fewer patients were
analyzed in the T cell experiments compared to those using anti-
body assays. This is due to the time and cost constraints of the
ICS technique that requires nonautomated processing, staining,
acquisition, and analysis of the samples. Notably, the number of
samples analyzed is similar to the reference article using the same
technique (9). Therefore, our study may be underpowered to dem-
onstrate a higher T cell response in antibody nonresponders. How-
ever, we are confident that there is no difference in T cell response
between antibody responders and nonresponders. Finally, our
study did not assess other cytokines such as IL-21, which can be
secreted by CD4 Tfh, and Th17, which can play a role in antiviral
defense.

Further human studies are needed to assess whether this
preserved T cell response, despite the impaired humoral
response to the COVID-19 vaccine, will be sufficient to protect
these RTX-treated patients from severe forms of COVID-19 and
to decrease the excess mortality observed in these patients when
infected. Taken together, our findings highlight the probable use-
fulness of vaccination in RTX-treated patients, even if they do not
develop a humoral response.
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B Cell Numbers Predict Humoral and Cellular Response
Upon SARS–CoV-2 Vaccination Among Patients Treated
With Rituximab

Ana-Luisa Stefanski,1 Hector Rincon-Arevalo,2 Eva Schrezenmeier,3 Kirsten Karberg,4 Franziska Szelinski,1

Jacob Ritter,5 Bernd Jahrsdörfer,6 Hubert Schrezenmeier,6 Carolin Ludwig,6 Arne Sattler,7 Katja Kotsch,7

Yidan Chen,1 Anne Claußnitzer,7 Hildrun Haibel,7 Fabian Proft,7 Gabriela Guerra,8 Pawel Durek,8

Frederik Heinrich,8 Marta Ferreira-Gomes,8 Gerd R. Burmester,1 Andreas Radbruch,8 Mir-Farzin Mashreghi,8

Andreia C. Lino,8 and Thomas Dörner1

Objective. Patients with autoimmune inflammatory rheumatic diseases receiving rituximab (RTX) therapy are at
higher risk of poor COVID-19 outcomes and show substantially impaired humoral immune response to anti–SARS–
CoV-2 vaccine. However, the complex relationship between antigen-specific B cells and T cells and the level of B cell
repopulation necessary to achieve anti-vaccine responses remain largely unknown.

Methods. Antibody responses to SARS–CoV-2 vaccines and induction of antigen-specific B and CD4/CD8 T cell
subsets were studied in 19 patients with rheumatoid arthritis (RA) or antineutrophil cytoplasmic antibody–associated
vasculitis receiving RTX, 12 patients with RA receiving other therapies, and 30 healthy controls after SARS–CoV-2 vac-
cination with either messenger RNA or vector-based vaccines.

Results. A minimum of 10 B cells per microliter (0.4% of lymphocytes) in the peripheral circulation appeared to be
required for RTX-treated patients to mount seroconversion to anti-S1 IgG upon SARS–CoV-2 vaccination. RTX-treated
patients who lacked IgG seroconversion showed reduced receptor-binding domain–positive B cells (P = 0.0005), a
lower frequency of Tfh-like cells (P = 0.0481), as well as fewer activated CD4 (P = 0.0036) and CD8 T cells (P = 0.0308)
compared to RTX-treated patients who achieved IgG seroconversion. Functionally relevant B cell depletion resulted in
impaired interferon-γ secretion by spike-specific CD4 T cells (P = 0.0112, r = 0.5342). In contrast, antigen-specific
CD8 T cells were reduced in both RA patients and RTX-treated patients, independently of IgG formation.

Conclusion. In RTX-treated patients, a minimum of 10 B cells per microliter in the peripheral circulation is a candi-
date biomarker for a high likelihood of an appropriate cellular and humoral response after SARS–CoV-2 vaccination.
Mechanistically, the data emphasize the crucial role of costimulatory B cell functions for the proper induction of CD4
responses propagating vaccine-specific B cell and plasma cell differentiation.

INTRODUCTION

Infectious diseases and associated complications are an

important cause of morbidity and mortality in patients with

autoimmune inflammatory rheumatic diseases (1). Increased sus-

ceptibility to infectious diseases in these patients is most likely due

to an immunosuppressive effect of the disease itself and/or

related to immunosuppressive treatment (2). COVID-19, caused
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by SARS–CoV-2, requires particular consideration in patients with
autoimmune inflammatory rheumatic diseases. Rituximab (RTX),
an anti-CD20 monoclonal antibody leading to B cell depletion
and used in autoimmune inflammatory rheumatic diseases like
rheumatoid arthritis (RA) and antineutrophil cytoplasmic
antibody–associated vasculitis (AAV), has been found to be a risk
factor for poor COVID-19–associated outcomes (3,4). Since a
suitable treatment for COVID-19 has not been developed yet,
vaccination is of crucial importance to protect these vulnerable
patients. Meanwhile, various phase III clinical trials have demon-
strated the efficacy and safety of messenger RNA (mRNA)–based
vaccines (BNT162b2 [Pfizer-BioNTech] [5,6] and mRNA-1273
[Moderna] [7]) and viral vector–based vaccines (ChAdOx1 [Astra-
Zeneca] [8] and Ad26.COV2.S [Johnson & Johnson] [9]) to pre-
vent severe COVID-19 disease or death.

In patients with autoimmune inflammatory rheumatic dis-
eases, vaccination is generally regarded as safe and efficacious
(10). However, in patients receiving B cell–depleting therapy with
RTX in particular, hampered humoral and cellular responses fol-
lowing influenza, pneumococcal, and hepatitis B vaccination have
been reported (11–16). Available data on the SARS–CoV-2 vac-
cine response in RTX-treated patients with autoimmune inflam-
matory rheumatic diseases reveal substantially impaired humoral
(17–19), but partly inducible cellular, immune responses (20).
However, little is known about the complex mechanisms of inter-
action between T cells, B cells, and plasma cells, or the level of
B cell repopulation necessary for proper vaccine response among
RTX-treated patients.

In this study, we investigated the characteristics of humoral
and cellular antigen-specific CD4/CD8 and B cell immune
response upon SARS–CoV-2 vaccination in patients treated with
RTX compared to healthy controls and RA patients receiving
other therapies.

PATIENTS AND METHODS

Study participants. Outpatients with rheumatic disease
treated with RTX who received SARS–CoV-2 vaccination accord-
ing to federal and Berlin state recommendations between
February and May 2021 were asked to participate in this study.
We included 16 patients who had RA according to the American
College of Rheumatology/European Alliance of Associations for
Rheumatology 2010 classification criteria (21) and 3 patients
with AAV defined as described by the Chapel Hill Consensus

Conference Nomenclature (22), all of whom were receiving RTX.
In addition, 12 patients with RA who were receiving other thera-
pies and 30 healthy controls were included as control groups. All
participants gave written informed consent in accordance with
the approval of the ethics committee at the Charité University
Hospital Berlin (EA2/010/21, EA4/188/20).

Peripheral blood samples were obtained using EDTA antico-
agulant or serum tubes (BD Vacutainer System; BD Diagnostics)
6–9 days (referred to hereafter as day 7) after vaccinationwith either
2 doses of BNT162b2, 2 doses of ChAdOx1, or 1 dose of
ChAdOx1 followed by 1 dose of BNT162b2. Serologic and B cell
data for healthy controls have partially been published (23). Sam-
ples obtained 3–4 weeks after the second vaccination (referred to
hereafter as day 21) were available for 19 RTX-treated patients
and 12 RA controls. One RTX-treated patient (who had RA) had
concomitant chronic lymphocytic leukemia (CLL); cellular data for
this patient were excluded from the analyses of B cells, CD4 T cells,
and the relationships between humoral immune responses, cell
subsets, and demographic characteristics. Limited baseline T cell,
B cell, and natural killer cell data were available for 16 of the
19 patients receiving RTX (2 AAV patients and 14 RA patients),
11 of the 12RApatients, and 16 of the 30 healthy controls. Regard-
ing the absolute numbers of B cells, CD4 cells, and CD8 cells, there
was no difference between baseline and day 7 after the second
vaccination (data not shown). Participant characteristics are sum-
marized in Table 1, with more detailed information provided in Sup-
plementary Table 1, available on the Arthritis & Rheumatology

website at http://onlinelibrary.wiley.com/doi/10.1002/art.42060.

Enzyme-linked immunosorbent assay and surro-
gate SARS–CoV-2 neutralization test. The assays were per-
formed according to the manufacturer’s instructions, as
previously described (23). Briefly, serum samples were diluted at
1:100 in sample buffer, pipetted onto strips of 8 single wells of a
96-well microtiter plate, and precoated with recombinant SARS–
CoV-2 spike or nucleocapsid proteins. Calibrators, a positive con-
trol, and a negative control were carried out on each plate. After
incubation for 60 minutes at 37�C, wells were washed 3 times
and peroxidase-labeled anti-IgG or anti-IgA antibody solution
was added, followed by a second incubation step for 30 minutes.
After 3 additional washing steps, substrate solution was added
and the samples were incubated for 15–30 minutes in the dark.
Optical density (OD) values were measured on a POLARstar
Omega plate reader (BMG Labtech) at 450 nm and at 620 nm.
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Finally, OD ratios were calculated based on the sample and cali-
brator OD values. To identify individuals who had previously been
infected with SARS–CoV-2, we measured antibodies against the
nucleocapsid protein (not a vaccine component) on day 7 after
the second vaccination (Supplementary Figure 1, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060).

Isolation and staining of peripheral blood mononu-
clear cells (PBMCs). PBMCs were prepared by density-
gradient centrifugation using Ficoll-Paque Plus solution
(GE Healthcare Biosciences). For antigen-specific T cell analysis,
PBMCs were cryopreserved at −80�C. For surface staining,
1–3 × 106 cells were suspended in 50 μl of phosphate buffered
saline (PBS)/0.5% bovine serum albumin/EDTA and 10 μl Brilliant
Buffer (BD Horizon). Cells were stained for 15 minutes on ice and
washed afterwards with Dulbecco’s PBS containing 1% fetal calf
serum (FCS; Biowest) (810g, for 8 minutes at 4�C). For intracellu-
lar staining after T cell stimulation, cells were first stained for
30 minutes with 1:1,000 BUV395 Live/Dead (Invitrogen) in PBS,
followed by 5 minutes with 2.5 μl Fc Block (Miltenyi Biotech) in
50 μl resuspended cells. Cells were fixed in Lyse/Fix (Becton
Dickinson), permeabilized with FACS Perm II solution (Becton
Dickinson), and intracellularly stained.

Staining of antigen-specific B cells. To identify
receptor-binding domain (RBD)–specific B cells, recombinant
purified RBD (DAGC149; Creative Diagnostics) was labeled with
either Alexa Fluor 647 or Alexa Fluor 488 as previously described
(23). Double-positive cells were considered antigen-specific. A
blocking experiment using unlabeled RBD at 100-fold concentra-
tion was performed to ensure specificity of detection.

Peptide stimulation of antigen-specific T cells. For
each stimulation, 2 × 106 PBMCs obtained from 15 healthy con-
trols, 12 RA controls, and 19 RTX-treated patients were thawed
and washed twice in prewarmed RPMI 1640 medium (containing
0.3 mg/ml glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomy-
cin, 10% FCS, and 25 units/ml DNase I [Roche International]), rested
for 1 hour in culture medium (RPMI 1640 with glutamine, antibiotics,
and 10% FCS) and stimulated with SARS–CoV-2 spike (PepMix
SARS–CoV-2 [S B.1.1.7]; JPT) (24) or T Cell TransAct (Miltenyi
Biotech) in the presence of allophycocyanin (APC)–conjugated
anti-CD107a (clone H4A3; BioLegend) for 16 hours. Brefeldin A
(10 μg/ml; Sigma-Aldrich) was added after 2 hours. Due to cell num-
ber limitations, T Cell TransAct stimulation was not carried out for all
participants. CD4 T cells coexpressing CD154 and CD137 were
considered antigen-specific. Spike-specific CD8 T cells were identi-
fied based on activation-dependent coexpression of CD137 and

Table 1. Characteristics of the study participants*

Healthy controls
(n = 30)

RA controls
(n = 12)

RTX-treated patients
(n = 19)†

Age, years
Median (IQR) 57 (46.25–79.5) 68 (63–79.5) 58 (56.5–65)
No. <50 9 1 3
No. 50–69 12 5 13
No. >69 9 6 3

Sex, no. female/male 15/15 9/3 14/5
Vaccine, no.
2× BNT162b2 24 11 14
2× mRNA-1273 0 0 1
2× ChAdOx1 3 1 1
1× ChAdOx1, 1× BNT162b2 3 0 3

Immunosuppression, no.
MTX – 8 4
Leflunomide – 1 0
Sulfasalazine – 0 1
AZA – 0 1
JAK inhibitor – 4 2
TNF inhibitor – 1 0
Abatacept – 2 1
Prednisolone‡ – 3 8
DAS28, median (IQR) – 2.58 (1.70–3.99) 2.65 (1.96–3.41)

Time since last RTX treatment,
median (IQR) months

– – 9 (6–13.5)

Duration of RTX treatment,
median (IQR) years

– – 3 (2–6)

* IQR = interquartile range; MTX = methotrexate; AZA = azathioprine; TNF = tumor necrosis factor; DAS28 = Disease
Activity Score in 28 joints.
† Included 16 patients with rheumatoid arthritis (RA) and 3 patients with antineutrophil cytoplasmic antibody–associated
vasculitis.
‡ The maximum prednisolone dosage was 5 mg/day in the RA group and 7.5 mg/day in the rituximab (RTX) group.
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interferon-γ (IFNγ) and CD107a and IFNγ, respectively. Subjects
whose samples showed an increase in frequency after stimulation
of at least 2-fold compared to unstimulated control were defined
as responders.

Analytical methods. All flow cytometric analyses were per-
formed using a BD FACS Fortessa (BD Biosciences). To ensure
comparable mean fluorescence intensities over the time of the anal-
yses, Cytometer Setup and Tracking beads (BD Biosciences) and
RainbowCalibration Particles (BDBiosciences) were used. For flow
cytometric analysis, the following fluorochrome-labeled antibodies
were used: BUV737-conjugated anti-CD11c (clone B-ly6; BD),
BUV395-conjugated anti-CD14 (clone M5E2; BD), BUV395-
conjugated anti-CD3 (clone UCHT1; BD), BV786-conjugated anti-
CD27 (clone L128; BD), BV711-conjugated anti-CD19 (clone
SJ25C1; BD), BV605-conjugated anti-CD24 (clone ML5; BD),
BV510-conjugated anti-CD10 (clone HI10A; BD), BV421-
conjugated anti-CXCR5 (clone RF8B2; BD), phycoerythrin (PE)–
Cy7–conjugated anti-CD95 (clone APO-1/Fas; ThermoFisher),
PE-CF594–conjugated anti-IgD (clone IA6-2; BioLegend), APC-
Cy7–conjugated anti-CD38 (clone HIT2; BioLegend), PE–Cy7–
conjugated anti-IgG (clone G18-145; BD), biotin-conjugated anti-
IgA (clone G20-359; BD), BV650-conjugated anti-IgM (clone
MHM-88; BD), fluorescein isothiocyanate (FITC)–conjugated anti-
HLA–DR (clone L234; BioLegend), PE-conjugated anti-CD21
(clone B-ly4; BD), APC-conjugated anti-CD22 (clone S-HCL-1;
BD), FITC-conjugated anti–tumor necrosis factor (anti-TNF) (clone
Mab11; BioLegend), BV650-conjugated anti-IFNγ (clone 4S.B3;
BD), BV786-conjugated anti-CD40L (clone 24-31; BioLegend),
and PE-CF594–conjugated anti-CD137 (clone 4B4-1; BioLegend).
The absolute number of B cells was measured with Trucount (BD),
and samples were processed according to the manufacturer’s
instructions (B cells were defined as CD19+CD45+CD3−CD14−
CD16−CD56− lymphocytes).

Sorting of plasmablasts, B cells, and T cells from
peripheral blood for single-cell analysis. As previously des-
cribed (23), cells were enriched from peripheral blood using
StraightFrom Whole Blood CD19, CD3, and CD138 MicroBeads
(Miltenyi Biotec) according to the manufacturer’s instructions.
Sorted populations were identified as plasmablasts (DAPI−CD3−
CD14−CD16−CD38++CD27++), memory B cells (DAPI−CD3−
CD14−CD16−CD38−CD27+), and activated T cells (DAPI−CD3+
CD14−CD16−CD38++HLA–DR+). The 3 sorted populations
were pooled and further processed for single-cell RNA
sequencing.

Single-cell RNA library preparation and single-cell
transcriptome sequencing. Sequencing was performed on a
NextSeq500 device (Illumina) using High Output v2 Kits (150 cycles)
with the recommended sequencing conditions for 50 GEX libraries
and as previously described (23). In particular, transcriptome profiles

were merged and normalized, variable genes were detected, and
Uniform Manifold Approximation and Projection (UMAP) was per-
formed with default parameter settings using FindVariableGenes,
RunPCA, and RunUMAPwith 30 principal components. Expression
values are represented as ln (10,000 × UMIsGene) /UMIsTotal +1).
Transcriptionally similar clusters were identified using shared nearest
neighbor (SNN) modularity optimization, SNN resolutions ranging
from 0.1 to 1.0 in 0.1 increments were computed, or gating was
performed manually using Loupe Browser (10x Genomics). Data
from transcriptome and immune profiling were merged using the
same cellular barcodes.

Statistical analysis. All samples included in the final analy-
ses had at least 1 × 106 events with a minimum threshold for
CD19+ cells of 5,000 events, apart from RTX-treated patients: mini-
mum recorded CD19+ events in the RTX group were 16 and
45 events, in 2 different patients, of >1 million total recorded events.
Flow cytometric data were analyzed by FlowJo software version
10.7.1 (TreeStar). GraphPad Prism software version 5 was used for
statistical analysis. For comparison of multiple groups, two-way anal-

ysis of variance with Šid�ak’s post test for multiple comparisons or
Kruskal-Wallis with Dunn’s post test was used. Spearman’s correla-
tion coefficient was calculated to detect possible associations
between parameters or disease activity. P values less than 0.05 were
considered significant. Data on cellular subsets for 1 patient receiving
RTX who had concomitant CLL were excluded from the analyses of
B cells, CD4 T cells, and the relationships between humoral immune
responses, cell subsets, and demographic characteristics. For
1 patient receiving RTX and 6 healthy controls there was not enough
material to perform fluorescence-activated cell sorting T cell staining
for activated T cells. A correlation matrix was calculated using the
base R and corrplot package (R Foundation for Statistical Comput-
ing) using the Spearmanmethod (n = 17 for the RTX group; 1 patient
excluded due to concomitant CLL and 1 patient excluded due to par-
tially missing T cell data).

Data and materials availability. All data, code, and
materials used in the analysis are available at https://datadryad.org/
stash/. In particular, the genetic data are available in a gene bank.

RESULTS

Cohorts and participant characteristics. This study
recruited 19 patients receiving RTX (16 patients with RA and
3 patients with AAV [RTX group]), 30 healthy controls, and
12 patients with RA receiving other therapies as an additional
control group (RA group). Most study participants were vacci-
nated twice with the mRNA vaccine BNT162b2; 1 RTX-treated
patient was vaccinated twice with mRNA-1273. Three healthy
controls, 1 RA control, and 1 RTX-treated patient were vacci-
nated twice with the viral vector vaccine ChAdOx1. According to
national recommendations, 3 RTX-treated patients and 3 healthy
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controls received 1 dose of ChAdOx1 followed by a heterologous
vaccination with 1 dose of BNT162b2.

Regarding demographic characteristics, healthy controls
were age-matched to RTX-treated patients and were younger
than RA patients. As is typical for patients with rheumatic dis-
eases, the majority of RA patients and RTX-treated patients were
women. Disease activity at the time of first vaccination was com-
parable between the RA control group and RTX group. At the
time of vaccination, median time since the last RTX treatment
was 9 months. RTX-treated patients had received B cell–
depleting therapy on average for 3 years, and presented with a
range of circulating B cell numbers of 0–484/μl blood. Demo-
graphic characteristics and additional treatments for all study par-
ticipants are summarized in Table 1. (Further details on the patient
cohorts are provided in Supplementary Table 1, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060.)

Impaired humoral immune response upon SARS–
CoV-2 vaccination in RA patients and RTX-treated
patients. Antibody responses to SARS–CoV-2 vaccines were
assessed in all individuals on day 7 after the second vaccination.
All healthy controls became positive for anti–spike S1 (anti-S1)
IgG and IgA and showed >90% SARS–CoV-2 neutralization.
Notably, IgA and IgG anti-vaccine titers were significantly dimin-
ished on day 7 after the second vaccination in the RA control
group, and especially in the RTX group, compared to the healthy
control group (Figure 1A). Anti-S1 IgG antibodies were detected
in 8 (66.7%) of 12 patients in the RA group and 8 (42.1%) of
19 patients in the RTX group. Simultaneously, 5 (41.7%) of
12 patients in the RA group and 9 (47.4%) of 19 patients in the
RTX group developed anti-S1 IgA antibodies. Virus-neutralizing
antibodies were found in only 8 (66.7%) of the 12 RA control
patients and 9 (47.4%) of the 19 RTX-treated patients (Figure 1A).

Two RTX-treated patients with unknown prior infection (iden-
tified as anti-nucleocapsid protein positive) (Supplementary
Figure 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42060) developed
high titers of anti-S1 IgG, IgA, and neutralizing-antibodies compa-
rable with the titers in healthy controls.

Delayed serologic response in RTX-treated patients.
As previously reported (25), patients with autoimmune inflamma-
tory rheumatic diseases may show a delayed humoral immune
response after vaccination. To address this possibility, we
obtained additional blood samples from patients in the RA and
RTX groups 3–4 weeks (day 21) after the second vaccination
(Figure 1B). Two RA patients and 5 RTX-treated patients devel-
oped positive IgG antibodies; IgA was detected in 2 patients in
the RA group and 1 patient in the RTX group 3–4 weeks after
the second vaccination. Neutralizing antibodies were detected in
2 patients in the RA group and 6 patients in the RTX group at this

later time point. Among the RTX-treated patients who did not
show seroconversion on day 7 after the second vaccination, there
was a significant increase in IgG and neutralizing-antibody forma-
tion at the later time point (Figure 1C). Notably, IgG titers corre-
lated with neutralizing antibodies (r = 0.8957, P < 0.0001)
(Figure 1D). Thus, and considering the delayed vaccine response,
10 (83.3%) of 12 RA patients and 13 (68.4%) of 19 RTX-treated
patients showed IgG seroconversion with neutralizing antibodies
after SARS–CoV-2 vaccination, even though at lower titers com-
pared to those in healthy controls.

Interestingly, the data suggested that RTX-treated patients
had a potential dichotomous response: 13 of 19 RTX-treated
patients showed seroconversion to IgG (RTX IgG+), while 6 of
19 did not (RTX IgG−). To identify potential factors resulting in
IgG seroconversion among RTX-treated patients, further study
addressed potential differences between the 2 groups. With
regard to comedication, we found a negative correlation between
prednisolone dose and IgG formation as well as B cell counts,
while there was no significant relationship with the use of metho-
trexate (Supplementary Figures 2A–C, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42060). There was no association between the Dis-
ease Activity Score in 28 joints in RA and vaccine-induced
humoral response (Supplementary Figure 2D).

Requirement of aminimum of 10 B cells per microli-
ter in the peripheral circulation for specific IgG induc-
tion. We analyzed the B cell compartment (gating strategy
shown in Figure 2A) and RBD-specific B cells (Figure 2B) among
the different groups. RTX-treated patients presented with signifi-
cantly lower relative and absolute B cell numbers compared to
healthy controls and RA controls (Figure 2C). Notably, a signifi-
cant difference in the frequency and absolute number of B cells
was also found between IgG+ RTX-treated patients and
RTX-treated patients who did not show seroconversion
(Figure 2D). In our RTX cohort, 10 B cells per microliter in the
peripheral circulation (or 0.4% of lymphocytes accordingly) was
identified as the minimum needed to mount seroconversion to
anti-S1 IgG among RTX-treated patients (Figure 2D).

In the RTX group, there was a direct relationship between B
cell numbers and humoral anti-vaccine response, as indicated by
the significant correlations of the absolute number of B cells
(Figure 2E) andB cell frequency (Supplementary Figure 3A, available
on the Arthritis & Rheumatologywebsite at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060) with anti-S1 IgG titers (r = 0.5975,
P = 0.0044 and r = 0.6391, P = 0.0021, respectively) and the even
stronger correlations of absolute number of B cells and B cell fre-
quency with neutralizing antibodies (r = 0.7296, P = 0.0003 and
r = 0.7744, P < 0.0001, respectively). These findings clearly sug-
gest that humoral protection elicited by vaccination is dependent
on the critical availability of B cells in RTX-treated patients. In the
RA and healthy control groups we did not find a significant
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Figure 1. Reduced and delayed humoral immune response to SARS–CoV-2 vaccination in patients with rheumatoid arthritis (RA) and
patients treated with rituximab (RTX). A, Anti-S1 IgG antibody titer, anti-S1 IgA antibody titer, and inhibition score indicating antibody neutral-
ization, determined by enzyme-linked immunosorbent assay (ELISA) for spike protein S1 IgG, ELISA for spike protein S1 IgA, and blocking
ELISA for virus neutralization, respectively, in peripheral blood samples obtained from healthy controls (HCs; n = 30), RA controls (n = 12),
and RTX-treated patients (n = 19) on day 7 after the second SARS–CoV-2 vaccination. Symbols represent individual subjects; horizontal lines
show the mean. B, Anti-S1 IgG antibody titer, anti-S1 IgA antibody titer, and antibody neutralization in serum samples obtained from 12 RA
patients and 19 RTX-treated patients on day 7 after (d7) and 3–4 weeks after (d21) the second vaccination. Linked symbols represent individ-
ual subjects; open bars show the mean. Two-way analysis of variance with Šid�ak’s post test was used for comparisons. The interaction effect
was not significant. C, Delayed IgG response on day 21 in 5 of the 11 RTX-treated patients who did not initially show seroconversion (on day
7 after the second vaccination). Linked symbols represent individual subjects. D, Significant correlation, determined by Spearman’s correla-
tion test, between IgG titers and inhibition score of antibody neutralization among RTX-treated patients. Solid and dotted curved lines show
the sigmoidal model with 95% confidence bands. Red indicates previously infected subjects; green indicates subjects who were vaccinated
twice with ChAdOx1; blue indicates subjects who received 1 dose of ChAdOx1 followed by a heterologous vaccination with 1 dose of
BNT162b2. Dotted lines indicate the upper limit of normal. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Kruskal-Wallis with Dunn’s
post test in A, by Mann-Whitney test in C.
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correlation between B cell numbers and serologic response (data
not shown), suggesting that the correlation between B cell numbers
and IgG response is restricted to patients with B cell counts below
the lower limits of normal.

Significantly lower frequencies and numbers of
antigen-specific B cells in RTX-treated IgG nonre-
sponders. Next, we studied SARS–CoV-2–specific B cell
responses in RTX-treated patients, using flow cytometry to

Figure 2. Reduction in the frequencies and numbers of total B cells and antigen-specific B cells in RTX-treated patients, and correlation of B
cell numbers with humoral immune response. A, Representative flow cytometry plots of receptor-binding domain (RBD)–positive B cells, plas-
mablasts (PBs), and non-plasmablast B cell subsets based on IgD/CD27 classification. B, Representative flow cytometry plots of RBD+ B cells
before and after blocking with unlabeled RBD. C and D, Frequency and absolute number of CD19+ B cells in healthy controls, RA controls, and
RTX-treated patients (C) and in IgG+ RTX-treated patients compared to IgG− RTX-treated patients (D) on day 7 after the second SARS–CoV-2
vaccination. Dotted line in D indicates the minimum number of B cells needed to mount seroconversion to anti-S1 IgG. E, Correlations between
the number of CD19+ B cells and humoral immune response, as indicated by IgG formation and neutralizing capacity, in RTX-treated patients.
F and G, Frequency and absolute number of RBD+ cells among total CD19+ B cells in healthy controls, RA controls, and RTX-treated patients
(F) and in IgG+ RTX-treated patients compared to IgG− RTX-treated patients (G) on day 7 after the second vaccination. H, Correlations
between the number of RBD+ B cells and humoral immune response, as indicated by IgG formation and neutralizing capacity, in RTX-treated
patients. I, Frequencies of RBD+ B cell subsets (bars) and Ig isotype distribution (pie charts) in healthy controls, RA controls, and RTX-treated
patients on day 7 after the second vaccination. DN = double negative. In C, D, F, and G, symbols represent individual subjects; horizontal lines
show the mean. In E and H, vertical lines indicate the upper limit of normal; dotted lines show the 95% confidence interval. Red indicates pre-
viously infected subjects; green indicates subjects who were vaccinated twice with ChAdOx1; blue indicates subjects who received 1 dose
of ChAdOx1 followed by a heterologous vaccination with 1 dose of BNT162b2. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. See Figure 1 for
other definitions.
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quantify RBD-specific B cells in peripheral blood (23) (gating strat-
egy shown in Figure 2B). While no significant difference was seen
between healthy controls, RA patients, and RTX-treated patients
(Figure 2F), RTX-treated patients who did not show seroconver-
sion after the second vaccination (RTX IgG−) had significantly
reduced frequencies and absolute numbers of RBD+ specific B
cells compared to IgG+ RTX-treated patients (Figure 2G). The
number (Figure 2H) and frequency (Supplementary Figure 3A) of
RBD+ B cells in RTX-treated patients correlated significantly with
the induction of IgG (r = 0.8662, P < 0.0001 and r = 0.6898,
P = 0.0008 respectively) and neutralizing antibodies (r = 0.7915,
P < 0.0001 and r = 0.5674, P = 0.0070, respectively).

Subsequent analyses addressed the distribution of RBD-
specific B cells among B cell subsets (5 RTX-treated patients
were excluded from the analysis due to very limited RBD+
B cell numbers, which did not permit a reliable analysis of the
corresponding B cell subsets). As previously shown for healthy
controls (23), RA control and RTX-treated patients who
were able to mount RBD+ B cells were also able to generate
IgG+ plasmablasts upon vaccination. We found no significant
difference between the groups regarding RBD+ B cell subset
distribution or Ig isotypes (Figure 2I and Supplementary
Figures 3B and C).

Reduced frequencies of Tfh-like and activated CD4
and CD8 T cells in RTX-treated IgG nonresponders. We
next investigated how the dynamics of CD4/8 T cell subsets
interrelate with the induction of vaccine-specific B cells and
IgG. In contrast to B cells, there was no significant difference
regarding the frequency, absolute numbers, or memory forma-
tion of CD4 T cells (Supplementary Figures 4A and C, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42060) and CD8 T cells (Supple-
mentary Figures 4B and D) between healthy controls, RA con-
trols, and RTX-treated patients. A subsequent analysis
addressed the differences between vaccine responders and
nonresponders in the RTX group (representative gates shown
in Figure 3A). Interestingly, patients who lacked anti-vaccine
IgG antibodies showed significantly lower frequencies of circu-
lating Tfh-like CD4 T cells, defined as CD4+CXCR5+PD1+, as
well as of activated CD4/8 T cells coexpressing CD38+HLA–
DR+ (Figure 3B). Activated CD4 T cell frequencies correlated
significantly with absolute B cell numbers (r = 0.5490,
P = 0.0122) (Figure 3C). These data suggest an impaired bidi-
rectional T cell–B cell interaction in patients with gradual B cell
depletion that results in insufficient vaccination-induced humoral
immunity.

Impaired cytokine secretion of antigen-specific CD4
T cells is characteristic of IgG− RTX-treated patients and
correlates with absolute B cell number. The overall occur-
rence of spike-specific CD4 T cells (representative gates shown

in Figure 3D and Supplementary Figure 5A, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060) in stimulated compared to unsti-
mulated samples was found to be similar in all groups: 86.7%
of healthy controls (13 of 15), 83% of RA controls (10 of 12),
and 73.7% of RTX-treated patients (14 of 19) (Figure 3E). This
finding was also consistent with a comparable magnitude of
response between the groups (Figure 3F) as well as similar
memory subset distribution (Supplementary Figure 5E). A more
detailed study of the RTX group showed that the majority of
IgG+ RTX-treated patients (10 [76.9%] of 13) versus 50% of
IgG− RTX-treated patients (3 of 6) showed an appropriate
increase in antigen-specific CD4 T cells upon stimulation. With
regard to functional analyses of cytokine secretion by spike-
specific CD4 T cells, RTX-treated patients who did not show
seroconversion had significantly reduced TNF production
(Figure 3G) and IFNγ production (Figure 3H) compared to
IgG+ RTX-treated responders (representative gates shown in
Supplementary Figure 5B).

Since most patients in the nonseroconverted RTX group
had very low circulating B cell counts, we wondered if there
was a relationship between reduced B cell numbers and
impaired cytokine production by antigen-specific CD4+ T cells.
Indeed, IFNγ production, but not TNF production, was signifi-
cantly correlated with absolute B cell numbers (r = 0.5342,
P = 0.0112 for IFNγ), suggesting the importance of B cell cost-
imulatory functions for the proper and interactive induction of
CD4 responses.

Lower antigen-specific CD8 responses in RA
patients and RTX-treated patients. Compared to unstimu-
lated samples, 93.3% of healthy control samples (14 of 15)
but only 58.3% of RA control samples (7 of 12) and 57.9% of
RTX-treated patient samples (11 of 19) showed an increase in
spike-specific CD8 T cells coexpressing CD137 and IFNγ (rep-
resentative gates shown in Figure 3J and Supplementary
Figure 5C) upon stimulation (Figure 3K). To assess the degranu-
lation function of CD8 T cells, we analyzed the coexpression of
CD107a and IFNγ. The responder rate for CD8 T cells coex-
pressing CD107a and IFNγ after stimulation was low overall,
with 60% in the healthy control group (9 of 15), 41.6% in the
RA control group (5 of 12), and 42.1% in the RTX group (8 of
19) (data not shown). Regarding the amplitude of CD8
responses, the frequencies of spike-specific CD8 T cells coex-
pressing CD137 and IFNγ (Figure 3L), and CD107a and IFNγ
(Supplementary Figure 5D), as well as their memory subset dis-
tribution, were comparable between all groups (Supplementary
Figure 5E).

Correlation of antigen-specific and activated T cell
subsets with RBD+ plasmablasts. To identify further predic-
tive factors of IgG seroconversion in RTX-treated patients,
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we constructed a correlation matrix (Figure 4) including antigen-
specific T cell and B cell subsets as well as demographic data.
IgG titers and neutralizing antibodies correlated significantly with
RBD+ plasmablasts and memory compartments, as we have
previously shown (23). Furthermore, neutralizing antibodies cor-
related significantly with the frequency of activated CD38+HLA–
DR+ CD4/8 T cells as well as with IFNγ- and TNF-producing
antigen-specific CD4 T cells. Activated CD38+HLA–DR+ CD4/8
T cells also correlated significantly with RBD+ plasmablasts,
while circulating Tfh-like CD4 T cells correlated significantly with

total RBD+ B cells. Notably, there was a significant correlation
of TNF- and IFNγ-producing antigen-specific CD4 T cells with
RBD+ plasmablasts and switched memory B cells. There was
no significant correlation of IgG titer with age or time since the last
RTX infusion.

Interestingly, antigen-specific CD8 responses induced upon
stimulation did not correlate significantly with humoral immunity,
or with B cell or CD4 T cell subsets, suggesting an independent,
more direct antigen-driven cellular immunity compared to the
CD4–CD19 interaction required for IgG formation.

Figure 3. Correlation of the frequencies of activated CD4 T cells and interferon-γ (IFNγ)–positive antigen-specific CD4+ T cells with
absolute B cell counts. A, Representative flow cytometry plots of activated CD4 and CD8 T cells and Tfh-like CD4 T cells. Values are the
percent of cells. B, Significant decrease in the frequencies of the indicated cell types in RTX-treated patients who did not respond to
SARS–CoV-2 vaccination (RTX IgG−). C, Correlation of the frequency of activated CD4 T cells with B cell count in RTX-treated patients.
D, Representative flow cytometry plots of antigen-specific CD4 T cells (CD137+CD40L+) in peripheral blood mononuclear cells from a
healthy control, left unstimulated, stimulated with SARS–Cov-2 spike peptide mix, or stimulated with TransAct. Values are the percent of
cells. E–G, Responder rate (E) and frequency of antigen-specific CD4 T cells (F) after stimulation with B.1.1.7 SARS–CoV-2 spike peptide
mix, and production of tumor necrosis factor (TNF)–positive (G) and IFNγ+ (H) spike-specific CD4+ T cells in healthy controls (n = 15), RA
controls (n = 12), and RTX-treated patients (n = 18), and in IgG+ RTX-treated patients (n = 12) and IgG− RTX-treated patients (n = 6).
I, Correlation of the frequency of IFNγ+ antigen-specific CD4 T cells with B cell count in RTX-treated patients. J, Representative flow
cytometry plot of antigen-specific CD8 T cells (CD137+IFNγ+). K and L, Responder rate (K) and frequency of antigen-specific CD8+ T cells
(L) after stimulation with B.1.1.7 SARS–CoV-2 spike peptide mix. In B, F–H, and L, symbols represent individual subjects; horizontal lines
show the mean. In C and I, dotted lines show the 95% confidence interval. In E and K, bars show the mean � SD. Red indicates previously
infected subjects; green indicates subjects who were vaccinated twice with ChAdOx1; blue indicates subjects who received 1 dose
of ChAdOx1 followed by a heterologous vaccination with 1 dose of BNT162b2. * = P < 0.05, ** = P < 0.01. See Figure 1 for other
definitions.
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Reduced circulating follicular B cell frequency in IgG−
RTX-treated patients. To further investigate the specific dif-
ferences during SARS–CoV-2 vaccination in RTX-treated
patients, we sorted CD27++CD38++ plasmablasts, CD27+
memory B cells, and HLA–DR+CD38+ activated T cells as indica-
tors of the ongoing adaptive immune response after vaccination.
The cytometrically enriched cells were subsequently analyzed

using Drop-Seq single-cell RNA sequencing (23). Unsupervised
analysis using UMAP for Dimension Reduction identified 15 dis-
tinct clusters: 4 B cell clusters, 3 plasmablast clusters, and 8 clus-
ters of activated T cells (Figures 5A–C). Here, clusters 3 and
5 were of particular interest: cluster 3 is enriched with circulating
follicular-like B cells expressing CXCR5 and CCR6 and cluster
5 contains CD40LG, PDCD1, and ICOS expressing Tfh-like CD4

Figure 4. Correlation of humoral and cellular vaccine responses in rituximab (RTX)–treated patients. The Spearman’s correlation matrix shows
the relationships between humoral responses, receptor-binding domain (RBD)–positive B cell subsets, activated CD4 and CD8 T cells, antigen-
specific CD4 and CD8 T cell response, month since last RTX dose, and demographic characteristics of the patients. A total of 17 RTX-treated
patients were included in the analysis (due to partial missing data for 2 patients). Red circles indicate negative correlations; blue circles indicate
positive correlations. Size and color intensity indicate the strength of correlation. Values inside the circles are the correlation coefficient. Only cor-
relations with P ≤ 0.05 are shown. PBs = plasmablasts; DN = double negative; TNF = tumor necrosis factor; IFN = interferon; TCM = central
memory T cells; TEM = effector memory T cells; TEMRA = terminally differentiated effector memory T cells.
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T cells. Follicular B cells and CD40LG+PD1+ Tfh cells were sub-
stantially reduced in RTX-treated patients, with the reduction
most pronounced among IgG nonresponders in the RTX group

(Figure 5D and Supplementary Figures 6 and 7, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42060).

Figure 5. Diminished frequencies of follicular T and B cells in RTX-treated patients, determined by single-cell transcriptome and Cellular Indexing
of Transcriptomes and Epitopes by Sequencing (CITE-seq) analyses. A, Uniform Manifold Approximation and Projection (UMAP) clustering of
peripheral blood CD27++CD38++ plasmablasts, CD27+ memory B cells, and T cells. Samples from 2 healthy controls (healthy donors [HDs]),
4 RA controls, and 5 RTX-treated patients (3 responders [R] and 2 nonresponders [NR] to SARS–Cov-2 vaccine) were isolated and sorted by
fluorescence-activated cell sorting for single-cell sequencing. B, Relative expression levels of selected signature genes in the 15 identified clusters
(total number of cells sequenced 38,038). Larger circles indicate higher expression.C, UMAP clustering of cells in samples from 2 healthy controls,
4 RA controls, 2 IgG− RTX-treated patients (RTX nonresponders), and 3 IgG+ RTX-treated patients (RTX responders) (top) and cluster frequency
comparison for clusters 3 and 5 (bottom). Symbols represent individual subjects; bars show the mean. D, UMAP representation of the expression
levels of CCR6, CXCR5, CD40LG, and PDCD1 in healthy controls, RA controls, and RTX-treated nonresponders and responders. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42060/abstract.
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DISCUSSION

SARS–CoV-2 vaccines have been approved based on their
protection against COVID-19 in clinical trials (5–8). However, certain
patient groups receiving immunosuppressive therapies appear to
develop insufficient humoral and cellular responses (18,23,26,27),
but limited data about the underlying impairments are available. Pro-
tection through immunization is achieved by an orchestrated immune
response between different cellular subsets of innate immunity (anti-
gen-presenting cells) and adaptive immunity, such as B cells and T
cells. Anti–B cell therapies such as anti-CD20 antibodies (RTX, obinu-
tuzumab, and ocrelizumab) and inhibitors of Bruton’s tyrosine kinase
are associatedwith poor humoral immune response to SARS–CoV-2
vaccination in patients with autoimmune inflammatory rheumatic dis-
eases (17–20), multiple sclerosis (28), and CLL (29). Since B cell
depletion enhances the risks of poor COVID-19 outcomes (3), but
also can reduce anti–SARS–CoV-2 vaccine responses, it is of utmost
importance to delineate the level of B cell repopulation necessary to
achieve anti-vaccine responses and get insights into the complex
relationship between antigen-specific B cells and T cells.

Therefore, we aimed to investigate humoral and cellular
responses in RTX-treated patients versus controls. Consistent

with previous data (17–19,25), serologic IgG conversion with for-

mation of neutralizing antibodies was significantly lower and

delayed in both RA controls and RTX-treated patients, with an

even more pronounced effect in the RTX cohort, compared to

healthy controls. This finding was closely linked to the availability

of peripheral B cells, activated CD4/8 T cells, as well as circulating

Tfh-like cells. Another risk factor identified for developing a sub-

stantially diminished vaccination response was the prednisolone

dose. Ongoing antigen exposure through mRNA vaccines seems

to permit prolonged germinal center (GC) maturation (30), which

might be an explanation for the further increase in antibody titers

over an additional period in some patients.
Besides the IgG nonresponders in the RTX group, 2 patients

in the RA group with normal B cell numbers did not develop anti-

S1 IgG antibodies. After completing the analysis, it appears that

the underlying cause is most likely related to impaired T cell

responses: in 1 patient due to inhibition of costimulation by abatac-

ept, consistent with a prior report (18). The other patient, who was

treated with a JAK inhibitor, lacked cytokine production by antigen-

specific T cells after receiving 2 doses of the ChAdOx1 vaccine.

Even though significantly lower IgG responses were reported after

2 doses of ChAdOx1 in healthy individuals (31), it remains to be

delineated whether the treatment and/or selected vaccine may

account for this finding. Induction of vaccine-specific IgG in individ-

uals vaccinated with ChAdOx1/BNT162b2 was comparable with

that in individuals vaccinated with 2 doses of BNT162b2. Interest-

ingly, IgA formation was comparable across all groups, although

the protective potency of IgA remains to be determined.
Of utmost importance, our RTX cohort showed a correla-

tion between IgG seroconversion, neutralizing antibodies, and

absolute B cell number. A minimum of 10 B cells per microliter in
the peripheral circulation is a candidate biomarker for a high likeli-
hood of an appropriate cellular and humoral vaccination
response. Patients with B cell numbers below this range not only
presented with lower antigen-specific B cells, but they also
showed substantially diminished circulating Tfh-like CD4 T cells,
reduced activated CD4/8 T cells coexpressing CD38 and HLA–
DR, as well as impaired IFNγ secretion of spike-specific CD4 T
cells. The frequency of IFNγ-secreting antigen-specific CD4 T
cells also correlated with the absolute number of B cells, suggest-
ing that these cells interact to achieve proper anti-S1 responses.
Mechanistically, the current data suggest the critical role of avail-
able costimulatory B cell functions for the induction of proper
CD4 Th response. This finding is consistent with observations of
previously described impaired B cell–T cell crosstalk in RTX-
treated patients (32–34), leading to reduced frequencies of acti-
vated T cells (34), down-regulation of CD40L in CD4 T cells
(32,33), and reduced antigen-specific CD8 T cells after influenza
vaccination (14).

With regard to the induction of antigen-specific CD8 T cells
upon stimulation, the RTX and RA groups both showed a tendency
toward reduced responder rates compared to the healthy control
group, although it was not statistically significant. However, other
than for antigen-specific CD4 T cells, neither B cell depletion nor
IgG formation correlated with spike-specific CD8 T cells, suggest-
ing that their induction occurred independently upon SARS–
CoV-2 vaccination. It is not clear how these vaccine-specific CD8
T cells provide antiviral protection on clinical grounds.

The debate about what correlates with protection after vacci-
nation against SARS–CoV-2 is ongoing, while it is widely
accepted that neutralizing antibodies are a reliable surrogate of
protection against virus variants (35,36). The threshold for protec-
tive SARS–CoV-2 IgG titer is still unknown, although non-human
primate studies suggest that it is likely already very effective at
low titers (37). Our study provides evidence that detection of
RBD-specific B cells and spike-specific CD4 T cells may provide
cellular correlates of this response, while the CD8 response
occurred in an independent manner. The role of these 2 lines of
vaccine response needs to be further delineated.

Limitations of this study are the small number of RA and RTX-
treated patients and the heterogeneity of the groups (including dif-
ferent disease-modifying antirheumatic drug [DMARD] regimens
and different vaccination strategies). In this regard, Mrak et al (38)
analyzed the impact of comedication on vaccination response in
74 RTX-treated patients and did not observe differences in the
levels of antibodies in the presence or absence of concomitant
treatment with conventional synthetic DMARDs (csDMARDs) or
prednisolone. This finding suggests that the impact of RTX on B
cells is more relevant than the effect of csDMARDs.

Here, we present a first study investigating humoral as well
as antigen-specific T cell and B cell responses in RTX-treated
patients after SARS–CoV-2 vaccination. Mechanistically, the data
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provide insights into the crucial role of available B cells equipped
with proper costimulatory function to interactively cross-talk with
CD4 T cells. These functions likely result in GC formation, plasma
cell differentiation, and vaccine-specific IgG production. As a clin-
ical consequence, we propose a range of absolute B cell numbers
signifying expansion of vaccine responses after RTX treatment,
which may support optimization of vaccination protocols among
this vulnerable patient group.
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Role of Lysine-Specific Demethylase 1 in Metabolically
Integrating Osteoclast Differentiation and Inflammatory
Bone Resorption Through Hypoxia-Inducible Factor 1α
and E2F1

Kohei Doi,1 Koichi Murata,2 Shuji Ito,3 Akari Suzuki,4 Chikashi Terao,5 Shinichiro Ishie,1 Akio Umemoto,1

Yoshiki Murotani,1 Kohei Nishitani,1 Hiroyuki Yoshitomi,1 Takayuki Fujii,1 RyuWatanabe,1 Motomu Hashimoto,1

Kosaku Murakami,1 Masao Tanaka,1 Hiromu Ito,1 Kyung-Hyun Park-Min,6 Lionel B. Ivashkiv,6 Akio Morinobu,1

and Shuichi Matsuda1

Objective. Hypoxia occurs in tumors, infections, and sites of inflammation, such as in the affected joints of patients
with rheumatoid arthritis (RA). It alleviates inflammatory responses and increases bone resorption in inflammatory
arthritis by enhancing osteoclastogenesis. The mechanism by which the hypoxia response is linked to osteoclastogen-
esis and inflammatory bone resorption is unclear. This study was undertaken to evaluate whether the protein lysine-
specific demethylase 1 (LSD1) metabolically integrates inflammatory osteoclastogenesis and bone resorption in a state
of inflammatory arthritis.

Methods. LSD1-specific inhibitors and gene silencing with small interfering RNAs were used to inhibit the expression
of LSD1 in human osteoclast precursor cells derived from CD14-positive monocytes, with subsequent assessment by
RNA-sequencing analysis. In experimental mouse models of arthritis, inflammatory osteolysis, or osteoporosis, features
of accelerated bone loss and inflammatory osteolysis were analyzed. Furthermore, in blood samples from patients with
RA, cis-acting expression quantitative trait loci (cis-eQTL) were analyzed for association with the expression of hypoxia-
inducible factor 1α (HIF-1α), and associations between HIF-1α allelic variants and extent of bone erosion were evaluated.

Results. In human osteoclast precursor cells, RANKL induced the expression of LSD1 in a mechanistic target of
rapamycin–dependent manner. Expression of LSD1 was higher in synovium from RA patients than in synovium from
osteoarthritis patients. Inhibition of LSD1 in human osteoclast precursors suppressed osteoclast differentiation.
Results of transcriptome analysis identified several LSD1-mediated hypoxia and cell-cycle pathways as key genetic
pathways involved in human osteoclastogenesis. Furthermore, HIF-1α protein, which is rapidly degraded by the prote-
asome in a normoxic environment, was found to be expressed in RANKL-stimulated osteoclast precursor cells. Induc-
tion of LSD1 by RANKL stabilized the expression of HIF-1α protein, thereby promoting glycolysis, in conjunction with
up-regulation of the transcription factor E2F1. Analyses of cis-eQTL revealed that higher HIF-1α expression was asso-
ciated with increased bone erosion in patients with RA. Inhibition of LSD1 decreased pathologic bone resorption in
mice, both in models of accelerated osteoporosis and models of arthritis and inflammatory osteolysis.

Conclusion. LSD1 metabolically regulates osteoclastogenesis in an energy-demanding inflammatory environ-
ment. These findings provide potential new therapeutic strategies targeting osteoclasts in the management of inflam-
matory arthritis, including in patients with RA.
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INTRODUCTION

Bone destruction is a hallmark and serious consequence of
various skeletal diseases, including osteoporosis and inflammatory
arthritis. It affects the quality of life of patients and increases the risk
of disability and mortality. Osteoclasts are multinucleated bone-
resorbing cells derived frommyeloid lineage cells. Excessive gener-
ation of osteoclasts and/or increased osteoclast activity in these
patients results in pathologic bone resorption (1,2). Antiresorptive
therapies, including bisphosphonates and anti-RANKLmonoclonal
antibodies (denosumab), have become the first-line treatments for

osteoporosis; of note, denosumab is also currently available for
the treatment of rheumatoid arthritis (RA), with the aim of suppres-
sing progressive bone erosion in RA patients (3,4). These agents
effectively reduce bone resorption and limit bone loss. However,
these types of treatment still face problems associated with long-
term usage and drug discontinuation (5).

Macrophage colony-stimulating factor (M-CSF) and RANKL
are key cytokines in the processes of osteoclast differentiation
and survival. During osteoclast differentiation, the binding of
RANKL to its receptor, RANK, activates various transcription fac-
tors, including MYC, NF-κB, AP-1, CREB, and NFATc1, which

work in a complex network to promote osteoclast differentiation
(6). Effective osteoclastogenesis requires both glycolysis and oxi-
dative phosphorylation for energy generation (7–13). We previ-
ously showed that E2F1, a transcription factor that mainly
controls the cell cycle, is induced by stimulation with RANKL in
nonproliferative human osteoclast precursor cells (OCPs) and
promotes glycolysis during the early phases of osteoclastogen-
esis (14). Hypoxia-inducible factor 1 (HIF-1) appears to be another
factor responsible for the induction of glycolytic genes during
osteoclastogenesis, as demonstrated by observations of up-
regulated expression of GLUT1, VEGF, and glycolytic enzymes,
the well-known target genes of HIF-1, during osteoclastogenesis,
even in conditions of normoxia (15). However, HIF-1α, a subunit of
HIF-1, is unstable in a normoxic environment, because of its rapid
degradation by O2-dependent prolyl hydroxylation (PHD) and von

Hippel-Lindau (VHL) protein–dependent proteasomal degrada-
tion (15). However, the association between RANKL signaling
and HIF-1 has not been completely elucidated.

Lysine-specific demethylase 1 (LSD1; also known as KDM1A,
BHC110, and AOF2) catalyzes the demethylation of mono- and di-
methylated forms of histone 3 lysine 4 (H3K4me1 and H3K4me2,
respectively) for transcriptional repression and mono- and di-
methylated forms of H3K9 (H3K9me1 and H3K9me2, respectively)
for gene activation. LSD1 regulates not only histone substrates but
also the methylation dynamics of nonhistone proteins, including

E2F1, DNMT1, HIF-1α, and STAT3, which play a crucial role in a
wide range of cellular processes, including stem cell pluripotent
regulation, metabolism, cell proliferation, embryonic development,
and human cancer development (16). However, the mechanisms
by which LSD1 affects inflammatory responses and osteoclasto-
genesis remain unclear.

In the present study, we showed that LSD1 is essential for
osteoclastogenesis in vivo and in vitro. LSD1 was induced by
RANKL in a manner that was dependent on the activity of mecha-
nistic target of rapamycin (mTOR). Induction of LSD1 by RANKL
stabilized the expression levels of HIF-1α protein even in condi-
tions of normoxia, and, in conjunction with the transcription factor
E2F1, mediated metabolic pathways. LSD1 was up-regulated in
RA patient synovium and was induced by stimulation with tumor
necrosis factor (TNF). Analysis of expression quantitative trait loci
(eQTL) in human blood revealed that higher HIF-1α expression
was associated with increased bone erosion in patients with
RA. Inhibition of LSD1 suppressed pathologic bone resorption in
a mouse model of accelerated osteoporosis and in mouse mod-
els of arthritis and inflammatory osteolysis. These results suggest
that targeting LSD1 may be an attractive therapeutic strategy for
the prevention of pathologic bone resorption in inflammatory
arthritis, including in the affected joints of patients with RA.

MATERIALS AND METHODS

Details on the methods used for RNA interference experi-
ments, RNA-sequencing (RNA-seq) analysis, glycolytic rate
analysis, immunofluorescence staining, immunohistochemistry,
analyses of DNA in RA patient blood, and micro–computed
tomography (micro-CT) are described in the Supplementary
Methods (available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42074).

Reagents. Human and murine M-CSF, soluble RANKL, and
TNF were purchased from PeproTech. A variety of specific
inhibitors, including SP2509, RN-1, ORY-1001, and Torin1, were
purchased from Cayman Chemical. The following antibodies
were used: antibodies to LSD1, phosphorylated NF-κB p65,
phosphorylated eukaryotic translation initiation factor 4E-binding
protein 1 (phospho–4E-BP1), HIF-1α, E2F1, and PHD-2 (all from
Cell Signaling Technologies), p38 and c-Myc (both from
BioLegend), and horseradish peroxidase–conjugated swine
anti-rabbit immunoglobulins (Dako).

Cell culture. Human peripheral blood mononuclear cells
(PBMCs) were obtained from leukoreduction filters (purchased
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from the Japanese Red Cross Society) using a lymphocyte sepa-
ration solution (density 1.077; Nacalai Tesque), in accordance
with a protocol approved by the ethics committee of Kyoto Uni-
versity Graduate School and Faculty of Medicine. CD14-positive
monocytes were isolated from the PBMCs with anti-CD14 mag-
netic beads (Miltenyi Biotec).

To obtain RANK-expressing OCPs, CD14-positive mono-
cytes were cultured overnight in α-modified essential medium
(Sigma) with 10% fetal bovine serum (MP Biomedicals) and peni-
cillin, streptomycin, and L-glutamine (all from Nacalai Tesque),
supplemented with 20 ng/ml M-CSF (PeproTech). For analyses
of osteoclast differentiation, OCPs were cultured with 20 ng/ml
M-CSF and 40 ng/ml RANKL, and then stained with tartrate-
resistant acid phosphatase (TRAP) using a Sigma TRAP kit.

For cell experiments in conditions of hypoxia, cells were
placed in an incubator (WakenBtech) containing 4% oxygen to
establish an hypoxic environment. An MTT assay for cell viability
(Cayman Chemical) was performed in accordance with the manu-
facturer’s protocol. The in vitro resorption activity of osteoclasts
was measured using a bone resorption assay plate (PG
Research). Cells were seeded in the plates and cultured in the
presence of M-CSF and RANKL. After 5 days of culture with
RANKL, cells were removed, in accordance with the manufac-
turer’s protocol.

Assessment of the in vivo mouse bone phenotype.
All animal studies were conducted in accordance with the princi-
ples of the Kyoto University Committee of Animal Resources,
which are based on the International Guiding Principles for Bio-
medical Research Involving Animals. The experimental sample
size was determined on the basis of observations from our previ-
ous studies (14). All of the purchased mice were of a similar age
and were randomly assigned to a treatment group; no randomiza-
tion allocation sequence was assigned.

For a mouse model of experimental arthritis, 8-week-old
female SKG mice were purchased from Clea Japan. Arthritis
was induced by intraperitoneal injection of 20 mg mannan
(Sigma). SP2509 (25 mg/kg) was administered intraperitoneally
twice per week for 3 weeks. The severity of arthritis in each paw
was scored in a blinded manner by 3 investigators (KD, KM, and
AU) using a 3-point scale, as previously described (14). To evalu-
ate osteoclast formation as a primary outcome measure, TRAP
staining of histologic sections from the calcaneocuboid and tar-
sometatarsal joints was evaluated.

For a mouse model of inflammatory osteolysis, we used an
established model of TNF-induced supracalvarial osteolysis in
mice (17), with minor modifications. TNF (PeproTech) was
administered on days 0, 2, and 4 to 6-week-old female
C57BL/6N mice (Clea Japan). SP2509 (25 mg/kg) was adminis-
tered intraperitoneally on days 0 and 3. On day 4, mice were
killed at 6 hours after injection of TNF, and calvarial bones were
collected for sectioning.

For a mousemodel of enhanced osteoporosis, 14–16-week-
old male C57BL/6N mice were purchased from Clea Japan and
were fed a low-calcium diet (<0.01%) or a control diet (purchased
from Clea Japan). SP2509 was administered intraperitoneally at
25 mg/kg twice per week for 3 weeks. Bone samples were col-
lected for sectioning at 2 weeks after initiation of the inhibitor
treatment. After 3 weeks, samples were obtained for micro-CT
analysis.

Statistical analysis. Statistical analysis was performed
using JMP Pro version 13.0.0 (SAS Institute). In experiments
with only 2 conditions, we compared groups using a 2-tailed
unpaired t-test. In experiments with >2 conditions, we
compared groups using Tukey’s test for multiple compari-
sons. P values less than 0.05 were considered statistically
significant.

Data availability. RNA-seq data for this project have been
deposited in the NCBI Gene Expression Omnibus database
(no. GSE166559).

RESULTS

Essential role of LSD1 for osteoclast differentiation.
First, we tested the effects of LSD inhibition on osteoclast differ-
entiation using human blood–derived OCPs, a strategy that pro-
vides the following advantages: the effects of the inhibitor on
osteoclastogenesis can be studied separately from its effects on
cell proliferation, and cells directly relevant for human diseases
can be used (18). We observed that treatment with an
LSD1-specific inhibitor, SP2509, inhibited the differentiation of
OCPs into multinucleated TRAP-positive cells, in a dose-
dependent manner (Figure 1A; see also Supplementary Figure 1,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42074). Accordingly, inhi-
bition of LSD1 with SP2509 suppressed, in a dose-dependent
manner, the RANKL-induced expression of osteoclast-related
genes, including the cathepsin K gene CTSK and β3 integrin gene
ITGB3 (Figure 1B). RANKL induction of NFATc1, which is essential
for osteoclast differentiation and the expression of many osteoclast
genes, was also suppressed by SP2509.

We directly tested the role of LSD1 in osteoclastogenesis
by silencing LSD1 with small interfering RNA (siRNA). LSD1 silencing
in human OCPs suppressed RANKL-induced osteoclast
differentiation and reduced the relative expression of the
osteoclast-related genes ITGB3 and CTSK (Figures 1C–E;
see also Supplementary Figure 2, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42074). The siRNA-mediated knockdown of LSD1
expression in OCPs also suppressed RANKL-induced expression
ofNFATc1. These results indicate that LSD1 is a positive regulator
of osteoclast differentiation.
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Induction of LSD1 by RANKL and TNF in OCPs, and
high expression of LSD1 in RA patient synovium. To
determine how LSD1 expression is regulated in inflammatory
bone resorption, human OCPs were stimulated with RANKL.
The stimulation of OCPs with RANKL resulted in slightly up-
regulated levels of LSD1 mRNA at both 24 and 48 hours
(Figure 2A). Immunohistochemical analyses revealed that the pro-
tein levels of LSD1 in OCPs were significantly up-regulated in the
nucleus at 48 hours after RANKL stimulation (Figure 2B). These

results suggest that LSD1 expression is substantially induced by
RANKL at the protein level, with a more attenuated effect at the
mRNA level.

Because we previously showed that RANKL stimulation up-
regulates mTOR complex 1 (mTORC1), a key positive regulator
of translation (14), we tested whether mTORC1 activity has a role
in LSD1 protein expression. Stimulation of OCPs with RANKL up-
regulated the phosphorylation of eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1) and LSD1 (Figure 2C).
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Figure 1. Effects of lysine-specific demethylase 1 (LSD1) on osteoclast differentiation. A, Osteoclast precursor cells (OCPs) derived from human
CD14-positive monocytes were cultured with 20 ng/ml macrophage colony-stimulating factor (M-CSF) or M-CSF plus 40 ng/ml RANKL and treated
with the LSD1-specific inhibitor SP2509. Left, OCPs were stained with tartrate-resistant acid phosphatase (TRAP) for detection of osteoclasts.
Representative results from 1 of 3 independent donors are shown (original magnification ×10). Right, The number of TRAP-positive multinucleated
cells was counted. Data are the mean � SEM results of triplicate experiments in samples from 3 independent donors. B, OCPs were cultured with
RANKL for 48 hours and treated with SP2509. Expression levels of osteoclast-related genes (normalized to the values for TBPmRNA) were analyzed
by quantitative reverse transcription–polymerase chain reaction (qRT-PCR). Data are the mean � SEM results of triplicate experiments.
Representative results from 1 of 3 independent donors are shown. C, Human CD14-positive monocytes were nucleotransfected with
LSD1-specific small interfering RNA (siRNA) (siLSD1 #1) or scrambled control siRNA (siControl) and stimulated with RANKL. Left, Osteoclasts were
detected by TRAP staining. Representative results from 1 of 3 independent donors are shown (original magnification ×10). Right, The number of
TRAP-positive multinucleated cells was counted. Data are the mean � SEM results of triplicate experiments in samples from 3 independent donors.
D, Following siRNA transfection and RANKL stimulation of monocytes, expression levels of osteoclast-related genes were analyzed by qRT-PCR.
Data are the mean � SEM results of triplicate experiments. Representative results from 1 of 3 independent donors are shown. * = P < 0.05, by
Tukey-Kramer test. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42074/abstract.
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Furthermore, treatment with Torin1, an mTORC1 inhibitor, sup-
pressed the RANKL-induced expression of both LSD1 and
phospho–4E-BP1, suggesting that LSD1 protein expression is
mTOR-dependent.

We next investigated the level of LSD1 expression in RA
patient synovium. Immunohistochemical analyses of synovial tis-
sue samples revealed that LSD1 expression was higher in

synovium from RA patients than in synovium from osteoarthritis
patients (Figure 2D).

We also stimulated OCPs with the proinflammatory cyto-
kines TNF, IL-1β, and IL-6. The expression of LSD1 protein was
significantly up-regulated following stimulation of the cells with
TNF, but not with IL-1β or IL-6 (Figure 2E). These data suggest
that LSD1 expression is induced in human OCPs in the presence
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Figure 2. Induction of LSD1 expression by RANKL and tumor necrosis factor (TNF) in OCPs, and elevated levels of LSD1 in synovium from
patients with rheumatoid arthritis (RA). A, LSD1 mRNA levels (normalized to the values for TBP mRNA) were determined by qRT-PCR in human
OCPs left unstimulated or stimulated with RANKL for 24 or 48 hours. B, Left, OCPs were treated with RANKL for 24 or 48 hours, and subcellular
localization of LSD1 was analyzed by immunofluorescence microscopy. Representative images from 1 of 3 donors are shown (original magnifica-
tion ×40). Merged images show LSD1 staining (red) and DAPI nuclear staining (blue). Right, The relative fluorescence intensity of LSD1 staining of
OCPs from 3 different donors was assessed. Bars show the mean � SEM.C, OCPs were cultured with RANKL and treated with 100 μM of Torin1,
an inhibitor of the mechanistic target of rapamycin complex 1, for 24 or 48 hours. Top, Whole-cell lysates were analyzed by immunoblotting for
detection of LSD1 and phosphorylated eukaryotic translation initiation factor 4E-binding protein 1 (p-4E-BP1); p38 antibodies served as a loading
control. Representative blots from 1 of 4 independent donors are shown. Bottom, The relative density of LSD1-positive cells in samples from
4 donors was quantified. Bars show the mean � SEM.D, Left, Synovium from a patient with osteoarthritis (OA) and a patient with RAwas analyzed
by immunohistochemistry (IHC) for detection of LSD1. Representative results from 1 of 8 patients are shown. Right, Percentages of LSD1-positive
cells in the synovium of OA and RA patients (n = 8 per group) are shown. Bars show the mean � SEM. E, OCPs were treated with TNF, interleukin-
1β (IL-1β), or IL-6. Top, Whole-cell lysates were analyzed by immunoblotting for LSD1 (with p38 antibodies as a loading control). Representative
blots from 1 of 5 donors are shown. Bottom, The relative density of LSD1-positive cells was determined in samples from 5 donors. Bars show
the mean � SEM. * = P < 0.05; ** = P < 0.01, by 2-tailed, unpaired t-test in D, and by Tukey-Kramer test in B, C, and E. See Figure 1 for other
definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42074/abstract.
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of RANKL and TNF, and that the levels of LSD1 are elevated in the
synovial tissue of patients with inflammatory RA.

Regulation of metabolic pathways by LSD1 in
RANKL-stimulated OCPs. The known nonhistone substrates
of LSD1 demethylation are p53, DNMT1, E2F1, MYC, MYPT1,
STAT3, ERa, HIF-1α, MTA, and AGO2 (16). We previously found
that E2F1 and MYC are important factors in the process of osteo-
clastogenesis linked to metabolism (7,14). In the present study,
inhibition of LSD1 by SP2509 and siRNA silencing of LSD1 inhib-
ited RANKL-induced MYC expression and translocation to the
nucleus (Supplementary Figures 3A–C, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/

10.1002/art.42074). RANKL-induced expression of E2F1 and
E2F1 target genes was also suppressed by SP2509 (Supplementary
Figures 3D–F).

We performed RNA-seq and bioinformatics analyses to iden-
tify genes that were regulated by LSD1 in RANKL-stimulated
human OCPs (Supplementary Figure 4, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42074). Pathways enriched in RANKL-inducible
genes were identified in cultures of OCPs transfected with
LSD1-specific siRNA as compared to scrambled control siRNA–
treated cells, after stimulation with RANKL for 24 or 48 hours. In
addition, pathways associated with the cell cycle (i.e., those asso-
ciated with anabolic metabolism) as well as pathways linked to
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metabolism, inflammatory NF-κB, and hypoxia were altered after
silencing of LSD1 (Figure 3A).

Results of gene set enrichment analysis (GSEA) consis-
tently revealed that LSD1 regulated metabolic pathways,
including the MYC, oxidative phosphorylation, mTORC1, and
glycolysis pathways, as well as pathways of inflammation
(Figure 3B). Furthermore, LSD1 mediated the hypoxia and
COMMD1 pathways (linked to inflammation, metabolism, and
hypoxia) (Figures 3B and C). Analysis of transcription factors
regulated by LSD1 showed that E2F1, E2F3, E2F4, and MYC
(linked to cell cycle and metabolism) were highly enriched

(Figure 3D). The GSEA analyses also revealed that RELA, NF-
κB1 (linked to inflammation), and VHL (linked to hypoxia) were
highly enriched.

The cell-cycle and hypoxia pathways are associated with
anabolic metabolism. We previously showed that COMMD1 is
an important factor in the enhancement of osteoclastogenesis
under conditions of hypoxia, acting via the HIF, E2F, and NF-κB/
metabolism-mediated axis through E3 ubiquitination of HIF-1α
and NF-κB (14). Findings from our RNA-seq analysis suggest that
LSD1 also has an integrative role in inflammation, hypoxia, and
metabolism.
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Figure 4. Regulation of osteoclast differentiation by hypoxia-inducible factor 1α (HIF-1α) in normoxic conditions. A, Expression of HIF-1α target
genes (relative to the values for TBPmRNA) was analyzed by qRT-PCR in OCPs cultured for 24 or 48 hours with M-CSF or RANKL. Bars show the
mean � SEM from 1 of 2 experiments using samples from 3 different donors. B, OCPs were stimulated with RANKL for the indicated number of
hours, and whole-cell lysates were analyzed by immunoblotting for detection of HIF-1α; p38 antibodies were used as a loading control. A repre-
sentative blot from 1 of 5 experiments with different donors is shown. C, Heatmaps show the results of RNA-sequencing (RNA-seq) analysis of
OCPs for expression of HIF-1α target genes (assessed as fragments per kilobase of transcript per million mapped reads). RNA-seq data are
deposited at the Gene Expression Omnibus database (no. GSE99987). D, Left, Human CD14-positive monocytes were cultured for 48 hours with
M-CSF or M-CSF plus RANKL and nucleotransfected with HIF-1α—specific siRNA or scrambled control siRNA. TRAP staining was performed for
detection of osteoclasts. Representative results from 1 of 6 independent experiments are shown (original magnification × 10). Right, TRAP-positive
multinucleated cells in the absence or presence of RANKL were counted. Results are the mean � SEM of triplicate experiments in samples from
6 independent donors. E, Expression of osteoclast-related genes, relative to the values for TBP mRNA, was evaluated by qRT-PCR. Results are
the mean � SEM of duplicate experiments. Representative results from 1 of 3 different donors are shown. ** = P < 0.01 by Tukey-Kramer test.
See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/
art.42074/abstract.
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Regulation of osteoclast differentiation by HIF-1α in
conditions of normoxia. Osteoclast formation and bone
resorption are regarded as energy-demanding processes that
require active metabolic reprogramming, although these pro-
cesses have not been studied extensively (12). During osteoclas-
togenesis, the expression of glucose transporter (GLUT)
genes—including GLUT1 (SLC2A1) and GLUT3 (SLC2A3)—is
known to be up-regulated (Figure 4A), and glycolysis is increased
(11,15). HIF-1α is a strong inducer of glycolysis, which targets
these genes, and is suspected to have a critical role in osteoclas-
togenesis; however, the association between RANKL signaling
and HIF-1α remains unclear. The HIF-1α protein is unstable
because of the hydroxylation by PHD in conditions of normoxia.

In human CD14-positive monocytes cultured with M-CSF
and stimulated with RANKL, HIF-1α mRNA levels remained
unchanged after 24 hours of stimulation, and increased slightly
at 48 hours (Supplementary Figure 5, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42074). Surprisingly, however, immunoblotting showed
that the expression of HIF-1α protein could be detected at
48 hours after RANKL stimulation in conditions of normoxia,
although it could not be observed within 24 hours of RANKL stim-
ulation (Figure 4B). Concomitantly, expression of HIF-1α target
genes, including VEGFA, PHD3, and LDHA, as well as GLUT1
and GLUT3, was induced 48 hours after RANKL treatment
(Figures 4A and C). Furthermore, siRNA-mediated knockdown
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of HIF-1α suppressed osteoclastogenesis and the expression
of osteoclast-related genes, including TRAP, CTSK, ITGB3, and
DC-STAMP, in conditions of normoxia (Figures 4D and E).
These results suggest that RANKL-induced osteoclastogenesis
is metabolically regulated by HIF-1α, even in an environment of
normoxia.

Promotion of glycolysis by LSD1 via HIF-1α. To gain
additional insights into the mechanism by which LSD1 regulates
metabolism through the HIF-1α pathway, we analyzed the
expression of RANKL-induced HIF-1α, whose protein expression
is known to be stabilized by demethylation activity of LSD1 in
other cell systems (19,20). In cultures of human CD14-positive
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Figure 6. Positive effects of hypoxia-inducible factor 1α (HIF-1α) and LSD1 on bone erosion in inflammatory arthritis. A, Associations between the
cis-acting expression quantitative trait locus at rs4902069 (AA, AG, GG) and HIF-1α expression were assessed in healthy donors. B, The modified
Sharp/van der Heijde score (TSS conditioned) of radiographic disease severity was assessed in the hand joints of rheumatoid arthritis patients
according to the 3 genotypes of rs4902069. Data in A and B are shown as box plots. Each box represents the 25th to 75th percentiles. Lines inside
the boxes represent the median. Lines outside the boxes represent the 10th and 90th percentiles.C, Male C57BL/6Nmice were fed a control diet or
a low-calcium diet (<0.01% calcium), and were treated with DMSO or SP2509. The distal femurs of mice in each group were assessed by micro–
computed tomography (micro-CT) (left). Micro-CT measures included the total volume (TV), bone volume (BV), ratio of BV to TV, trabecular thickness
(Tb.Th), trabecular number (Tb.N), and trabecular separation (Tb.Sp) (right). Results are the mean � SEM from 10 mice in 3 independent experi-
ments. D, Left, Histologic sections from the distal femurs of mice in each group were stained with tartrate-resistant acid phosphatase (TRAP) for his-
tomorphometric analysis (bar = 500 μm; insets show higher-magnification views). Right, Results are expressed as the mean � SEM osteoclast
number per bone surface (N.OC/BS) and osteoclast surface area per bone surface (OC.S/BS) (n = 8 mice from 2 experiments). E and F, Arthritis
was induced with mannan in SKG mice, followed by treatment with DMSO or SP2509. The time course of changes in the arthritis severity score
and joint swelling are shown (E). Histologic sections from the calcaneocuboid and tarsometatarsal joints of mice were stained with TRAP (F; left)
and assessed for histologic features (F; right). Data are the mean � SEM (n = 8 mice from 2 experiments). G and H, In the mouse model of tumor
necrosis factor–induced supracalvarial osteolysis, histologic sections of the calvaria of mice were stained with TRAP (G) and assessed for histologic
features (H). Data are the mean � SEM (n = 10 mice from 2 experiments). * = P < 0.05; ** = P < 0.01, by 2-tailed, unpaired t-test in F and H, and
by Tukey-Kramer test in C and D. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42074/abstract.
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monocytes stimulated with M-CSF, the LSD1 inhibitors SP2509
and RN1 significantly suppressed RANKL-induced HIF-1α pro-
tein expression (Figure 5A), whereas treatment with the SP2509
inhibitor and silencing of LSD1 with siRNA only minimally
decreased the expression of HIF-1α mRNA (Supplementary
Figures 6A and B, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42074).
Concordantly, the expression of HIF-1α target genes, which were
up-regulated by RANKL, was suppressed by treatment with
SP2509 and siRNA-mediated silencing of LSD1 (Figures 5B and
C). RANKL induced the expression of PHD2, which prompted
the degradation of HIF-1α through mediation of HIF-1α hydroxyl-
ation. However, treatment with SP2509 did not inhibit RANKL-
induced expression of PHD2 (Supplementary Figure 6C).

Finally, we evaluated the level of glycolysis after RANKL stim-
ulation of the cells. Treatment with SP2509 significantly sup-
pressed glycolysis and glycolytic capacity in the cell cultures
(Figures 5D and E). These results suggest that LSD1 regulates
osteoclast differentiation by controlling glycolysis via the stabiliza-
tion of HIF-1α expression, in conjunction with the activity of the
transcription factor E2F1 (Figure 5F).

Suppression of osteoclastogenesis by LSD1 inhibi-
tion in conditions of hypoxia. In addition to the effects on
osteoclastogenesis in a normoxic environment, we confirmed that
LSD1 inhibition by SP2509 suppressed osteoclast differentiation
in conditions of hypoxia (Supplementary Figure 7A, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42074). Suppression of LSD1 by
SP2509 (at a dose of 1 μM) did not strongly suppress the level
of NFATc1 mRNA (Figure 1B; see also Supplementary
Figure 3B); however, induction of HIF-1α target genes by RANKL
in conditions of hypoxia was effectively suppressed by SP2509
(Supplementary Figure 7C). These results suggest that LSD1
has a metabolically important role in the hypoxic enhancement of
osteoclastogenesis.

Furthermore, HIF-1α is known to promote bone resorption
even under normoxia (11). We confirmed that siRNA-mediated
knockdown of LSD1 inhibited bone resorption and the down-
regulation of HIF-1α (Supplementary Figure 7D [https://
onlinelibrary.wiley.com/doi/10.1002/art.42074]), suggesting that
LSD1 could also promote bone resorption.

Evidence supporting LSD1 as a potential therapeu-
tic target for pathologic bone resorption. We investigated
whether LSD1 could be a potential therapeutic target for achiev-
ing attenuation of the severity of pathologic bone resorption in
patients with RA. We tested the relationship between LSD1 allelic
variants that affect gene expression and the progression of bone
loss in RA patients. We identified significant associations between
eQTL and the expression of HIF-1α and LSD1 (based on a P value
threshold of <0.05, as determined in a previously published large

eQTL study using a healthy donor [21]). In total, 4 single-
nucleotide polymorphisms (SNPs) (rs646193, rs2092933,
rs12137132, and rs10917219) were found to be associated with
LSD1 expression; the first 2 SNPs were observed in CD4-positive
cells, while the latter 2 were observed in monocytes. Three SNPs
(rs912619, rs2252267, and rs4902069) were associated with
HIF-1α expression; the first 2 SNPs were observed in B cells,
and the last was located in peripheral blood. Our results did not
demonstrate a significant relationship between LSD1 allelic vari-
ants and bone erosion in RA patients. However, among the SNPs
linked to associations between cis-eQTL and HIF-1α, allelic vari-
ant rs4902069 (G) was significantly associated with higher
expression of HIF-1α in healthy control subjects (P = 0.0017)
(Figure 6A). Presence of this SNP was also associated with
increased bone erosion of the hand joints in RA patients
(P = 0.01) (Figure 6B).

We next used a mouse model to examine the effect of
LSD1 on accelerated bone loss in mice fed a low-calcium diet.
Micro-CT analysis of the mouse bones revealed that a low-
calcium diet decreased bone mass, and that LSD1 inhibition
by SP2509 significantly suppressed the low calcium–

induced bone loss relative to that in mice treated with DMSO
(Figure 6C).

Histomorphometric analysis of sections of calvaria from the
mice showed that treatment with SP2509 decreased the num-
bers of osteoclasts and osteoclast surface area, supporting the
notion that LSD1 is crucial for osteoclastogenesis and pathologic
bone resorption (Figure 6D).

Finally, we tested the effect of LSD1 on inflammatory bone
resorption. Mannan-induced arthritis in ZAP70-mutated SKG
mice, which develop T cell–mediated autoimmune arthritis, rep-
resents a disease model that is clinically and immunologically
similar to human RA (22). Inhibition of LSD1 by SP2509 treat-
ment in this mouse model resulted in a minor decrease in the
arthritis severity score, which was not significantly different from
that in DMSO-treated mice (Figure 6E). In an SKG mouse model
of arthritis, LSD1 inhibition significantly suppressed osteoclast
numbers in the periarticular bone (Figure 6F), and inhibited the
decrease in bone volume of the calcaneus without affecting
LSD1 expression (Supplementary Figures 8A–D, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.42074).

Similarly, in a mouse model of TNF-induced supracalvarial
osteolysis, treatment with SP2509 strongly inhibited osteoclasto-
genesis and the associated bone erosion in vivo (Figure 6G; see
also Supplementary Figure 8E [https://onlinelibrary.wiley.com/
doi/10.1002/art.42074]). Histomorphometric analysis showed
decreased osteoclast numbers per bone surface and decreased
osteoclast surface area per bone surface (Figure 6H). These
results suggest that LSD1 is a potential therapeutic target for pre-
vention of metabolic energy–demanding pathologic bone resorp-
tion in patients with RA.
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DISCUSSION

Previous studies have highlighted the importance of func-
tions and drivers of metabolic reprogramming, especially glycoly-
sis, during osteoclastogenesis; however, the process of
metabolic reprogramming in osteoclastogenesis is still not
completely understood (12,13). We investigated the mechanisms
by which LSD1 mediates osteoclastogenesis. The results of this
study show that RANKL-induced LSD1 stabilizes the levels of
HIF-1α protein, even in normoxia. LSD1, along with HIF-1α and
E2F1, mediates glycolysis. Furthermore, inhibition of LSD1 sup-

presses energy-demanding pathologic bone resorption.
In RA patient synovium, synovial proliferation and leukocyte

extravasation outstrip the oxygen supply and create a hypoxic
microenvironment (15). Abnormal cellular metabolism and mito-
chondrial dysfunction increase production of reactive oxygen
species and worsen the extent of inflammation. Hypoxia is also
known to enhance osteoclast differentiation (14). It is noteworthy
that the hypoxic response is involved in osteoclast differentiation,
even under normoxic conditions, and that LSD1 integrates its
response.

HIF-1α, which increases glycolysis and decreases mitochon-

drial function in response to hypoxic stimuli, is unstable in nor-

moxia. However, stimulation with cytokines, growth factors, and

vascular hormones can also lead to the induction and activation
of HIF-1α in different cell types (23–26). These factors mostly

regulate HIF-1α at the transcriptional, posttranscriptional, or

translational levels (27,28). We showed that RANKL stabilized

HIF-1α protein under conditions of normoxia, and that HIF-1α

was important for human osteoclastogenesis even under nor-

moxia. Because of the complexity and difficulty in detecting the

protein expression of HIF-1α, cells depleted of HIF-1α tend to be

used in a normoxic environment, without showing protein expres-

sion and the mechanism of stabilization of HIF-1α. A recent study

using HIF-1α–depleted neuroblastoma cells demonstrated that

metabolic processes are regulated by HIF-1α even in conditions

of normoxia (29), without confirming that HIF-1α protein was

expressed in the cells in normoxia. Although we showed that the

stabilization of HIF-1α protein under normoxia during osteoclasto-

genesis was partly attributable to its modification by LSD1, HIF-

1α protein expression in normoxia was also shown to be

regulated by the increased expression of HIF-1α mRNA and

mTOR activity (27). RANKL could also induce the expression of

HIF-1αmRNA and increase mTOR activity in our model. Although

it was not investigated in this study, it has been suggested that a
non-hypoxic simulator regulates HIF-1α expression through

microRNAs (28). Whether the RANKL–LSD1 axis stabilizes HIF-

1α via microRNAs needs to be investigated in further study.
In this study, LSD1was induced via the RANKL–mTOR path-

way, resulting in the induction of the HIF-1α and E2F1 pathways.
We previously demonstrated the importance of RANKL-mediated
induction of anabolic, cell-cycle, and E2F-mediated pathways

using nonproliferating human OCPs: the effects of RANKL on cell
proliferation and energy production using proliferating mouse
OCPs are difficult to distinguish (14). E2F target genes regulate
many anabolic pathway genes. Human OCPs use the cell-cycle
pathway to prepare for the high energy demand for terminal differ-
entiation, just as proliferating cells utilize the cell-cycle pathway to
prepare the energy required for cell division. Recent investigations
of stepwise events during the process of osteoclastogenesis,
determined using single-cell RNA-seq analysis in mice, demon-
strated findings supporting this idea of involvement of the cell-
cycle pathway (30). This study provides new insights into how
RANKL stimulates metabolic reprogramming mediating the activ-
ities of HIF-1α and E2F1.

LSD1 targets both histone and nonhistone proteins with
demethylase enzymatic activity (16). In HIF-1α, Set9 histone
methyltransferase induces HIF-1α methylation at lysine 32 or
lysine 391, and LSD1 reverses this process, in that it protects
HIF-1α against ubiquitin-mediated protein degradation (19,31).
LSD1 also inhibits HIF-1α hydroxylation by PHD2 in cancer cell
lines. SP2509 blocks LSD1 methylase function allosterically; that
is, SP2509 interrupts the binding of the partner protein by binding
with the H3 pocket within LSD1. RN1 and ORY1001 are trans-
2-phenylcyclopropylamine derivatives that inhibit LSD1 methylase
activity as covalent adducts through a flavin loop, which is a
cofactor during catalysis of demethylation (32,33). Through these
processes, RANKL-induced HIF-1α protein stabilization is con-
sidered to be suppressed by these inhibitors (as shown in
Figure 5A).

The inhibition of LSD1 successfully suppressed bone loss in
mice fed a low-calcium diet. We used SP2509 at a dose that
was used in a previous study (34). However, we still need to study
whether SP2509 at this dose could effectively suppress patho-
logic bone resorption in vivo or might have some toxic effects.
Furthermore, inhibition of LSD1 was shown to increase BMP2,
WNT7B, and RUNX2 expression in osteoblasts, and mice lacking
LSD1 in mesenchymal cells exhibit increased bone mass (35,36).
Treatment with an LSD1 inhibitor for bone loss may have dual
effects on the bone via an increase in bone formation and reduc-
tion in bone resorption.

SP2509 did not effectively suppress inflammatory arthritis.
Elevated LSD1 expression is a characteristic that has been
observed in patients with various cancers and is closely related
to many cellular effects, including malignant transformation,
epithelial–mesenchymal cell transition, and cell proliferation and
differentiation (33). Thus, it is considered a promising therapeutic
target for malignant tumors. It is reasonable to think that
SP2509, an LSD1 inhibitor, suppresses inflammatory arthritis
because it suppresses the cell-cycle and metabolic pathways,
which are essential for the proliferation of inflammatory synovial
cells (37). In fact, disease severity was alleviated in mice with
collagen-induced arthritis when LSD1 was knocked down (38);
however, this effect was not confirmed in the present study.
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Possible reasons for this discrepancy include 1) inflammation
induced in SKG mice was fulminant or 2) SP2509 was insufficient
to control arthritis. However, bone erosion was suppressed in
SKG mice. Therefore, LSD1 remains a promising therapeutic tar-
get in strategies aimed at alleviating both arthritis and the severity
of bone erosion, with variations in the type and dose of inhibitors.

One of the limitations of this study is the lack of epigenetic
analysis. Because LSD1 mediates transcriptional repression by
demethylation of H3K4me1/2 and transcriptional activation by
demethylation of H3K9me1/2, determining which genes are epi-
genetically regulated in RANKL-induced osteoclast differentiation
may be a challenging task when using histone modification analy-
sis, and it is reasonable to investigate the LSD1-regulated path-
way by siRNA silencing. Another limitation is that the specificity
and toxicity of SP2509 are not reported herein. SP2509 has been
shown to have a weak effect in the inhibition of D-lactate dehydro-
genase, glucose oxidase, cytochrome P450s, and the hERG
gene (39). A transcriptomic analysis using a Ewing sarcoma
cell line also showed that the expression pattern of the
SP2509-regulated genes mimicked those regulated by LSD1
knockdown (40). However, further studies are still needed before
SP2509 could be applied for the treatment of human diseases.

In summary, we identified the integrative role of LSD1 in
osteoclastogenesis. LSD1 stabilizes RANKL-induced HIF-1α pro-
tein even in conditions of normoxia, which promotes osteoclast
differentiation via an anabolic pathway. During osteoclastogen-
esis, LSD1 is induced via the RANKL-induced mTOR pathway.
TNF is also a factor that induces LSD1 expression. Inhibition of
LSD1 effectively suppresses osteoclastogenesis and bone loss
in mice with accelerated osteoporosis as well as in mouse models
of inflammatory osteolysis and arthritis. These findings indicate
that LSD1 plays a crucial role in osteoclastogenesis under chal-
lenging, metabolic energy–demanding inflammatory conditions.
Thus, targeting the activity of LSD1 in osteoclasts may be an
attractive therapeutic strategy for the treatment of inflammatory
arthritis, including in the affected joints of patients with RA.
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Antibodies to Cartilage Oligomeric Matrix Protein Are
Pathogenic in Mice and May Be Clinically Relevant in
Rheumatoid Arthritis

Changrong Ge,1 Dongmei Tong,1 Erik Lönnblom,1 Bibo Liang,2 Weiwei Cai,1 Cecilia Fahlquist-Hagert,3

Taotao Li,1 Alf Kastbom,4 Inger Gjertsson,5 Doreen Dobritzsch,6 and Rikard Holmdahl2

Objective. Cartilage oligomeric matrix protein (COMP) is an autoantigen in rheumatoid arthritis (RA) and
experimental models of arthritis. This study was undertaken to investigate the structure, function, and relevance of
anti-COMP antibodies.

Methods. We investigated the pathogenicity of monoclonal anti-COMP antibodies in mice using passive transfer
experiments, and we explored the interaction of anti-COMP antibodies with cartilage using immunohistochemical
staining. The interaction of the monoclonal antibody 15A11 in complex with its specific COMP epitope P6 was deter-
mined by x-ray crystallography. An enzyme-linked immunosorbent assay and a surface plasma resonance technique
were used to study the modulation of calcium ion binding to 15A11. The clinical relevance and value of serum IgG spe-
cific to the COMP P6 epitope and its citrullinated variants were evaluated in a large Swedish cohort of RA patients.

Results. The murine monoclonal anti-COMP antibody 15A11 induced arthritis in naive mice. The crystal structure
of the 15A11–P6 complex explained how the antibody could bind to COMP, which can be modulated by calcium ions.
Moreover, serum IgG specific to the COMP P6 peptide and its citrullinated variants was detectable at significantly
higher levels in RA patients compared to healthy controls and correlated with a higher disease activity score.

Conclusion. Our findings provide the structural basis for binding a pathogenic anti-COMP antibody to cartilage.
The recognized epitope can be citrullinated, and levels of antibodies to this epitope are elevated in RA patients and cor-
relate with higher disease activity, implicating a pathogenic role of anti-COMP antibodies in a subset of RA patients.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease

characterized by inflammation and damage in synovial joints. It

affects 0.5–1% of the population worldwide (1–3). RA is caused

by a complex set of genes and environmental factors, although

none of these have been firmly defined or functionally understood

(4–6). There is increasing evidence that environmental exposures,

such as silica dust, bacterial stimuli, and tobacco smoking, cause

chronic mucosal inflammation, possibly contributing to RA devel-

opment (7–9). However, the mechanisms by which chronic

inflammation triggers adaptive autoimmunity, in particular a B cell

response to citrullinated proteins and later toward joint proteins,

are not yet well understood (10).
Cartilage oligomeric matrix protein (COMP) is a noncollagen-

ous matrix glycoprotein that belongs to the thrombospondin family

of extracellular calcium-binding proteins (11). It is predominantly

expressed in cartilage and is also found in other tissue, such as ten-

dons, bones, blood vessels, and synovial membrane (12). COMP is

a pentameric protein with each monomer consisting of an

N-terminal domain followed by 4 epidermal growth factor (EGF)–like

domains, 8 type III thrombospondin domains, and a C-terminal

globular domain (13). The specific function of COMP is still unde-

fined, but it appears to play a structural role in the assembly and
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stabilization of the extracellular matrix (ECM) through its interac-
tions with collagen fibrils and other matrix components, such as
proteoglycans and fibronectin (14).

The functional importance of COMP in cartilage is indicated
by its association with several joint diseases (14). As a marker of
cartilage turnover, elevated COMP levels are found in the serum
and synovial fluid from patients with joint diseases such as RA
and osteoarthritis (OA) (15). Because it reflects the specific meta-
bolic activities of cartilage tissue, it has been suggested that
COMP is a potential diagnostic and prognostic biomarker in joint
diseases (15). Interestingly, circulating COMP fragments bind
C3b and could be both an inhibitor and an initiator of complement
activation in RA, but not in OA (16).

Cartilage damage and degradation in chronic joint disease
are believed to promote an autoimmune reaction to cartilage
components. We previously demonstrated that homologous
COMP could induce arthritis in certain animal strains, highlight-
ing its pathogenic role in experimental arthritis (17,18). In addi-
tion, disease can be transferred from arthritic mice to healthy
recipients via affinity-purified COMP-specific polyclonal antibod-
ies as well as with monoclonal antibodies alone or in combina-
tion with other cartilage-binding antibodies (19,20), indicating
that B cells are involved in disease development. We previously
reported that mouse monoclonal antibodies (mAb) raised
against COMP were not only able to promote arthritis when
combined with anti–type II collagen (CII) antibody, but were also
capable of inducing joint pain in naive mice (19,21). These data
collectively indicate that both COMP and its autoantibodies play
pathogenic roles in experimental arthritis and further indicate
that they may have a potentially important role in RA. Indeed,
antibodies to COMP were detected in synovium and serum from
RA patients (22).

COMP plays an essential role in matrix assembly by interact-
ing with many extracellular and cell surface proteins (14). We have
previously shown that there are several epitopes, mainly located
in the EGF-like repeats of COMP, that can be targeted by autoan-
tibodies, such as 15A11 and 16B5, generated using mice with
COMP-induced arthritis (19). Understanding the molecular basis
for the interaction of autoantibodies with COMP as well as
whether and how this interaction influences the structural features
of the ECM, thereby causing cartilage damage, will thus further
our understanding of the pathogenesis of rheumatic diseases.
Therefore, in the present study we aimed to investigate the path-
ogenesis of anti-COMP antibodies in experimental arthritis at the
molecular level as well as the functional role of COMP as an auto-
antigen in human RA.

MATERIALS AND METHODS

Reagents andmore detailed methods for enzyme-linked immu-
nosorbent assay (ELISA), histologic assessment, and surface plasma
resonance measurement are described in the Supplementary

Materials and Methods (available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42072).

Animals. C57BL mice with an H-2q congenic fragment
(denoted B10.Q) were used in all experiments, as this genetically
defined background is used as a standard background (23). In
some experiments (neonatal injections), a B10.Q mouse with a
Mus musculus Fc receptor locus (24) was used as the congenic
fragment, which likely did not affect the results. All mice were
housed and bred in a climate-controlled specific pathogen–free
environment on 12-hour light/dark cycles, housed in polystyrene
cages containing wood shavings in the animal facility of the Divi-
sion of Medical Inflammation Research at the Karolinska Institute
and the Central Animal Laboratory of the University of Turku.
Mice were provided with standard rodent chow and water ad
libitum. All experiments were performed in 8–10-week-old mice
under standard conditions. The experiments were approved by
the Stockholm ethics committee (approval nos. N490/12 and
H2014-483) and the National Animal Experiment Board in
Finland (approval no. ESAVI/439/04.10.07/2017).

Passive transfer of antibodies. Three groups of B10.Q
mice were injected intravenously with either 9 mg M2139 (specific
to type II collagen/Col2) (25); 9 mg 15A11 (specific to COMP) (19);
or a combination of M2139 and 15A11 (4.5 mg of each). On day
5, each mouse was intraperitoneally administered 25 μg lipopoly-
saccharide (LPS) from the Escherichia coli serotype O55:B5
(Sigma-Aldrich) to increase the severity of developing arthritis.
Arthritis development was monitored daily in a blinded manner
for 12 days using an extended scoring protocol. Briefly, clinical
arthritis was defined as swelling and redness in the joint and was
scored as follows: 1 point was assigned for each swollen or red
toe, 1 point was assigned for each swollen joint (metatarsopha-
langeal joints, metacarpophalangeal joints, proximal interphalan-
geal joints, and distal interphalangeal joints), and 5 points were
assigned for a swollen ankle (maximum score per limb 15 points,
maximum score per mouse 60 points).

Crystallization, data collection, and structure deter-
mination. Purified 15A11 Fab fragment (final concentration
10 mg/ml in 20 mM Tris HCl, pH 7.4, 50 mM NaCl) was mixed
with P6 peptide with a rat-specific sequence at a molar ratio of
1:1.2. Screening for crystallization conditions was performed in a
sitting-drop vapor diffusion setup at 20�C using Crystal Screen
HT (Hampton Research), with 0.3-μl drops equilibrated against
60-μl reservoirs. Crystals appeared under several conditions and
were tested for diffraction. The data used for structure determina-
tion were collected from a crystal obtained with screening condi-
tion C6 (30% polyethylene glycol 8000, 0.2M ammonium sulfate)
and a drop mixed at a 2:1 ratio with protein and reservoir solution.
The crystal was briefly soaked in a cryoprotectant consisting of
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reservoir solution supplemented with 15% (volume/volume) glyc-
erol before it was flash-frozen in liquid N2. Crystallographic data
were collected at 100K at Beamline I03 of the Diamond Light
Source, indexed and integrated on-site with XIA2-3d, and scaled
using Aimless from the CCP4 suite of programs (26–32).

The initial estimates of phases were obtained by molecular
replacement using the program Phaser (33). We performed man-
ual model building using Coot (34) alternating with translation,
liberation, and screw-motion and restrained refinement in
REFMAC5 (35). A set including 5% of randomly selected reflec-
tions was used to monitor Rfree. Water molecules were added in
Coot. Molecular surfaces were analyzed with the Protein Inter-
faces, Surfaces and Assemblies service at the European Bioinfor-
matics Institute (36). Crystal structure images were prepared with
PyMOL (37). The crystallographic coordinates and structure fac-
tors of the 15A11 Fab–P6 complex have been deposited in the
Protein Data Bank (PDB) (no. 6SF6).

Patient cohorts. In the present study, we used the pro-
spective observational Early Intervention in RA second cohort
(TIRA-2) consisting of 504 RA patients, and healthy subjects
from the Western Region Initiative to Gather Information on Ath-
erosclerosis cohort were used as controls (n = 290). Between
2006 and 2009, RA patients enrolled in the TIRA-2 fulfilled the
American College of Rheumatology 1987 criteria for RA (38) or
at least the criteria of morning stiffness for ≥60 minutes, sym-
metric arthritis, and arthritis in the small joints (39). The study
protocols were approved by the regional ethics review boards
in Linköping (approval nos. TIRA-2, M168-05, and 2005-
12-14) and Gothenburg (approval nos. WINGA, 676-08, and
T953-15).

Luminex immunoassay. The detection of autoantibody
responses using Luminex technology has been described previ-
ously (40–42). Briefly, all biotinylated peptides were captured on
beads via recognition of NeutrAvidin (ThermoFisher Scientific),
which was immobilized on the beads with amine coupling.
Human serum samples were diluted 1:100 (v/v) in assay buffer
(3% bovine serum albumin, 5% milk powder, 0.1% ProClin
300, 0.05% Tween 20, 100 μg/ml NeutrAvidin in phosphate buff-
ered saline [PBS]) and incubated for 60 minutes at room temper-
ature. Then the serum samples were transferred to a 384-well
plate containing peptide-coated beads, with a liquid handler
(CyBio Selma). After incubation at room temperature on a shaker
for 75 minutes, all beads were washed with PBS-Tween (PBST)
on a plate washer (no. EL406; BioTek) and resuspended in a solu-
tion containing secondary anti-human phycoerythrin-conjugated
IgG Fcγ (Jackson ImmunoResearch). After 40 minutes of incuba-
tion, the beads were washed with PBST and subsequently
measured in a Flexmap 3D system (Luminex). The median fluo-
rescence intensity was used to quantify the interaction of serum
antibody with given peptides.

Statistical analysis. Quantitative data from the animal
experiments are expressed as the mean � SEM. We compared
antibody responses in Luminex immunoassays using a nonpara-
metric Mann-Whitney U test. P values less than 0.05 were consid-
ered significant. The cutoff for assessing the reactivity of a given
peptide in the Luminex immunoassay is the median + 5× the
mean absolute deviation from healthy controls. To assess the cor-
relation of Disease Activity Score in 28 joints (DAS28) (43) with the
reactivity of P6–CIT247 at different time points, we performed a
linear regression analysis by adjusting for the effects of sex, age,
and shared epitope status of the patients. All statistical calcula-
tions were performed with R and various R packages (44).

RESULTS

Arthritis induction by COMP-specific antibodies
in mice. We previously mapped the 15A11 binding site in the
fourth EGF-like domain of murine COMP (Figure 1A) (19).
The epitope comprises residues 232–252 and was designated
P6. The primary sequence of the rat COMP epitope
(GSPSPCHEKADCILERDGSRS) differs at 3 positions compared
to human COMP (Figure 1A). Nevertheless, mAb 15A11 binds
equally well to both mouse and human COMP protein (19).

It has been shown that mAb 15A11, in combination with a
subarthritogenic dose of Col2-specific mAb M2139, can increase
the severity of induced acute arthritis in naive mice (19). To assess
the arthritogenicity of 15A11 itself, we performed antibody-
induced arthritis experiments in B10.Q mice by single-dose injec-
tion of mAb 15A11. As shown in Figure 1B, a single dose of 9 mg
mAb 15A11 or mAb M2139 induced arthritis, whereas, an irrele-
vant isotype IgG1 antibody did not induce arthritis if administered
at a dose of 4 mg (Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42072). Based on our previous results
(19), we assumed that arthritis induction in this experiment was
due to recognition of COMP by 15A11. We also observed signs
of arthritis before LPS challenge in the group injected with mAb
15A11 and mAb M2139 together (Figures 1B and C), implying
high arthritogenicity of these mAb in the B10.Q mouse strain.

To confirm the correlation with clinical observations, we per-
formed a histologic assessment of synovial membrane and carti-
lage by examining the paws of arthritic mice after termination of
the experiments. The findings indicated that synovitis, pannus for-
mation, hyperplasia, and proteoglycan loss were present in mice
with arthritis (Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.42072).

Cartilage binding of 15A11. To investigate whether
15A11 can bind directly to COMP in cartilage in vivo, we injected
a biotinylated antibody into neonatal mice and prepared frozen
sections of whole paws for immunostaining. For both in vitro and
in vivo staining, we used 2-day-old neonates to avoid decalcifica-
tion, which could redistribute antibodies in in vivo binding assays,
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as previously reported (45). Notably, injected antibodies can only
target the cartilage surface in vivo, as the antibodies cannot pen-
etrate very deeply into cartilage (45). For in vitro staining, all carti-
lage in the tissue section is accessible for staining; hence, it can
be targeted by antibodies. As seen in Figure 2, we found that
mAb 15A11 and anti-Col2 mAb M2139 demonstrated specific
in vivo staining patterns on the lining of the articular cavity in native
cartilage tissue. In contrast, tissue samples from control mice
injected with PBS showed no staining. Furthermore, to investigate
the binding capacity of 15A11 to cartilage in vitro, we performed
an immunohistochemical analysis using frozen sections from
naive neonatal mice. As seen in Figure 2, we observed strong
widespread staining on cartilage for both 15A11 and M2139,
while no staining was detectable in control samples. Taken
together, these data show that COMP is accessible to antibodies
on the cartilage surface in vivo.

Overall structure of the 15A11 Fab fragment in com-
plex with COMP P6. In order to reveal the molecular basis of the
interaction between 15A11 and COMP, we determined the crystal
structure of the complex between the 15A11 Fab fragment and P6
peptide at 1.9Å resolution using molecular replacement. Data col-
lection and refinement statistics are summarized in Supplementary
Table 1 (http://onlinelibrary.wiley.com/doi/10.1002/art.42072).

The crystal structure belongs to space group P212121 and
contains 2 Fab–peptide complexes per asymmetric unit. Clear

and continuous electron density was visible for residues 1–216
of the light chain and residues 1–137 and 142–222 of the heavy
chain in the 15A11 Fab fragments.

Clearly defined electron density was only observed in the
11C-terminal amino acids in the P6 peptide (242DCILERDGSRS252),
which adopt a β-hairpin–like structure in the groove formed by
the complementarity-determining regions (CDRs) of the 15A11
antibody (Figure 3B). An extension of the visible density of
the side chain of C243 indicated that it is oxidized to S-hydroxy
cysteine in the crystal used for structure determination. The
β-hairpin conformation of P6 is stabilized by a total of 7 intrapep-
tide hydrogen bonds that primarily involve main chain atoms
(Supplementary Table 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42072). S252 alone formed 4 of these bonds, 2 with
I244 via its backbone amide and carbonyl group, respectively,
and the other 2 with D248 and E246 via its side chain hydroxyl
group. In addition to the latter, E246 formed main chain atom-
mediated hydrogen bonds with G249 and S250, while the
seventh hydrogen bond linked the side chain of D248 with the
backbone amide of S250. The N-terminal half of P6, which
extended out of the binding groove into the surrounding solvent,
can adopt multiple different conformations as indicated by the
complete lack of electron density.

Interactions between the 15A11 Fab fragment and
P6. Formation of the antibody–antigen complex covered ~47%

Figure 1. Arthritogenicity of cartilage oligomeric matrix protein (COMP)–specific monoclonal antibody (mAb) 15A11 in mice. A, Schematic presenta-
tion of the location of P6 in COMP. B and C, Incidence (B) and severity (C) of arthritis induced by passive transfer of antibodies to mice. Two-month-
old naive male B10.Q mice were injected intravenously with either 9 mg of an equal combination of mAb M2139 and mAb 15A11, 9 mg of mAb
M2139 alone, or 9 mg of mAb 15A11 alone. Each mouse was administered lipopolysaccharide (25 μg/mouse) intraperitoneally on day 5, and arthritis
was scored daily for 12 days. Values in C are the mean � SEM. EGF = epidermal growth factor. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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Figure 2. Specificity of mAb 15A11 binding to joint cartilage in vivo and in vitro. A, For histologic detection of the binding of mAb 15A11 to car-
tilage in vivo, a single dose of 100 μg of biotinylated anti-COMP mAb 15A11 was injected into 2-day-old neonatal BQ.Cia9i mice, and limbs were
collected after 48 hours to make 5-μm cryosections. B, For in vitro analysis of the interaction between mAb 15A11 and cartilage, an immunohis-
tochemical assay was performed on the 5-μm limb cryosections. Staining was performed with diaminobenzidine using ExtrAvidin–peroxidase as a
detection system. Mice injected with biotinylated anti-Col2 mAb (M2139) and phosphate buffered saline (PBS) were used as a positive reference
and blank control, respectively. Results shown are representative of 2–3 mice per group. Original magnification × 10. See Figure 1 for other
definitions.

Figure 3. Crystal structure of the mAb 15A11–Fab complex. A, Overall complex of 15A11 Fab bound to COMP P6 peptide. The 15A11 Fab light
chain (cyan) and heavy chain (green) are shown. B, Electron density map for the P6 peptide. The final 2Fo–Fc difference map is contoured at a con-
tour level of 1σ. C, Close-up stereoscopic view of the 15A11 paratope with bound P6 peptide. Fab residues and peptide residues (black) are dis-
tinguished by color. Water molecules (red) and hydrogen bonds (broken lines) are shown.D, Close-up stereoscopic view of the 15A11 paratope in
surface presentation, with bound peptide shown. Colors of the paratope surface indicate the electrostatic potential as calculated using PyMOL. P6
residue R247 is deeply buried in a narrow pocket. E, P6 epitope–based superimposition of the crystal structure of truncated COMP (Protein Data
Bank entry no. 3FBY [blue] with the P6 epitope [magenta]). F, Comparison of the conformations of 15A11-bound P6 peptide (yellow carbon
atoms) and the P6 epitope within crystallized truncated COMP (magenta carbon atoms). See Figure 1 for other definitions.
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(~640Å2) and 2.5 % (~470Å2) of the solvent-accessible surface
area of the P6 peptide and the 15A11 Fab, respectively
(Supplementary Tables 3 and 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.42072). The 244ILERD248 motif of the peptide
contributed the most to the interface, with additional significant
contributions by C243, G249, S250, and S252, while D242 con-
tacted the Fab exclusively via a water-mediated hydrogen bond
to N55 from the heavy chain (Figure 3C). The only peptide residue
with clearly visible electron density that was not involved in inter-
actions with the 15A11 Fab fragment was R251. It was entirely
solvent exposed and thus accessible to residues of a symmetry-
related Fab fragment, with which it formed 3 hydrogen bonds via
its main chain atoms. In the 15A11 Fab fragment, all CDRs except
L2 were involved in epitope recognition, and H2 and H3 are the
primary contact regions.

P6 epitope binding by Fab led to the formation of 11 direct
and 7 water-mediated hydrogen bonds (Figure 3C and Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.42072), as well as several hydrophobic and van der Waals
interactions. These interactions were centered around E246 and
R247, which are both entirely buried upon interface formation.
The long side chain of R247 was inserted into a narrow, deep
pocket in the center of the binding groove. Its entrance was
formed by hydrophobic residues from both heavy chain and light
chain CDRs, while increasing polarity and placement of E39 (light
chain) at its deepest point provided shape and charge comple-
mentarity for recognition of R247 (Figure 3D). However, the depth
of the pocket led to the formation of 2 water-mediated hydrogen
bonds rather than a salt bridge with E39, which may explain why
the mAb also efficiently recognized citrullinated P6 epitopes (see
below). In addition, R247 was linked to G96 (L3), Y50 (H2), G99
(H3), H31 (L1), and W108 (H3) via direct or water-mediated
hydrogen bonds, accounting for 8 of 18 total polar contacts
between the P6 peptide and 15A11 Fab. Recognition of
P6–E246 was mediated by an additional 4 hydrogen bonds,
N52 and Y50 from the H2 CDR, W33 from H1, and H31 from
the L1 CDR.

Of the P6 positions contacted by the mAb 15A11, all but
1 were conserved in rat, mouse, and human COMP sequences,
explaining the observed cross-recognition (Figure 1A). The
exception was I244, which was conservatively exchanged by
valine in human COMP and mouse COMP. However, the
absence of the additional methyl group likely has little influence
on binding specificity and strength, as it indicates a more
solvent-exposed region of the paratope and thus most likely does
not significantly contribute to the interactions.

Structure of the P6 epitope in native COMP. To
understand why mAb 15A11 can bind to native COMP and the
P6 peptide, we compared the structure of the 15A11-bound pep-
tide (rat sequence) to the native epitope within human COMP
(PDB no. 3FBY). As shown in Figure 3E, the P6 epitope was

located near the N-terminal of the crystallized truncated con-
struct, which contained the last EGF-like repeat, the type III
repeats, and the C-terminal domain of human COMP. As in the
15A11 Fab complex, it adopted a β-hairpin conformation
(Figure 3F). The backbone root mean square deviation of the
superimposition of the Cα atoms of residues 242–252 of the
15A11-bound and native P6 epitope was 0.63–0.80Å, which indi-
cates that the conformation of the epitope itself remains largely
unaltered upon interaction with mAb 15A11, allowing direct rec-
ognition both in vivo and in vitro. However, binding of 15A11
would require conformational changes in COMP to make the P6
epitope more accessible than in the crystallized construct, as seri-
ous clashes occur between the Fab and the C-terminal domains
of the COMP protein superimposed peptides in both crystal
structures. It has been suggested that the positioning/orientation
and the conformation of this domain in COMP protein are affected
by cations (46).

Modulation of 15A11 binding to COMP by calcium
ions. Since binding of calcium ions to COMP alters the conforma-
tion of the individual domains and thereby the interaction between
COMP and various substrates (46), we hypothesized that this
might also affect binding of mAb 15A11 to native COMP. There-
fore, we performed an ELISA to measure the binding behavior of
15A11 at different Ca2+ concentrations. As shown in Figure 4A,
mAb 15A11 binding to COMP was calcium dependent, while
binding of another COMP-specific mAb, 16B, was calcium
independent.

We also measured the binding affinity of mAb 15A11 for
COMP by surface plasmon resonance with or without the addition
of 10 mM Ca2+. Since the algorithm we used could not fit our
experimental data with the default parameter values, we could
not obtain reliable kinetics values. However, we obtained the
steady-state affinity (Kd) value by fitting the binding curves shown
in Figures 4B and C. The mAb 15A11 showed slightly stronger
binding to COMP in the absence of calcium (Kd = 173.6 nM) than
in the presence of calcium (Kd = 413.8 nM). In particular, the level
of binding response (resonance units) in the presence of calcium
ions was significantly higher than without calcium (Figures 4B
and C), indicating that there were more COMP molecules cap-
tured by the 15A11-immobilized sensor chip. These data demon-
strate that the Ca2+ concentration can modulate the binding
strength of mAb 15A11 to COMP, most likely by affecting the
conformation of the fourth EGF-like repeat, making the P6 epitope
more accessible. Interestingly, we found that 15A11 had compa-
rable binding capability toward P6–CIT247 and P6–R247
(Figure 4D), which can be explained by the negatively charged
binding pocket in residue 247.

Identification of P6 as an immunodominant B cell
epitope in RA patients. To assess the prevalence of anti-P6
antibodies and their association with RA, we measured antibody
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responses to the P6 peptide in a Swedish cohort consisting of
504 patients with early untreated RA and 290 healthy controls,
using Luminex immunoassay. Both linear and cyclic P6 unmodified
peptides (P6–R-R and P6–R247, respectively) were immobilized
on magnetic beads to measure antibody responses. Similarly, to
study the citrulline dependence of the antibody response to this
epitope, we also analyzed 3 citrullinated linear peptides (P6–R-
CIT, P6–CIT-R, and P6–CIT-CIT) and 1 citrullinated cyclic peptide
(P6–CIT247). As shown in Figure 5, statistically significant antibody
reactivity toward all P6 peptide variants was detected in RA
patients compared to healthy controls (P < 0.001). Regarding the
linear forms of the P6 epitope, autoantibody responses to the
3 citrullinated variants P6–R-CIT (P = 1.13 × 10−10), P6–CIT-R
(P = 6.37 × 10−10), and P6–CIT-CIT (P = 4.11 × 10−9) were more
significant than the response to the unmodified form P6–R-R
(P = 8.24 × 10−3). Similarly, the cyclic form of the citrullinated P6
epitope P6–CIT247 demonstrated much higher reactivity in RA
patients than its unmodified form P6–R247 (P = 5.72 × 10−3 and
P = 2.47 × 10−33, respectively).

Among all peptides, P6–CIT247 had the highest prevalence
(38%). In comparison, we also measured the prevalence of anti-
body responses to 2 classic citrullinated peptides, citrullinated
peptide 1 (CCP-1) and citrullinated α-enolase peptide 1 (CEP-1),
in the same cohort. CCP-1 and CEP-1 were found in 57% and

56% of patients, respectively, which is comparable to previously
reported results (47,48). Although most RA patients who were
positive for P6–CIT247 antibody were also positive for CEP-1
and CCP-1, ~8% of the patients were positive for P6–CIT247 only
(Figure 6). Interestingly, the cyclic form of the P6 epitope demon-
strated much higher reactivity than the corresponding linear form,
possibly because the β-hairpin conformation required for recogni-
tion is better stabilized in cyclic peptides (see above).

More importantly, we evaluated potential associations
between autoantibody specificity and DAS28 scores over time
using multivariate regression analysis with adjustment for the
effects of sex, age, and shared epitope allele status. As shown
in Supplementary Table 5 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42072), patients who responded to P6–CIT247
appeared to have more severe disease activity at 12 months
(P = 0.051) and 24 months (P = 0.029) after diagnosis com-
pared to those who did not respond to P6–CIT247.

DISCUSSION

In this study, we investigated the properties of a COMP-
specific antibody that recognizes native COMP protein in joint car-
tilage, causing arthritis after injection into mice. The pathogenicity
of anti-COMP antibodies is likely relevant in humans, and the

Figure 4. Modulation of binding by calcium. A, Influence of calcium ions on the interaction between mAb 15A11 and COMP, measured by
enzyme-linked immunosorbent assay (ELISA). COMP-specific mAb 16B was used as a control. B and C, Association and dissociation curves
for the interaction of 15A11 with COMP with (C) or without (B) 10 mM CaCL2, measured by surface plasmon resonance. D, Binding of 15A11 to
P6–CIT247 or P6–R247, measured by ELISA. Values in A and D are the mean � SEM. RU = resonance unit (see Figure 1 for other definitions).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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antibody cross-reacts with human COMP. Furthermore, antibod-
ies reacting with both native and citrullinated variants of COMP
are indeed detectable in RA. To elucidate the molecular determi-
nants by which arthritogenic mAb 15A11 specifically recognizes

COMP in joint cartilage, we determined the crystal structure of
its Fab fragment in complex with the P6 epitope, which according
to findings from our previous epitope mapping study, spans resi-
dues 232–252 of mouse COMP (19). The interactions observed

Figure 5. Human serum IgG response to P6 peptide variants in patients with rheumatoid arthritis (RA) compared to healthy controls (HC). IgG
responses to linear (A) and cyclic (B) forms of the P6 epitope are shown. Citrullinated peptides P6–R-CIT, P6–CIT-R, P6–CIT-CIT, and P6–
CIT247 showed higher positive responses than the noncitrullinated peptides P6–R-R (linear) and P6–R247 (cyclic). IgG levels were measured by
Luminex assay. Symbols represent the reactivity of individual serum samples with the indicated peptide; bars show the mean � SEM. Boxed
areas denote box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines out-
side the boxes represent the 10th and 90th percentiles. Dashed red lines show the cutoffs for positivity, defined as the median + 5× the mean
absolute deviation in median fluorescence intensity (MFI) values in the healthy controls. ** = P < 0.01; **** = P < 0.0001, by Mann-Whitney U test.
CCP-1 = citrullinated peptide 1; CEP-1 = citrullinated α-enolase peptide 1. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.

Figure 6. Autoantibodies against P6–CIT247 are highly associated with autoantibodies toward other citrullinated peptides. A and B, Rheuma-
toid arthritis patient–derived autoantibodies reactive with P6–CIT247 in relation to those responding to either citrullinated peptide 1 (CCP-1)
(A) or citrullinated α-enolase peptide 1 (CEP-1) (B). Dashed lines show the cutoffs for positivity, defined as the median + 5× the mean absolute devi-
ation from corresponding healthy controls. C, Venn diagram showing overlap of responses to P6–R247 and to P6–CIT247. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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between the 15A11 antibody and P6 epitope in the crystal struc-
ture explain how this antibody can cross-react with the native
COMP protein, thereby binding cartilage in vivo and efficiently
inducing arthritis and joint pain. Binding is mainly governed by
paratope shape–complementarity to the epitope in a β-hairpin
conformation and the availability of a deep, narrow, and appro-
priately charged binding pocket for residue R247 of P6. When
the structure of the P6 peptide bound to the 15A11 Fab
fragment is superimposed onto the corresponding sequence
in the COMP crystal structure, it becomes apparent that
recognition of native COMP by mAb requires an increase in
accessibility more than conformational changes in the epitope.
The sequence dependency of epitope recognition is further
highlighted by the fact that almost all residues of P6 visible in
the crystal structure are conserved in human, mouse, and rat
COMP, with the only exception representing a conservative
exchange of residues.

Degradation of COMP and associated ECM constituents is
mainly mediated by ADAMTS proteins and matrix metalloprotei-
nase 13 (14) targeting the 4 evolutionarily conserved EGF-like
repeats (49,50). Also, other COMPs interact with the EGF-like
domain. Their interaction with cells through integrins could poten-
tially affect cell adhesion during immune responses as well as in
apoptosis (51,52).

It has also been shown that injection of a set of monoclonal
IgG antibodies against COMP induces arthritis and enhances
the development of cartilage antibody–induced arthritis when
combined with anti-Col2 IgG antibodies (19). This study shows
that a single injection of mAb 15A11 alone is sufficient to mount
an immune response in naive mice and induce severe arthritis.
This supports the notion that autoantibodies to COMP can play
a pathogenic role in experimental arthritis by directly binding to
exposed surface epitopes of COMP in joint cartilage, resulting
in tissue damage (see Figure 2 and Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.42072). Hence,
COMP antibodies act similarly to autoantibodies toward Col2,
which are also well known to be pathogenic in mice by interact-
ing directly with the native triple-helical conformation of Col2 in
cartilage (53).

In addition to its pathogenic role in mice, COMPmight also be
important as a biomarker for disease activity and joint destruction in
RA (15). Increased COMP fragments are detectable in serum and
synovial fluid in RA and other inflammatory and degenerative dis-
eases such as OA and systemic sclerosis (15). However, our cur-
rent knowledge about autoimmunity to COMP in RA is limited.

Since the P6 epitope is a major pathogenic epitope in
COMP-induced arthritis in mice and is conserved in humans, we
tested the antibody response in RA. Interestingly, we detected a
significant response not only to the native epitope but also to the
citrullinated P6 epitope. Similar to Col2, antibodies recognizing
native COMP epitopes are less frequently observed compared
to their citrullinated counterparts. The higher frequency of

citrullinated COMP–reactive antibodies may explain in part why
antibodies specifically interacting with citrulline could promiscu-
ously respond to many different peptides (54,55). However, a
minor, potentially pathogenic fraction of antibodies could more
specifically recognize citrullinated and native COMP within carti-
lage and thereby mediate arthritis.

Interestingly, COMP fragments are released into body fluids
such as synovial fluid and blood (15). Joint synovium and synovial
fluid contain peptidylarginine deiminases (PADs), which catalyze
the modification of arginine to citrulline (56). Hence, the P6 epi-
tope (and probably other unknown COMP fragments) are more
likely to be modified by extracellular PADs, leading to neoantigens
providing targets for antibodies.

The observed critical role of Ca2+ ions in the 15A11–COMP
interaction was dose dependent. It is most likely mediated via con-
formational changes in COMP, as in silico docking of 15A11 Fab
onto the P6 epitope in the crystal structure of (truncated) COMP
in the absence of Ca2+ ions revealed that the epitope would other-
wise be inaccessible to mAb 15A11. It has been shown that the
pentameric form of COMP exists in a more compact conformation
in the presence of Ca2+ (14,44). Interestingly, this finding raises the
possibility that an increased extracellular level of calcium in inflamed
joints could lead to increased accessibility of targeted epitopes of
native COMP and increased in situ citrullination. This could lead to
the joint-specific formation of local immune complexes playing
essential roles in increasing joint pain and inducing arthritis.

In summary, our findings provide a structural basis for
understanding the pathogenic effect of an autoantibody that
specifically targets a selected protein domain in native COMP
accessible in joints. This could also have functional importance
in RA, as this antibody, together with antibodies to citrullinated
variants of the same epitope, are detectable in RA serum and
may be associated with increased disease activity. These find-
ings warrant further study of anti-COMP antibodies as potential
biomarkers in RA.
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Central Role of Semaphorin 3B in a Serum-Induced
Arthritis Model and Reduced Levels in Patients
With Rheumatoid Arthritis

Ana Igea,1 Tiago Carvalheiro,2 Beatriz Malvar-Fern�andez,3 Sara Martinez-Ramos,4 Carlos Rafael-Vidal,4

Ellis Niemantsverdriet,5 Jezabel Varadé,1 Andrea Fern�andez-Carrera,1 Norman Jimenez,4 Trudy McGarry,6
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�Africa Gonz�alez-Fern�andez,1 Kris A. Reedquist,2 Timothy R. D. J. Radstake,2 Annette van der Helm-Van Mil,5

and Samuel García3

Objective. Semaphorin 3B (Sema3B) decreases the migratory and invasive capacities of fibroblast-like
synoviocytes (FLS) in rheumatoid arthritis (RA) and suppresses expression of matrix metalloproteinases. We undertook
this study to examine the role of Sema3B in a mouse model of arthritis and its expression in RA patients.

Methods. Clinical responses, histologic features, and FLS function were examined in wild-type (WT) and
Sema3B−/− mice in a K/BxN serum transfer model of arthritis. Protein and messenger RNA expression of Sema3B in
mouse joints and murine FLS, as well as in serum and synovial tissue from patients with arthralgia and patients with
RA, was determined using enzyme-linked immunosorbent assay, immunoblotting, quantitative polymerase chain reac-
tion, and RNA sequencing. FLS migration was determined using a wound closure assay.

Results. The clinical severity of serum-induced arthritis was significantly higher in Sema3B−/− mice compared to
WT mice. This was associated with increased expression of inflammatory mediators and increased migratory capacity
of murine FLS. Administration of recombinant mouse Sema3B reduced the clinical severity of serum-induced arthritis
and the expression of inflammatory mediators. Sema3B expression was significantly lower in the synovial tissue and
serum of patients with established RA compared to patients with arthralgia. Serum Sema3B levels were elevated in
patients with arthralgia that later progressed to RA, but not in those who did not develop RA; however, these levels
drastically decreased 1 and 2 years after RA development.

Conclusion. Sema3B expression plays a protective role in a mouse model of arthritis. In RA patients, expression
levels of Sema3B in the serum depend on the disease stage, suggesting different regulatory roles in disease onset
and progression.
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INTRODUCTION

Rheumatoid arthritis (RA) is an immune-mediated rheumatic
and musculoskeletal disease marked by persistent synovial
inflammation and progressive joint destruction, leading to disabil-
ity and loss of quality of life (1,2). Most RA patients respond to the
current therapies and reduction in disease progression is
achieved; however, in 20–25% of patients, low disease activity is
not reached. Moreover, current therapies have moderate-to-
severe side effects, including higher cardiovascular risk and
immunosuppression (3,4). Therefore, there is still an ultimate need
for therapeutic molecules that can be targeted to reduce inflam-
mation and joint destruction.

Semaphorin 3B (Sema3B) is a secreted protein belonging
to the semaphorin family involved in different biologic processes,
such as apoptosis, angiogenesis, cell migration, and invasion
(5–7). A recent study from our group implicated Sema3B in the
pathogenesis of RA (8). We have shown that Sema3B expres-
sion is reduced in the synovium of patients with early RA com-
pared to patients with undifferentiated arthritis. Sema3B
expression negatively correlated with clinical disease parame-
ters and the expression of inflammatory mediators. Recombi-
nant Sema3B reduces the migration and invasive capacity of
RA fibroblast-like synoviocytes (FLS) in vitro (8). Taken together,
these findings suggest that Sema3B might be a potential thera-
peutic target in RA. In the current study, we examined the func-
tional role of Sema3B in a mouse model of arthritis and
determined the local and systemic levels of Sema3B during the
progression of RA.

PATIENTS AND METHODS

Patients and collection of samples. Serum samples
and synovial biopsy specimens were obtained at the
St. Vincent’s University Hospital in Dublin, Ireland from patients
with established RA who had clinically active inflamed joints
(n = 10) and from patients with arthralgia (n = 8). Patients with
arthralgia were defined as subjects with symptoms of aches and
pains without clinical signs of synovitis or increased C-reactive
protein levels (mean C-reactive protein level <5 mg/liter) but who
were positive for circulating rheumatoid factor (RF+) and anti–
citrullinated protein antibodies (ACPAs). Synovial biopsy speci-
mens were obtained by needle arthroscopy from the knee joints,
as previously described (9). Additionally, serum samples were
obtained from the Leiden clinically suspect arthralgia (CSA) cohort
(10) (Leiden University Medical Center, Leiden, The Netherlands),
which is composed of 20 CSA patients with disease that pro-
gressed to RA, with paired samples at CSA onset and at the time
that clinical arthritis first developed, and serum samples from
20 CSA patients with disease that did not progress to clinical
arthritis or RA, in which paired samples were obtained at presen-
tation of CSA and after 2 years of follow-up.

All patients presented at the outpatient clinic with recent-
onset (<1 year) arthralgia of the small joints without clinical arthritis
and had disease that, according to the clinical expertise of the
rheumatologist, was suspected to progress to RA. Baseline visits
consisted of physical examination, blood sample collection, and
questionnaires. At the time of study inclusion, the autoantibody
status of each patient was not known, as, in accordance with
Dutch clinical practice guidelines, general practitioners are not
required to measure serum autoantibodies as part of the exami-
nation. Follow-up visits were scheduled at months 4, 12, and
24. When necessary, additional visits were planned—for exam-
ple, when a patient’s symptoms increased or when a patient
experienced joint swelling. Patients were followed up until the
development of clinical inflammatory arthritis, determined by the
rheumatologist at the time of the physical examination. During
follow-up (and before the primary outcome was reached) treat-
ment with disease-modifying antirheumatic drugs (including ste-
roids) was not allowed. The date of censoring was either the
date that the medical records were reviewed or an earlier date in
those cases in which the patient was lost to follow-up.

In 8 CSA patients with disease that progressed to RA, serum
samples were also obtained 1 year after diagnosis, and in 4 of
these patients, serum samples were also obtained 2 years after
diagnosis. All subjects provided written informed consent, and
the protocol was approved by local institutional medical ethics
review boards prior to patient inclusion in this study. RA patients
fulfilled the American College of Rheumatology /European Alliance
of Associations for Rheumatology 2010 classification criteria for
RA (11,12). Clinical characteristics of the patients are detailed
in Supplementary Tables 1–3 (available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42065/abstract).*

Serum-transfer arthritis and clinical scoring. K/BxN
mouse serum was collected from 4–8-week-old arthritic K/BxN
mice (provided by C. Benoist and D. Mathis [Harvard Medical
School]). Arthritis was induced in wild-type (WT) and Sema3B−/−

mice (The Jackson Laboratory), transferring 100 μl of K/BxN serum
into 8–12-week-old mice by intraperitoneal (IP) injection on days
0 and 2. Alternatively, control phosphate buffered saline (PBS) vehi-
cle, recombinant mouse Sema3B–Fc chimera protein, or mouse
IgG2a isotype control (both 10 μg) (R&D Systems) were adminis-
tered IP on days 0, 2, and 4 in WT mice. Serum was collected on
days 0, 4, and 9, and mice were killed on day 9 after serum trans-
fer. Arthritis severity was assessed in each of the 4 limbs every
2 days by 2 blinded observers (AI and SG for evaluation of WT
and Sema3B−/− mice, and AR and CC for evaluation of recombi-
nant Sema3B–treated mice) using a semiquantitative clinical score

*[Correction added on 12 May 2022, after first online publication: In Supple-
mentary Table 1, the number (%) of patients with arthralgia receiving NSAIDs
was changed from “0 (25)” to “2 (25).”]
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(0 = no swelling, 1 = slight swelling and erythema of the ankle,
wrist, or digits, 2 = moderate swelling and erythema, 3 = severe
swelling and erythema, and 4 = maximal inflammation with joint
rigidity for a maximum possible score of 16 points per mouse).

Histologic analysis. The hind limbs frommice killed on day
9 were prepared for histology by dissecting the skin and muscle
and then sectioning the ankle joints. Specimens were fixed in for-
malin for 24 hours and were demineralized in Osteosoft (Merck
Millipore) for 30 days. Ankle joints were embedded in paraffin,
cut, and stained with hematoxylin and eosin to evaluate inflamma-
tion and bone erosion. Toluidine blue was used for analysis of car-
tilage damage.

Synovial inflammation was graded according to the following
index, where 0 = no inflammation, 1 = slight thickening of the
synovial cell layer and/or some inflammatory cells in the sublining,
2 = thickening of the synovial lining and moderate infiltration of the
sublining, 3 = thickening of the synovial lining and marked infiltra-
tion, and 4 = thickening of the synovial lining and severe infiltra-
tion. Cartilage damage was evaluated using a 0–4–point scale,
where 0 = normal cartilage, 1 = cartilage surface irregularities
and loss of metachromasia adjacent to superficial chondrocytes,
2 = fibrillation of cartilage with minor loss of surface cartilage,
3 = moderate cartilage abnormalities, including loss of superficial
cartilage and moderate multifocal chondrocyte loss, and
4 = marked cartilage destruction with extension of fissures close
to subchondral bone. Bone erosions were scored on a 0–4–point
scale, where 0 = normal bone, 1 = small resorption areas,
2 = more numerous resorption areas, 3 = obvious resorption,
and 4 = full-thickness resorption areas in the bone.

Mouse FLS culture and stimulation. Mouse FLS were
isolated from WT and Sema3B−/− mice. Synovial tissue was
minced and incubated with 1 mg/ml of collagenase in serum-free
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) at
37�C for 3 hours. After digestion, FLS were passed through a
nylon cell strainer (BD Falcon), washed, and cultured in 10% fetal
bovine serum (FBS) (BioWest) and 10,000 units/ml of penicillin/
streptomycin (ThermoFisher Scientific). After culture overnight,
nonadherent cells were removed, and adherent cells were cul-
tured in DMEM–10% FBS and used between passages 4 and 6.

Sema3B and cytokine measurement. Sema3B
(Biomatik) levels in the serum of patients with arthralgia and
patients with RA, Sema3B (Abbexa) levels in the serum of arthritic
mice, and interleukin-6 (IL-6) (eBioscience) and tumor necrosis
factor (TNF) (R&D Systems) levels in cell-free assay supernatants
of mouse FLS were measured using an enzyme-linked immuno-
sorbent assay, according to the manufacturer’s instructions.

Bulk messenger RNA (mRNA) sequencing protocol.
Sequencing was performed by the sequencing service provider

Single Cell Discoveries, using an adapted version of the CEL-
Seq protocol. Total RNA from mouse forepaws was extracted
using an RNeasy kit and an RNase-Free DNase set (Qiagen) and
was used for library preparation and sequencing. We processed
mRNA as described previously, following an adapted version of
the single-cell mRNA sequencing protocol of CEL-Seq (13,14).
In brief, samples were barcoded with CEL-Seq primers during
reverse transcription and were pooled after second-strand syn-
thesis. The resulting complementary DNA (cDNA) was amplified
with an overnight in vitro transcription reaction. From this ampli-
fied RNA, sequencing libraries were prepared with Illumina
TruSeq small RNA primers.

Paired-end sequencing was performed on the Illumina
NextSeq 500 platform. Read 1 was used to identify the Illumina
library index and CEL-Seq sample barcode. Read 2 was aligned
to the Mus musculus GRCm38 (mm10) mouse reference tran-
scriptome using BWA (15). Reads that mapped equally well to
multiple locations were discarded. Mapping and generation
of count tables was conducted using the MapAndGo script
(https://github.com/anna-alemany/transcriptomics/tree/master/
mapandgo). Samples were normalized using reads per million–
mapped reads normalization. The differential expression analy-
sis based on the negative binomial was performed using
R/Bioconductor package DESeq2 version 1.32. Negative bino-
mial generalized linear model fitting and a paired Wald’s test
was used to assess the differentially expressed genes (DEGs),
and P values were adjusted for multiple testing errors with a 5%
false discovery rate according to the Benjamini-Hochberg
method (16). DEGs were defined as those genes showing a
≥2 fold change in expression at an adjusted P value (Padj) less
than 0.05.

Real-time polymerase chain reaction (PCR) and
quantitative PCR (qPCR). RNA from mouse forepaws, mouse
FLS, and synovial tissue was isolated using an RNeasy Kit and
an RNase-Free DNase Set (Qiagen). Total RNA was reverse-
transcribed using iScript (Bio-Rad). Duplicate PCRs were
performed using SYBR Green (Applied Biosystems) with a
StepOnePlus Real-Time PCR detection system (Applied Biosys-
tems). We amplified cDNA using specific primers (all from IDT)
(see Supplementary Tables 4 and 5, http://onlinelibrary.wiley.
com/doi/10.1002/art.42065/abstract). Relative levels of gene
expression were normalized to the expression levels of 3 house-
keeping genes (B2M, RPL13, and RPL32 or Hprt, β-actin, and
B2m). Relative expression was calculated using the formula

2−ΔCt × 1,000.

Immunoblotting. FLS were lysed in Laemmli buffer and
forepaws were lysed in radioimmunoprecipitation assay buffer.
Protein content was quantified with a BCA Protein Assay kit
(Pierce). An equal amount of total protein was subjected to elec-
trophoresis on 4–12% NuPAGE Bis-Tris gels (Invitrogen), and
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proteins were transferred to PVDF membranes (Millipore). Mem-
branes were incubated overnight at 4�Cwith the following primary
antibodies: antibodies specific to TNF (BD PharMingen);
Sema3B, ERK, and β-actin antibodies (all from Abcam); neuropilin
1, plexin A2, and tubulin antibodies (all from R&D Systems); and
H3 and protein ERK antibodies (Santa Cruz Biotechnology).
Membranes were then washed and incubated in Tris buffered
saline–Tween containing a horseradish peroxidase–conjugated
secondary antibody. Protein was detected with Lumi-Light Plus
Western blotting substrate (Roche Diagnostics) using a Chemi-
Doc MP imaging system (Bio-Rad). Densitometry analysis was
performed with ImageJ software. Relative protein expression
was normalized to the values for H3, tubulin, or β-actin.

Migration assay. Cell migration was determined using a
wound closure motility assay. A linear scratch was made on

cultured mouse FLS plated at confluence using a 200-μl micro-
pipette tip and then washed with PBS to remove unattached
cells. Mouse FLS were placed in medium containing 1% or
10% FBS, and thereafter were either left unstimulated or stimu-
lated with recombinant mouse Sema3B (100 ng/ml) (R&D Sys-
tems). Light microscopy images were obtained immediately
(time point 0) and 24 hours after wounding. The mean number
of migrated cells was determined from 3 10× field-of-view
images and values were normalized to those in cultures with
unstimulated cells.

Statistical analysis. A statistical analysis was performed
using Windows GraphPad Prism version 8. Potential differences
between patient groups were analyzed using a nonparametric
2-tailed Mann-Whitney test or a Kruskal-Wallis test, as appropri-
ate. Potential differences between the mouse groups were

Figure 1. Semaphorin 3B (Sema3B) deficiency increases the severity of serum-induced arthritis. A, Daily global arthritis scores in wild-type
(WT) mice (n = 10) and Sema3B−/−mice (n = 10). Values are the mean � SEM.B, Inflammation (I) scores, cartilage damage (CD) scores, and bone
erosion (BE) scores in mice in each group. C, Representative images of histologic features in the mouse joints, visualized using hematoxylin and
eosin (H&E) and toluidine blue staining (n = 10). Synovial cell infiltration (asterisks), bone erosion (black arrow), and cartilage damage (white
arrows) are shown.D, Expression of Sema3BmRNA in the joints and fibroblast-like synoviocytes (FLS) of WTmice (n = 6–8) and Sema3B−/−mice
(n = 6–8). E and F, Representative immunoblot (E) and densitometric analysis (F) of Sema3B expression in FLS from WT mice (n = 4) and
Sema3B−/− mice (n = 4). In B, D, and F, symbols represent individual mice; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01.
### = P < 0.001; #### = P < 0.0001, versus nonarthritic WT control mice.
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analyzed using a parametric Student’s 2-tailed paired t-test or
analysis of variance, as appropriate. P values less than 0.05 were
considered statistically significant.

RESULTS

Higher severity of arthritis in Sema3B−/−mice.We ini-

tially analyzed the role of Sema3B in K/BxN serum–induced arthri-

tis and found that the clinical severity of arthritis was significantly

higher in Sema3B−/− mice compared to the WT mice (Figure 1A).

These differences were not sex dependent (Supplementary

Figure 1A, http://onlinelibrary.wiley.com/doi/10.1002/art.42065/

abstract). Histologic analysis of the tibiotalar and forefoot joints

revealed significant increases in synovial inflammation, cartilage

damage, and bone erosion in the Sema3B−/− mice (Figures 1B

and C and Supplementary Figure 1B).
Next, we determined the expression of Sema3B in the total

joints and FLS of mice. As expected, expression of Sema3B
mRNA and protein was not detected in either the nonarthritic con-
trol group or the arthritic group of Sema3B−/− mice. Remarkably,
among WT mice, expression of Sema3B was significantly lower
in the arthritic group compared to the nonarthritic group (Figures
1D–F). Taken together, these data suggest that Sema3Bmay play
a protective role in the K/BxN serum–induced arthritis model.

Figure 2. Sema3B deficiency enhances the activation of inflammatory pathways. A, Expression of differentially expressed gene (DEG) mRNA in the
forepaws of WT or Sema3B−/− mice in a model of rheumatoid arthritis (RA) (n = 5 each) relative to that in nonarthritic control (Ct) mice (n = 4). Data are
presented as a heatmap showing the lowest (blue) and highest (orange) mRNA expression levels. B, Gene Ontology analysis of the biologic processes
associated with DEGs specific to arthritic WT mice, those specific to arthritic Sema3B−/− mice, or those shared between both groups. C, Expression
of mRNA for inflammatory mediators, analyzed by RNA-Seq in the forepaws of nonarthritic control mice (n = 4) and arthriticWTmice or Sema3B−/−mice
(n = 5). Symbols represent individual mice; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. # = P < 0.05;
## = P < 0.01; ### = P < 0.001; #### = P < 0.0001, versus nonarthritic WT control mice. LDL = low-density lipoprotein (see Figure 1 for other defini-
tions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42065/abstract.
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Enhanced activation of inflammatory pathways in
Sema3B−/− mice. To explore the mechanisms underlying
increased arthritis severity in Sema3B−/− mice, we performed an
RNA sequencing analysis in the joints of control mice and arthritic
mice. A principal components analysis of the whole transcriptome
showed a clearer distinction between the control and arthritic
groups rather than between WT mice and Sema3B−/− mice
(Supplementary Figure 2A, http://onlinelibrary.wiley.com/doi/
10.1002/art.42065/abstract). In fact, there were no significant dif-
ferences between WT and Sema3B−/− nonarthritic control mice,
and we only observed a trend toward down-regulated expression
of Sema3B mRNA in Sema3B−/− mice (fold change 0.06;
Padj = 0.078) (data not shown).

Next, we compared gene expression levels between WT and
Sema3B−/− arthritic mice and, similar to the control groups, we
did not observe major differences. In fact, only 2 genes (Sema3b
and Lrrn4cl) were found to have significantly lower expression in
Sema3B−/− mice compared to WT mice (Supplementary Table 6,
http://onlinelibrary.wiley.com/doi/10.1002/art.42065/abstract).

We therefore compared the DEGs in WT or Sema3B−/−

arthritic mice relative to WT control mice. The results revealed
197 DEGs in arthritic WT mice and 566 DEGs in arthritic
Sema3B−/− mice that showed significant differences in expres-
sion compared to nonarthritic controls (Supplementary Tables 7
and 8, http://onlinelibrary.wiley.com/doi/10.1002/art.42065/
abstract). A heatmap of the DEGs clearly distinguished the nonar-
thritic control mice and arthritic mice. Importantly, the Sema3B−/−

arthritic mice clustered together, while the WT arthritic mice
grouped in 2 different clusters, with 1 more similar to the
Sema3B−/− arthritic mice and the other more similar to the nonar-
thritic mice (Figure 2A). Subsequently, we performed a venn dia-
gram analysis (17) and we found that of all DEGs (606),
40 (6.6%) were specific to WT mice, 409 (67.5%) were specific
to Sema3B−/− mice, and 157 (25.9%) were differentially exp-
ressed in both groups (Supplementary Figure 2B and Supple-
mentary Table 9, http://onlinelibrary.wiley.com/doi/10.1002/art.
42065/abstract). A Gene Ontology analysis of biologic pro-
cesses did not show any relevant pathways in those DEGs

Figure 3. Sema3B deficiency enhances the activation of inflammatory pathways. A, Expression of mRNA for inflammatory mediators analyzed by
quantitative PCR (qPCR) of the forepaws in nonarthritic control mice (n = 8) and arthritic WTmice or Sema3B−/−mice (n = 10).B, Densitometric analysis
and representative immunoblot of tumor necrosis factor (TNF) in the joints of arthritic WTmice (n = 10) and arthritic Sema3B−/−mice (n = 10).C, Expres-
sion of Sema3B mRNA receptors analyzed by qPCR of the forepaws of nonarthritic control mice (n = 8) and arthritic WT mice or Sema3B−/− mice
(n = 10 each). D and E, Densitometric analysis and representative immunoblot of neuropilin 1 (NRP-1) and plexin A2 expression (D) and ERK activation
(E) in the joints of arthritic WT mice (n = 6) and arthritic Sema3B−/− mice (n = 6). Symbols represent individual mice; bars show the mean � SEM.
* = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. # = P < 0.05; ## = P < 0.01; ### = P < 0.001; #### = P < 0.0001, versus nonarthritic
WT control mice. Tub = tubulin (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.42065/abstract.
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specific to the WT arthritic group. As expected, the DEGs shared
between both groups are related to processes involved in the
pathogenesis of arthritis in this murine model, such as inflamma-
tory responses, neutrophil activation and migration, and
cytokine-mediated signaling pathways. In addition, the biologic
processes specific to the Sema3B−/− mice were also related to
cytokine and inflammatory responses (Figure 2B and Supple-
mentary Table 10, http://onlinelibrary.wiley.com/doi/10.1002/
art.42065/abstract).

We analyzed several DEGs common to WT and Sema3B−/−

arthritic mice (Cxcl2, Cxcl5, Il1b, Ccl2, Mmp3, and Ptx3) and
some specific to arthritic Sema3B−/− mice (Il6, Ptgs2, and
Cd68), and we found elevated expression in the arthritic
Sema3B−/− mice compared to arthritic WT mice, although only
the difference in Ptx3 expression was significant (Figure 2C). In

order to confirm these data, we analyzed this subset of genes
using single qPCR, as well as Tnf, due to the key role it plays in
RA pathogenesis (2,18). We found up-regulation of Cxcl5, Ccl2,
Tnf, Il1, Il6, Mmp3, Ptgs2, Cd68, and Ptx3 in arthritic WT mice
and arthritic Sema3B−/− mice compared to the nonarthritic con-
trol mice and significantly enhanced expression in arthritic
Sema3B−/− mice compared to arthritic WT mice (Figure 3A).
Finally, we also validated the increased expression of TNF at the
protein level (Figure 3B).

Next, we investigated the possible molecular mechanisms
involved in the elevated severity of arthritis in this murine model.
First, we analyzed expression of the Sema3B receptors, the
plexin A family members, and the coreceptors neuropilin
1 (NRP-1) and NRP-2 (5–7,19). We found that expression of
Nrp1 and Plexina2 was significantly lower in the joints of arthritic

Figure 4. Sema3B deficiency enhances activation of inflammatory pathways and the migratory capacity of FLS. A and B, Expression of mRNA for
inflammatory mediators (A) and tumor necrosis factor (TNF) and interleukin-6 (IL-6) protein secretion (B) in FLS (at passage 4) from nonarthritic control
mice (n = 6) and arthritic WT mice or Sema3B−/− mice (n = 7). C, Migration of FLS (at passage 4) from arthritic WT mice and arthritic Sema3B−/− mice
after culture in 1% or 10% fetal bovine serum (FBS) for 24 hours. D, Migration of mouse FLS (at passage 6) from arthritic Sema3B−/− mice stimulated
with recombinant mouse Sema3B (rmSema3B) (100 ng/ml) after culture in 1% or 10% FBS for 24 hours. E, Densitometric analysis and representative
immunoblot of ERK activation in FLS (at passage 4) from arthriticWTmice (n = 4) and arthritic Sema3B−/−mice (n = 4). InA–C and E, symbols represent
individual mice; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. # = P < 0.05; ## = P < 0.01;
### = P < 0.001; #### = P < 0.0001, versus nonarthritic WT control mice. See Figure 1 for other definitions. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42065/abstract.
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Sema3B−/− mice compared to the joints of WT and Sema3B−/−

nonarthritic mice. In addition, expression of Nrp1 was also dimin-
ished compared to levels in arthritic WT mice (Figure 3C). At the
protein level, we observed slightly reduced expression of NRP-1
and plexin A2 in arthritic Sema3B−/− mice compared to arthritic
WT mice, although this difference was not statistically significant
(Figure 3D).

As Sema3B reduces ERK activation in FLS (8), we also eval-
uated the activation of this protein kinase in mouse FLS. In addi-
tion, 1 of the pathways found in the RNA-Seq data specific to
arthritic Sema3B−/− mice was the positive regulation of the MAPK
cascade (Figure 2B). Consistent with this finding, our results
showed significantly increased ERK activation in arthritic
Sema3B−/− mice compared to arthritic WT mice (Figure 3E).

Enhanced inflammatory and migratory phenotype
of FLS in Sema3B−/− mice. In arthritic mouse FLS, we further
analyzed expression of the gene targets in the joint tissue, since
Sema3B is mainly expressed by FLS in the synovium (8). Our
qPCR analysis showed increased Tnf, Il1, Ptx3, Cxcl2, and Cxcl5
expression in FLS from arthritic Sema3B−/− mice compared to
FLS from arthritic WT mice, but there were no differences in terms
of the expression of Ccl2, Il6, Mmp3, or Ptgs2 (Figure 4A). At the

protein level, secretion of TNF and IL-6 was also increased in
FLS from arthritic Sema3B−/− mice (Figure 4B).

Since Sema3B impairs the migratory capacity of RA FLS (8),
we analyzed the migratory capacity of mouse FLS. We observed
a trend toward increased spontaneous migration and signifi-
cantly higher FBS-induced migration in FLS from Sema3B−/−

mice compared to FLS from arthritic WT mice. Notably, the
higher degree of migration of FLS from Sema3B−/− mice was
reverted after stimulation with recombinant mouse Sema3B
(Figures 4C and D).

Lastly, we determined ERK activation and, similar to the
observations in the total joints of mice, ERK activation was signif-
icantly increased in the FLS from arthritic Sema3B−/− mice com-
pared to WT mice (Figure 4E).

Protective role of Sema3B in a murine model of
arthritis. To confirm that Sema3B plays a protective role in this
model of arthritis, we determined the effect of treatment with a
recombinant mouse Sema3B fusion protein in arthritic WT mice.
Arthritis severity was significantly lower in recombinant mouse
Sema3B–treated mice compared to mice in both control groups
(PBS and isotype control IgG) (Figure 5A). Consistent with this,
histologic analysis at day 9 showed a drastic reduction in synovial

Figure 5. Sema3B reduces the severity of serum-induced arthritis.A, Daily global arthritis scores in arthriticWTmice treated on days 0, 2, and 4 with
control phosphate buffered saline (PBS) (n = 4), isotype control IgG (10 μg) (n = 6), or recombinant mouse Sema3B (rmSema3B) (10 μg) (n = 6). Values
are the mean� SEM. B, Inflammation scores, cartilage damage scores, and bone erosion scores in mice in each group.C, Representative images of
histologic features in the mouse joints visualized with H&E and toluidine blue staining. Synovial cell infiltration (asterisks), bone erosion (black arrows),
and cartilage damage (white arrows) are shown.D, Longitudinal serum Sema3B levels in the mouse groups analyzed inA. E, Expression of mRNA for
inflammatory mediators in the forepaws of mice analyzed in A. In B and E, symbols represent individual mice; bars show the mean � SEM.
* = P < 0.05; ** = P < 0.01; *** = P < 0.001. # = P < 0.05; ## = P < 0.01, versus Sema3B-treated mice on day 4. See Figure 1 for other definitions.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42065/abstract.
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inflammation, cartilage damage, and bone erosion in recombinant
mouse Sema3B–treated mice compared to those in both control
groups (Figures 5B and C).

Findings from a longitudinal analysis demonstrated that
serum Sema3B levels were significantly lower during the course
of arthritis in the PBS and IgG groups. In the Sema3B-treated
group, the levels of this protein on day 4 were similar to those
observed on day 0 (before the induction of arthritis and adminis-
tration of the recombinant mouse Sema3B), but were reduced
on day 9, likely due to the final dose of recombinant mouse
Sema3B administered on day 4. Importantly, also on day 4, levels
of Sema3B were significantly higher in the Sema3B mouse group
compared to the control groups (Figure 5D). Finally, analysis of
the inflammatory mediators in the mouse joints demonstrated
that recombinant mouse Sema3B administration resulted in sig-
nificantly down-regulated expression of Tnf, Il1, Ccl2, Cxcl5,
Ptgs2, Ptx3,Cd68, andMmp3 compared to the expression levels
of these genes in the control groups (Figure 5E).

Disease stage dependence of Sema3B expression in
human RA.Our previous findings (8) and results from the murine
experiments suggest that Sema3B expression might be reduced
in patients with established RA, but to date its expression in
patients with arthralgia preceding the development of clinical
arthritis and RA is unexplored. First, we examined the local and

systemic expression of Sema3B in patients with arthralgia
and those with RA. We found significantly lower Sema3B mRNA
and protein expression in the synovial tissue and serum of
patients with established RA compared to those with arthralgia
(Figures 6A and B).

To better understand the expression levels at different dis-
ease stages, we measured Sema3B levels in 20 patients with
CSA who had disease that progressed to RA (median time
between presentation with CSA and the development of clinical
arthritis 4 months [interquartile range 0.3–5]) and 20 patients with
disease that did not progress to RA (samples collected at presen-
tation with CSA and after 2 years). In patients with disease that
progressed to RA, serum Sema3B levels were significantly ele-
vated both at the time of presentation with CSA and at the time
that clinical arthritis first developed, compared to the levels in the
patients who had disease that did not progress to RA (Figure 6C).

These differences were independent of ACPA autoantibody
status, as Sema3B levels were increased in the progressor
patients in both the ACPA-negative and ACPA-positive groups.
Interestingly, at the baseline visit and to a lower extent after 1 year
of follow-up, levels of Sema3B were significantly higher in ACPA-
positive patients compared to ACPA-negative patients, both
in those with disease that progressed to RA and in those whose
disease remained as arthralgia (Supplementary Figure 3 http://
onlinelibrary.wiley.com/doi/10.1002/art.42065/abstract). Similar

Figure 6. Semaphorin 3B (Sema3B) expression is reduced during the progression of rheumatoid arthritis (RA). A and B, Expression of Sema3B
mRNA in synovial tissue (A) and Sema3B protein in serum (B) from patients with arthralgia (n = 8) and those with established RA (n = 10).
C, Sema3B levels in a longitudinal cohort of patients with clinically suspect arthralgia (CSA) (n = 40) who had disease that progressed to RA
(n = 20) or those whose disease remained as arthralgia after 2 years of follow-up (n = 20). D, Sema3B levels in a longitudinal cohort of patients with
CSA at presentation of arthralgia (n = 8), at presentation of RA (n = 8), and 1 year (n = 8) and 2 years (n = 4) after RA diagnosis. Symbols represent
individual patients; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001. # = P < 0.05, ### = P < 0.001, versus presentation.
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to the previous set of patients with established RA, in 8 of the CSA
patients with disease that progressed to RA, Sema3B levels were
drastically reduced after 1 year of follow-up, and in 4 patients,
levels remained lower after 2 years of follow-up (Figure 4D). Taken
together, these data show that expression of Sema3B is disease
stage–dependent and is associated with ACPA status.

DISCUSSION

In this study we found that Sema3B plays a protective role in
a K/BxN mouse model of arthritis. The higher arthritis severity
observed in Sema3B−/− mice was associated with 2 main effects.
First, mRNA and protein analysis in Sema3B−/− mice showed
higher expression of cytokines, chemokines, and matrix metallo-
proteinases, which are elevated in RA patients and play a key role
in pathogenesis of the disease (18,20,21). Enrichment analysis of
DEGs in both WT arthritic mice and Sema3B−/− arthritic mice
showed induction of biologic pathways involved in the pathogen-
esis of arthritis in this model, as well as in RA patients. Specific
pathways in Sema3B−/− mice were also related to these pro-
cesses, indicating that Sema3B deficiency enhances the expres-
sion of inflammatory mediators, rather than regulating other
biologic processes. We found that FLS are responsible for the
enhanced expression of inflammatory mediators, although some
mediators were up-regulated in total joints but not in FLS (Il6,
Ccl2, Mmp3, Ptgs2), suggesting the involvement of other cell
types. Neutrophils and macrophages are crucial in a K/BxN
mouse model of arthritis, as they represent the main immune cells
infiltrating the affected joints and release cytokines and chemo-
kines, among other inflammatory mediators (22–24).

Increased synovial inflammation and higher expression of the
macrophage marker CD68 in the joints of Sema3B−/− mice sug-
gest that both neutrophils and macrophages are involved in the
greater arthritis severity and in the production of inflammatory
mediators found in these mice. Second, FLS from Sema3B−/−

mice demonstrated an increased migratory capacity, consistent
with the invasive and aggressive phenotype of RA FLS (8,25,26).
In addition, the enhanced bone erosion observed in Sema3B−/−

mice suggests that Sema3B also may be involved in bone ero-
sion, which is consistent with findings from other studies that have
shown that Sema3B promotes osteoblastic proliferation and dif-
ferentiation (27,28).

In this study we also found lower expression of plexin A2 and
the coreceptor NRP-1 in the joints of WT arthritic mice, and this
reduction was more evident in the Sema3B−/− arthritic mice.
These data, taken together with the low Sema3B levels, suggest
that decreased plexin A2 and NRP-1 expression may be impli-
cated in this arthritis model. In fact, plexin A2 and NRP-1 are cru-
cial for appropriate Sema3B signaling in different cell types
(8,29,30). In addition, Sema3A and Sema3F, which play protec-
tive roles in RA pathogenesis, also bind to plexin A2 and NRP-1.
Therefore, Sema3B deficiency might also enhance arthritis

severity through the impairment of the Sema3A and Sema3F pro-
tective pathways. (8,31,32).

Regarding the molecular pathways involved in enhanced
arthritis severity, we found higher ERK activation both in the joints
and in the FLS from Sema3B−/− arthritic mice, indicating that the
protective role of Sema3B in RA pathogenesis may be due, at
least in part, to inhibition of this molecular pathway. This notion
is supported by previous findings of low ERK activation in
Sema3B-stimulated RA FLS (8) and elevated ERK activation
in synovial tissue from patients with RA, as well as from patients
with early arthritis who develop erosive RA (33–35).

Notably, expression of Sema3B was reduced in arthritic WT
mice during the course of arthritis, similar to the decreased
Sema3B levels observed during RA progression. Of special inter-
est, administration of Sema3B resulted in diminished arthritis
severity, decreased expression of inflammatory mediators, and
reduced migration of FLS, highlighting the important modulatory
role of Sema3B in the K/BxN mouse model of arthritis.

We also found that local and systemic levels of Sema3Bwere
lower in patients with established RA compared to patients with
arthralgia; however, Sema3B levels were increased in patients
with CSA who had disease that progressed to RA. These data
suggest that expression of Sema3B is disease stage dependent
and the elevated expression in patients with pre-RA may be a
consequence of a counterregulatory mechanism, similar to the
high levels of antiinflammatory mediators (IL-4, IL-5, IL-10, IL-13)
observed in patients with RA (35–37). Due to the protective role
of Sema3B, this counterregulation in the early stages of the dis-
ease may reduce the pathogenic processes that ultimately lead
to joint destruction. However, further studies are needed to eluci-
date this mechanism. Eight of the CSA patients with disease that
progressed to RA presented with remarkably low serum Sema3B
levels 1 and 2 years after the date of diagnosis.

These data, along with our previous findings showing that
Sema3B levels are lower in the synovium of patients with early
RA compared to patients with undifferentiated arthritis (8), which
is considered an early phase of RA (38), confirm that expression
of Sema3B is down-regulated during the progression of the dis-
ease. The pathogenic mechanisms observed in very early RA
might be responsible for this reduction. In fact, IL-1 and TNF levels
are elevated in the synovial fluid of patients with early RA (37), and
the expression levels of IL1B and TNF negatively correlate with
SEMA3B expression in the synovium of patients with early RA. In
addition, both IL-1 and TNF down-regulate Sema3B expression
in RA FLS (8). Nevertheless, we cannot rule out the possibility that
ACPAs are involved in Sema3B expression, as serum Sema3B
levels are increased in ACPA-positive RA patients and several
studies have shown that anticitrullinated antibodies induce the
expression of inflammatory mediators (38–40).

Taken together, our data from the K/BxN mouse model and
human patients suggest that administration of Sema3B may be
a new therapeutic approach for RA. Multiple studies have shown
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that early treatment can prevent RA progression (41–43). Since
Sema3B levels are low during the first year of the disease, early
administration of Sema3B could prevent or decelerate the pro-
gression of joint damage and therefore preclude irreversible dis-
ability. Further studies are needed to analyze the therapeutic
effect of Sema3B administration.
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Rheumatoid Factor and Anti–Modified Protein Antibody
Reactivities Converge on IgG Epitopes

Aisha M. Mergaert,1 Zihao Zheng,1 Michael F. Denny,1 Maya F. Amjadi,1 S. Janna Bashar,1 Michael A. Newton,1

Vivianne Malmström,2 Caroline Grönwall,2 Sara S. McCoy,1 and Miriam A. Shelef3

Objective. Rheumatoid arthritis (RA) patients often develop rheumatoid factors (RFs), antibodies that bind IgG Fc,
and anti–modified protein antibodies (AMPAs), multireactive autoantibodies that commonly bind citrullinated, homoci-
trullinated, and acetylated antigens. Recently, antibodies that bind citrulline-containing IgG epitopes were discovered
in RA, suggesting that additional undiscovered IgG epitopes could exist and that IgG could be a shared antigen for
RFs and AMPAs. This study was undertaken to reveal new IgG epitopes in rheumatic disease and to determine if
multireactive AMPAs bind IgG.

Methods. Using sera from patients with RA, systemic lupus erythematosus, Sjögren’s disease (SjD), or
spondyloarthropathy, IgG binding to native, citrulline-containing, and homocitrulline-containing linear epitopes of the
IgG constant region was evaluated by peptide array, with highly bound epitopes further evaluated by enzyme-linked
immunosorbent assay (ELISA). Binding of monoclonal AMPAs to IgG-derived peptides and IgG Fc was also evaluated
by ELISA.

Results. Seropositive RA sera showed high IgG binding to multiple citrulline- and homocitrulline-containing IgG-
derived peptides, whereas anti-SSA+ sera from SjD patients showed consistent binding to a single linear native epi-
tope of IgG in the hinge region. Monoclonal AMPAs bound citrulline- and homocitrulline-containing IgG peptides and
modified IgG Fc.

Conclusion. The repertoire of epitopes bound by AMPAs includes modified IgG epitopes, positioning IgG as a
common antigen that connects the otherwise divergent reactivities of RFs and AMPAs.

INTRODUCTION

Two main types of autoantibodies with high diagnostic value

and possible pathogenic roles exist in rheumatoid arthritis (RA):

rheumatoid factors (RFs) and anti–citrullinated protein antibodies

(ACPAs). RFs, which are antibodies of any isotype that bind

the Fc portion of IgG, are common in RA but are also found less

frequently in those with systemic lupus erythematosus (SLE),

anti-SSA+ Sjögren’s disease (SjD), ankylosing spondylitis, some

infections, hematologic malignancy, or in smokers (1–6). RFs

commonly bind to 2 conformational epitopes after antigen bind-

ing, enzymatic degradation, or other changes to the IgGmolecule:

1 in the hinge region and 1 that includes parts of the CH2 and CH3

regions (5,7–9). In RA, additional epitopes are bound, affinity mat-

uration occurs, and IgG-RF and IgA-RF are common (4,5,10), all

of which show evidence of T cell help. However, it is unknown

why tolerance against IgG is lost in T cells.
In addition to RFs, ~75% of RA patients develop ACPAs,

autoantibodies against proteins containing arginines that were

posttranslationally modified to citrullines (11). Unlike RFs, ACPAs
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are highly specific to RA and are associated with shared
epitope–containing HLA alleles (12), which may contribute to
their development. In RA, autoantibodies that bind to epitopes
in which lysines have been converted to homocitrullines,
i.e., homocitrullinated (carbamylated) antigens, have also been
identified (13). Moreover, individual ACPAs are often anti–
modified protein antibodies (AMPAs), given their frequent reac-
tivity to homocitrullinated and acetylated epitopes in addition to
their multireactivity to many citrullinated targets (14–16). It is a
long-standing mystery as to why AMPAs and RFs typically
coexist in RA. Perhaps each autoantibody type enhances the
other’s production and/or a common antigen underlies the
development of both autoantibodies (12,17).

Recently, IgG in RA sera was shown to bind to citrulline-
containing linear peptides present in the constant region of the
IgG heavy chain (18), suggesting the possibility that IgG could
be a shared antigen for RFs and AMPAs. However, although RF
is defined by its binding to IgG, the ability of AMPAs to recognize
modified IgG epitopes is unknown. Moreover, the use of modern
technology to discover new IgG epitopes in a few RA patients
raised the possibility of additional unexplored IgG epitopes in RA
and other rheumatic diseases with RF.

In this study, we evaluate the repertoire of IgG heavy chain–
derived linear peptides bound by serum IgG from patients with
rheumatic diseases and by monoclonal AMPAs to identify new
IgG epitopes and to determine whether IgG is a common antigen
for AMPAs and RFs.

PATIENTS AND METHODS

Subjects. Human subject research was approved by the
University of Wisconsin Institutional Review Board and complied
with the Declaration of Helsinki. Sera were obtained from the Uni-
versity of Wisconsin (UW) Rheumatology Biorepository (19,20),
which has expanded to include SLE, SjD, and spondyloarthropa-
thy. Subjects were ≥18 years old and received care at UWHealth.

In this study, RA patients met the 2010 American College of
Rheumatology (ACR)/European Alliance of Associations for
Rheumatology (EULAR) diagnostic criteria for RA (21). Anti–cyclic
citrullinated peptide–positive (anti-CCP+) RF-positive (RF+) RA
patients had anti-CCP and RF levels more than twice the upper
limit of normal, and anti-CCP–RF– RA patients tested negative
for both markers in UW Health’s clinical labs. Lupus patients met
Systemic Lupus International Collaborating Clinics criteria (22).
All SjD patients met the 2016 ACR/EULAR classification criteria
for primary SjD (23), except for 2 patients: 1 with a positive SSA
test result and the other with a minor salivary gland biopsy with a
focus score >1, but both had incomplete medical record docu-
mentation for objective sicca. Patients with spondyloarthropathy
were diagnosed by a rheumatologist as having ankylosing spon-
dylitis, psoriatic arthritis, or inflammatory bowel disease associ-
ated arthritis, and all showed radiographic evidence of sacroiliitis.

Controls were matched by age and sex and had none of the fol-
lowing diagnoses: RA, lupus, SjD, scleroderma, psoriasis, psori-
atic arthritis, ankylosing spondylitis, reactive arthritis, ulcerative
colitis, Crohn’s disease, multiple sclerosis, type I diabetes melli-
tus, or hematologic malignancy. Subject characteristics can be
found in Supplementary Tables 1–4 (available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42064).

High-density peptide array. A high-density peptide array
(Roche NimbleGen) was used to detect serum IgG that bound to
overlapping 12–amino acid peptides derived from the constant
region of the heavy chains of IgG1 (UniProt no. P01857), IgG2
(no. P01859), IgG3 (no. P01860), and IgG4 (no. P01861), as pre-
viously described (18). Peptides were included in 3 forms: native,
all arginines replaced by citrullines, and all lysines replaced by
homocitrullines.

Monoclonal AMPAs. Generation of the human monoclonal
AMPAs from single B cells from RA patients has previously been
described. Clones 1325:07E07 and 1325:04C03 were derived
from synovial plasma cells (14), and clones 37CEPT1G09,
14CFCT3G09, and 37CEPF2C05 were derived from blood mem-
ory B cells (24). The monoclonal antibodies were recombinantly
expressed as human IgG1, purified, and extensively quality-
controlled (25). All AMPA clones bound CCP2 and multiple
citrullinated peptides without native peptide reactivity and with
reactivity against homocitrullinated antigens ranging from very lim-
ited to extensive (14,15,24,26,27). The negative control clone
1362:01E02 has not displayed any reactivity to any posttransla-
tional modifications or control antigens (15,27).

Posttranslational modification of IgG Fc. IgG Fc
(MilliporeSigma) was depleted of contaminating IgM and residual
light chain using streptavidin magnetic beads (ThermoFisher Sci-
entific) coated with biotin-conjugated goat IgG anti-human IgM,
goat IgG anti-human kappa, and goat IgG anti-human lambda
(Southern Biotech). IgG Fc was citrullinated by treatment with
2 μg of peptidylarginine deiminase type 2 (PAD2) and PAD4, per
1 mg of IgG Fc, in a buffer of 100 mM Tris HCl (pH 7.5), 1 mM

dithiothreitol, and 5 mM CaCl2. IgG Fc was homocitrullinated by
treatment with 0.1M KOCN in H2O, stopping the reaction with
0.15M Tris (pH 8.8). Citrullination and homocitrullination are dem-
onstrated in Supplementary Figure 1 (available on the Arthritis

& Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42064).

Enzyme-linked immunosorbent assay (ELISA). For
peptide ELISA, plates were coated with 5 μg/ml streptavidin
(ThermoFisher Scientific) for 1 hour at room temperature, washed
with phosphate buffered saline (PBS), and then coated with
0.125 μM of peptide conjugated to biotin at the C terminus
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(Biomatik) for 1 hour at room temperature. Peptides are listed in
Supplementary Table 5 (available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42064).
For IgG Fc ELISA, plates were coated overnight at 4�C with
10 μg/ml IgG Fc in PBS in 4 forms: treated with PADs in buffer,
treated with 0.1M KOCN in H2O, diluted in citrullination buffer,
and diluted in H2O. After washing with PBS, plates were blocked
for 1 hour at room temperature with 5% nonfat dried milk in 0.2%
Tween 20 in PBS (serum ELISA block) or 1% bovine serum albu-
min in PBS (monoclonal AMPA ELISA block without 0.1% Tween
20). Sera diluted 1:200 or 1:2,000 in serum ELISA block or
1 μg/ml monoclonal AMPAs (14,24) in monoclonal AMPA ELISA
block were applied to plates overnight at 4�C. After 3 washes,
plates were incubated with mouse monoclonal anti-human IgG
conjugated to horse radish peroxidase (HRP) (clone JDC-10;
Southern Biotech) diluted 1:5,000 in serum ELISA block, or goat
anti-human lambda and anti-human kappa IgG conjugated to
HRP (Southern Biotech) diluted 1:5,000 in monoclonal AMPA
ELISA block.

After one hour at room temperature, plates were washed
4 times, developed with 3,30,5,50-tetramethylbenzidine
(ThermoFisher Scientific) for 10 minutes, then stopped with
0.18M sulfuric acid. Plates were read on a FilterMAX F3
(Molecular Devices) at an optical density of 450 nm and 562 nm,
with 562-nm values subtracted from 450-nm values for each
sample. For each sample, absorbance values for uncoated wells
were subtracted from peptide- or Fc-coated wells to exclude
nonspecific binding, and absorbance values for PAD-containing
buffer were subtracted from wells coated with PAD-treated IgG
Fc to exclude anti-PAD reactivity.

Each plate included a standard curve of purified human IgG
ranging from 0.0169 to 1,000 ng/ml. To generate the human IgG
standard curve, wells were coated with streptavidin as described
above, followed by biotin-labeled goat IgG anti-human lambda
and kappa capture antibodies at a 1:5,000 dilution. Following a
blocking step, serially diluted purified human IgG (Bethyl Labora-
tories) in blocking buffer was added to the wells. The serially
diluted human IgG was detected using the same method
described above. The background-corrected absorbance values
for the patient serum samples were converted to ng/ml of human
IgG by applying a 4-parameter nonlinear curve fit to the wells con-
taining the human IgG standards (elisaanalysis.com).

Statistical analysis. To avoid making distributional
assumptions about the array measurements, we used nonpara-
metric statistical tests. ELISA data for disease groups versus con-
trols were compared by Mann-Whitney or Kruskal-Wallis tests.
Analyses were performed using GraphPad Prism software, and
P values less than 0.05 were considered significant. Categorical
variables were compared using Pearson’s chi-square and Fish-
er’s exact tests, and continuous variables were compared using
the Kruskal-Wallis rank test, with Stata version 16 (Supplementary

Tables 1–4, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42064).

RESULTS

To evaluate IgG epitopes bound in RA and other rheumatic
diseases, we quantified IgG binding to every 12–amino acid linear
peptide derived from the constant region of the heavy chain of
human IgG1–4 using a high-density peptide array (18) and
sera from patients diagnosed as having RA (anti-CCP+RF+ and
anti-CCP−RF−), lupus, SjD (anti-SSA+ and anti-SSA−), or spon-
dyloarthropathy, as well as age- and sex-matched controls.
Anti-CCP+RF+ RA serum IgG bound strongly to multiple
citrulline- and homocitrulline-containing peptides derived from all
IgG isotypes, with minimal binding to corresponding arginine-
and lysine-containing native peptides (Figure 1 and Supplemen-
tary Figure 2, available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.42064). Serum
IgG from patients with other diseases displayed very limited bind-
ing to linear IgG-derived peptides overall, although anti-SSA+
serum IgG from patients with SjD or spondyloarthropathy bound
to native peptides in the hinge region. As expected (2), serum
IgG from anti-CCP−RF− RA patients and anti-SSA− SjD patients
showed no areas of high binding to IgG-derived peptides.

In a previous study that used an identical array with different
RA patients (18), IgG binding to homocitrulline-containing epitopes
was not as prominent. To identify a cause for this discrepancy, we
more closely inspected the binding of serum IgG for each anti-
CCP+RF+ RA patient in the previous study and in the current
study (Supplementary Figure 3, available on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42064). We found similar maximum and minimum binding sig-
nals in both arrays, with more subjects in the current study display-
ing high binding to homocitrulline-containing epitopes.

We then selected regions of IgG1, the most abundant IgG
subclass (28), that were highly bound in anti-CCP+RF+ RA based
on our current array experiment (peptide sequences shown in
Supplementary Table 5, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42064),
for further evaluation of IgG binding by ELISA. Anti-CCP+RF+ RA
sera showed increased binding, compared to control sera, to most
of the homocitrulline-containing, citrulline-containing, and dually
modified peptides, with only 1 native peptide bound more in RA
than controls (Figure 2). Interestingly, the increased binding in
RA patients versus controls was due to both increased binding in
RA and reduced binding in controls to modified peptides (versus
native peptides). Similar to array results (Supplementary Figure 3,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42064), some subjects
showed high binding at specific epitopes while others did not.
Anti-CCP−RF− RA sera showed no increased binding to any
peptide (data not shown).
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Previously, RA IgG and several monoclonal AMPAs were
shown to commonly bind modified antigens if the citrulline was
next to glycine or serine, or if the homocitrulline was next to gly-
cine (14,15,18). Therefore, we investigated whether the highly
bound IgG1-derived peptides in Figure 2 had similar motifs. Two
of the 3 citrullines in highly bound peptides were next to serine,
whereas only 1 of the 3 citrullines in poorly bound peptides was

next to serine (Figure 3A). None of the 6 total citrullines were
next to glycine, and no amino acid was more commonly next to
citrulline than serine in the highly bound peptides. Of the
15 homocitrullines in highly bound IgG1-derived peptides,
5 homocitrullines were next to serine, whereas only 1 of the
13 homocitrullines in poorly bound peptides had a neighboring
serine (Figure 3B). No amino acid neighbored homocitrulline

Figure 1. Serum IgG binding to IgG1-derived peptides in rheumatic diseases. Serum IgG binding was quantified for every 12–amino acid linear
peptide derived from the constant region of the heavy chain of human IgG1, using a high-density peptide array and sera from patients diagnosed
as having rheumatoid arthritis (RA) (anti–cyclic citrullinated peptide–positive [anti-CCP+] rheumatoid factor–positive [RF+] RA and anti-CCP−RF−
RA), lupus, Sjögren’s disease (anti-SSA+ and anti-SSA−), or spondyloarthropathy, relative to age- and sex-matched controls. IgG binding signal
for each disease group (n = 8, except for lupus [n = 16]) was divided by control binding signal and graphed for each peptide according to its start-
ing position in the constant region of the heavy chain of IgG1.

Figure 2. Multiple modified IgG-derived peptides are bound by IgG in anti-CCP+RF+ RA. Binding of IgG from anti-CCP+RF+ RA and control
sera to native, citrulline (B)–containing, homocitrulline (J)–containing, and dually modified (JB) peptides (n = 15) starting at the indicated amino acid
position of the constant region of the IgG1 heavy chain was quantified by enzyme-linked immunosorbent assay. Symbols represent individual sub-
jects; horizontal lines show the median. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, versus controls, by Mann-Whitney test.
See Figure 1 for other definitions.
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more commonly than serine in highly bound peptides, including
glycine, which was next to only 1 of the 15 homocitrullines in
highly bound peptides.

Using ELISA, we next evaluated a peptide from IgG1 in
the hinge region starting at position 109, which appeared to be
highly bound in non-RA rheumatic disease, as assessed by pep-
tide array (Figure 1). Anti-SSA+ SjD serum IgG, but not lupus or
spondyloarthropathy serum IgG, showed significantly increased
binding to the hinge peptide compared to controls (Figure 4).
There was a trend toward increased binding in anti-CCP+RF+
RA compared to controls, but no increased binding in anti-CCP−RF
RA− (Figure 4). Taken together, our data demonstrate a wide range
of binding to multiple citrulline- and homocitrulline-containing IgG
epitopes in anti-CCP+RF+ RA, with binding to a single linear IgG
epitope in SjD.

Given the different IgG epitopes bound in anti-CCP+RF+ RA
compared to SjD, and the frequent coexistence of AMPAs and

RFs in RA, we next assessed whether multireactive monoclonal
AMPAs could bind to the IgG epitopes highly bound in RA. Five
patient-derived monoclonal AMPAs that were previously deter-
mined to have cross-reactivity against multiple citrulline-containing
epitopes, varying levels of homocitrulline reactivity, and no reactivity
with native antigens (14,15,24,26,27), as well as 1 negative control
monoclonal antibody, were evaluated for binding to IgG-derived
peptides using ELISA (Figure 5). The 3 monoclonal AMPAs
(1325:04C03, 37CEPT1G09, and 37CEPTF2C05) previously
shown to have homocitrulline multireactivity (14,15,26) showed
binding to many modified (including all homocitrulline-containing
peptides), but not native, IgG-derived peptides, with different pat-
terns among clones (Figure 5A). The 2 monoclonal AMPA clones
(1325:07E07 and 14CFCT3G09) previously shown to be primarily
citrulline-restricted (14,15,26) showed very limited binding to IgG-
derived peptides. Compared to the extensive binding to
homocitrulline-containing peptides, binding to doubly modified
peptides was less consistent, and binding to citrulline-containing
peptides was comparatively low.

Finally, we evaluated monoclonal AMPA binding to native,
citrullinated, and homocitrullinated IgG Fc protein. Two mono-
clonal AMPAs with high reactivity to modified IgG-derived pep-
tides also bound to IgG Fc, particularly homocitrullinated Fc
(Figure 5B). Taken together, these data demonstrate that mono-
clonal AMPAs, which bind many different modified epitopes
(14,15,24), also bind IgG epitopes, bridging the divide between
AMPAs and RFs.

DISCUSSION

In this study, we evaluated IgG binding to all possible linear
epitopes of the constant region of IgG heavy chain to reveal
several key features of autoantibody reactivity in rheumatic
disease. First, we discovered several homocitrulline-containing

Figure 3. Serine is commonly next to citrulline and homocitrulline in IgG1-derived peptides highly bound by IgG in RA.A, Percentage of citrullines with
each amino acid adjacent to the citrulline for the 3 citrullines in highly bound IgG1-derived peptides and the 3 citrullines in poorly bound IgG1-derived
peptides.B, Percentage of homocitrullines with each amino acid in an adjacent position for the 15 homocitrullines in highly bound IgG1-derived peptides
and the 13 homocitrullines in poorly bound IgG1-derived peptides. Ala = alanine; Gly = glycine; Ile = isoleucine; Leu = leucine; Pro = proline; Val = va-
line; Phe = phenylalanine; Trp = tryptophan; Met = methionine; Ser = serine; Thr = threonine; Cys = cysteine; Asn = asparagine; Gln = glutamine;
Tyr = tyrosine; Asp = aspartic acid; Glu = glutamic acid; Arg = arginine; His = histidine; Lys = lysine (see Figure 1 for other definitions). Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42064/abstract.
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Figure 4. A native linear peptide from the hinge region of IgG1 is
bound in Sjögren’s disease (SjD). Binding of IgG to a hinge peptide
(position 109) was quantified by enzyme-linked immunosorbent assay
for anti-CCP+RF+ RA (n = 16), anti-CCP−RF− RA (n = 16), lupus
(n = 23), anti-SSA+ primary SjD (n = 10), spondyloarthropathy (SpA;
n = 12), and matched controls. Symbols represent individual subjects;
horizontal lines show the median. * = P < 0.05 versus controls, by
Kruskal-Wallis or Mann-Whitney test. See Figure 1 for other definitions.
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IgG epitopes bound in anti-CCP+RF+ RA patients. These
homocitrulline-containing epitopes were bound less prominently
in a previous study, whereas binding to citrulline-containing IgG1
epitopes was comparable (18). Given the general reproducibility
of this array (29), the discrepancy appears to be due to the wide
range of reactivity to linear IgG epitopes in anti-CCP+RF+ RA
patients (Figure 2 and Supplementary Figure 3, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42064). Similarly, the monoclonal AMPAs
had different reactivities to IgG epitopes. Homocitrulline-
containing epitopes were bound prominently by monoclonal
AMPAs, but to varying extents by different clones. Interestingly,
only 2 of 5 monoclonal AMPAs bound to citrulline-containing epi-
topes, perhaps due to the absence of glycine neighboring the cit-
rullines, a previously identified binding motif for 3 of the
monoclonal AMPAs (14,15). Minimal citrullination in the case of
the Fc protein (Supplementary Figure 1, available on the Arthritis

& Rheumatology website at https://onlinelibrary.wiley.com/doi/

10.1002/art.42064) may have also contributed. Regardless of
the cause, our findings suggest different AMPA and RF reper-
toires among RA patients with binding to homocitrullinated and
citrullinated epitopes.

In addition to variability in IgG binding among subjects and
monoclonal AMPAs, variability was observed among epitopes.
Different citrulline- and homocitrulline-containing epitopes were
not equally bound by RA sera, and reactivity to citrulline- and
homocitrulline-containing epitopes did not guarantee reactivity
with dually modified epitopes, supporting the idea that modifica-
tion alone is insufficient for antibody binding across all individuals.
However, a previously identified motif for IgG binding in RA, serine
next to citrulline (18), was present for 2 of 3 citrullines in IgG-
derived peptides highly bound by RA IgG in this study. Interest-
ingly, homocitrulline next to serine was also commonly present in
highly bound IgG-derived peptides. Homocitrulline–serine pairs
have not been previously identified as a highly bound motif by
IgG in RA (14,15,18). Despite the common presence of serine
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Figure 5. Anti–modified protein antibodies (AMPAs) bind citrulline- and homocitrulline-containing IgG-derived peptides and modified IgG
Fc. Five patient-derived monoclonal AMPAs (clones 1325:04C03, 37CEPT1G09, 37CEPF2C05, 14CFCT3G09, and 1325:07E07) and 1 negative
control monoclonal antibody (clone 1362:01E02) were assessed by enzyme-linked immunosorbent assay for binding to IgG1-derived peptides (A)
and to human IgG Fc that was left unmodified (exposed to buffer alone) or was treated with peptidylarginine deiminases (PADs) to citrullinate or
KOCN to homocitrullinate (B). Native peptides and proteins are shown in black or gray, citrulline (B)–containing peptides in red, homocitrulline
(J)–containing peptides in blue, and dually modified (JB) peptides in purple. Numbers on the x-axis in A indicate the location of the first amino acid
of the peptide in the constant region of the IgG1 heavy chain. Lines indicate the highest level of binding detected for the negative control monoclo-
nal antibody.
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next to homocitrulline or citrulline, a variety of amino acids neigh-
bored the modified amino acids. Thus, additional unknown fea-
tures of epitopes appear to drive modified antigen targeting in
seropositive RA patients, which requires further investigation.

In contrast to the extensive binding of linear IgG epitopes in
anti-CCP+RF+ RA, we demonstrated consistent IgG binding to
only 1 linear IgG epitope in 1 non-RA disease: a hinge region epi-
tope bound in anti-SSA+ SjD. Conformational epitopes in the
hinge and CH2/CH3 regions of IgG have been described in RA,
hematologic malignancy, lupus, and in healthy controls (5,7,9).
Antibody binding to multiple linear epitopes may be a relatively
unique feature of RA, consistent with observed reactivity against
structurally disordered citrulline-containing and native epitopes
(18). Notably, this difference in reactivity against some IgG epi-
topes in RA versus other rheumatic diseases could be leveraged
to refine diagnostic testing.

Taken together, our findings expand on and partially merge
the known reactivities of RFs and AMPAs (Figure 6). We have
added 2 linear native epitopes (starting at amino acid positions
11 and 109 of IgG1) to the RF repertoire, as well as multiple
citrulline- and homocitrulline-containing IgG epitopes to both the
RF and AMPA repertoires, positioning IgG as a shared antigen
for RFs and AMPAs. The binding of AMPAs to modified IgG epi-
topes allows for the possibility that IgG, potentially modified, con-
formationally altered, and/or degraded in vivo, could be a

common antigen underlying the development of AMPAs and
IgG-RFs in RA, as previously described (17). If true, then tolerance
might be lost against modified IgG through a shared epitope–
related mechanism, leading to AMPAs and IgG-RFs via epitope
spreading. This mechanism may not lead to all IgG-RF, including
IgG-RF in lupus (4), a disease without citrulline reactivity. More-
over, this mechanism would not lead to IgM-RF, a major portion
of RF in RA, which may be a nonspecific response to inflammation
(17). Consistent with this idea, IgM from RA patients positive or
those negative for anti-CCP or RF had limited binding to
citrulline- and homocitrulline-containing IgG epitopes as evalu-
ated by peptide array (18).

Alternatively, AMPAs, perhaps with limited multireactivity,
could develop first, followed by the development of anti–modified
IgG antibodies and later RF possibly via epitope spreading, which
would be consistent with the detection of ACPAs prior to RFs in
preclinical RA (30–32), as well as the absence of anti-modified
IgG antibodies in anti-CCP+RF- RA (18). Future studies that eval-
uate the timing of AMPA, RF, and anti-IgG antibody formation in
preclinical RA may shed light on how autoantibodies develop.
However, although pathophysiologic and mechanistic mysteries
remain, the observation that IgG is a common antigen for RFs
and AMPAs could underly the frequent coexistence of AMPAs
and IgG-RF in RA.

In summary, we discovered new IgG epitopes in rheumatic
disease and demonstrated that IgG epitopes are bound by
AMPAs in addition to RFs. These findings provide new insights
into the loss of tolerance against IgG and the development of
autoantibodies in RA and other rheumatic diseases.
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Prevalence, Incidence, and Progression of Radiographic
and Symptomatic Hand Osteoarthritis: The Osteoarthritis
Initiative

Charles B. Eaton,1 Lena F. Schaefer,2 Jeff Duryea,3 Jeff B. Driban,4 Grace H. Lo,5 Mary B. Roberts,6

Ida K. Haugen,7 Bing Lu,3 Michael C. Nevitt,8 Marc C. Hochberg,9 Rebecca D. Jackson,10 C. K. Kwoh,11

and Timothy McAlindon12

Objective. To describe the prevalence, incidence, and progression of radiographic and symptomatic hand osteo-
arthritis (OA), and to evaluate differences according to age, sex, race, and other risk factors.

Methods. Participants were assessed for radiographic and symptomatic hand OA at baseline and year 4 to deter-
mine incident disease. A modified Poisson regression with a robust variance estimator was used to account for cluster-
ing of joints within fingers within persons to estimate the prevalence ratios and relative risk estimates associated with
participant characteristics.

Results. Among 3,588 participants, the prevalence of radiographic hand OA was 41.4%, and the prevalence of
symptomatic hand OA was 12.4%. The incidence over 48 months was 5.6% for radiographic hand OA and 16.9%
for symptomatic hand OA. Over 48 months, 27.3% of the participants exhibited OA progression. We found complex
differences by age, sex, and race, with increasing rates of prevalent hand OA with older age in both men and women,
but with rates of incident disease peaking at ages 55–64 years in women. Women had higher rates of symptomatic
hand OA, but only nonsignificantly higher rates of incident radiographic hand OA, than men. Women more frequently
had distal interphalangeal joint disease, while men more frequently had metacarpophalangeal joint OA. Black men
and women had lower rates of hand OA than White participants, but Black men had higher rates of prevalent hand
OA than Black women at younger ages.

Conclusion. Hand OA is a heterogeneous disease with complex differences by age, sex, race, hand symptoms,
and patterns of specific joints affected. Further research investigating the mechanisms behind these differences,
whether mechanical, metabolic, hormonal, or constitutional, is warranted.

INTRODUCTION

Hand osteoarthritis (OA), a highly prevalent disorder that may

lead to severe pain and disability (1,2), is a heterogeneous disease

with involvement of different joints and varying degrees of symp-

toms. The prevalence and incidence of hand OA vary greatly

depending on the definition used, population included, and

whether symptomatic hand OA or radiographic hand OA is ana-

lyzed (1–16). Previous studies are limited by small sample sizes

(5), inclusion of participants of only a single race (1,3,4,7,13) or

sex (5) or of a limited age range (5,14), and a focus on either only

radiographic hand OA (1,5,6,9,14) or only symptomatic hand

OA (2). Thus, prior studies paint an incomplete picture of the

descriptive epidemiology of hand OA. Unresolved questions
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include the extent to which women have hand OAmore frequently
than men, adjusting for age and age-by-sex interaction; whether
the pattern of hand OA differs between men and women; whether
Black individuals have hand OA more or less frequently than
White individuals; and whether the risk factors for prevalent and
incident disease and for progression are similar for radiographic
hand OA and symptomatic hand OA. Obtaining a comprehensive
picture of the epidemiology of hand OA will allow for a better
understanding of the extent to which hand OA may be related to
mechanical etiologies versus metabolic or systemic etiologies.
We therefore performed a comprehensive analysis of the preva-
lence, incidence, progression, and specific joint patterns of hand
OA and evaluated the association of age, race, sex, and risk fac-
tors with the risk of radiographic and symptomatic hand OA in a
longitudinal cohort of diverse individuals with or at risk of symp-
tomatic knee OA (the Osteoarthritis Initiative [OAI]).

PATIENTS AND METHODS

The OAI is a multicenter cohort study of 4,796 adults with or
at risk of symptomatic knee OA. Four clinical sites (Memorial
Hospital of Rhode Island, The Ohio State University, University
of Maryland and Johns Hopkins University, and the University
of Pittsburgh) recruited participants between February 2004
and May 2006. The eligibility criteria for the OAI were designed
to enrich the cohort for individuals at risk of knee OA and to
exclude individuals with end-stage knee OA or inflammatory
rheumatic disease. OAI data and protocols are available for free
public access (https://data-archive.nimh.gov/oai/). Institutional
review boards at each OAI clinical site and the OAI coordinating
center (University of California, San Francisco) approved the
OAI study. All participants provided informed consent prior to
participation.

Assessments. Posteroanterior radiographs of one or both
hands were obtained at baseline and 48 months. Questions
about hand pain were asked at both visits, referencing a homun-
culus. Interviewers asked, “During the past 30 days, which of
these joints have had pain, aching, or stiffness on most days?
By most days, we mean more than half the days of a month.” If
participants indicated hand pain and marked the homunculus
accordingly (right, left, or bilateral), we defined them as having
hand pain. We then matched the hand in which the participant
indicated pain to the same-sided radiograph to define symptom-
atic hand OA.

Hand radiographs. Posteroanterior radiographs were
evaluated for the presence and severity of OA in each of the sec-
ond through the fifth distal interphalangeal (DIP) joints, the second
through the fifth proximal interphalangeal (PIP) joints, the first
through the fifth metacarpophalangeal (MCP) joints, the interpha-
langeal (IP) joint of the thumb, and the base of the thumb

(carpometacarpal [CMC] and scaphotrapeziotrapezoid [STT])
joints. The dominant hand was assessed by OAI clinical staff in
95% of study participants. If a participant’s hand dominance
was unknown we used the hand radiograph available (4% of the
sample), and if bilateral hand radiographs were available we used
the radiograph of the hand ipsilateral to the foot the participant
reported as using to kick a ball (1% of the sample).

One investigator (LFS) read the posteroanterior radiographs
of the dominant hand using a custom software data entry tool,
which blinded to time point and allowed 2 images to be viewed
simultaneously. A graphical user interface allowed for electronic
scoring. These joints were graded using a Kellgren/Lawrence
(K/L) scale (17) based on the presence of individual radiographic
OA features as follows: 0 = no OA (no osteophyte or joint space
narrowing), 1 = questionable osteophyte or joint space narrow-
ing, 2 = small osteophyte(s) or mild joint space narrowing,
3 = moderate osteophyte(s) or joint space narrowing, and
4 = large osteophyte(s) or joint space narrowing (3). The hand
radiograph reading went through an extensive quality assessment
process; a rheumatology fellow with extensive experience in hand
OA scoring (LFS) reviewed the readings and flagged them for a
musculoskeletal radiologist to review if any questions arose. To
assess reproducibility, 100 randomly selected pairs of hand
radiographs were read twice. Intrareader agreement was consid-
ered good, with weighted kappas of >0.84.

Definitions of hand OA.We assessed OA in the IP, meta-
carpal, and thumb base joints as defined by a K/L score of ≥2 at
each joint. For descriptive purposes prevalence and incidence
rates for each IP, metacarpal, CMC, and STT thumb base joint
are shown by sex in Figures 1 and 2. In exploring etiologic associ-
ations, a person was classified as having radiographic hand OA if
OA was present in ≥1 IP or metacarpal joint on ≥2 digits in that
hand, excluding the thumb base, at baseline for prevalent radio-
graphic hand OA, and at year 4 if not present at baseline for inci-
dent radiographic hand OA. We excluded OA of the thumb base
since it is more common in the nondominant hand (18–22), which
was not evaluated in the OAI, so any etiologic association of
thumb base OA would be prone to error. In addition, the etiology
of thumb base OA is well described and is associated with hyper-
mobility in the nondominant hand (20–22), which we could not
evaluate. We required that OA be present in 2 joints on different
digits (rays) in order to exclude isolated trauma-related joint OA
from our analysis of radiographic hand OA.

Prevalent symptomatic hand OA was defined as radio-
graphic hand OA at baseline plus same-sided hand pain. Partici-
pants were considered to have incident symptomatic hand OA if
they had radiographic hand OA accompanied by a new report of
same-sided hand pain at the 48-month visit (i.e., not present at
baseline), had hand pain symptoms without radiographic hand
OA at baseline and developed same-sided radiographic hand
OA at 48 months, or developed both same-sided hand pain and

PREVALENCE, INCIDENCE, AND PROGRESSION OF HAND OA 993

https://data-archive.nimh.gov/oai/


radiographic hand OA at 48 months. We also calculated the pro-
gression of hand OA, defined as an increase in the sum of the K/L
grades in the IP and metacarpal joints for an entire hand excluding
the thumb base, for all participants.

Risk factors. Age, sex, self-reported race, and body mass
index (BMI) were recorded at the baseline clinical visit. BMI in
kg/m2 was calculated based on height measured without shoes
with a wall-mounted stadiometer and weight measured in

Figure 1. Rates of prevalent radiographic osteoarthritis (ROA) of
the indicated hand joints in participants in the Osteoarthritis Initiative,
by sex. CMC = carpometacarpal; STT = scaphotrapeziotrapezoid;
TM = trapezium; TZ = trapezoid; S = scaphoid; C = capitate; H =
hamate; L = lunate; TQ = triquetrum; P = pisiform. Adapted from
Blausen.com staff. Medical gallery of Blausen Medical. WikiJournal
of Medicine 2014. doi:10.15347/wjm/2014.010. URL: https://com
mons.wikimedia.org/w/index.php?curid=29849185.

Figure 2. Rates of incident radiographic OA of the indicated hand
joints in participants in the Osteoarthritis Initiative, by sex. Adapted from
Blausen.com staff. Medical gallery of Blausen Medical. WikiJournal
of Medicine 2014. doi:10.15347/wjm/2014.010. URL: https://
commons.wikimedia.org/w/index.php?curid=29849185. See Figure 1
for definitions.
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lightweight clothing and without shoes. Knee OA severity was
based on baseline K/L scoring of knee radiographs (17).

Statistical analysis. Descriptive statistics were used to
summarize the sample used for analysis and to compare it to the
whole OAI cohort. The primary analysis used a modified Poisson
regression with a robust variance estimator (23,24) to account
for clustering of joints within fingers within persons to estimate
the prevalence ratio (PR) for prevalent disease and relative risk
(RR) estimates for incident disease and progression associated
with participant characteristics. Multivariable adjusted models
included age, sex, race, BMI, knee OA severity, and hand pain
unless part of the outcome (symptomatic hand OA). We tested
for interactions between sex and age; race and age; and age,
sex, and race.

In order to characterize patterns in hand OA, we examined
the associations of the various hand OA outcomes by the fingers
(rays) and joint types (rows) in which they occurred. RRs were
estimated using a modified Poisson regression as described
above. Dummy variables were created for each ray and row such
that 0 indicated no OA in any joints in the target ray/row and 1 indi-
cated OA in ≥1 joint in the target ray/row. Risk estimates were
adjusted for age, sex, race, and BMI. Interactions between sex
and ray/row were also tested. All analyses were conducted using

SAS version 9.4. P values less than or equal to 0.05 were consid-
ered significant.

RESULTS

Of the 4,796 participants in the OAI, 3,588 had evaluable
hand radiographs at both baseline and the 48-month follow-up
visit. We found no meaningful differences between our sample
and the entire OAI cohort with regard to sociodemographic char-
acteristics or risk factors for hand OA (Supplementary Table 1,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42076). Baseline charac-
teristics of the participants with prevalent radiographic hand OA,
prevalent symptomatic hand OA, incident radiographic hand OA,
incident symptomatic hand OA, and hand OA progression are
given in Table 1.

Hand OA prevalence, incidence, and progression
rates. The prevalence of radiographic hand OA was 41.4 per
100 persons (95% confidence interval [95% CI] 39.8–43.0), and
the prevalence of symptomatic hand OA was 12.4 per 100 per-
sons (95% CI 11.3–13.5). The incidence over 4 years was 5.6 per
100 persons for radiographic hand OA (95% CI 4.7–6.7) and 16.9
per 100 persons for symptomatic hand OA (95% CI 15.6–18.2).

Table 1. Baseline characteristics of the participants with prevalent radiographic and symptomatic hand OA, incident radiographic and symp-
tomatic hand OA, and hand OA progression*

Risk factor
All participants
(n = 3,588)

Prevalent
radiographic
hand OA
(n = 1,485)

Prevalent
symptomatic
hand OA
(n = 443)

Incident
radiographic
hand OA
(n = 118)

Incident
symptomatic
hand OA
(n = 530)

Hand OA
progression
(n = 981)

Age, years
45–54 1,065 (29.7) 120 (8.1) 30 (6.8) 40 (33.9) 63 (11.9) 187 (19.0)
55–64 1,187 (33.1) 454 (30.6) 153 (34.5) 53 (44.9) 176 (33.2) 347 (35.4)
65–79 1,336 (37.2) 911 (61.4) 260 (58.7) 25 (21.2) 291 (54.9) 447 (45.6)

Sex
Male 1,541 (43.0) 563 (37.9) 116 (26.2) 51 (43.2) 197 (37.2) 329 (33.5)
Female 2,047 (57.1) 922 (62.1) 327 (73.8) 67 (56.8) 333 (62.8) 652 (66.5)

Race
White 2,928 (81.6) 1,289 (86.8) 388 (87.6) 98 (83.1) 448 (84.5) 826 (84.2)
Black 556 (15.5) 160 (10.8) 41 (9.3) 18 (15.3) 66 (12.5) 120 (12.2)
Other 104 (2.9) 36 (2.4) 14 (3.2) 2 (1.7) 16 (3.0) 35 (3.6)

BMI
Normal 871 (24.3) 335 (22.6) 101 (22.8) 32 (27.1) 136 (25.7) 250 (25.5)
Overweight 1,427 (39.8) 625 (42.1) 187 (42.2) 44 (37.3) 206 (38.9) 383 (39.0)
Obese 1,290 (36.0) 525 (35.4) 155 (35.0) 42 (35.6) 188 (35.5) 348 (35.5)

Knee OA severity,
K/L score

0 994 (27.7) 313 (21.1) 86 (19.4) 31 (26.3) 129 (24.3) 241 (24.6)
1 582 (16.2) 203 (13.7) 61 (13.8) 20 (17.0) 69 (13.0) 146 (14.9)
2 1,109 (30.9) 467 (31.5) 156 (35.2) 46 (39.0) 167 (31.5) 302 (30.8)
3 687 (19.2) 375 (25.3) 105 (23.7) 16 (13.6) 123 (23.2) 220 (22.4)
4 216 (6.0) 127 (8.6) 35 (7.9) 5 (4.2) 42 (7.9) 72 (7.3)

Hand pain
No 2,797 (78.0) 1,042 (70.2) – 85 (72.0) – 676 (68.9)
Yes 791 (22.1) 443 (29.8) – 33 (28.0) – 305 (31.1)

* Values are the number (%). OA = osteoarthritis; BMI = body mass index; K/L = Kellgren/Lawrence.
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Over 48 months, 27.3 per 100 persons (95% CI 25.9–28.8) exhib-
ited OA progression, with an average increase in the sum of the
hand joint K/L grades of 1.85 (95% CI 1.78–1.93). Crude preva-
lence and incidence rates for each joint are detailed by sex in Fig-
ures 1 and 2. Women had higher rates than men of prevalent OA
at the IP joint of the thumb (30.5% versus 23%), DIP joint of the
index finger (40.2% versus 26.5%), and DIP joint of the middle fin-
ger (31.1% versus 18.8%) (all P < 0.01). A similar pattern was
found for incident IP joint OA, with women having higher rates than
men in the thumb (3.2% versus 1.6%), index finger (5.1% versus
2.0%), and middle finger (4.0% versus 1.5%) (all P < 0.01). Men
had higher rates of prevalent MCP joint OA in the thumb (14.7%
versus 10.9%; P = 0.001), index finger (7.1% versus 5.3%;
P = 0.03), and middle finger (7.0% versus 3.7%; P < 0.001), but
the rates of incident MCP joint OA did not differ significantly by sex.

Risk factors for prevalent radiographic hand OA,
prevalent symptomatic hand OA, incident radiographic
hand OA, incident symptomatic hand OA, and progres-
sion. The PRs for an association of prevalent radiographic hand
OA and prevalent symptomatic hand OA, and the RRs for an
association of incident radiographic hand OA, incident

symptomatic hand OA, and hand OA progression, with age,
sex, BMI, knee OA severity, and hand pain (where appropriate)
in multivariable adjusted analyses are shown in Table 2.

Age. A monotonically increasing risk of prevalent radio-
graphic and symptomatic hand OA, as well as of incident symp-
tomatic hand OA (3–5-fold increased risk), was observed with
increasing age. Age was associated with a more modest
increased risk of incident radiographic hand OA and progression
(30–70%), with the greatest risk in those ages 55–64 years and
not the oldest group (ages 65–79 years).

Sex. Compared to men, women had a greater risk of preva-
lent symptomatic hand OA (PR 2.16 [95% CI 1.76–2.64]) and, to
a lesser extent, incident symptomatic hand OA (RR 1.41 [95%
CI 1.20–1.66]) and progression (RR 1.59 [95% CI 1.37–1.84])
but had only a modestly increased risk of prevalent radiographic
hand OA (PR 1.18 [95% CI 1.10–1.27]) and no increased risk of
incident radiographic hand OA (RR 1.05 [95% CI 0.73–1.51]).

Race. Compared to White participants, Black participants
had a lower risk of both prevalent radiographic hand OA
(PR 0.72 [95% CI 0.63–0.81]) and prevalent symptomatic hand
OA (PR 0.55 [95% CI 0.40–0.75]), incident symptomatic hand
OA (RR 0.75 [95% CI 0.59–0.96]), and progression (RR 0.72

Table 2. Multivariable adjusted PRs for prevalent radiographic and symptomatic hand OA and RRs for incident radiographic and symptomatic
hand OA and hand OA and progression*

Risk factor

Prevalent
radiographic
hand OA,
PR (95% CI)
(n = 1,485)

Prevalent symptomatic
hand OA,
PR (95% CI)
(n = 443)

Incident radiographic
hand OA,
RR (95% CI)
(n = 118)

Incident symptomatic
hand OA,
RR (95% CI)
(n = 530)

Hand OA
progression,
RR (95% CI)
(n = 981)

Age, years
45–54 Reference Reference Reference Reference Reference
55–64 3.20 (2.66–3.84) 4.20 (2.87–6.15) 1.68 (1.13–2.49) 2.72 (2.06–3.58) 1.70 (1.40–2.05)
65–79 5.45 (4.58–6.48) 5.99 (4.12–8.69) 1.32 (0.82–2.14) 4.20 (3.23–5.47) 1.67 (1.38–2.01)

Sex
Male Reference Reference Reference Reference Reference
Female 1.18 (1.10–1.27) 2.16 (1.76–2.64) 1.05 (0.73–1.51) 1.41 (1.20–1.66) 1.59 (1.37–1.84)

Race
White Reference Reference Reference Reference Reference
Black 0.72 (0.63–0.81) 0.55 (0.40–0.75) 0.67 (0.41–1.09) 0.75 (0.59–0.96) 0.72 (0.58–0.89)
Other 0.85 (0.68–1.06) 1.11 (0.68–1.82) 0.46 (0.12–1.82) 1.09 (0.72–1.66) 1.04 (0.74–1.45)

BMI
Normal Reference Reference Reference Reference Reference
Overweight 1.11 (1.01–1.21) 1.21 (0.97–1.52) 0.93 (0.59–1.46) 0.97 (0.80–1.17) 1.00 (0.85–1.19)
Obese 1.14 (1.03–1.25) 1.19 (0.94–1.51) 0.88 (0.56–1.39) 1.04 (0.85–1.28) 0.88 (0.74–1.06)

Knee OA severity,
K/L score

0 Reference Reference Reference Reference Reference
1 0.95 (0.84–1.08) 1.05 (0.77–1.43) 1.08 (0.63–1.85) 0.82 (0.63–1.07) 0.96 (0.77–1.19)
2 1.13 (1.02–1.25) 1.38 (1.07–1.76) 1.64 (1.05–2.56) 1.08 (0.88–1.33) 1.05 (0.87–1.27)
3 1.26 (1.14–1.40) 1.33 (1.02–1.74) 1.14 (0.63–2.03) 1.15 (0.91–1.44) 1.14 (0.93–1.40)
4 1.34 (1.17–1.53) 1.53 (1.07–2.19) 1.11 (0.43–2.89) 1.32 (0.97–1.81) 1.41 (1.06–1.87)

Hand pain
No Reference – Reference – Reference
Yes 1.33 (1.24–1.43) – 2.06 (1.40–3.03) – 1.66 (1.44–1.91)

* Prevalence ratios (PRs) were adjusted for age, race, sex, body mass index (BMI), knee Kellgren/Lawrence (K/L) grade, and hand pain in partic-
ipants without symptomatic disease. OA = osteoarthritis; RRs = relative risks; 95% CI = 95% confidence interval.
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[95% CI 0.58–0.89]), but a nonsignificantly decreased risk of inci-
dent radiographic hand OA (RR 0.67 [95% CI 0.41–1.09]).

Age, sex, and race interactions. We found an age-by-sex
interaction for prevalent symptomatic hand OA and incident
radiographic hand OA. For symptomatic hand OA, while the risk
increased for both men and women at older ages, it increased at
a greater rate for women (P < 0.01). At older ages, men had
higher rates of incident radiographic hand OA than women
(8.4% versus 3.3%; P = 0.02). We found a race-by-sex interac-
tion for prevalent radiographic hand OA, with a higher prevalence
among Black men than among Black women (33.2% versus
26.7%), and a higher prevalence among White women than
among White men (49.8% versus 37.0%; P < 0.03). We also
found a 3-way interaction of age-by-race-by-sex for prevalent
radiographic hand OA: at younger ages Black women had hand
OA much less frequently than Black men (5.3% versus 14.5%),
while White women had hand OA more frequently than White
men (13.6% versus 10.9%) (Figure 3).

Obesity. Overweight and obesity were associated with an
increased risk of prevalent radiographic hand OA (11–14%), a
nonsignificantly increased risk of prevalent symptomatic hand
OA (19–21%), and no increased risk of incident radiographic hand
OA, incident symptomatic hand OA, or progression.

Knee OA. Knee OA severity (K/L score of ≥2) was associated
with a monotonically increasing risk of prevalent radiographic and
symptomatic hand OA, while only knee OA with a K/L score of
2 was associated with an increased risk of incident radiographic
hand OA, and only knee OA with a K/L score of 4 was associated
with an increased risk of hand OA progression.

Hand pain.Hand pain at baseline was associated with a 33%
increased risk of prevalent radiographic hand OA, a 206%
increased risk of incident radiographic hand OA, and a 66%
increased risk of hand OA progression.

Patterns of prevalent and incident radiographic and
symptomatic hand OA and hand OA progression by rays
and rows. The patterns of prevalent and incident radiographic
and symptomatic hand OA and progression by ray and row,
adjusted for age, race, BMI, and sex, are given in Table 3.

The index finger had the strongest association with prevalent
radiographic hand OA (PR 3.60 [95% CI 3.05–4.25]), prevalent
symptomatic hand OA (PR 4.45 [95% CI 2.85–6.96]), incident
symptomatic hand OA (RR 2.60 [95% CI 1.93–3.50]), and hand
OA progression (RR 1.71 [95% CI 1.38–2.10]), while the ring fin-
ger had the strongest association with incident radiographic hand
OA (RR 8.66 [95% CI 4.61–16.27]), compared to the thumb.
Additionally, compared to the thumb (excluding thumb base),
most rays had more joint OA. Regarding rows, compared to the
MCP joints, the DIP joints hadmuch greater rates of OA for all out-
comes except for incident radiographic hand OA, where the PIP
joints showed a greater risk (RR 7.04 [95% CI 4.28–11.56]).

DISCUSSION

This prospective cohort study in a large, well-characterized
diverse population shows that prevalent radiographic hand OA,
symptomatic hand OA, radiographic progression, and incident
symptomatic hand OA are particularly common in older

Figure 3. Rates of prevalent radiographic hand osteoarthritis (OA), incident radiographic hand OA, prevalent symptomatic hand OA, and inci-
dent symptomatic hand OA in participants in the Osteoarthritis Initiative, by age, race, and sex.
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participants and in female participants. However, at older ages
(≥65 years) men have a higher rate of incident radiographic hand
OA than women, and at younger ages Black men have a higher
rate of prevalent radiographic hand OA than Black women and
rates similar to those seen among White women. The pattern of
disease appears to have sex differences, with a female prepon-
derance for DIP joint OA and a male preponderance for MCP joint
OA. The strong inverse relationship between Black participants
and White participants with regard to prevalent radiographic and
symptomatic hand OA, incident symptomatic hand OA, and
radiograhic progression of hand OA is noteworthy and a relatively
novel finding. Knee OA severity showed a dose–response rela-
tionship with prevalent radiographic and symptomatic hand OA,
whereas only K/L grade 2 knee OA was associated with incident
radiographic hand OA only and K/L grade 4 knee OA was associ-
ated with radiographic hand OA progression.

Our findings show a strong association of hand OA with age,
with a 3–5-fold increase in prevalent radiographic hand OA and a
2–4-fold increase in incident symptomatic hand OA in older par-
ticipants compared to younger participants (ages 45–54 years)
but with signficant age-by-sex and age-by-sex-by-race interac-
tions, which are novel findings. The age-by-sex interactions may
be related to endocrine-related aspects of the menopausal transi-
tion in women, with women having higher rates of radiographic
hand OA during perimenopause but decreased rates by age
65 years (25).

Our findings of a modest association of hand OA with sex,
with female predominance of prevalent radiograpic and symp-
tomatic hand OA, incident symptomatic hand OA, and radio-
graphic progression are consistent with most previous studies
(3,7,8,9,11,12). The higher prevalence and incidence rates of
symptomatic hand OA compared to radiographic disease in
women compared to men are consistent with the findings of the
Framingham Osteoarthritis study (3) and may be related to differ-
ential pain reporting, pain sensitivity, or cognitive or affective
mechanisms (26). The higher rate of DIP row OA in women and

higher prevalence of MCP joint OA in men was also observed in
the Framingham Osteoarthritis study (3) and may be related to
mechanical factors. MCP joint OA has been associated with
heavy labor (27), and biomechanical experimental studies have
demonstrated that greater forces are generated at the MCP joint
than at the DIP joint when gripping (28). Our finding that the high-
est rate of joint OA occurred in the index ray is also consistent with
the results of the Framingham Osteoarthritis study (3), as well as
findings in a Chinese cohort (13), and may also be related to
mechanical mechanisms.

The lack of association of incident hand OA with obesity has
been reported in a smaller subsample of the OAI (n = 994) (10)
and several other cohorts (29,30) and contradicts a meta-analysis
that found that 10 of 15 hiqh-quality studies supported the notion
of an association of obesity with hand OA (31). However, many of
the studies in that meta-analysis were cross-sectional studies
(31). Indeed, in our cross-sectional analysis we did find an associ-
ation of obesity with prevalent radiograpic hand OA. The lack of
association of obesity with incident hand OA may be related to
potential collider bias, since individuals with obesity and prevalent
disease were excluded from the incident analysis. An alternative
explanation may be that obesity and its metabolic pertubations
are not related to hand OA but only affect weight-bearing joints.
A recent Mendelian randomization study in the UK Biobank
showed a robust association of genetically determined BMI with
OA of the knee and hip, which are weight-bearing joints, but not
with OA of the hand (32).

Our findings that prevalent knee OA is associated with prev-
alent hand OA suggest that a subset of patients with polyarticular
disease exists, consistent with the findings of other studies
(11,33–36). While the association of prevalent radiographic hand
OA with incident knee OA is well described (37,38) the associa-
tion of baseline knee OA severity with incident hand OA is less well
investigated.

Our finding of a lower risk of hand OA in Black partici-
pants is consistent with the findings of the Johnston County

Table 3. Patterns of prevalent radiographic and symptomatic hand OA, incident radiographic and symptomatic hand OA, and hand OA progres-
sion, by individual finger and joint type after adjustment for age, race, sex, and BMI*

Joint

Prevalent radiographic
hand OA,
PR (95% CI)

Prevalent symptomatic
hand OA,
PR (95% CI)

Incident radiographic
hand OA,
RR (95% CI)

Incident symptomatic
hand OA,
RR (95% CI)

Hand OA progression,
RR (95% CI)

Ray
Thumb Reference Reference Reference Reference Reference
Index 3.60 (3.05–4.25) 4.45 (2.85–6.96) 4.72 (2.85–7.80) 2.60 (1.93–3.50)† 1.71 (1.38–2.10)
Middle 1.86 (1.65–2.11) 2.31 (1.59–3.35) 6.42 (3.78–10.19) 2.28 (1.71–3.04) 1.22 (0.95–1.56)
Ring 1.05 (0.97–1.14) 1.29 (1.01–1.65)† 8.66 (4.61–16.27) 1.13 (0.92–1.39) 1.28 (1.03–1.60)
Pinky 1.72 (1.56–1.90)† 1.60 (1.19–2.14) 4.25 (2.59–6.99) 1.71 (1.34–2.18) 1.08 (0.87–1.34)

Row
DIP joints 14.30 (10.93–18.71)† 17.04 (9.29–31.24) 5.19 (3.60–7.47) 8.27 (5.97–11.47) 2.02 (1.69–2.42)
PIP joints 1.84 (1.73–1.97)† 2.57 (2.11–3.14) 7.04 (4.28–11.56) 2.24 (1.90–2.65) 1.59 (1.36–1.86)
MCP joints Reference Reference Reference Reference Reference

* OA = osteoarthritis; BMI = body mass index; PR = prevalence ratio; 95% CI = 95% confidence interval; RR = relative risk; DIP = distal interpha-
langeal; PIP = proximal interphalangeal; MCP = metacarpophalangeal.
† Significant interaction with sex (P ≤ 0.05).
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study (15) but differs from those of a study of a young-to-
middle-aged cohort in southeastern Michigan (5). A recent
cross-sectional analysis of the OAI found lower odds of hand
OA in Black participants, consistent with our findings for preva-
lent hand OA, and we now extend these findings to incidence
and progression of radiographic and symptomatic hand
OA (39).

This prospective study has several strengths, including the
comprehensive assessment of hand OA using various definitions
and evaluating prevalence, incidence, and progression. We had
adequate statistical power to examine differences by age, sex,
and race and to evaluate interactions by age, sex, and race. We
observed consistent associations between progression and inci-
dence for most of our findings, suggesting that collider or survivial
bias did not affect our results in a significant manner, except per-
haps for obesity.

Weaknesses of the study include potential selection bias for
individuals with risk factors for knee OA, since this was part of
the entry criteria for the OAI, including obesity, which may partially
explain the lack of association with obesity with incident hand OA
in our analysis. Our definition of symptomatic hand OA relied on
using a homunuculus and included stiffness and aching as well
as pain, which may lead to misclassification bias. As in any pro-
spective cohort study, misclassification bias of the exposure and
outcomes may be operative, but are likely to be random and thus
bias the results toward the null.

Previous work has provided evidence of a familial association
with hand OA (40,41), and the co-occurrence of multijoint OA
suggests a possible systemic etiology of hand OA. Our findings
that knee OA predicts incident hand OA, the differences noted
by sex and race, and the strong association with aging suggest
a nonmechanical etiology for hand OA, particularly in the DIP
joints; altered metabolic pathways, genetic, or epigenetic factors
may be operative. Pathologic aging associated with chronic oxi-
dative stress and chronic low levels of inflammation may play an
important role in the development of hand OA (42). Indeed, we
and others have previously shown that shortened telomere
length, known to be a measure of pathologic aging, was associ-
ated with incident radiographic hand OA (42,43). Future work fur-
ther exploring pathomechanistic pathways for hand OA appears
indicated.
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Antiphospholipid Antibodies Increase Endometrial Stromal
Cell Decidualization, Senescence, and Inflammation via
Toll-like Receptor 4, Reactive Oxygen Species, and p38
MAPK Signaling

Mancy Tong,1 Teimur Kayani,1 Deidre M. Jones,2 Jane E. Salmon,3 Shannon Whirledge,1 Lawrence W. Chamley,2

and Vikki M. Abrahams1

Objective. Miscarriage affects 1 in 7 pregnancies, and antiphospholipid autoantibodies (aPLs) are one of the big-
gest risk factors for recurrent pregnancy loss. While aPLs target the endometrial stroma, little is known about their
impact. Endometrial stromal cells (EnSCs) undergo decidualization each menstrual cycle, priming the uterus to receive
implanting embryos. Thus, appropriate decidualization and EnSC function is key for establishment of a successful
pregnancy. This study was undertaken to explore the effects of aPL on EnSC decidualization, senescence, and
inflammation.

Methods. EnSCs under decidualizing conditions were exposed to aPL or control IgG alone or in the presence of
either a Toll-like receptor 4 (TLR-4) antagonist, a p38 MAPK inhibitor, a reactive oxygen species (ROS) inhibitor, low
molecular weight heparin (LMWH), or acetyl salicylic acid. Secretion of decidualization markers and inflammatory
interleukin-8 were quantified by enzyme-linked immunosorbent assay, and senescence-associated β-galactosidase
activity was evaluated. In a mouse model of decidualization, aPL or control IgG was administered, and uterine expres-
sion levels of decidualization and inflammatory markers were quantified by real-time quantitative polymerase chain
reaction.

Results. Antiphospholipid antibodies increased human EnSC decidualization, senescence, and inflammation. This
phenotype was recapitulated in the mouse model. The decidualization and inflammatory responses were partially
mediated by TLR-4 and p38 MAPK, while the decidualization and senescence responses were ROS-dependent.
LMWH, commonly used to treat aPL-positive women at risk of obstetric complications, reduced the ability of aPL to
increase EnSC decidualization and inflammation.

Conclusion. These findings shed new light on the pathogenesis of pregnancy complications in women with aPLs
and underscore the benefit of heparin in preventing pregnancy loss in this high-risk population.

INTRODUCTION

Spontaneous miscarriage, defined as pregnancy loss prior to

20 weeks of gestation, affects 15% of clinically recognized preg-

nancies (1). While ~50% of cases are caused by chromosomal

abnormalities of the embryo, the other 50% remain idiopathic

and may be due to maternal factors such as endometrial dysfunc-

tion. With or without a diagnosis of antiphospholipid syndrome

(APS), antiphospholipid antibodies (aPLs) that target phospho-

lipid binding proteins, such as cardiolipin and β2-glycoprotein I

(β2GPI), are the most identifiable cause of non-chromosomal

pregnancy loss (2) and are a major risk factor for early recurrent

pregnancy loss (RPL) (<10 weeks of gestation) (1,3). Depending

upon the study cited, aPLs have been reported in 8–42% of

women with RPL (3), compared to 1–5% in the general population

(2), and the simultaneous presence of multiple aPL isotypes is
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associated with the highest risk (4). Furthermore, women with
APS are at an increased risk of pregnancy complications later in
gestation, including fetal demise, preeclampsia, and intrauterine
growth restriction (5).

Antiphospholipid antibodies specific for β2GPI are the most
pathologic in both thrombotic and obstetric APS. In obstetric
APS, aPLs specific for β2GPI target the placental trophoblast,
the uterine endothelium, and the endometrial/decidual stroma,
where high basal levels of β2GPI are surface-expressed or bound
(6–9). Unlike systemic APS, which is a thrombotic disorder,
obstetric APS is associated with inflammation at the maternal–
fetal interface, as well as poor placentation and vascular
remodeling (5,10,11). Many studies have shown that aPL can
deleteriously affect placental trophoblast function (systematically
reviewed in [10]), including activation of trophoblast Toll-like
receptor 4 (TLR-4) signaling to mediate inflammation (12,13).
However, in addition to appropriate placental function, early preg-
nancy success is also dependent upon a functional and receptive
endometrium that plays key roles in modulating trophoblast
function, as well as local maternal immune responses to
govern implantation. Thus, insufficient or inappropriate endome-
trial function may be a contributing underlying cause of reduced
pregnancy success in women with aPLs.

The major cellular component of the endometrium are endo-
metrial stromal cells (EnSCs). In humans, during the midluteal
phase of each menstrual cycle, EnSCs undergo dramatic struc-
tural and biochemical changes, termed decidualization, in prepa-
ration for implantation. This process is triggered by the
postovulatory rise in progesterone that increases intracellular
cAMP levels. This causes EnSCs to transition from spindle-
shaped fibroblasts to epithelioid-like decidual cells that secrete
increased levels of insulin-like growth factor binding protein
1 (IGFBP-1) and prolactin, 2 classic decidualization markers (14),
as well as a range of chemokines and cytokines that coordinate
changes in the local immune cell composition, contribute to struc-
tural changes in the uterine epithelium, and regulate trophoblast
invasion (14,15). Thus, aberrant decidualization can predispose
a woman to pregnancy failure or associated obstetric complica-
tions. Indeed, in women with RPL, EnSCs respond aberrantly to
deciduogenic signals, display prolonged and/or disordered
inflammation (14,16), and exhibit premature senescence (cellular
aging) (17,18).

Senescence is characterized by up-regulation of senescence-
associated β-galactosidase (SA β-gal) activity, as well as a range
of protein markers and an inflammatory SA secretory phenotype
(SASP) that includes cytokines such as interleukin-6 (IL-6) and
IL-8 (19). While acute decidual senescence and a transient SASP
may be important for promoting tissue plasticity and endometrial
function, remodeling, and repair, premature senescence can
lead to secondary/bystander senescence of surrounding cells
and may promote abnormal EnSC function and uncontrolled
inflammation (14,18,20,21). Despite the importance of the

endometrium/decidua to early pregnancy, very little is under-
stood about how aPLs impact EnSC function. Therefore, this
study aimed to determine the effects of aPL on EnSC deciduali-
zation, inflammation, and senescence, and the mechanisms
involved. Furthermore, we examined whether the 2 standard
therapies for pregnant women with APS, low molecular weight
heparin (LMWH) and acetyl salicylic acid (ASA) (22), have any
protective effects.

Using a combination of a human EnSC cell line, primary
human EnSCs, and a mouse model of decidualization and APS,
we demonstrated that aPL dramatically increased EnSC decidua-
lization, accelerated EnSC senescence, and induced EnSC
inflammation. The EnSC decidualization and inflammatory
responses to aPL were mediated by activation of TLR-4 and
p38 MAPK signaling, while increased EnSC reactive oxygen spe-
cies (ROS) signaling was essential for the elevated decidualization
and senescent responses to aPL. Finally, we report that LMWH
was able to reduce aPL-mediated increases in EnSC decidualiza-
tion and inflammation.

PATIENTS AND METHODS

Study approval. Deidentified endometrial tissues were
collected from women undergoing hysterectomies or laparo-
scopic surgery for fibroids or voluntary sterilization, following
informed written consent. All human subject research was car-
ried out in accordance with the Declaration of Helsinki, and the
protocol was approved by the Yale University’s Research Pro-
tection Program (protocol no. 0607001625). All animal studies
were conducted in accordance with the National Institutes of
Health guide for the care and use of laboratory animals and
were approved by Yale University’s Institutional Animal Care
and Use Committee (protocol no. 2019-11589). Mice were
housed in standard cages at a specific pathogen–free animal
facility following a 12-hour light/dark cycle and were provided
with food and water ad libitum.

Antiphospholipid antibodies. The aPL used in this study
was IIC5, a well-characterized mouse IgG1 anti-human β2GPI
monoclonal antibody (mAb). This antibody also binds to
cardiolipin–β2GPI complexes and is thus an anticardiolipin anti-
body. IIC5 also possesses lupus anticoagulant activity, making it
a triple-positive aPL (23–25), which is most pathologic in obstetric
APS (26). Specifically, IIC5 recognizes an epitope in domain V of
β2GPI and is an appropriate model for human aPL, since it has
been validated to compete for binding with patient aPL (24,27)
and acts in a similar fashion to patient-derived polyclonal aPL
in vitro (12,13). As an isotype-matched control, mouse IgG1 clone
107.3 (BD Biosciences) was used throughout these studies.
Human EnSCs were treated with aPL or the IgG isotype control
at 20 μg/ml (13), while in vivo studies used aPL or control IgG
at 1 mg (28).
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EnSCs. A characterized telomerase-immortalized human
EnSC cell line was used in this study (29). EnSCs were cultured
in low-glucose Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum (FBS), 2% penicillin/
streptomycin, 2% HEPES, and 2% nonessential amino acids
(Life Technologies) at 37�C in humidified 95% air/5% CO2. Cells
were passaged at a 1:3 ratio when 90% confluent, and cells used
for this study were under 10 passages. Primary human EnSCs
were isolated from endometrial tissue collected from women
undergoing hysterectomies or laparoscopic surgery for fibroids
or voluntary tubal ligation, following a previously published proto-
col (30). Briefly, tissue was dissected and incubated in digestion
medium (0.1% collagenase B [Stemcell Technologies] and
0.01% DNAse I [Roche] in calcium-free Hanks’ balanced salt
solution) at 37�C for up to 1 hour, with vortexing every 10 minutes.
Next, the supernatant was filtered through a 70-μm polypropyl-
ene cell strainer, and the flowthrough containing EnSCs was col-
lected and cultured. EnSCs were used for experiments when
90% confluent and were all under 5 passages.

EnSC treatments. The EnSC cell line or primary EnSCs
were either left undecidualized by culturing them in base medium
which served as the no-treatment control (OptiMEMmedium sup-
plemented with 2% charcoal-stripped FBS [both from Life Tech-
nologies]) or decidualized by culturing them in decidualization
medium (DM) (OptiMEM medium supplemented with 2%
charcoal-stripped FBS, 10 nM estradiol [Sigma-Aldrich], 1 μM

medroxyprogesterone acetate [Sigma-Aldrich], and 0.5 mM
8-bromo-cAMP [Enzo Life Sciences]) (29), with medium changes
every 48 hours. Cells were treated in DM in the presence or
absence of aPL (20 μg/ml) or the isotype-matched control IgG
(20 μg/ml).

In order to investigate the signaling pathways activated by
aPL, in some experiments, EnSCs were pretreated for 30 minutes
at 37�C prior to the addition of the DM with aPL or control IgG
with the following: lipopolysaccharide from the photosynthetic
bacterium Rhodobacter sphaeroides (LPS-RS), an antagonist
that blocks the extracellular binding domain of TLR-4 (10 μg/ml;
InvivoGen), SB203580, a p38 MAPK inhibitor (10 μg/ml; Selleck-
chem), or diphenyleneiodonium (DPI), an ROS inhibitor (5 μM;
Sigma-Aldrich). In other experiments, EnSCs were exposed to
DM with aPL or control IgG in the presence of LMWH (10 μg/ml;
enoxaparin sodium injection; Aventis Pharmaceuticals, Inc.) or
ASA (10 μg/ml; Sigma-Aldrich), either alone or in combination.
The doses of LMWH and ASA were based on a previous study
and are equivalent to low-dose medications used in the clinical
setting (31). Inhibitors, drugs, and aPL/IgG were kept in the cul-
ture system during the entire treatment process.

Secreted factors. EnSCs were treated for 48 hours prior to
collecting the cell-free culture supernatants and storing them at
−80�C until further analysis. Secretion of the markers of

decidualization, IGFBP-1 and prolactin were measured by
enzyme-linked immunosorbent assay (ELISA) (R&D Systems). The
following cytokines/chemokines were quantified by multiplex analy-
sis: granulocyte colony-stimulating factor (G-CSF)/CSF3,
granulocyte–macrophage CSF (GM-CSF)/CSF2, growth-related
oncogene α/CXCL1, IL-1β, IL-6, IL-8, IL-10, IL-12, IL-17,
interferon-γ, interferon-γ–inducible 10-kd protein/CXCL10, mono-
cyte chemotactic protein 1 (MCP-1)/CCL2, macrophage inflamma-
tory protein 1α (MIP-1α)/CCL3, MIP-1β/CCL4, RANTES/CCL5,
and tumor necrosis factor (all from Bio-Rad). EnSC IL-8 secretion
was also measured by ELISA (R&D Systems).

F-actin staining. EnSCs were treated for 96 hours prior to
washing and fixation with 4% paraformaldehyde for 10 minutes
at room temperature and permeabilization with 0.1% Triton X-
100 in phosphate buffered saline (PBS) for 5 minutes. Cells were
washed thrice with PBS and then incubated in 3% bovine serum
albumin in PBS for 1 hour at room temperature to block nonspe-
cific binding. Next, rhodamine phalloidin (diluted 1:50 in blocking
solution; Molecular Probes) was added for 20 minutes at room
temperature. EnSCs were washed thrice in PBS before nuclei
were labeled with DAPI (diluted 1:10,000 in PBS) (Life Technolo-
gies) and viewed on a Keyence BZ-X700 inverted fluorescence
microscope. Images were captured and merged using BZ-X
advanced analysis software (BZ-H3AE; Keyence).

SA β-gal activity. After treatment of EnSCs for 48 hours,
cells were fixed in 0.5% glutaraldehyde in PBS for 5 minutes at
room temperature. Cells were washed in PBS prior to incubation
with the β-gal staining solution (1 mM MgCl2, 1 mg/ml X-Gal,
5 mM potassium ferricyanide, 5 mM potassium ferrocyanide; pH
6.0) for 16 hours at 37�C with rocking. EnSCs were then washed
in PBS, and SA β-gal staining was viewed using an Echo Revolve
microscope, with images captured using EchoPRO software.

Western blot analysis. Total protein from treated EnSCs
was extracted using Cell Lysis Buffer (no. 9803; Cell Signaling
Technology), and Western blot analysis was performed as previ-
ously described (32). Membranes were probed with the following
primary antibodies diluted in 1% nonfat milk powder/PBS–tween:
apolipoprotein E receptor 2 (ApoER2)/low-density lipoprotein
receptor–related protein 8 (LRP-8) (diluted 1:500; LS-B169; Life-
Span Biosciences), β-actin (diluted 1:2,500; A2066; Sigma-
Aldrich), lamin B1 (diluted 1:500; 13435S; Cell Signaling Technol-
ogy), phosphorylated S6 (diluted 1:1,000; 4858T; Cell Signaling
Technology), and total S6 (diluted 1:1,000; 2217S; Cell Signaling
Technology). Chemiluminescence was detected and images
were captured using an Amersham Imager 680 (General Electric).

Real-time quantitative polymerase chain reaction
(qPCR). Total RNA was extracted from uterine tissue using TRIzol
(ThermoFisher Scientific), and complementary DNA synthesis
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was performed using 1 μg of RNA and oligo(dT) primers, following
the manufacturer’s guidelines (SuperScript II kit; Invitrogen).
Expression of markers of decidualization (Bmp2, dPRP, Wnt4),
inflammation (Il6, KC, Tnf ), and senescence (p16, p21, p53) were
measured by real-time qPCR using a Kapa SYBR Fast qPCR kit
(Kapa Biosystems), with GAPDH as the internal control. All primer
sequences are listed in Supplementary Table 1 (available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42068). Relative gene expression was

calculated using the 2−ΔΔCt method.

ROS production. For measurement of ROS production,
EnSCs were treated for 1 hour, after which 20 μM of 20,
70-dichlorodihydrofluorescein diacetate (Invitrogen) was added
and the cells incubated at 37�C for 30 minutes. Without washing,
fluorescence at 485/520 nm was measured using a Tecan Infinite
M1000 Pro microplate reader (ThermoFisher Scientific).

Mouse model. This study combined 2 established mouse
models with modifications: 1 study that was previously used to
study APS-associated pregnancy loss by injecting pregnant
mice with aPL specific for β2GPI (28,33), and 1 that induced arti-
ficial decidualization in ovariectomized nonpregnant mice to
study endometrial function (34). In the current study, female
C57BL/6J mice ovariectomized at 6 weeks were purchased
from The Jackson Laboratories (Bar Harbor, ME), and after
acclimatization for 5–7 days in the institutional animal facility,
decidualization was artificially induced as previously described
(34). Briefly, at 7–8 weeks of age, mice were administered
100 ng of estradiol (E2) subcutaneously for 3 days. After 2 days
of rest, mice were administered 6.7 ng of E2 and 1 mg of proges-
terone (P4) subcutaneously for a total of 7 consecutive days. On
day 3 of the administration of E2 and P4, mice were randomly
chosen for administration of either PBS, aPL (1 mg), or control
IgG (1 mg) intraperitoneally, as previously described (28). Six
hours later, mice were anesthetized and a deciduogenic stimu-
lus of 50 μl of sesame oil was injected into the right uterine horn.
After recovery, mice continued to receive subcutaneous injec-
tions of the combined E2 and P4 daily for 4 days, with either
PBS, aPL, or IgG also administered intraperitoneally on the sec-
ond day post–deciduogenic stimulation. At the end of the 7 days
of E2 and P4 injections, mice were euthanized, and the 2 uterine
horns were dissected separately and snap-frozen for analysis.
Tissue collection, RNA extraction, and qPCR were performed
with the researcher blinded with regard to the mice’s treatments.
Only data from mice who demonstrated a clear morphologic
change with decidualization in 1 uterine horn were included for
analysis.

Statistical analysis. Each experiment was performed ≥3
times. The number of independent experiments that data were
pooled from is indicated in the figure legends. All data are

reported as the mean � SEM. P values were determined using
GraphPad Prism software and those less than 0.05 were consid-
ered significant. Whether data were normally distributed or
not was determined using the Shapiro-Wilk test and the
Kolmogorov-Smirnov test. For normally distributed data, signifi-
cance was determined using either one-way analysis of variance
with Dunnett’s multiple comparison test, or a paired t-test or
unpaired t-test with Welch’s correction. For data not normally dis-
tributed, significance was determined using either the paired
Friedman test or the Kruskal-Wallis test with Dunn’s multiple com-
parisons test, or a paired Wilcoxon’s matched pairs signed rank
test or unpaired Mann-Whitney U test.

RESULTS

Antiphospholipid antibodies increased decidualiza-
tion and senescence and induced inflammation in a
human EnSC cell line. To determine how aPLs affect EnSC
decidualization, EnSCs were treated with the base medium no-
treatment control, DM, or DM with either control IgG or aPL. After
48 hours, DM increased the EnSC secretion of IGFBP-1
(Figure 1A) and prolactin (Figure 1B), compared to the no-
treatment control, indicating the initiation of decidualization. Com-
pared to DM alone, aPL further and significantly increased EnSC
secretion of IGFBP-1 by a mean � SEM change of 6.0 � 2.2–fold
(P < 0.01; Figure 1A) and prolactin by 2.3 � 0.3–fold (P < 0.01;
Figure 1B). This response was not observed with the IgG control,
and there was a similarly significant difference in IGFBP-1 and
prolactin secretion after aPL exposure, compared to control IgG
(mean � SEM change of 6.7 � 2.3–fold for IGFBP-1; 2.3 � 0.2–
fold for prolactin) (Figures 1 A and B). Increased decidualization
was confirmed by more rounded cell morphology in the aPL-
treated cells (Figure 1D). In addition to elevating markers of decid-
ualization, aPL also significantly increased EnSC secretion of
inflammatory IL-8 by a mean � SEM change of 3.5 � 1.0–fold
when compared to DM alone and by 3.6 � 1.0–fold when com-
pared to control IgG (P < 0.05; Figure 1C).

To determine which other EnSC-derived cytokines/
chemokines were modulated by aPL, multiplex analysis was per-
formed. Antiphospholipid antibodies significantly increased EnSC
secretion of IL-6 (mean � SEM change of 232.6 � 154.2–fold
compared to DM), IL-17 (1.9 � 0.1–fold compared to IgG),
MCP-1 (6.0 � 3.4–fold compared to IgG), and vascular endothe-
lial growth factor (VEGF) (2.7 � 0.8–fold compared to IgG)
(Figure 1E). While EnSC secretion of GM-CSF and IL-10 were also
increased compared to control IgG, the fold changes were below
1.5 (Figure 1E). Some of these factors (IL-6, IL-8, MCP-1, VEGF)
are part of the SASP (19). Indeed, when EnSC expression levels
of markers of senescence were investigated, we observed that
while low levels of SA β-gal activity were seen under decidualizing
conditions (DM), exposure to aPL markedly up-regulated SA β-
gal activity when compared to no treatment, treatment with DM,
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and treatment with DM and IgG (Figure 1F). When compared
to DM alone or control IgG, aPL also increased EnSC expression
of phosphorylated S6 ribosomal protein relative to total S6
protein and reduced lamin B1 relative to β-actin expression
(Figure 1G).

Antiphospholipid antibodies increased decidualiza-
tion and senescence and induced inflammation in pri-
mary human EnSCs. To validate the observed effects of aPL
on the human EnSC cell line, primary human EnSCswere exposed
to base medium as the no-treatment control, DM, or DM with

Figure 1. Antiphospholipid antibodies (aPLs) increased decidualization and senescence and induced inflammation in a human endometrial stro-
mal cell (EnSC) line. EnSCs were cultured in decidualization medium (DM), either alone or together with control IgG or aPL. EnSCs cultured in base
medium served as the no-treatment (NT) control. A–C, After 48 hours, EnSC secretion of insulin-like growth factor binding protein 1 (IGFBP-1)
(n = 8 independent experiments) (A), prolactin (PRL) (n = 7 independent experiments) (B), and interleukin-8 (IL-8) (n = 7 independent experiments)
(C) into supernatants was quantified by enzyme-linked immunosorbent assay. Bars show the mean � SEM. D, After 96 hours, EnSC morphology
was visualized after staining for F-actin (red) and counterstaining the nuclei with DAPI (blue) (n = 3 independent experiments). Results from 1 rep-
resentative experiment are shown. Bar = 100 μm. E, After 48 hours, EnSC supernatants were examined for cytokine/chemokine secretion by
multiplex analysis (n = 6 independent experiments). Bars show the mean � SEM. F, After 48 hours, EnSCs were fixed and stained for
senescence-associated β-galactosidase (SA β-gal) activity (blue) (n = 5 independent experiments). Results from 1 representative experiment are
shown. Bar = 100 μm. G, After 48 hours, EnSCs were lysed for extraction of total protein, and Western blotting was performed for visualizing
expression of the SA proteins S6 (phosphorylated and total) and lamin B1. β-actin served as a loading control (n = 3 independent experiments).
Results from 1 representative experiment are shown. * = P < 0.05; ** = P < 0.01 for the indicated comparisons or versus no treatment.
GM-CSF = granulocyte–macrophage colony-stimulating factor; IFNγ = interferon-γ; MCP-1 = monocyte chemotactic protein 1; VEGF = vascular
endothelial growth factor.
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either control IgG or aPL. Similar to the effects on the human EnSC
cell line, under culture conditions with DM and exposure to aPL,
primary EnSC secretion of IGFBP-1 significantly increased by a
mean � SEM change of 1.4 � 0.2–fold (Figure 2A), prolactin by
2.0 � 0.3–fold (Figure 2B), and IL-8 by 1.8 � 0.4–fold
(Figure 2C), compared to control IgG (P < 0.05). SA β-gal activity
was also up-regulated compared to controls (Figure 2D). These
findings demonstrate that the EnSC cell line served as an appro-
priate model of primary EnSCs and justified the use of the EnSC
cell line for downstream mechanistic studies.

Antiphospholipid antibodies increased decidualiza-
tion and induced uterine inflammation and senescence
in amousemodel. To validate our in vitro findings with a phys-
iologically relevant in vivo system, a mouse model of decidualiza-
tion and APS was employed. Mice were ovariectomized,
enabling manipulations of their circulating E2 and P4 levels, and
they were induced to undergo decidualization by intrauterine oil
injection into the right uterine horn. PBS, control IgG, or aPL
was administered intraperitoneally on the same day as the
induction of decidualization and then again 2 days later. On day
7 post–decidualization induction, mice were euthanized and tis-
sues collected (Figure 3A). This model induced robust deciduali-
zation at the organ level (Figure 3B). The murine decidualization
markers, Bmp2, dPRP, and Wnt4 were detectable under PBS
conditions in the decidualized uterine horns.

In mice administered aPL, Bmp2 levels were significantly
higher compared to mice administered control IgG (mean � SEM
change of 3.5 � 0.3–fold) and higher compared to mice adminis-
tered PBS (mean � SEM change of 3.6 � 0.3–fold) (P < 0.01;
Figure 3C). While aPL significantly increased Wnt4 expression
compared to PBS-treated controls (mean � SEM change of
4.5 � 0.9–fold), there was no significant difference between

Wnt4 levels under aPL and control IgG conditions, and dPRP
expression was not significantly different under any condition
(Figure 3C). Administration of aPL also significantly increased
uterine inflammatory Il6 expression by a mean � SEM change of
4.3 � 1.0–fold compared to the IgG control (P < 0.05), and by a
mean � SEM change of 34.2 � 8.1–fold compared to PBS-
treated controls (P < 0.01; Figure 3D). Uterine expression of KC,
the mouse equivalent of IL-8, and Tnf were not altered following
aPL exposure (Figure 3D). To evaluate uterine senescence,
expression levels of key cell cycle regulators p16, p21, and p53
(35) were assessed. Exposure to aPL significantly reduced uterine
p53 expression by a mean � SEM 21.3 � 4.8% compared to
IgG-treated controls and by 18.1 � 5.0% compared to PBS-
treated controls (P < 0.05), without affecting p16 and p21 expres-
sion (Figure 3E).

Antiphospholipid antibodies up-regulated EnSC
decidualization and inflammation through, in part,
TLR-4. We next sought to determine which receptor on human
EnSCs is activated by aPL to mediate the elevated decidualiza-
tion, inflammation, and senescence. We first investigated whether
TLR-4 plays a role, because we have previously shown that aPL
activation of TLR-4 in placental trophoblasts leads to inflamma-
tion (12,13). EnSCs and decidual stromal cells express TLR-4
(36,37). If TLR-4 is required for aPL-induced changes, then block-
ade of the extracellular ligand binding domain of TLR-4 with the
antagonist LPS-RS would attenuate the effects of aPL. Treatment
of EnSCs with LPS-RS significantly reduced aPL-induced
EnSC secretion of IGFBP-1 by a mean � SEM 19.4 � 5.8%
(P < 0.001; Figure 4A), prolactin by 12.9 � 3.3% (P < 0.05;
Figure 4B), and IL-8 by 20.2 � 4.4% (P < 0.001; Figure 4C).
However, LPS-RS had no effect on aPL-induced SA β-gal activity
(Figure 4D).

Figure 2. Antiphospholipid antibodies increased decidualization and senescence and induced inflammation in primary human EnSCs. Primary
EnSCs were cultured in DM, either alone or together with control IgG or aPL. EnSCs cultured in base medium served as the
no-treatment control. A–C, After 48 hours, supernatants were collected to measure the secretion of IGFBP-1 (n = 6 independent experiments)
(A), prolactin (n = 6 independent experiments) (B), and IL-8 (n = 6 independent experiments) (C). Error bars show the mean � SEM. D, After
48 hours, EnSCs were fixed and stained for SA β-gal activity (blue) (n = 5 independent experiments). Results from 1 representative experiment
are shown. Bars = 100 μm. * = P < 0.05; *** = P < 0.001 for the indicated comparisons or versus no treatment. See Figure 1 for definitions. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42068/abstract.
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Another receptor that can be activated by aPL is
ApoER2/LRP-8 (38,39). To investigate whether ApoER2 also
mediated the aPL effect on EnSC function, ApoER2 expres-
sion was knocked down in EnSCs using small interfering
RNA (siRNA). EnSCs confirmed to have successful ApoER2
knockdown by Western blotting (Supplementary Figure 1A,
available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42068) secreted
similar levels of IGFBP-1, prolactin, and IL-8 (Supplementary
Figures 1B–D) after stimulation with aPL under target siRNA
conditions, compared to EnSCs transfected with control
siRNA.

Antiphospholipid antibodies up-regulated EnSC
decidualization and inflammation through, in part,
p38 MAPK. In order to examine the downstream mechanism
by which aPL up-regulated EnSC decidualization, inflammation,
and senescence, we investigated whether p38 MAPK, a signal-
ing pathway reported to be increased in trophoblasts ex-
posed to aPL (40), was involved. The presence of the specific
p38 MAPK inhibitor SB203580 significantly reduced the
ability of aPL to increase EnSC secretion of IGFBP-1 by a
mean � SEM 62.9 � 11.5% (P < 0.05; Figure 4E), prolactin by
48.8 � 8.4% (P < 0.01; Figure 4F), and IL-8 by 41.8 � 15.8%
(P < 0.05; Figure 4G). The presence of SB203580 did not

Figure 3. Antiphospholipid antibodies increased decidualization and induced uterine inflammation and senescence in a mouse model. A, Mice
were ovariectomized (OVX) and then rested. Thereafter, estrogen (E2) and progesterone (P4) were replenished in a controlled manner, prior to
induction of decidualization using intrauterine injection of sesame oil. Either phosphate buffered saline (PBS) (n = 5 mice), control IgG (n = 5 mice),
or aPL (n = 5 mice) were administered intraperitoneally (i.p.) on the day of decidualization induction and again 2 days later. Uterine tissues were
then collected 4 days after the induction of decidualization and 6 hours after the last hormone injection. Uterine horns were separated and portions
snap-frozen for analysis. B, This model induced visually apparent robust decidualization (right horn received oil). C–E, Total RNA was extracted
from the separated left uterine horns and real-time quantitative polymerase chain reaction was performed to detect markers of the following: decid-
ualization (Bmp2, dPRP, Wnt4) (C), inflammation (Il6, KC, Tnf ) (D), and senescence (p16, p21, p53) (E) (n = 5 independent experiments). Bars
show the mean � SEM. * = P < 0.05; ** = P < 0.01 for the indicated comparisons or versus PBS treatment. See Figure 1 for other definitions.
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42068/abstract.
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affect the ability of aPL to increase EnSC SA β-gal activity
(Figure 4H).

Antiphospholipid antibodies up-regulated EnSC
decidualization and senescence through ROS produc-
tion. Since aPLs are able to induce placental ROS production
(41) and ROS could contribute to inflammatory and senescent
pathways, we investigated whether aPL could induce ROS pro-
duction in EnSCs. Antiphospholipid antibodies significantly
increased EnSC ROS production by a mean � SEM change of
1.7 � 0.2–fold compared to IgG-treated controls (P < 0.05) and
by 1.5 � 0.0–fold compared to DM-treated controls (P < 0.01;
Figure 5A). Inhibition of ROS production using DPI significantly

reduced the ability of aPL to increase EnSC IGFBP-1 by a
mean � SEM 46.0 � 11.2% (P < 0.05; Figure 5B) and prolactin
by 50.3 � 8.4% (P < 0.05; Figure 5C), but had no effect on IL-8
secretion (Figure 5D). The presence of DPI markedly reduced
aPL-induced EnSC SA β-gal activity (Figure 5E).

LMWH prevention of aPL up-regulation of EnSC
decidualization and inflammation. Heparin (unfractionated
or LMWH) with or without low-dose ASA are standard treatments
for aPL-positive women at risk for obstetric complications (22).
We assessed whether these 2 drugs, either alone or in combina-
tion, had any effects on the function of EnSCs exposed to aPL.
LMWH alone significantly reduced the ability of aPL to increase

Figure 4. Antiphospholipid antibodies up-regulated EnSC decidualization and inflammation in part through Toll-like receptor 4 (TLR-4) and p38
MAPK. A–C, EnSCs were pretreated with medium or the TLR-4 antagonist Rhodobacter sphaeroides (LPS-RS) for 30 minutes, prior to the addition
of DMwith either control IgG or aPL (n = 8–13 independent experiments). After 48 hours, cell-free supernatants were collected to measure the secretion
of IGFBP-1 (A), prolactin (B), and IL-8 (C). Error bars show the mean � SEM. D, After 48 hours, cells were fixed and stained for SA β-gal activity (blue)
(n = 10 independent experiments). Results from 1 representative experiment are shown. Bars = 100 μm. E–H, EnSCs were pretreated with medium
or the p38 MAPK inhibitor SB203580 for 30 minutes, prior to the addition of DM with either control IgG or aPL (n = 8 independent experiments). After
48 hours, cell-free supernatants were collected to measure the secretion of IGFBP-1 (E), prolactin (F), and IL-8 (G). Error bars show the mean � SEM.
H, After 48 hours, cells were fixed and stained for SA β-gal activity (blue) (n = 10 independent experiments). Results from 1 representative experiment are
shown. Bars = 100 μm. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for the indicated comparisons or versus DM + control IgG treatment. See Figure 1
for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42068/abstract.
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EnSC secretion of IGFBP-1 by a mean � SEM 18.4 � 6.4%
(P < 0.05; Figure 6A), prolactin by 19.5 � 3.7% (P < 0.05;
Figure 6B), and IL-8 by 18.4 � 5.8% (P < 0.05; Figure 6C). In
contrast, ASA did not significantly affect the capacity of aPL to
increase EnSC secretion of IGFBP-1 or IL-8 (Figures 6A and C),
but ASA did significantly reduce aPL-induced EnSC prolactin
secretion by a mean � SEM 22.6 � 7.8% (P < 0.05; Figure 6B).
Treatment with a combination of LMWH and ASA demonstrated
similar statistically significant reductions in EnSC secretion of
IGFBP-1 (P < 0.05; Figure 6A) and IL-8 (P < 0.05; Figure 6C),

compared to treatment with LMWH alone, suggesting that ASA
did not have any additive or synergistic effects. LMWH or ASA
either alone or in combination had no demonstrable effect on
aPL-induced EnSC SA β-gal activity (Figure 6D).

DISCUSSION

The presence of aPL is one of the single biggest maternal
risk factors for recurrent miscarriage (1–3). While the deleteri-
ous effects of aPL on placental trophoblast function are well

Figure 5. Antiphospholipid antibodies up-regulated EnSC decidualization and senescence through reactive oxygen species (ROS) production. A,
EnSCs were exposed to base medium as a control or exposed to DM alone or DM together with either control IgG or aPL for 1 hour, after which
ROS production was measured at 485/520 nm by H2DCFDA staining (n = 5 independent experiments). B–D, EnSCs were pretreated with either
medium or the ROS inhibitor diphenyleneiodonium (DPI) for 30 minutes, prior to the addition of DM together with either control IgG or aPL (n = 5 inde-
pendent experiments). After 48 hours, cell-free supernatants were collected to measure the secretion of IGFBP-1 (B), prolactin (C), and IL-8 (D). Error
bars show the mean � SEM. E, After 48 hours, cells were fixed and stained for SA β-gal activity (blue) (n = 3 independent experiments). Results from
1 representative experiment are shown. Bars = 100 μm. * = P < 0.05; ** = P < 0.01 for the indicated comparisons or versus no treatment inA and ver-
sus DM + control IgG treatment in B–D. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42068/abstract.

Figure 6. Lowmolecular weight heparin (LMWH) prevented aPL from up-regulating EnSC decidualization and inflammation. A–C, EnSCs were pre-
treated with either base medium, LMWH, acetyl salicylic acid (ASA), or both LMWH and ASA for 30 minutes, prior to the addition of DM together with
either control IgG or aPL. After 48 hours, cell-free supernatants were collected to measure the secretion of IGFBP-1 (n = 10 independent experiments)
(A), prolactin (n = 7 independent experiments) (B), and IL-8 (n = 9 independent experiments) (C). Error bars show the
mean � SEM.D, After 48 hours, cells were fixed and stained for SA β-gal activity (blue) (n = 3 independent experiments). Results from 1 representative
experiment are shown. Bars = 100 μm. a = P < 0.05 versusmediumpretreatment followed by DM+ control IgG; b = P < 0.05 versus LMWHpretreat-
ment followed by DM + control IgG; c = P < 0.05 versus ASA pretreatment followed by DM + control IgG; d = P < 0.05 versus LMWH + ASA pretreat-
ment followed by DM + control IgG; * = P < 0.05 between the indicated groups. See Figure 1 for other definitions. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42068/abstract.
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reported (10), how aPL affects the maternal endometrium/
decidua remains unclear. Using a combination of a human
EnSC cell line, primary human EnSCs, and a mouse model,
we demonstrated that aPL elevated decidualization, triggered
inflammation, and accelerated senescence in EnSCs. These
effects were partially mediated by activation of TLR-4 and sig-
naling through p38 MAPK and ROS. LMWH, a commonly pre-
scribed therapeutic for aPL-positive women with RPL, was
able to partially protect against aPL-induced increases in EnSC
decidualization and inflammation, but not senescence, while
ASA, another commonly prescribed therapeutic, did not have
these protective effects.

The aPL we used in this study, IIC5, is a mouse mAb that
reacts with domain V of β2GPI (24). While aPLs reactive with
domain I of β2GPI have been considered more pathogenic, a task
force on aPLs concluded that not all anti-β2GPI antibodies detect-
able in APS patients target domain I, with significant subpopula-
tions reacting against other β2GPI epitopes (42). Furthermore, a
systematic review found that only 44.3–45.4% of patients with
APS (either alone or with systemic lupus erythematosus) had
domain I anti-β2GPI antibodies, and while the presence of anti-
β2GPI domain I antibodies doubles the risk for thrombotic events,
no studies have shown an association with pregnancy morbidities
(43). Another systematic review demonstrated that the most
important feature of pathogenic aPLs in obstetric APS is triple
positivity (26), and IIC5 is triple-positive by having anti-β2GPI,
anticardiolipin, and lupus anticoagulant activity (23–25).

In the presence of aPL under decidualizing conditions,
markers of decidualization and senescence were elevated in
EnSCs, along with an inflammatory response resembling an
SASP (IL-6, IL-8, MCP-1, VEGF). The aPL-induced up-regulation
in decidualization was different from what had previously been
demonstrated in decidualizing EnSCs (7) and in decidualized cells
at full term (44). In one study, treatment of decidualizing EnSCs
with aPL reduced prolactin and IGFBP-1 secretion (7). These
conflicting findings could be due to the use of an aPL that recog-
nizes a distinct epitope in domain V of β2GPI, as well as the cells,
aPL concentration, and time point studied. In particular, it is rec-
ognized that small changes in aPL epitope specificity can have
large functional and biologic effects (45). Conversely, the
observed induction of EnSC inflammatory IL-8 secretion triggered
by aPL corroborates findings from a previous study that showed
that anti-β2GPI aPL altered first trimester decidual cell gene
expression by up-regulating pathways involved in developmental,
inflammatory, immune, and stress responses (6).

We found that aPL-induced senescence was ROS-depen-
dent, as was the aPL-mediated decidualization response, sug-
gesting that these 2 processes may be connected. A recent
bioinformatic study demonstrated that decidualizing EnSCs prog-
ress along a continuous trajectory toward senescence (18); par-
ticularly since we observed (in the presence of aPL under
decidualizing conditions) that most EnSCs were senescent, it is

interesting to hypothesize that aPL may accelerate this process,
leading to altered uterine receptivity. In women who experience
recurrent miscarriage, EnSCs have been reported to respond
aberrantly to deciduogenic signals and exhibit signs of premature
senescence (18). We validated our in vitro observations in vivo
using a mouse model, and demonstrated that aPL can similarly
affect conserved aspects of uterine/endometrial function in mice,
despite species differences in decidualization between rodents
and humans. Dysregulated decidualization and uterine inflamma-
tion induced by aPL may negatively impact downstream tropho-
blast invasion and placental growth, leading to implantation
failure and early pregnancy loss.

In order to investigate the cell surface receptor that aPL
could be signaling through to modulate human EnSC function,
we investigated TLR-4 and ApoER2, both of which have been
shown to be activated by aPL recognizing β2GPI in placental tro-
phoblasts (12,13,39). Inhibition of TLR-4 was able to reduce, but
not abrogate, the effect of aPL on elevated EnSC decidualization
and inflammation. In contrast, knockdown of ApoER2 had no
effect. Since the inhibition of TLR-4 did not completely reverse
the effects of aPL on EnSCs, another receptor may also be acti-
vated, such as TLR-2 (46) or another scavenger receptor for
low-density lipoprotein (27). Mechanistically, we demonstrated
that aPL further increased EnSC decidualization by activating
p38 MAPK and ROS signaling, while the inflammatory response
was mediated through p38 MAPK but not ROS. Strikingly, inhibi-
tion of p38 MAPK signaling completely abrogated aPL up-
regulation of IGFBP-1, prolactin, and IL-8 secretion. This sug-
gests that this is a major signaling pathway activated by aPL to
up-regulate decidualization and inflammation, while a separate
pathway of increased ROS signaling is responsible for the decid-
ualization and senescence response. Interestingly, the observed
IL-8 response was ROS-independent, suggesting that it is unre-
lated to the EnSC senescence response. Potentially, the amount
of IL-8 secreted from EnSCs as an inflammatory response to
aPL is much higher than that secreted as part of the SASP.

Finally, this study examined whether the standard therapeu-
tics for women with obstetric APS, LMWH and ASA, could pro-
tect against the effect of aPL on EnSC function. While early
treatment with heparin, alone or in combination with low-dose
ASA, may increase the live birth rate in aPL-positive women to
~70%, this remains controversial due to a lack of large, well-
controlled trials (2). A recent Cochrane systematic review demon-
strated that, compared to ASA alone, heparin treatment together
with ASA may increase live births and reduce the risk of preg-
nancy loss in aPL-positive women (47). In contrast, treatment of
aPL-positive women with low-dose ASA was not beneficial in pre-
venting obstetric complications (48,49). In a mouse model of
obstetric APS, heparin was also shown to have protective effects
against aPL-induced fetal loss, and this was related to inhibition of
aPL-mediated complement activation at the maternal–fetal inter-
face (50). Accordingly, in the present study, we demonstrated
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that LMWH, with or without ASA, played a protective role against
aPL-increased decidualization and inflammation, while ASA alone
did not have these effects.

Appropriately controlled decidualization and function of
EnSCs is key for successful implantation, placentation, and the
establishment of a healthy pregnancy. Herein, we demonstrated
that aPL significantly impacted EnSC function, leading to dysreg-
ulated decidualization, as well as a senescent and proinflamma-
tory environment that could deleteriously affect their cross-talk
with the implanting blastocyst and invading placental tropho-
blasts. This may dysregulate implantation, which could manifest
as spontaneous miscarriage or obstetric complications later in
gestation, such as preeclampsia or intrauterine growth restriction.
Furthermore, LMWH appeared to have some protective effect on
EnSC function in the context of aPL, providing further support for
the use of this therapeutic in aPL-positive women with a history of
recurrent miscarriage or obstetric APS. Together, these findings
shed new light on the underlying pathogenesis of obstetric APS
and underscore the potential benefit of heparin treatment for this
high-risk population.
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Interleukin-1β–Activated Microvascular Endothelial Cells
Promote DC-SIGN–Positive Alternatively Activated
Macrophages as a Mechanism of Skin Fibrosis in
Systemic Sclerosis

Paôline Laurent,1 Joelle Lapoirie,2 Damien Leleu,1 Emeline Levionnois,1 Cyrielle Grenier,1
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Joel Constans,2 Thierry Schaeverbeke,2 Isabelle Douchet,1 Dorothée Duluc,1 Thomas Pradeu,1 Carlo Chizzolini,4

Patrick Blanco,3 Marie-Elise Truchetet,3 and Cécile Contin-Bordes,3 on behalf of the Fédération
Hospitalo-Universitaire ACRONIM and the Centre National de Référence des Maladies Auto-Immunes
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Objective. To characterize the role of interleukin-1β (IL-1β) and microvascular endothelial cells (MVECs) in the gen-
eration of alternatively activated macrophages in the skin, and to explore their role in the development of skin fibrosis in
patients with systemic sclerosis (SSc; scleroderma).

Methods. Conditioned medium prepared with MVECs purified from the skin of healthy donors and the skin of SSc
patients was used to generate monocyte-derived macrophages. Flow cytometry, multiplex protein assessment, real-time
quantitative polymerase chain reaction, and tissue immunofluorescencewere used to characterizeMVEC-induced polariza-
tion of alternatively activated macrophages. Coculture experiments were conducted to assess the role of MVEC-induced
alternatively activated macrophages in fibroblast activation. Alternatively activated macrophages were characterized in
the skin of healthy donors and SSc patients using multiparametric immunofluorescence and multiplex immunostaining for
gene expression. Based on our in vitro data, we defined a supervised macrophage gene signature score to assess correla-
tion between the macrophage score and clinical features in patients with SSc, using the Spearman’s test.

Results. IL-1β–activatedMVECs from SSc patients inducedmonocytes to differentiate into DC-SIGN+ alternatively
activated macrophages producing high levels of CCL18, CCL2, and CXCL8 but low levels of IL-10. DC-SIGN+ alterna-
tively activated macrophages showed significant enhancing effects in promoting the production of proinflammatory
fibroblasts and were found to be enriched in perivascular regions of the skin of SSc patients who had a high fibrosis
severity score. A novel skin transcriptomic macrophage signature, defined from our in vitro findings, correlated with
the extent of skin fibrosis (Spearman’s r = 0.6, P = 0.0018) and was associated with early disease manifestations and
lung involvement in patients with SSc.

Conclusion. Our findings shed new light on the vicious circle implicating unabated IL-1β secretion, MVEC activa-
tion, and the generation of DC-SIGN+ alternatively activated macrophages in the development of skin fibrosis in
patients with SSc.
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INTRODUCTION

Systemic sclerosis (SSc) is a rare autoimmune connective
tissue disease characterized by microangiopathy and fibrosis (1).
The pathophysiology of SSc is unclear, but it involves a complex
network of interactions between the microvascular system, acti-
vation of autoimmune processes, and chronic activation of fibro-
blasts (2,3).

Monocyte-derived macrophages exhibit a wide spectrum of
polarization states, which are determined by the local environ-
ment in which they differentiate. Based on in vitro stimulation
and analysis of membrane and soluble markers, monocyte-
derived macrophages are classified as inflammatory (M1-type)
and alternatively activated macrophages (M2-type). M1-type
macrophages originate in response to microbial factors, such as
lipopolysaccharide (LPS) and proinflammatory cytokines (interfer-
on-γ [IFNγ], tumor necrosis factor [TNF], and interleukin-1β [IL-1β])
(4). Alternatively activated macrophages comprise numerous cell
subsets that may be distinguished on the basis of the milieu in
which they differentiate: stimulation with IL-4 or IL-13 for the
M2a macrophage phenotype, interaction of immune complexes
with IL-1β or LPS for the M2b subtype, stimulation with IL-10,
transforming growth factor β (TGFβ), or glucocorticoids for the
M2c subtype, and stimulation with Toll-like receptors (TLRs) and
IL-6 for the M2d subtype (4).

In analyses of circulating markers and immunohistochemistry
(5,6), the role of alternatively activated macrophages in fibrosis dur-
ing the course of SSc has been reinforced by transcriptomics and
systems biology data (7,8). In mouse models of SSc, a cAMP-
specific phosphodiesterase 4 blocker and the tyrosine kinase inhib-
itor nintedanib have been shown to alleviate the development of skin
fibrosis by, in part, limiting polarization toward alternatively activated
macrophages (9,10). Moreover, in the faSScinate trial (Safety and
Efficacy of Subcutaneous Tocilizumab in Adults with SSc), molecu-

lar profiling of skin biopsy specimens and analysis of circulating

cytokines revealed that IL-6 receptor blockade by tocilizumab

down-regulated the alternatively activated macrophage signature

in the skin of SSc patients (11). However, fibrinogenic monocytes

harboring both M1 and M2 markers are present in patients with

SSc and interstitial lung disease (12), and transcriptomic analysis

of skin has revealed associated M1 and M2 signatures in early

SSc (13). This suggests that the classic M1/M2macrophage classi-

fication rapidly finds limitations as it does not reflect the diversity of

tissue macrophages induced by dynamic and complex microenvi-

ronmental changes, which mediate long-term macrophage imprint-

ing (trained innate immunity), polarization states, and plasticity (14).

Taken together, these observations suggest that macrophages

participate in fibrotic processes in mouse models of SSc and in

human patients with SSc. However, the underlying mechanisms

are still largely unknown, especially in humans.
Human studies (15,16) and animal models have highlighted

the role of the inflammasome and the release of IL-1β in the

development of lung and skin fibrosis (17–19). Our group recently
reported that activated platelets promote the IL-1β–dependent
production of thymic stromal lymphopoietin by microvascular
endothelial cells (MVECs), which in turn activate dermal fibroblasts
and enhance collagen deposition (20). In the present study, we
evaluated whether IL-1β–activated MVECs indirectly favor fibrotic
processes by promoting a microenvironment that modulates
polarization of cutaneous macrophages during SSc.

PATIENTS AND METHODS

Patients with SSc who presented to the University Hospital of
Bordeaux, France, between March 2014 and September 2016
were prospectively enrolled in the present study. All patients satis-
fied the 2013 American College of Rheumatology/European
League of Associations for Rheumatology classification criteria for
SSc (21). Patients were included in the Vasculopathy and Inflam-
mation in Systemic Sclerosis (VISS) biomedical research project
(22) and the study was approved by the University Hospital of Bor-
deaux institutional ethics committee (Comites de Protection des
Personnes approval no. 2012-A00081-42). All participants
provided written informed consent before inclusion. Age- and
sex-matched healthy donors were recruited at the local Blood
Transfusion Centre (Etablissement Français du sang, Bordeaux).
Details on all patients’ demographic and clinical features and labo-
ratory test results are provided in the Supplementary Materials and
Methods and Supplementary Table 1 (available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42061).

Cell purification. Human dermal MVECs were obtained
from the skin of healthy donors and patients with SSc as previously
described (23) (Supplementary Table 2, available at http://
onlinelibrary.wiley.com/doi/10.1002/art.42061). MVEC-conditioned
medium (MVEC-CM) was produced by culturing MVECs with or
without IL-1β (50 ng/ml; R&D Systems) for 24 hours in MV2medium
supplemented with 1% penicillin/streptomycin and 8% fetal calf
serum (FCS) (PromoCell). Fibroblasts were cultured by incubating
skin samples in Hanks’ buffered salt solution containing 0.1%
type I collagenase A (Sigma) for 3 hours at 37�C. Cell pellets were
suspended in Dulbecco’s modified Eagle’s medium with 1% peni-
cillin/streptomycin and 10% FCS (Gibco). Monocytes were
obtained from the blood of healthy donors recruited at Bordeaux
Blood Transfusion Centre. After separation with Ficoll (Eurobio),
monocytes were purified by immunomagnetic sorting using CD14
microbeads (Miltenyi). Purity (>90%) was assessed by flow
cytometry.

Generation of monocyte-derived macrophages.
Monocytes were incubated for 6 days in 24-well flat-bottomed
plates at a density of 5 × 104 cells/well in a 1:1 volume of complete
RPMI medium (supplemented with 1% penicillin/streptomycin and
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8% FCS) together with MV2 medium or MVEC-CM. Cultures were
supplemented with 5 ng/ml granulocyte–macrophage colony-
stimulating factor (GM-CSF) or 50 ng/ml M-CSF (Miltenyi Biotech)
and fresh cytokines were added on day 3. When indicated,
endothelin-1 receptor (ET-1R) antagonist (macitentan 100 ng/ml;
Actelion), anti–interleukin-6 receptor (anti–IL-6R) (tocilizumab
100 ng/ml, Roche), anti–IL-1β antibodies (canakinumab 150 μg/ml;
Novartis), recombinant IL-6 (100 ng/ml), or recombinant ET-1
(10 ng/ml) were added to the cultures. To potentiate blockade of
the receptors, ET-1R antagonist and anti–IL-6R were preincubated
with monocytes for 1 hour before the addition of MVEC-CM. To
prevent quick engagement of IL-1β receptor by IL-1β contained in
the MVEC-CM, blocking anti–IL-1β was preincubated with
MVEC-CM for 1 hour before being cultured with monocytes.

Flow cytometry. STAT1 and STAT3 phosphorylation were
assessed in monocytes after incubation for 20 minutes with
MVEC-CM with the use of a dedicated flow cytometry kit from
Miltenyi Biotec. Macrophage membrane marker expression was
evaluated by flow cytometry using PerCP-labeled CD14,
allophycocyanin (APC)–labeled CD206, VioBlue-labeled CD209,
APC–Cy7-labeled CCR2, phycoerythrin (PE)–Cy7-labeled CCR7
(Miltenyi), and PE-labeled CD163 (BD Biosciences). Cells were
analyzed using a FACSCanto II flow cytometer with FACSDiva soft-
ware (BD Biosciences), and data analysis was performed using
FlowJo software version 10.1.

Cytokine and chemokine assays. IL-6, CXCL8,
CXCL10, platelet-derived growth factor BB (PDGF-BB),
interleukin-1 receptor antagonist (IL-1Ra), GM-CSF, granulocyte
colony-stimulating factor (G-CSF), CCL2, CCL5, IL-12p40, TNF,
and IFNγ were quantified using a multiplex assay (BioLegend) in
MVEC, macrophage, and fibroblast supernatants. IL-10 and
ET-1 (Abcam) were assessed by enzyme-linked immunosorbent
assay. To ensure the specificity of cytokine/chemokine measure-
ments in macrophage culture supernatants, cytokine/chemokine
levels were also quantified in MVEC-CM cultured without macro-
phages for 6 days and were deduced from the total levels in mac-
rophage culture supernatant.

Fibroblast and macrophage cocultures. Macrophages
were washed intensively (3 times with 10 ml of phosphate buff-
ered saline) to eliminate any remaining cytokines/chemokines
from the supernatant and were then seeded at a density of
3 × 104 in the lower chambers of Transwell microplates. Fibro-
blasts were seeded at a density of 3 × 104 in the upper chambers
of Transwell microplates and cultured for 24 hours. Col1A1,
Col1A2, MMP1, MMP2, TIMP1, TIMP2, CCL2, IL6, CXCL10,
CCL5, IL1R, and CFS3 messenger RNA (mRNA) expression was
quantified using quantitative reverse transcriptase–polymerase
chain reaction (qRT-PCR) as previously described (20). For details
on the probes used in qRT-PCR see the Supplementary Materials

and Methods, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42061.

Quantification of mRNA expression in healthy
donor and SSc skin tissue sections. NanoString nCounter
gene expression assay was performed with RNA that had been
isolated from formalin-fixed paraffin-embedded (FFPE) skin sec-
tions from healthy donors (n = 10) and patients with SSc
(n = 24), using a High-Pure FFPET RNA Isolation kit (Roche). The
enriched gene signature comprised mRNAs of CD68, CD163,
CD209 (DC-SIGN), MRC1 (CD206), c-Maf, STAT3, IL10,
CCL18, CCL2, CXCL8, CX3CL1, CX3CR1, CSF1R, CCR2,
CFS1, IL1R1, and IL1RA. Natural logarithm–transformed expres-
sion values of genes were scaled and visualized as a clustergram
with the use of the R package heatmap. The macrophage score
was determined for each sample as previously described (24),
and the fold change between each patient with SSc and the
healthy donor group was computed.

Immunofluorescence analysis of healthy donor and
SSc skin tissue sections. FFPE skin sections (3-μm–thick) from
4 healthy donors and 8 patients with SSc were used in immuno-
histochemical analyses. For multiplex staining of macrophages,
the sections were incubated for 1 hour at room temperature with
mouse anti-human DC-SIGN and visualized with an Alexa Fluor
647 Tyramide SuperBoost kit and goat anti-rabbit IgG, in accor-
dance with the manufacturer’s instructions. Primary/secondary
antibody complexes were stripped by heat-induced epitope
retrieval and the sections were stained with mouse anti-human
CD68 and rabbit anti-human c-MAF primary antibodies, and with
goat anti-mouse Alexa Fluor 568 and Alexa Fluor 488 Tyramide
SuperBoost kit goat anti-rabbit IgG secondary antibodies.
Whole-tissue sections were scanned using a NanoZoomer
2.0-HT (Hamamatsu). Microscopy was performed at the Bor-
deaux Imaging Center. For details on the immunofluorescence
reagents used, see the Supplementary Materials and Methods,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42061.

Statistical analysis. Statistical analysis was performed
using GraphPad Prism. For distributions that satisfied the
Shapiro-Wilk normality test, Student’s 2-tailed t-test for unpaired
or paired samples and one-way repeated-measures analysis of
variance (ANOVA) followed by Bonferroni correction were used
to compare populations. When the normality test was not satis-
fied, the Mann-Whitney or Wilcoxon test was used. Correlations
were analyzed by Spearman’s test. P values less than 0.05 were
considered significant. Results are reported as the mean � SEM.

Data availability. All data supporting the findings of this
study are available within the article and/or its supplementary
materials.
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RESULTS

Differentiation of monocytes into DC-SIGN+ alter-
natively activated macrophages in vitro in MVEC-CM
cultures derived from healthy donors. Alternatively acti-
vated macrophages play a pivotal role in the development of

fibrosis in the setting of scleroderma. However, the mecha-
nisms underlying the polarization of alternatively activated mac-
rophages in affected tissues are unknown. We evaluated
whether IL-1β–activated MVECs from healthy donors modu-
lated the polarization of monocyte-derived macrophages. As
shown in Figure 1A, IL-1β–activated MVEC-CM induced a

Figure 1. Induction of polarization of DC-SIGN+ c-MAF+ alternatively activated macrophages by interleukin-1β (IL-1β)–activated microvascular
endothelial cells (MVECs) from healthy donors (HDs). Monocytes or macrophages from healthy donors were incubated with medium alone (MED),
with nonactivatedMVEC-conditionedmedium (MECCM), or with IL-1β–activatedMVEC-conditionedmedium.A, Histograms show expression levels
of pSTAT3 and pSTAT1 in monocytes under each culture condition (left), with results expressed as the percentage of positive cells and mean fluores-
cence intensity (MFI) (right).B, The fold increase in cMafmRNA expression in healthy donor macrophages under each culture condition was assessed
on day 6; data are from 3 independent experiments. C and D, Histograms show macrophage expression of CD163, CD206, DC-SIGN, CCR2, and
CCR7 (C), and flow cytometry dot plots show macrophage expression of CD163, CD206, and DC-SIGN (D; top) under each culture condition, with
results expressed as the percentage of positive cells and MFI (D; bottom). Data in C and D are from 5 independent experiments. E and F, Levels of
cytokines and chemokines were measured on day 6 in macrophage supernatants under each culture condition. Expression levels of cytokines and
chemokines are shown as heatmaps (E) and presented as cumulative data from 5 independent experiments (F). InA, B,D, and F, symbols represent
individual experiments; bars show the mean � SEM. * or # = P < 0.05; ** or ## = P < 0.01; *** = P < 0.001, by t-test or analysis of variance. IL-1Ra =
IL-1 receptor antagonist; PDGF-BB = platelet-derived growth factor BB; TNF = tumor necrosis factor; IFNγ = interferon-γ; TGFβ = transforming
growth factor β.
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significant increase in the expression of phosphorylated STAT3
(pSTAT3), in terms of both the percentage of positive cells and
the mean fluorescence intensity (MFI) of expression, compared
to that with medium alone or that with nonactivated MVEC-
CM. The expression of pSTAT1 was not detected under any
condition (Figure 1A). The transcription factor c-Maf, which reg-
ulates the expression of numerous alternative and tumor-
associated macrophage–related genes in mice and humans
(25), was significantly up-regulated on day 6 in macrophages
generated in the presence of IL-1β–activated MVEC-CM com-
pared to nonactivated CM (P = 0.028) (Figure 1B).

Compared to macrophages cultured with medium alone,
macrophages cultured with IL-1β–activated MVECs showed a
significant up-regulation in the surface expression of CD163;
there was a nonsignificant trend toward increased expression of
CD163 in macrophages cultured with IL-1β–activated MVECs in
CM compared to macrophages cultured with nonactivated
MVECs in CM (P = 0.06) (Figures 1C and D). The same observa-
tion held true for MFI. The alternatively activated macrophage–
associated marker CD206 was induced under all conditions, as
expected, considering the presence of GM-CSF in the culture.
DC-SIGN expression (percentage of positive cells andMFI) was sig-
nificantly increased in macrophages derived from monocytes cul-
tured in the presence of IL-1β–activated MVEC-CM compared
to medium alone and nonactivated MVEC-CM (P = 0.008 for
the percentage of positive cells; and P = 0.03 for MFI).

In contrast, the M1 macrophage marker CCR7 was not
detected, and CCR2 expression was unchanged under all condi-
tions (Figure 1C and data not shown). Neither blockade of IL-1β in
IL-1β–activated MVEC-CM nor the addition of recombinant IL-1β
to nonactivated MVEC-CM modified DC-SIGN or CD163 expres-
sion (Supplementary Figure 1A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42061), which ruled out a direct effect of IL-1β. Expression of
CD163 and DC-SIGN was similar under GM-CSF or M-CSF con-
ditions (Supplementary Figure 2, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42061), which excluded a specific effect of GM-CSF.

Irrespective of the stimulation conditions, IFNγ, TNF,
IL-12p40, and TGFβ (Figure 1E and data not shown) were not
detected in macrophage supernatants. IL-6 was not detected in
macrophage supernatant induced by MVEC-CM, and levels of
the chemokine ligand CXCL8 were comparable under all condi-
tions tested (Figures 1E and F). In contrast, macrophages
generated in the presence of IL-1β–activated MVEC-CM pro-
duced significantly greater levels of IL-10 (P = 0.016), IL-1Ra
(P = 0.015), PDGF-BB (P = 0.05), CCL18 (P = 0.017), and CCL2
(P = 0.045) compared to nonactivated MVEC-CM (Figure 1F).
IL-1β was not directly responsible for the increased cytokine/
chemokine production (see Supplementary Figure 1B, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42061). Therefore, CM prepared with

IL-1β–activated MVECs promotes the generation of pSTAT3+
DC-SIGN+ alternatively activated macrophages, which produce
IL-10 and high levels of CCL2 and CCL18.

Generation of SSc MVEC DC-SIGN+ macrophages
with distinct functional capabilities. We next determined
if MVECs purified from the skin of SSc patients would induce
similar or distinctive macrophages. CM prepared with IL-1β–
activated MVECs from patients with SSc increased expression
of pSTAT3 compared to MVEC-CM from healthy donors
(Figure 2A). The magnitude of pSTAT3 induction was signifi-
cantly increased in CM prepared with IL-1β–activated MVECs
from SSc patients, both in terms of the percentage of positive
cells and the MFI. In contrast, there was no significant difference
in pSTAT3 expression between healthy donor–derived MVEC-
CM and CM prepared with nonactivated MVECs from SSc
patients (Figure 2B). CM prepared with IL-1β–activated MVECs
from SSc patients significantly increased the macrophage
expression of c-Maf (Figure 2C) and DC-SIGN (Figure 2D) when
compared to that observed in cultures with nonactivated
MVEC-CM derived from SSc patients. No difference in macro-
phage expression of c-Maf and DC-SIGN was observed
between IL-1β–activated MVEC-CM derived from healthy
donors and MVEC-CM derived from patients with SSc. CD163
and CD206 expression was comparable between the SSc
patient–derived and healthy donor–derived MVEC-CM cultures
(Figure 2D), with similar results seen for CCR7 and CCR2
expression in these cultures (data not shown).

Although the production of CCL18, IL-1Ra, and PDGF-BB by
macrophages was increased in the presence of IL-1β–activated
MVECs from healthy donors and SSc patients, consistent with that
in the presence of alternatively activated macrophages, CCL2 was
markedly up-regulated (P = 0.038). Surprisingly, despite induction
with c-Maf, IL-10 was not produced by macrophages generated
in the presence of IL-1β–activated MVECs from patients with SSc
compared to macrophages cultured in the presence of MVECs
from healthy donors (P = 0.009). Of note, although it was barely
detectable in MVECs from healthy donors irrespective of stimula-
tion, IL-1β–activated MVECs from SSc patients strongly
up-regulated the production of the M1-associated marker CXCL8
(P = 0.009) (Figure 2E).

Taken together, these data demonstrate that IL-1β–stimulated
MVECs from patients with SSc promoted the generation of
DC-SIGN+ alternatively activatedmacrophages, which did not pro-
duce IL-10 but did generate high levels of CCL2 and CXCL8 com-
pared to MVECs from healthy donors. Thus, patients with SSc had
a mixed phenotype of alternatively activated macrophages and M1
macrophages.

IL-6 and endothelin-1 in the generation of DC-SIGN+
macrophages. To identify soluble factors responsible for the
skewing of normal monocytes toward alternatively activated
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macrophages, we measured the levels of several soluble pro-
moters of macrophage polarization in MVEC-CM. While IL-4, IL-
13, eotaxin, GM-CSF, M-CSF, TNF, and IFNγwere not detectable,
or were barely detectable, in all CM tested (data not shown), IL-6
was strongly induced in the presence of IL-1β but was not
detected in CM prepared with nonactivated MVECs (Figure 3A).
Interestingly, the level of IL-6 was higher in the CM prepared with
IL-1β–activatedMVECs fromSSc patients. Although it was not sta-
tistically significant, we observed a trend toward increased produc-
tion of ET-1 in the CM of IL-1β–activated MVECs (Figure 3B).

We tested whether IL-6 receptor blockade by tocilizumab in
IL-1β–activated MVEC-CMwould affect macrophage differentiation.

IL-6 blockade significantly reduced the percentage of cells
expressing pSTAT3 and DC-SIGN (Figures 3C and D), and also
reduced the MFI of expression of pSTAT3 and DC-SIGN (data
not shown).

ET-1, a key mediator in the development of SSc, has been
found to be involved in the polarization of alternatively activated
macrophages (26). The addition of macitentan (inhibitor of ET-1
receptors A and B) to CM from IL-1β–activated MVECs slightly,
but significantly, decreased both the percentage of DC-SIGN+
cells and the MFI of DC-SIGN expression in macrophages
(data not shown) (P = 0.0003 and P = 0.002, respectively).
The proportion of pSTAT3+ cells decreased significantly

Figure 2. Induction of expression of DC-SIGN+ alternatively activated macrophages and altered chemokine and cytokine production in cultures
of IL-1β–activated MVECs from patients with systemic sclerosis (SSc). Monocytes or macrophages from patients with SSc and healthy donors
were incubated with medium alone, with nonactivated MVEC-conditioned medium, or with IL-1β–activated MVEC-conditioned medium. A and
B, The expression of pSTAT3 and pSTAT1 was assessed in monocytes from SSc patients under each culture condition, with results shown in flow
cytometry histograms (A) and as percentages of pSTAT3-positive cells andMFI (B); data are from 5 independent experiments.C, The fold increase
in cMaf expression in SSc and healthy donor macrophages was assessed on day 6 under each culture condition; data are from 3 independent
experiments. D, Representative flow cytometry dot plots (left) and quantification of the results (right) show expression of CD163, CD206, and
DC-SIGN in SSc and healthy donor macrophages under each culture condition. E, Cytokine and chemokine levels were assessed on day 6 in
macrophage culture supernatants under each condition; data are from 5 independent experiments, with different cells in each experiment. Sym-
bols represent individual experiments; bars show the mean � SEM. * or # = P < 0.05; ** or ## = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by
t-test or analysis of variance. See Figure 1 for other definitions.
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(Figures 3C and D), but the MFI was unchanged (data not
shown).

As shown in Figures 3C and D, the addition of recombinant
IL-6 or ET-1 to nonactivated MVEC-CM significantly increased
DC-SIGN and p-STAT3 expression. IL-6 and ET-1 redundantly,
but not synergistically, enhanced STAT3 phosphorylation
(Figure 3D). Therefore, IL-1β promotes the production of IL-6
and ET-1 by MVECs, favoring the polarization of monocytes
toward DC-SIGN+ alternatively activated macrophages.

Promotion of proinflammatory fibroblasts by alter-
natively activated macrophages following induction in
CM containing IL-1β–activated MVECs from SSc patients.
To analyze their role in fibrosis and inflammation, we cocultured
DC-SIGN+ alternatively activated macrophages with healthy
donor fibroblasts in Transwells. After 24 hours, fibroblasts were
harvested and the levels of mRNA for proinflammatory genes
(CCL2, IL1RA, IL6, CXCL10, CCL5, CFS3), matrix-remodeling
genes (MMP1, MMP2, TIMP1), and genes encoding extracellular

matrix proteins (COL1A1 and COL1A2) were assessed. Addition-
ally, global cytokine and chemokine production was quantified in
the coculture supernatants.

Expression of COL1A1, COL1A2, MMP2, and TIMP1 by
fibroblasts was unchanged irrespective of the stimulation condi-
tions and origin of the MVECs (see Supplementary Figure 3, avail-
able on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42061). In contrast,
strong and reproducible increases in MMP1 and CCL2 mRNA
expression were observed in healthy donors and patients with
SSc (Figure 4A and Supplementary Figure 3, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42061). Although macrophages induced
in the presence of IL-1β–activated MVECs from patients with
SSc and healthy donors resulted in similar levels of MMP1

mRNA, levels of CCL2 were reproducibly and significantly
higher in CM prepared with IL-1β–activated MVECs from SSc
patients, at the level of both mRNA and protein expression
(P = 0.04 and P = 0.017, respectively) (Figures 4A and B).

Figure 3. Production of IL-6 and endothelin-1 (ET-1) in cultures of IL-1β–activated MVECs from SSc patients triggers polarization of DC-SIGN+
alternatively activated macrophages. A and B, Production of IL-6 (A) and ET-1 (B) was assessed in cultures of nonactivated or IL-1β–activated
MVECs from healthy donors (n = 4) and patients with SSc (n = 3). C and D, Monocytes (C) or macrophages (D) were preincubated with an IL-6
receptor (IL-6R) blocking antibody (tocilizumab), an ET-1 receptor (ET-1R) blocking antibody (macitentan), or both antibodies, followed by the
addition of IL-1β–activated IL-1β–activated MVEC-conditioned medium, or were preincubated with nonactivated MVEC-conditioned medium sup-
plemented with or without recombinant IL-6 (Rec IL-6) or Rec ET-1 or both. Following treatment, cells were assessed for the expression of
pSTAT3 and DC-SIGN. Data are from at least 4 independent experiments in each experimental setting. Symbols represent individual experiments;
bars show the mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by analysis of variance or t-test. See Figure 1 for other
definitions.
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The IL-6 protein level was also found to be significantly higher
in the presence of macrophages induced by IL-1β–activated
MVECs from SSc patients compared to CM prepared with
MVECs from healthy donors (P = 0.028) (Figure 4B). IL-6 mRNA
expression was up-regulated in fibroblasts cultured with IL-1β–
activated MVEC–derived macrophages irrespective of the source
of the MVECs (Figure 4C), which suggests that both macro-
phages and fibroblasts contributed to the increased protein pro-
duction observed in culture supernatants from IL-1β–activated
MVEC-CM.

Finally, CCL5, CXCL10, G-CSF, and IL-1Ra protein levels
were also increased in IL-1β–activated MVEC-CM, irrespective
of the source of the MVECs (Figure 4B). IL1-Ra and CCL5

transcripts were undetectable irrespective of the condition
tested (data not shown), suggesting that both proteins were
produced by macrophages. In sharp contrast, G-CSF expres-
sion was strongly up-regulated in fibroblasts cultured in the
presence of macrophages generated in CM with IL-1β–
activated MVECs both from healthy donors and from SSc
patients (Figure 4C), confirming the contribution of fibroblasts
to the production of G-CSF. Interestingly, CXCL10 expression
was reproducibly increased in fibroblasts from cultures of mac-
rophages generated with IL-1β–activated MVECs from SSc
patients, while results from cultures of CM prepared with
MVECs from healthy donors were more inconsistent
(Figure 4B).

Figure 4. Proinflammatory and proremodeling effects on fibroblasts in cultures with macrophages differentiated in the presence of IL-1β–
activated MVECs. Fibroblasts were incubated with macrophages that had been stimulated with nonactivated or IL-1β–activated MVECs from
healthy donors or patients with systemic sclerosis (SSc). A, The fold increase in MMP1 and CCL2 expression was assessed by quantitative
reverse transcriptase–polymerase chain reaction (qRT-PCR) analysis in fibroblasts under each culture condition. B, Global cytokine/chemokine
production was assessed in fibroblasts under each culture condition. C, The fold increase in expression of IL-6, granulocyte colony-stimulating
factor (G-CSF), and CXCL10 transcripts was assessed by qRT-PCR in fibroblasts under each culture condition. Data are from 3 independent
experiments. Symbols represent individual experiments; bars show the mean � SEM. * or # = P < 0.05; **** = P < 0.0001, by analysis of variance
or t-test. UND = undetectable (see Figure 1 for other definitions).
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Taken together, these results show that IL-1β–activated
MVECs from patients with SSc promote the up-regulated expres-
sion of DC-SIGN+ alternatively activated macrophages. This pro-
cess, in turn, prompts fibroblasts to adopt a proinflammatory
phenotype.

A transcriptomic skin signature involving DC-SIGN+
alternatively activated macrophages as a marker of
early disease and high fibrosis severity score. We next

evaluated whether a specific macrophage transcriptomic signa-
ture could be used to classify the severity and systemic involve-
ment of SSc. We quantified mRNA expression in skin biopsy
samples from 10 healthy donors and 24 patients with SSc using
NanoString technology. CD68 mRNA expression was signifi-
cantly up-regulated in patients with SSc compared to healthy
donors (log2 fold change 0.75; adjusted P = 0.03). The fold
change in CD68 mRNA expression significantly correlated with
the extent of cutaneous fibrosis assessed by the modified

Figure 5. Enriched DC-SIGN+ alternatively activated macrophage gene signature in the skin of patients with early systemic sclerosis (SSc), and
correlation with severity of fibrosis. A and B, Results of principal components analysis (A) and a heatmap of macrophage marker gene expression
(B) in the skin of 24 patients with SSc and 10 healthy donors (HDs) are shown. C–E, A macrophage score based on the mean log2 fold change in
gene expression was assessed in the skin of healthy donors, patients with limited SSc (lSSc), and patients with diffuse SSc (dSSc) (C), the skin of
patients with or without pulmonary disorders (D), and the skin of patients with SSc with a disease duration of <3 years or >3 years (E). Symbols
represent individual subjects; bars show the mean � SEM. F, Correlation between the macrophage score in the skin of patients with SSc and
the extent of fibrosis (measured using the modified Rodnan skin thickness score [MRSS]) was assessed. # = P < 0.05; ** or ## = P < 0.01, by anal-
ysis of variance or t-test.
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Rodnan skin thickness score (MRSS) (r = 0.5, P = 0.008) (27).
Moreover, the fold change in CD68 mRNA expression signifi-
cantly correlated with the fold change in mRNA levels of
CD163 (r = 0.92, P < 0.0001) and DC-SIGN (r = 0.57,
P < 0.0033), but not with the fold change in IL10 mRNA levels
(see Supplementary Figures 4A–D, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/10.
1002/art.42061).

Using our in vitro data, we then defined a supervised macro-
phage gene signature comprising CD68, CD163, CD209 (DC-
SIGN), MRC1 (CD206), c-Maf, STAT3, IL10, CCL18, CCL2,
CXCL8, CX3CL1, CX3CR1, CSF1R, CCR2, CFS1, IL1R1, and
IL1RA mRNA. Principal components analysis and unsupervised
clustering of enriched macrophage marker genes enabled differ-
entiation between the SSc patients and healthy donors. Interest-
ingly, the macrophage gene signature of some SSc patients
clustered with that of healthy donors, but others did not
(Figures 5A and B).

To evaluate whether the signature was associated with
clinical features of SSc, we calculated a macrophage score
based on the mean log2 fold change in gene expression, as
previously described (24). The macrophage score was
increased in patients with diffuse cutaneous SSc compared to
those with limited cutaneous SSc (Figure 5C) and in patients
with pulmonary fibrosis compared to those without pulmonary
fibrosis (Figure 5D). Patients with a shorter disease duration
had a significantly higher score than those with a longer dis-
ease duration (Figure 5E); however, this needs to be confirmed
due to the small number of patients who had a shorter disease
duration. Moreover, the macrophage score was strongly corre-
lated with the MRSS (r = 0.6, P = 0.0018) (Figure 5F).

Taken together, our findings suggest that the DC-SIGN+
alternatively activated macrophage gene signature we identified
is associated with the clinical characteristics of SSc. Indeed, a
high macrophage score was associated with severe skin and lung
fibrosis and a shorter disease duration in patients with SSc.

Perivascular localization and enrichment of
DC-SIGN+ and CD68+ macrophages in the skin and the
extent of skin fibrosis in patients with SSc. To confirm the
presence of DC-SIGN+ and CD68+ alternatively activated macro-
phages and gain insight into their localization, we performed
immunofluorescence analysis of skin biopsy samples from
8 patients with SSc and 4 healthy donors. We first analyzed global
cutaneous CD68+ macrophage infiltration and their topographic
location (within the dermis and around the vessels [morphologi-
cally determined]). As shown in Figure 6A, CD68+ macrophages
were detected in the skin of healthy donors and patients with
SSc. However, the topographic distribution of CD68+ macro-
phages in the skin of SSc patients differed from that in the skin
of healthy donors, and also differed between individual skin sam-
ples within the SSc group.

In 4 SSc skin samples (e.g., patients SSc1 and SSc3 [Figure
6A]), CD68+ macrophages were present in the dermis, as in
healthy donors. In the 4 other skin samples from SSc patients
(e.g., patients SSc5 and SSc6 [Figure 6A]), CD68+ macrophages
were enriched in perivascular areas. The total number of CD68+
macrophages quantified using automated counting was signifi-
cantly increased in patients with an MRSS of >10 compared to
those with an MRSS of <10 and compared to healthy donors
(Figure 6B). This result was consistent with NanoString data as
the 4 patients with a high MRSS had greater fold increases in
CD68 mRNA expression compared to that in the 4 patients with
a low MRSS, whose CD68 mRNA levels were similar to those in
healthy donors (P = 0.029) (see Supplementary Figure 4E, avail-
able on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42061). This was the
result of an increased number and proportion of perivascular
CD68+ macrophages in skin samples from individuals with a high
MRSS (Figure 6D).

We also analyzed the expression of DC-SIGN and c-Maf in
CD68+ macrophages in skin sections. Perivascular CD68+ mac-
rophages from patients with SSc with a high MRSS (SSc patients
5–8) expressed DC-SIGN, whereas patients with SSc with a low
MRSS (SSc patients 1–4) had no or barely detectable DC-
SIGN+ and CD68+ macrophages, similar to findings in the
healthy donors (Figure 6E and Supplementary Figure 5, available
on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42061). The transcription factor c-
Maf was not detected in CD68+ macrophages in skin sections
from healthy donors and was inconsistently expressed in
CD68+ macrophages from patients with SSc (Figure 6E and
Supplementary Figure 5).

In patients with SSc who had a high MRSS, not only were
DC-SIGN+ and CD68+ macrophages increased in the dermis,
they were also significantly enriched in perivascular areas, as
compared to the expression profiles in healthy donors and
patients with SSc with a low fibrosis severity score (Figure 6F).
Patients with barely detectable DC-SIGN+ and CD68+ macro-
phages (Figure 6E) clustered with healthy donors in heatmap
analyses of expression of each macrophage subset (Figure 5B).
In contrast, the DC-SIGN and CD68 expression profiles in macro-
phages from patients with a high MRSS did not cluster with those
of healthy donors (Figure 5B). SSc patients with a high MRSS
exhibited greater CD68+ macrophage infiltration and showed
enhanced perivascular DC-SIGN+ and CD68+ macrophage
expression (Figures 6C–F).

These findings indicate that DC-SIGN+ and CD68+ macro-
phages are enriched in the perivascular areas of the skin of
patients with SSc who have a high MRSS, supporting a role for
SSc endothelial cells in the generation of DC-SIGN+ alternatively
activated macrophages whose expression levels correlate with
the severity of skin fibrosis. Moreover, use of the macrophage
gene signature could be a useful tool for differentiating SSc
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patients with skin-infiltrating, DC-SIGN+ alternatively activated
macrophages from SSc patients with other phenotypes.

DISCUSSION

Our findings provide insight into the role of MVECs in the polar-

ization of macrophages in the setting of SSc. In in vitro, in situ, and

transcriptomic analyses, we showed that IL-1β prompts MVECs

from SSc patients to induce differentiation of monocytes into DC-

SIGN+ CCL18highCCL2highCXCL8highIL-10low alternatively activated

macrophages, which are associated with the development of skin

fibrosis in SSc.
Animal models have highlighted the role of the inflamma-

some and IL-1β in lung and skin fibrosis. IL-1 receptor type I
(IL-1RI)–knockout mice showed reduced fibrosis in both cutane-
ous and deep tissue wounds (28), and IL-1β transient overex-
pression induced by an adenoviral gene promoted severe
progressive tissue fibrosis in the rat lung (19). In a murine model
of fibrosis induced by silica exposure, blocking production of
IL-1β in nlrp3-null mice alleviated fibrosis (17). In bleomycin-
induced lung injury, a model of idiopathic pulmonary fibrosis,

Figure 6. Enrichment of DC-SIGN+ CD68+macrophages in perivascular areas of severely fibrotic skin from systemic sclerosis (SSc) patients. A,
CD68+ macrophages were identified by staining of skin sections from healthy donors (left panels), SSc patients with a low modified Rodnan skin
thickness score (MRSS) (score <10) (middle panels), and SSc patients with a high MRSS (score ≥10) (right panels). Representative samples are
shown. B, Density of dermal CD68+ macrophages was assessed in skin sections from 4 healthy donors, 4 SSc patients with a low MRSS, and
4 SSc patients with a high MRSS. C and D, Automated quantification was performed to assess the number of perivascular CD68+ macrophages
in skin sections from healthy donors, SSc patients with a low MRSS, and SSc patients with a high MRSS. Data are expressed as the number of
cells/mm2 (C) or percentage of dermis or perivascular area staining positive for CD68 (D). E, Expression of CD68, c-Maf, and DC-SIGN in skin sec-
tions from 4 healthy donors and 8 patients with SSc was assessed by immunostaining using multiplex immunofluorescence assay of the skin tis-
sue. F, DC-SIGN+ CD68+ cells were assessed as the percentage of dermis or perivascular area of the skin staining positive for CD68 in healthy
donors, SSc patients with a low MRSS, and SSc patients with a high MRSS. In B and C, symbols represent individual subjects; bars show the
mean � SEM. * or # = P < 0.05, by analysis of variance or t-test.
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specific blockade of IL-1RI reduced inflammation and fibrosis,
and exogenous IL-1β administration alone was sufficient to mimic
bleomycin-induced lung pathology (18).

In human SSc, studies have shown associations between
elevated levels of IL-1β and skin or lung fibrosis (29–31). These
data suggest that IL-1β is an important mediator of lung and skin
inflammation and fibrosis but the precise mechanisms are still
unclear, notably in human settings. Proposed mechanisms
related to the role of IL-1β in fibrosis include induction of
myofibroblast differentiation and collagen production following
IL-1β augmentation of microRNA-55 expression (29), as well as
endothelial-to-mesenchymal cell transition in the presence of
IL-1β together with IL-6 and TGFβ2 (32).

Finally, the use of IL-1β blockers for the treatment of fibrosis
in mouse models of SSc (19,33) and human patients with SSc
(34) is rare and has yielded conflicting results, thus suggesting
that the effect of IL-1β inhibition is time- and context-dependent.
Consistent with these findings, recent transcriptomic analysis of
biopsy specimens from the Prospective Registry for Early Sys-
temic Sclerosis cohort of patients with early diffuse SSc showed
that IL-1βwas one of the 3 most highly expressed cytokines, sug-
gesting a role in the early phases of SSc (13).

M-CSF alone or in combination with IL-4, CSF-1, and IL-1β
induced DC-SIGN in human and mouse macrophages (35–37);
in contrast, GM-CSF suppresses DC-SIGN expression (36). In
this study, up-regulation of DC-SIGN was independent of IL-4
and M-CSF, because IL-4 was not detected in MVEC-CM or dif-
ferentiated macrophages and was induced in the absence of
M-CSF but in the presence of GM-CSF. Rather, MVEC-derived
IL-6 and endothelin-1 contributed to up-regulation of DC-SIGN
in macrophages, even in the presence of GM-CSF. Importantly,
and contrary to the findings in a prior study, IL-1β had no direct
effect on DC-SIGN induction (37).

Enhanced proinflammatory and profibrotic CCL2, IL-6,
CXL10, and CXCL8 levels have been described in the setting of
SSc, but the precise mechanisms contributing to their production
are still unclear (38–40). In the present study, we showed that
DC-SIGN+ alternatively activated macrophages induced by
MVECs from patients with SSc not only produced increased
levels of CCL2 and CXCL8, but also facilitated the production of
CCL2, IL-6, and CXCL10 by fibroblasts, thus highlighting a new
dynamic interplay contributing to sustained inflammation in SSc.

The role of increased matrix metalloproteinase 1 (MMP-1)
expression is paradoxical. In a mouse model of SSc and
bleomycin-induced fibrosis, treatment with an MMP inhibitor pre-
vented experimental fibrosis by increasing MMP-2 and MMP-9
activity (41). Interestingly, MMP-1 expression is increased in
fibroblasts from patients with early SSc and decreased in fibro-
blasts from patients with late SSc (42), suggesting that
increased MMP-1 activity contributes to fibrosis in early SSc.

In a mouse model of allograft kidney rejection, DC-SIGN+
Ly6Clow macrophages induced expansion of FoxP3-expressing

regulatory T cells and suppressed proliferation of CD8+ T cells,
in part by releasing IL-10 in a manner dependent on DC-SIGN
and TLR-4 triggering (35). Jeljeli et al recently reported that
repeated injection of a low dose of LPS reduced disease severity
associated with the induction of inducible costimulator ligand,
DC-SIGN, and IL-10 production by dermal macrophages (43). In
contrast, we showed that perivascular DC-SIGN+ and CD68+
macrophages are associated with fibrosis in patients with SSc.
Interestingly, we provide in vitro evidence of a lack of IL-10 pro-
duction by DC-SIGN+ alternatively activated macrophages
induced by MVECs from SSc patients despite c-Maf induction,
which may contribute to enhanced inflammation and fibrosis in
tissue.

Hsa-miR-106a and tristetraprolin RNA-binding molecule
have been involved in the posttranscriptional degradation of IL-
10 mRNA in human myeloid cells and mouse macrophages,
respectively (44,45). The reason that DC-SIGN+ alternatively acti-
vated macrophages induced by MVECs from SSc patients failed
to produce IL-10 remains to be determined, and it is not yet
known whether it could be attributed to posttranscriptional alter-
ations. Although the NanoString analysis showed that some
patients with SSc exhibited high levels of IL10 mRNA in the skin,
there was no correlation between CD68 and IL10 mRNA levels
in the skin, suggesting that IL-10 was not being produced by skin
macrophages, in contrast to DC-SIGN expression.

Following inflammation and tissue damage, large amounts of
carbohydrates are released, including those containing mannose
or fucose residues or LewisX, which are potent DC-SIGN
agonists (46). Hence, liberation of carbohydrates by dying MVECs
or neutrophils in the vicinity of DC-SIGN+ macrophages modu-
lates their immune function during the development of SSc.
Whether triggering DC-SIGN in macrophages affects their
immune functions and restores their IL-10 secretion is unknown.

Finally, we developed a new DC-SIGN+ alternatively acti-
vated macrophage gene signature based on in vitro data to distin-
guish patients according to their skin fibrosis score. Of note, the
signature only shares CD163, CX3CR1, and IL-10Ra with the
M2 macrophage subnetwork defined by Mahoney et al (7).
Patients with high scores had more severe fibrosis, a shorter dis-
ease duration, and pulmonary complications.

In conclusion, our work sheds new light on the vicious circle
implicating sustained IL-1β secretion, activation of MVECs, and
the generation of DC-SIGN+ alternatively activated macro-
phages, which trigger proinflammatory fibroblasts, in the devel-
opment of fibrotic processes in scleroderma. Targeting this
pathophysiologic loop may create new perspectives on potential
therapeutic interventions in SSc. These findings may also be rele-
vant to other autoimmune and inflammatory fibrotic diseases.

Our findings provide insight into the role of MVECs in the
development of fibrosis through the induction of M2 macro-
phages, a process that leads to the production of peculiar cyto-
kines and the induction of proinflammatory fibroblasts. However,
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our study had several limitations, including that the limited number
of different endothelial cells from SSc patients for macrophage
induction and testing did not allow for the definition of potential
subgroups. We did not assess the functional consequences of
altered cytokine/chemokine production by DC-SIGN+ alterna-
tively activated macrophages induced by IL-1β–activated MVECs
from SSc patients, and further studies are warranted to determine
how this production of altered cytokines/chemokines mechanisti-
cally relates to SSc, particularly within skin tissue. Moreover, a
more detailed phenotypic and functional characterization of peri-
vascular cutaneous DC-SIGN+ macrophages by immunofluores-
cence and/or single-cell RNA-Seq analysis is needed to better
understand their contribution to the fibrotic process.
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Involvement of Multiple Variants of Soluble CD146
in Systemic Sclerosis: Identification of a Novel
Profibrotic Factor

Marie Nollet,1 Richard Bachelier,1 Ahmad Joshkon,1 Waël Traboulsi,1 Amandine Mahieux,1 Anais Moyon,2

Alexandre Muller,1 Indumathi Somasundaram,3 Stéphanie Simoncini,1 Franck Peiretti,1 Aurélie S. Leroyer,1

Benjamin Guillet,2 Brigitte Granel,4 Françoise Dignat-George,1 Nathalie Bardin,1 Alexandrine Foucault-Bertaud,1

and Marcel Blot-Chabaud1

Objective. Systemic sclerosis (SSc) is an autoimmune disorder characterized by excessive fibrosis, immune
dysfunction, and vascular damage, in which the expression of many growth factors is deregulated. CD146 was recently
described as a major actor in SSc. Since CD146 also exists as a circulating soluble form (sCD146) that acts as a growth
factor in numerous angiogenic- and inflammation-related pathologies, we sought to identify the mechanisms underly-
ing the generation of sCD146 and to characterize the regulation and functions of the different variants identified in SSc.

Methods. We performed in vitro experiments, including RNA-Seq and antibody arrays, and in vivo experiments
using animal models of bleomycin-induced SSc and hind limb ischemia.

Results. Multiple forms of sCD146, generated by both shedding and alternative splicing of the primary transcript,
were discovered. The shed form of sCD146 was generated from the cleavage of both long and short membrane
isoforms of CD146 through ADAM-10 and TACE metalloproteinases, respectively. In addition, 2 novel sCD146 splice
variants, I5-13-sCD146 and I10-sCD146, were identified. Of interest, I5-13-sCD146 was significantly increased in the
sera of SSc patients (P < 0.001; n = 117), in particular in patients with pulmonary fibrosis (P < 0.01; n = 112), whereas
I10-sCD146 was decreased (P < 0.05; n = 117). Further experiments revealed that shed sCD146 and I10-sCD146 dis-
played proangiogenic activity through the focal adhesion kinase and protein kinase Cε signaling pathways, respec-
tively, whereas I5-13-sCD146 displayed profibrotic effects through the Wnt-1/β-catenin/WISP-1 pathway.

Conclusion. Variants of sCD146, and in particular the novel I5-13-sCD146 splice variant, could constitute novel
biomarkers and/or molecular targets for the diagnosis and treatment of SSc and other angiogenesis- or fibrosis-related
disorders.

INTRODUCTION

CD146 is a transmembrane glycoprotein that is primarily

expressed on the vascular system. It has numerous functions

related to vascular permeability, inflammation, and angiogenesis

(1,2). Recently, it has been shown to be a coreceptor for vascular

endothelial growth factor receptor 2 (VEGFR-2) (3). Two

membrane-bound CD146 isoforms have been described. In

endothelial cells, the long isoform is a component of the endothelial

junction primarily involved in the control of cell–cell cohesion, vascu-

lar permeability, and tissue architecture (4). In contrast, the short

isoform is expressed at the apical membrane and displays angio-

genic functions (4). In addition to these 2 membrane isoforms, a

soluble form (sCD146) that is modulated in different pathologies

(4–7) has been described by our team (5). Soluble CD146 can be

generated by shedding of CD146 membrane isoforms and has
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recently been shown to be involved in angiogenesis (8,9). At pres-
ent, the mechanism of generation of sCD146 is unknown. It has
been shown to depend on a GM6001-sensitive (10) and Ca2+-
dependent (11) mechanism. Of interest, for the avian homolog of
CD146, gicerin, a soluble form generated by alternative splicing
with retention of intron 11 has been described (12).

Deciphering the different molecules involved in angiogenesis
and inflammation remains an important challenge and may pro-
vide new approaches for the treatment of many diseases. Along
these lines, systemic sclerosis (SSc) is an autoimmune disease
characterized by a defect in angiogenesis, excessive fibrosis,
and immune dysfunction (11), for which efficient treatments are
still lacking. In a recent study (13), we showed that sCD146 could
constitute a novel biomarker for the assessment of disease
activity and that sCD146 injections reduced disease severity in
an animal model of SSc. Like VEGF, sCD146 is involved in angio-
genesis (8,9) and could thus exist as different variants with differ-
ent receptors and signaling pathways. However, to date little is
known about this circulating molecule, its mechanisms of shed-
ding, and the potential existence of splice variants and their
involvement in SSc.

MATERIALS AND METHODS

Cells. Endothelial colony-forming cells (ECFCs), human
umbilical vein endothelial cells (HUVECs), and HMEC-1 cells
were cultured in endothelial growth medium 2 as previously
described (13,14).

Mouse embryonic fibroblasts (MEFs) were isolated from
13-day-old CD146-knockout (CD146-KO) or wild-type mice and
cultured as previously described (15). Human dermal microvas-
cular endothelial cells (HDMECs) and human dermal fibroblasts
(HDFs) were obtained from PromoCell. HDFs from SSc patients
were obtained from B. Granel.

Endothelial cell tube formation in spheroids. Spheroid
formation experiments were performed as previously described (16).

Coimmunoprecipitation experiments. Coimmunopre-
cipitation experiments were performed as previously described (17).

Chorioallantoic membrane assay. The chorioallantoic
membrane of the chick embryo assay was performed according
to the protocol described by Beckers et al (18) and briefly
described in the Supplementary Methods, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42063.

Lipid raft preparation. Lipid rafts were isolated by
sucrose density-gradient centrifugation of cells treated with non-
ionic detergents as previously described (19). Additional details
on lipid raft preparation, as well as on other methods, are

provided in the Supplementary Methods and Supplementary
Tables 1 and 2, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42063.

RESULTS

Generation of different variants of sCD146 by CD146
membrane isoform shedding and alternative splicing in
endothelial cells. Secretion of sCD146 was increased in endo-
thelial cells in response to different stimuli, including tumor necro-
sis factor (TNF), VEGF, netrin, transforming growth factor β

(TGFβ), and Wnt-5a (Figure 1A). Since TNF produced the highest
effect, we analyzed sCD146 secretion under control conditions
and after treatment with this cytokine. Experiments were per-
formed in the absence or presence of the metalloprotease inhibi-
tor GM6001 in order to estimate the relative contribution of the
shed and splice forms (Figure 1B). Under both the control and
TNF conditions, ~75% of total sCD146 secretion was GM6001
dependent, and 25% was GM6001 resistant.

In addition, we performed the same type of experiments in the
presence of a furin convertase inhibitor (IF). We observed that, both
under control conditions and after stimulation with TNF, IF inhibited
sCD146 secretion. Of interest, the fraction of the secretion resistant
to IF was similar under both conditions (Supplementary Figure 1A,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42063).

Finally, we used different tissue inhibitors of metalloproteinases
(TIMPs) to inhibit sCD146 secretion (Supplementary Figure 1B).
TIMP-1 (1 μg/ml) reduced sCD146 secretion both in cells treated
with control and in cells treated with TNF, TIMP-3 (1 μg/ml) reduced
sCD146 secretion only in cells treated with TNF, and no effect of
TIMP-2 (1 μg/ml) was observed.

Generation of sCD146 by the long CD146 isoform
through ADAM-10–dependent shedding in endothelial
cells. We analyzed the influence of long and short CD146 small
interfering RNA (siRNA) on sCD146 secretion in endothelial cells
under control conditions. Whereas long CD146 siRNA reduced
sCD146 secretion by ~75%, short CD146 siRNA had no effect
(Figure 1C). This finding indicates that, under control conditions,
only the long CD146 isoform is involved in sCD146 secretion
through a shedding process.

In view of the inhibitory effects of TIMP-1 on sCD146 secretion
under control conditions (Supplementary Figure 1B), we tested the
effect of siRNAs targeting ADAM-10,membrane type 1matrixmetal-
loproteinase (MT1-MMP), and MMP-2. Supplementary Figures 2A
and B, available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42063, show the efficiency
of siRNA. Only ADAM-10 siRNA inhibited sCD146 secretion, and
the effect was similar to that of GM6001 (Figure 1D).

To confirm this result, we performed coimmunoprecipitation
experiments and showed that, under control conditions, long
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CD146 coimmunoprecipitated with ADAM-10 whereas short
CD146 did not (Figure 1E). Accordingly, immunofluorescence
experiments showed that long CD146 colocalized with ADAM-
10, both at the junction of endothelial cells and in the perinuclear
area, in confluent ECFCs. Long CD146 and ADAM-10 also colo-
calized in the intracellular compartment in nonconfluent ECFCs
(Supplementary Figure 3A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42063). In contrast, short CD146 did not colocalize with
ADAM-10 in confluent cells (Supplementary Figure 3B). Colocali-
zation of long CD146 and ADAM-10 was confirmed in another
type of endothelial cell, HUVECs (Supplementary Figure 3C).

Since long CD146 is involved in paracellular permeability, we
tested the effect of ADAM-10 silencing and overexpression on
monolayer permeability. Transfection of ECFCs with ADAM-10
siRNA or with the ADAM-10–encoding plasmid decreased and
increased, respectively, the permeability of ECFCs to dextran. In

contrast, treatment with TACE siRNA or transfection with TACE
plasmid did not modify it. These results were confirmed using a
CRISPR/Cas9 knockout approach (Supplementary Figure 4A,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42063). To confirm the
involvement of ADAM-10 in the shedding of long CD146, we
expressed the long CD146 isoform in Chinese hamster ovary
(CHO) cells by transfecting the plasmid. A stable clone expressing
a high amount of the long CD146 isoform was selected
(Supplementary Figure 5A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42063). This clone was transiently transfected with a plasmid
encoding for ADAM-10, and the effect on sCD146 secretion was
observed. In the presence of ADAM-10, sCD146 secretion was
significantly increased (Supplementary Figure 5B). Finally, the
effect of ADAM-10 transfection on permeability was investigated.
The permeability of CHO–long CD146 was significantly increased

Figure 1. ADAM-10 sheds the long isoform of CD146 (lgCD146) in endothelial cells. A, Secretion of soluble CD146 (sCD146) in endothelial colony-
forming cells (ECFCs) after 24 hours of treatment with tumor necrosis factor (TNF) or vascular endothelial growth factor (VEGF) (20 ng/ml each), trans-
forming growth factor β (TGFβ; 5 ng/ml), or netrin, Wnt-5a, or Wnt-3a (50 ng/ml each). B, Effect of GM6001 on sCD146 secretion in ECFCs treated
with 20 ng/ml TNF for 24 hours. Inset shows sCD146 secretion in control (C) and TNF-treated cells at the indicated time points. C, Secretion of
sCD146 in ECFCs transfected with small interfering RNA (siRNA) targeting the short isoform of CD146 (shCD146) or lgCD146. D, Secretion of
sCD146 in ECFCs transfected with siRNA targetingmembrane type 1matrix metalloproteinase (MT1-MMP), MMP-2, ADAM-10, or TACE.E, Western
blot analysis. ADAM-10 was immunoprecipitated (IP) in ECFCs under basal conditions, and control immunoprecipitations were performed with IgG.
The long and short isoforms of CD146 were then detected byWestern blotting. F, Colocalization of the long isoform of CD146 and ADAM-10, visual-
ized by immunofluorescence in confluent ECFCs. Original magnification × 40. In A–D, bars show the mean � SEM from 3–7 experiments.
* = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus control, by analysis of variance in A, C, and D; by Mann-Whitney test in B.
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in the presence of ADAM-10 whereas there was no effect of
ADAM-10 on control CHO (Supplementary Figure 5C).

Generation of sCD146 by the short CD146 isoform
through TACE-dependent shedding in endothelial cells.
We analyzed the influence of long CD146 siRNA and short
CD146 siRNA on sCD146 secretion after 24 hours of treatment
with 20 ng/ml TNF. We confirmed that, under control conditions,
only long CD146 siRNA reduced sCD146 secretion and observed
that, with TNF treatment, both long CD146 siRNA and short
CD146 siRNA reduced sCD146 secretion, by ~60% and 25%,
respectively (Figure 2A). We then used different siRNAs to identify
the proteinases involved in short CD146 shedding. In view of the
effects of TIMP-1 and TIMP-3 on sCD146 secretion under TNF
stimulation, we tested the effect of siRNA targeting ADAM-10,
MT1-MMP, and TACE. Both ADAM-10 siRNA and TACE siRNA
inhibited sCD146 secretion, with an additive effect when added

simultaneously (Figure 2B). Of interest, ADAM-10 siRNA and
TACE siRNA reduced sCD146 secretion by 60% and 25%,
respectively, as observed with long CD146 siRNA and short
CD146 siRNA. This result suggested that, since long CD146
was shed by ADAM-10, short CD146 could be shed by TACE.

To confirm this hypothesis, we performed coimmunoprecipi-
tation experiments and showed that under TNF stimulation, short
CD146 coimmunoprecipitated with TACE, whereas long CD146
coimmunoprecipitated with ADAM-10 (Figure 2C and Supple-
mentary Figure 6A, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42063).
Similarly, immunofluorescence experiments showed that short
CD146 colocalized with TACE in ECFCs treated with TNF. In con-
fluent cells, short CD146 colocalized with TACE at the membrane
and in the nucleus (Figure 2D), whereas in nonconfluent cells, they
essentially colocalized around the nucleus and at the membrane
ruffles of migrating cells (Supplementary Figure 6B). In contrast,

Figure 2. TACE sheds the short isoform of CD146 in endothelial cells. A, Secretion of sCD146 in ECFCs left untreated (basal condition) or
treated with 20 ng/ml TNF for 24 hours and transfected with siRNA targeting the short or long isoforms of CD146. B, Secretion of sCD146 in
ECFCs treated with TNF for 24 hours and transfected with siRNA targeting TACE, ADAM-10, or MT1-MMP. C, Immunoprecipitation of the long
and short isoforms of CD146 in ECFCs after 24 hours of treatment with 20 ng/ml TNF. Control immunoprecipitation was performed with IgG.
TACE was detected by Western blotting. D, Colocalization of the short isoform of CD146 and TACE, visualized in confluent and nonconfluent
ECFCs. E, Lipid raft fractions prepared from ECFCs cultured under basal conditions or with 20 ng/ml TNF for 24 hours. Each line of the gel corre-
sponds to one lipid fraction. Specific antibodies against the short isoform of CD146, TACE, and caveolin were used. In A and B, bars show the
mean � SEM from 3–5 experiments. * = P < 0.05; ** = P < 0.01 versus control, by analysis of variance. See Figure 1 for definitions.
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long CD146 did not colocalize with TACE in confluent cells
(Supplementary Figure 6C).

Since short CD146 and TACE are present in lipid rafts of
endothelial cells (20), we analyzed lipid rafts of ECFCs under con-
trol conditions and ECFCs stimulated with TNF. In these

experiments, 10 μM GM6001 was added to the cells in order to
prevent the shedding of the molecule (Figure 2E). Under control
conditions, short CD146 was not detected in lipid rafts. In con-
trast, both short CD146 and TACE were present in this cellular
fraction when cells were treated with TNF. Since we have

Figure 3. Evaluation of the concentrations of shed soluble CD146 (sCD146), the CD146 isoform retaining intron 10 (I10-sCD146), and the
CD146 isoform retaining introns 5–13 (I5-13-sCD146) in sera from patients with systemic sclerosis (SSc). A, Shed sCD146, I10-sCD146, and
I5-13-sCD146 concentrations in patients with SSc (n = 117) and matched controls (n = 81). Symbols represent individual subjects; horizontal lines
show the mean. B, Shed sCD146, I10-sCD146, and I5-13-sCD146 concentrations in SSc patients with capillary abnormality (n = 46) and those
without capillary abnormality (n = 34), as determined by nailfold videocapillaroscopy. Nailfold videocapillaroscopy was not performed in 37 patients.
C and D, Shed sCD146, I10-sCD146, and I5-13-sCD146 concentrations in SSc patients with pulmonary hypertension (PH; n = 27) and those
without pulmonary hypertension (n = 86) (C) and in SSc patients with pulmonary fibrosis (n = 40) and those without pulmonary fibrosis (n = 72)
(D). Pulmonary hypertension was not determined in 4 patients; pulmonary fibrosis was not determined in 5 patients. E, Correlations between
I5-13-sCD146 concentration and KL-6 (n = 98) and between I5-13-sCD146 concentration and modified Rodnan skin thickness score (n = 40).
KL-6 was not determined in 19 patients; modified Rodnan skin thickness score was not determined in 77 patients. In B–D, bars show the
mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus controls, by analysis of variance.
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previously described a TNF-induced increase in endothelial cell
migration (10) and the involvement of short CD146, but not long
CD146, in this migration process (4), we tested the effect of TACE
silencing on ECFC migration in the presence of TNF. Treatment of
ECFCs with TNF increased cell migration, and TACE siRNA or
CRISPR/Cas9 deletion increased their migration. Knockdown
or knockout of TACE by siRNA or CRISPR/Cas9 approaches
increased ECFCmigration, unlike those targeting ADAM-10, which
did not modify it (Supplementary Figure 4B).

To confirm the involvement of TACE in short CD146 shed-
ding, we expressed the short CD146 isoform in CHO cells. A sta-
ble clone expressing a high amount of short CD146 was selected
(Supplementary Figure 7A, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42063). This clone was transiently transfected with a plasmid
encoding for TACE, and the effect on sCD146 secretion was
observed. In the presence of TACE, sCD146 secretion was signif-
icantly increased (Supplementary Figure 7B).

Identification of 2 new variants of sCD146 gener-
ated by alternative splicing in endothelial cells. Since a
fraction of sCD146 secretion was insensitive to GM6001, we per-
formed RNA-Seq on ECFCs to identify additional isoforms of
sCD146 generated by alternative splicing. One of these isoforms
retained intron 10 of the molecule (I10-sCD146 isoform). Another
one retained introns 5 and 13 of the molecule (I5-13-sCD146
isoform). A schematic representation of these 2 isoforms and the
sequences of these newly identified isoforms are shown in
Supplementary Figure 8A and Supplementary Tables 3 and 4,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42063.

Both transcripts are present in ECFCs and HUVECs
(Supplementary Figure 8B) and expressed as proteins, as dem-
onstrated by immunofluorescence (Supplementary Figure 8C)
and Western blot analysis (Supplementary Figure 8D). We tested
the effects of the different stimuli that did affect membrane
CD146 shedding (see Figure 1A) on the expression of messenger
RNA (mRNA) for the 2 splice variants. I5-13-sCD146 was up-
regulated at the mRNA level by TNF and Wnt-5a, while the shed
form of CD146, VΕGF, TGFβ, netrin, and Wnt-3a failed to modify
its mRNA expression. In contrast, I10-sCD146 was not up-
regulated at the mRNA level by these different factors. The levels
of mRNA for the I10-sCD146 variant were even down-regulated
by VEGF, netrin, and Wnt-3a (Supplementary Figure 8E).

We also analyzed the levels of mRNA for the newly identified
sCD146 variants using a tissue array (Supplementary Figure 9,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42063). Whereas many
organs did not express I5-13-sCD146 or I10-sCD146, the lungs,
lymph nodes, and rectum highly expressed these 2 isoforms of
sCD146. Of interest, peripheral blood lymphocytes expressed
high levels of I5-13-sCD146 but did not express I10-sCD146.

Differentialmodulation of I5-13-sCD146, I10-sCD146,
and shed sCD146 in patients with SSc. We analyzed the
expression of the newly identified soluble splice variants in SSc.
The concentrations of shed sCD146, I5-13-sCD146, and
I10-sCD146 were determined in sera from SSc patients and
healthy controls (Figure 3A). Shed sCD146 and I5-13-sCD146
were significantly increased in patients with SSc, whereas
I10-sCD146 was decreased. Of interest, the concentrations of
shed sCD146 and I10-sCD146, but not of I5-13-sCD146, were
decreased in patients with capillary abnormality as detected by
nailfold videocapillaroscopy (Figure 3B), and concentrations of
shed sCD146 were decreased in patients with pulmonary hyper-
tension (Figures 3C). In addition, we observed that I5-13-sCD146
concentrations were significantly increased in sera from patients
with pulmonary fibrosis, as compared to patients without pulmo-
nary disease (Figure 3D), whereas shed sCD146 and I10-sCD146
were not modified. Finally, I5-13-sCD146 was positively correlated
with the fibrosis marker KL-6 and with the modified Rodnan skin
thickness score (21) (Figure 3E), whereas shed sCD146 and
I10-sCD146 were not (data not shown).

Differential profibrotic effects of I5-13-sCD146 and
I10-sCD146/shed sCD146 in a CD146-KO mouse model of
SSc induced by bleomycin. We used an animal model of
SSc induced by bleomycin (13) to further analyze the effects of
the different forms of sCD146. Because CD146-KO mice have
a higher sensitivity to bleomycin than wild-type mice do, and to
prevent interactions with soluble forms of CD146 produced by
the animals, CD146-KO mice treated with bleomycin were sub-
cutaneously injected with shed sCD146, I5-13-sCD146, or
I10-sCD146. Bleomycin treatment led to an increase in dermal
thickness. Treatment of bleomycin-injected animals with
sCD146 or I10-sCD146, but not with I5-13-sCD146, signifi-
cantly reduced this dermal thickness to an extent comparable
to that in control animals (Figure 4A). To confirm these results,
we performed sirius red staining to analyze the expression of
collagen under the different experimental conditions. Bleomycin
increased collagen content in the dermis of mice (Figure 4B). Of
interest, whereas bleomycin and I5-13-sCD146 led to a
decrease in the content of thick/organized collagen fibers (red)
and an increase in the content of thin/lowly organized collagen
fibers (orange, yellow, and green, indicating progressively less
organized fibers), I10-sCD146 and shed sCD146 maintained
collagen fiber content very similar to that observed under the
control condition.

We also performed immunoperoxidase-based immunohisto-
chemistry experiments to analyze the number of fibroblastic cells
expressing α-smooth muscle actin (α-SMA) under the different
experimental conditions. We observed that the number of fibro-
blastic cells expressing α-SMA was increased in animals treated
with bleomycin, as compared to control animals (Figure 4C). Shed
sCD146 and I10-sCD146 reduced the number of fibroblastic cells
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compared to bleomycin injection only, whereas I5-13-sCD146
did not.

Proangiogenic effects of shed sCD146 and
I10-sCD146 in vitro and in vivo. Since ECFCs constitute a
model for ex vivo angiogenesis studies, we evaluated the effect
of the different sCD146 forms on ECFC proliferation and migra-
tion. To this end, we used recombinant proteins. Recombinant
human I10-sCD146 (rh-I10-sCD146) and rh-shed sCD146
increased endothelial cell proliferation (Figure 5A) and migration
(Figure 5B) whereas rh-I5-13-sCD146 did not. To confirm these
results, we analyzed the effects of the different forms on the prolif-
eration of HDMECs. We observed that both shed sCD146 and
I10-sCD146 increased the proliferation of HDMECs, whereas
I5-13-sCD146 did not (Figure 5C). Likewise, HDMEC proliferation
was lower in the presence of SSc patient sera depleted of

10-sCD146 or shed sCD146, but not in the presence of sera
depleted of I5-13-sCD146 (Figure 5C), as compared to nonde-
pleted patient sera. In experiments of 3-dimensional capillary-like
formation, shed sCD146 and I10-sCD146 increased the ability
to generate pseudo-capillaries, as measured by the cumulative
sprout length, whereas I5-13-sCD146 did not (Figure 5D).
Shed sCD146 and I10-sCD146 increased vascularization in a
chorioallantoic membrane assay, whereas I5-13-sCD146 did not
(Supplementary Figure 10, available on the Arthritis & Rheu-
matology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42063).

Finally, in another in vivo approach, we used a mouse model
of hind limb ischemia to evaluate the proangiogenic effects of the
3 sCD146 forms. Ischemic mice were treated with rh-sCD146,
rh-I10-sCD146, rh-I5-13-sCD146, or VEGF for 28 days, and ves-
sel density on the ischemic tissue was estimated. Labeling of

Figure 4. Effect of shed sCD146, I5-13-sCD146, and I10-sCD146 in a CD146-knockout (CD146-KO) mouse model of SSc induced by subcu-
taneous injection of bleomycin (Bleo). A, Left, Dermal thickness (arrows) in CD146-KO mice treated with vehicle, bleomycin alone, or bleomycin
plus shed sCD146, I0-sCD146, or I5-13-sCD146. Representative results from 5 different animals are shown. Boxed areas show the location
of tissues shown in C. Original magnification × 10. Right, Quantification of dermal thickness in mice treated as indicated. Bars show the
mean � SEM. B, Left, Sirius red staining of collagen content in biopsy specimens from CD146-KO mice treated with vehicle, bleomycin alone,
or bleomycin and shed sCD146, I10-sCD146, or I5-13-sCD146. The quantification of the collagen area, as observed under polarized light, was
performed on 4–7 slides from 3–5 animals. Original magnification × 10. Right, Quantification of collagen area in mice treated as indicated. Bars
show the mean � SEM. Red indicates thick/organized collagen fibers; orange, yellow, and green indicate progressively thinner/less organized col-
lagen fibers. C, Staining for α-smooth muscle actin (α-SMA) (asterisks) in fibroblastic cells from CD146-KO mice treated with vehicle, bleomycin
alone, or bleomycin and shed sCD146, I10-sCD146, or I5-13-sCD146. The number of fibroblastic cells expressing α-SMA was estimated on
4–7 slides from 3–5 animals. Selected zones are indicated by the boxed areas in A. Original magnification × 40. Right, Quantification of α-SMA–
positive cells in mice treated as indicated. Bars show the mean � SEM. * = P < 0.05; ** = P < 0.01 by analysis of variance in A; by Mann-Whitney
test in B and C. See Figure 3 for other definitions.
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muscle with isolectin B4 showed that vascularization was highly
increased in animals treated with rh-I10-sCD146, rh-sCD146,
and VEGF. In contrast, it was minimally increased in those treated
with rh-I5-13-sCD146 (Figure 5E).

To investigate the mechanism of action of these different
sCD146 forms, we performed an antibody array. The shed form
of sCD146 specifically increased the phosphorylation of focal

adhesion kinase (FAK) on Tyr576 and Tyr861 (Supplementary
Figures 11A and B, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42063).
Likewise, I5-13-sCD146 specifically increased the phosphoryla-
tion of Akt on Tyr326 (Supplementary Figure 11C), whereas
I10-sCD146 increased the phosphorylation of protein kinase Cε
(PKCε) on Ser729 (Supplementary Figure 11D).

Figure 5. Effect of the different sCD146 variants on angiogenesis. A, Effect of recombinant proteins shed sCD146, I5-13-sCD146, and
I10-sCD146 (50 ng/ml each) on the proliferation of endothelial colony-forming cells (ECFCs) after 24 hours of treatment. B, Effect of recombinant
proteins shed sCD146, I10-sCD146, and I5-13-sCD146 (50 ng/ml each) on the migration of ECFCs after 6 hours of treatment. Results of cell
migration assays (top) and quantification of migration area (bottom) are shown. Encircled areas show the limit of cell migration. C, Effect of recom-
binant proteins shed sCD146, I10-sCD146, and I5-13-sCD146 (50 ng/ml each) (top) and SSc patient sera immunodepleted with S-endo-1 mono-
clonal antibody (mAb), I10-sCD146 mAb, or I5-13-sCD146 mAb, as compared to nondepleted sera (top), on the proliferation of human dermal
microvascular endothelial cells. D, Effect of recombinant shed sCD146, I10-sCD146, and I5-13-sCD146 (50 ng/ml each) on the cumulative sprout
length in spheroid experiments realized with ECFCs after 24 hours of treatment. Brightfield imaging of spheroids labeled with DAPI (blue) or phal-
loidin (red) (top and left) and quantification of cumulative sprout length (right) are shown. EBM2 = endothelial basal medium 2; EGM2-MV = micro-
vascular endothelial cell growth medium 2. E, Isolectin B4 labeling of blood vessels (left) and quantification of vessel density (right) in hind limb
muscle sections from mice treated with control (phosphate buffered saline [PBS]), vascular endothelial growth factor (VEGF), shed sCD146,
I10-sCD146, or I5-13-sCD146 28 days after hind limb ischemia. Representative results from 5 different animals are shown. Bars show the
mean � SEM. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 versus controls; $ = P < 0.05 for the indicated comparisons, by analysis of variance.
See Figure 3 for other definitions.
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Profibrotic effects of I5-13-sCD146 in vitro and
in vivo. In order to better characterize the role of the newly iden-
tified sCD146 isoforms in SSc fibrogenesis, we analyzed their
effects on the regulation of the β-catenin pathway in MEFs using
a synthetic construct containing β-catenin/T cell factor (TCF). We
first showed that MEFs from CD146-KO mice were more sensi-
tive to bleomycin than MEFs from wild-type mice (Figure 6A). We
thus used MEFs from CD146-KO mice to analyze the effects of
shed sCD146, I10-sCD146, and I5-13-sCD146. As shown in
Figure 6A, sCD146 and I10-sCD146 decreased β-catenin/TCF

transcription activity, whereas I5-13-sCD146 increased it. We
also analyzed the effects of the different forms on the expression
of vimentin in HDFs. In a first series of experiments, we analyzed
the effects of the recombinant molecules and observed that
I5-13-sCD146 increased vimentin expression, whereas shed
sCD146 and I10-sCD146 did not (Figure 6B). In another series
of experiments, we analyzed the effects of SSc patient sera
immunodepleted of the different forms. In these experiments,
S-endo-1 depleted sera of the 3 forms. As compared to nonde-
pleted sera, sera depleted of I5-13-sCD146 decreased vimentin

Figure 6. Differential effects of I10-sCD146 and I5-13-sCD146 in mouse embryonic fibroblasts (MEFs). A, Sensitivity of wild-type (WT) and
CD146-knockout (CD146-KO) MEFs to bleomycin (top) and activation of canonical Wnt signaling (β-catenin/T cell factor transcription activity) in
MEFs from CD146-KO and WT mice treated as indicated (bottom). B, Western blot (top) and quantification (bottom) of the expression of vimentin
by human dermal fibroblasts (HDFs) after 48 hours of treatment with the recombinant proteins shed sCD146, I5-13-sCD146, or I0-sCD146
(50 ng/ml each) (left) or with SSc patient sera immunodepleted with S-endo-1 monoclonal antibody (mAb), I5-13-sCD146 mAb, or I10-sCD146
mAb (right). C, Immunofluorescence images (left) and quantification (right) of α-smooth muscle actin (α-SMA) expression by SSc HDFs after
48 hours of treatment with the recombinant proteins shed sCD146, I5-13-sCD146, or I10-sCD146 (50 ng/ml each). Results are representative
of 4–6 samples from 2 SSc patients for each culture condition. D, Western blot (top) and quantification (bottom) of the expression of p-Akt phos-
phorylated on Tyr326 compared to total Akt in MEFs after 6 hours of treatment with shed sCD146, I5-13-sCD146, or I10-sCD146 (50 ng/ml each).
E, Western blot (top) and quantification (bottom) of the expression of WISP-1 in MEFs after 6 hours of treatment with shed sCD146,
I5-13-sCD146, or I10-sCD146 (50 ng/ml each). F, Western blot (top) and quantification (bottom) of the expression of α-SMA (left) and vimentin
(right) in MEFs after 48 hours of treatment with I5-13-sCD146 (50 ng/ml). Bars show the mean � SEM of 3–5 experiments. * = P < 0.05;
** = P < 0.01; *** = P < 0.001 versus control, by analysis of variance. PBS = phosphate buffered saline (see Figure 3 for other definitions).
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expression in HDFs, whereas sera depleted of I10-sCD146 did
not (Figure 6B). The specific effect of I5-13-sCD146 was also
observed on α-SMA expression in immunofluorescence experi-
ments with HDFs obtained from SSc patients (Figure 6C).

Since the antibody array (Supplementary Figures 11A and C)
showed a specific effect of I5-13-sCD146 on the phosphorylation
of Akt on Tyr326 in ECFCs, we analyzed its effect on MEFs and
confirmed the activation of this pathway (Figure 6D). WISP-1 is
frequently described as a major protein mediating pulmonary
fibrosis (22), and I5-13-sCD146 was significantly increased in
SSc patients with pulmonary fibrosis (see Figure 3D). We thus
compared the effects of the 3 forms on WISP-1 expression.
WISP-1 was specifically increased by I5-13-sCD146 (Figure 6E).
Since WISP-1 is a Wnt-1–inducible signaling protein and Wnt-1/
β-catenin signaling is important in mediating fibrosis, we analyzed
the effect of I5-13-sCD146 on Wnt-1 expression and phosphory-
lation of β-catenin on Ser552. They were both increased by
I5-13-sCD146 (Supplementary Figures 12A and B, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley
.com/doi/10.1002/art.42063). At 48 hours, the activation of these
different pathways led to an increase in α-SMA and vimentin
expression in MEFs (Figure 6F). Of interest, after 48 hours of treat-
ment with I5-13-sCD146, an increase in α-SMA and vimentin
expression was also observed in the microvascular cell line
HMEC-1 (Supplementary Figure 13, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42063).

DISCUSSION

In this study, we demonstrated that multiple isoforms of
sCD146 are present in the sera of patients with SSc. We then
identified these isoforms, their mechanism of generation, and their
variations in patients with SSc, and determined their properties.

Concerning the shed form of CD146, it can be generated by
2 different ADAMs, ADAM-10 and TACE, for long and short iso-
forms, respectively. Of note, we have recently shown that the
short isoform of CD146 displayed complete proteolytic process-
ing with the shedding of the extracellular part followed by the
shedding of the intracellular part through presenilin 1, generating
an intracellular domain (short CD146 intracellular domain) with
transcriptional effects. Of interest, TACE and presenilin 1 are often
associated to generate sequential shedding of proteins, as
reported for Notch (23). In addition to the shed form of CD146,
our study showed that 2 other isoforms are generated by alterna-
tive splicing. In patients with SSc, we showed that shed sCD146
and I5-13-sCD146 were significantly increased, whereas
I10-sCD146 was significantly decreased, as compared to healthy
controls. Of interest, low levels of shed sCD146 and I10-sCD146
were associated with capillary abnormality as determined by nail-
fold videocapillaroscopy, but no association was found with pul-
monary hypertension. In contrast, high levels of I5-13-sCD146

were associated with pulmonary fibrosis and were correlated with
high modified Rodnan skin thickness scores, but no association
was found with capillary abnormality. These data are consistent
with the proangiogenic role of shed sCD146 and I10-sCD146
and the profibrotic role of I5-13-sCD146 demonstrated in our
in vitro and in vivo experiments. Of interest, I10-sCD146 was
decreased by Wnt-3A and VEGF, and was decreased in SSc.
The observed decrease in I10-sCD146 in the sera of patients is
thus consistent with the described increase in Wnt-3a and VEGF
in SSc patients.

Finally, using an in vivo mouse model of SSc induced by
bleomycin, we showed that shed sCD146 and I10-sCD146
reduced dermal thickness, whereas I5-13-sCD146 did not, a
result that can be attributed, at least in part, to the proangiogenic
role of these molecules. In addition, we showed that shed
sCD146 and I10-sCD146 reduced the collagen deposition and
disorganization of collagen fibers seen with bleomycin treatment,
as observed with sirius red under polarized light (24). In contrast,
I5-13-sCD146 did not. These findings are consistent with previ-
ous results from our group showing a protective effect of shed
sCD146 on fibrosis development in SSc (13).

Different angiogenic factors have been shown to exist as dif-
ferent isoforms, as reported for VEGF (25). These isoforms bind
different receptors that can be expressed in distinct cells and
affect angiogenesis/lymphangiogenesis (26,27). Further studies
will be necessary to determine if the different sCD146 variants
bind different receptors. Recently, both proangiogenic and anti-
angiogenic isoforms of VEGF have been described (28). Of inter-
est, one antiangiogenic splice variant of VEGF, VEGF165b, has
been shown to be potentially involved in the pathogenesis of
SSc since it is associated with the severity of nailfold capillary loss
(29,30). Further studies will also be necessary to investigate
whether antiangiogenic splice variants of sCD146 also exist and
whether they play a role in SSc.

Concerning the I5-13-sCD146 isoform, we have shown that,
in contrast to shed sCD146 and I10-sCD146, it is involved in the
control of fibrosis. Indeed, I5-13-sCD146 stimulated the transition
of HDFs towardmyofibroblasts that were able to express vimentin
and α-SMA, and secrete collagen, whereas shed sCD146 and
I10-sCD146 did not. In addition, whereas shed sCD146 and
I10-sCD146 also reduced β-catenin/TCF transcription activity in
the in vitro model of MEF, suggesting a potential down-regulation
of the Wnt canonical pathway, I5-13-sCD146 significantly
increased it. Abnormalities in many factors have been reported in
this disease (31). In this study, we showed that the I5-13-
sCD146 splice variant was increased by Wnt-5a and TNF, and
that this form of sCD146 was significantly enhanced in the sera
of SSc patients, in particular in patients with pulmonary fibrosis,
and was correlated with the modified Rodnan skin thickness
score. Of interest, the expression of I5-13-sCD146 was corre-
lated with another fibrotic marker, which is also highly increased
in pulmonary fibrosis, KL-6. Here again, the observed increase in
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I5-13-sCD146 in the sera of patients is consistent with the
described increase in TNF levels in SSc patients.

We further investigated the mechanism of action of these dif-
ferent forms and showed that shed sCD146 was specifically able
to induce FAK phosphorylation on 2 tyrosines (Tyr576 and
Tyr861), consistent with the major effect of shed sCD146 on the
migration of endothelial cells. In contrast, I10-sCD146 specifically
increased PKCε phosphorylation on Ser729. The fact that PKCε
stimulation has been demonstrated to promote angiogenesis
and modulate VEGF activity (32) is consistent with the proangio-
genic role of I10-sCD146. Finally, I5-13-sCD146 specifically
increased the tyrosine phosphorylation of Akt (Tyr326). Since
SSc fibroblasts have been demonstrated to display an enhanced
activation of Akt (33), we explored the effect of I5-13-sCD146 on
MEFs and confirmed this specific effect of the molecule on the
Tyr326 phosphorylation of Akt. Of interest, phosphorylation of β-
catenin by Akt has been shown to promote β-catenin transcrip-
tional activity (34). In addition, this effect was accompanied by a
specific effect of the molecule on the fibrosis-induced protein
WISP-1. Of interest, WISP-1 in turn has been shown to be acti-
vated by Wnt-1 and β-catenin, as observed in our experiments
(35), and to induce pulmonary fibrosis (22). In another study (36),
authors showed that blocking Wnt/β-catenin decreased
bleomycin-induced pulmonary fibrosis in a murine model.
I5-13-sCD146 could thus induce fibrosis by an activation of fibro-
blasts into myofibroblast, as demonstrated by the induced
expression of α-SMA and vimentin, through β-catenin– and
Wnt1-meditated induction of WISP-1.

Notably, whereas myofibroblasts derived from fibroblasts are
mostly responsible for the fibrotic process in many fibrotic disorders,
recent studies have demonstrated that endothelial cells constitute
another source of activated myofibroblasts through a process
known as endothelial-to-mesenchymal transition (EndoMT), which
is a phenomenon similar to epithelial–mesenchymal transition
(EMT) (37). Of interest, EMT has been shown to participate in the
pathogenesis of SSc (38). In our study, the specific effect of
I5-13-sCD146 observed on α-SMA and vimentin expression in
HMEC-1 cells also supports the notion of a role of this variant in
the induction of fibrosis through EndoMT.

The limitations of this study include the fact that receptors of
the newly identified splice variants of sCD146 are not yet known,
precluding the deciphering of the whole signaling pathways.

In conclusion, our study identified the 2 proteinases involved
in the shedding of the 2 membrane isoforms of CD146 and iden-
tified 2 new isoforms of sCD146 generated by alternative splicing
that are differentially modulated in SSc (Supplementary Figure 11)
and could constitute novel biomarkers and targets in SSc.
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Contribution of Necroptosis to Myofiber Death in Idiopathic
Inflammatory Myopathies

Qing-Lin Peng,1 Ya-Mei Zhang,1 Yan-Chun Liu,2 Lin Liang,1 Wen-Li Li,1 Xiao-Lan Tian,1 Lu Zhang,1

Hong-Xia Yang,1 Xin Lu,1 and Guo-Chun Wang1

Objective. Myofiber necrosis is a significant pathologic characteristic of idiopathic inflammatory myopathies (IIMs),
and its molecular mechanism is largely unknown. Necroptosis is a recently identified form of regulated necrotic cell
death, and its activation might have crucial biologic consequences. The aim of the present study was to investigate
the role of necroptosis in IIM muscle damage.

Methods. Western blot and immunohistochemistry analyses were performed to examine the expression of
receptor-interacting protein 3 (RIP-3) and mixed-lineage kinase domain–like (MLKL) proteins in 26 IIM patients and
4 healthy controls, as well as necroptosis-related damage–associated molecular pattern molecules. Tumor necrosis
factor (TNF) was used to stimulate cultured C2C12 myoblasts, and the involvement of necroptosis in cell death of
C2C12 cells was studied in vitro.

Results. The expression of RIP-3 and MLKL proteins and their phosphorylated forms was significantly increased in
the muscle tissue of IIM patients compared to that of healthy controls. The expression levels of RIP-3 and MLKL proteins
were associated with the severity of muscle damage in patients with IIM. Significant colocalization of MLKL with high
mobility group box chromosomal protein 1 in necrotizing myofibers was observed in muscle biopsy tissue from patients
with IIM. Stimulation of C2C12 myoblasts with TNF and a pan-caspase inhibitor, Z-VAD, resulted in the overactivation of
necroptosis and significantly increased necrotic cell death. Strategies involving either inhibition of necroptosis with
necrostatin-1 or knockdown of MLKL expression successfully prevented necroptosis-induced cell death of C2C12 cells.

Conclusion. These findings demonstrate that overactivated necroptosis contributes to muscle damage in IIMs and
suggest that necroptosis inhibitors could represent a new therapeutic target in the treatment of IIMs.

INTRODUCTION

Idiopathic inflammatory myopathy (IIM) is a heterogeneous

family of systemic autoimmune disorders characterized by mus-

cle weakness, decreased muscle endurance, and inflammatory

infiltrates in the skeletal muscle tissue (1). Muscle damage is a sig-

nificant feature of IIM; however, the molecular mechanism of mus-

cle damage remains to be elucidated.
Apoptosis is absent in muscle affected by myositis, which

may be attributed to the up-regulation of antiapoptotic proteins

(2). Previous studies have revealed that overactivation of endo-

plasmic reticulum stress and TRAIL-mediated autophagy in

myositis skeletal muscle are potential nonimmune mechanisms

of muscle damage (3,4). Pandya et al demonstrated that CD28null

T cells induced significant myotoxicity in patients with polymyosi-

tis, which is mediated by directed perforin-dependent killing (5).

More recently, anti–signal recognition particle (anti-SRP) and

anti–hydroxymethylglutaryl-coenzyme A reductase (anti-HMGCR)

autoantibodies were found to be pathogenic toward muscle tis-

sue in vitro and in vivo, providing novel clues for the mechanism

of muscle damage in myositis (6,7). These studies indicate that

multiple factors may contribute to the pathogenesis of muscle

involvement in myositis, including both immune-related and non-

immune mechanisms. Further elucidation of the underlying
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pathologic mechanism of muscle damage may provide insights
into new therapeutic targets.

Myofiber necrosis is frequently seen in myositis muscle
biopsy tissue and is considered a significant form of muscle fiber
death in IIMs. Necrosis has traditionally been thought to be a pas-
sive and unregulated form of cell death. Interestingly, and contrary
to traditional belief, with the discovery of necroptosis as a form of
regulated necrotic cell death, necrosis began to be considered
programmed, rather than just an accident (8). Key effector mole-
cules involved in the execution of necroptosis include receptor-
interacting protein 1 (RIP-1), RIP-3, and mixed-lineage kinase
domain–like (MLKL) protein, which constitute the necrosome (8).
As late events in necroptosis, RIP-3 and MLKL are phosphorylated
in the necrosome and translocated to the plasma membrane,
where the complex mediates membrane permeabilization.

In the process of necroptotic cell death, damage-associated
molecular pattern (DAMP) molecules including interleukin-33
(IL-33) and high mobility group box chromosomal protein
1 (HMGB1) are released extracellularly, consequently eliciting tis-
sue inflammation (8,9). Examination of muscle biopsy tissue has
revealed that myofiber necrosis and inflammatory infiltrates are
prominent pathologic features of IIM; however, the mechanism
by which necrosis occurs remains unelucidated. To determine
whether necroptosis contributes to muscle damage in myositis,
we investigated the expression of key molecules involved in the
machinery of necroptosis and the involvement of necroptosis in
the cell death of cultured myoblasts in vitro.

PATIENTS AND METHODS

Patients. This study was approved by the Human Ethics
Board of the China-Japan Friendship Hospital (approval
no. 2019-25-K19). All patient data were used anonymously
and written informed consent was obtained from all participat-
ing individuals. A total of 26 patients with confirmed IIM from
China-Japan Friendship Hospital were enrolled in this study
from 2017 to 2019. Diagnosis was based on the 2017
European League Against Rheumatism/American College of
Rheumatology classification criteria for adult and juvenile IIMs
and their major subgroups (10). Five patients were diagnosed
as having dermatomyositis (DM) and 4 patients were diagnosed
as having amyopathic DM (ADM), according to the classification
criteria. In addition, 17 patients who fulfilled the European
Neuro Muscular Centre criteria (11) were diagnosed as
having immune-mediated necrotizing myopathy (IMNM). Muscle
biopsy was performed and diagnosis was histopathologically
confirmed in all patients. For the healthy control group, samples
of muscle tissue were obtained from 4 trauma patients without
muscle disease.

Histologic review of muscle biopsy samples.
Histopathologic features of the muscle biopsy tissue from

all subjects were reviewed in a blinded manner, and analyzed
using a validated international juvenile DM biopsy scoring
tool (12,13). In IIM patients, myofiber necrosis scores
were defined as 0 (no muscle cell necrosis), 1 (necrotic cell per-
centage ranging 1–5%), or 2 (necrotic cell percentage ≥5%).

Western blot analysis. Total protein extracted from
muscle tissue or in vitro cultured cells was loaded onto 12%
or 15% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis gels and transferred onto polyvinylidene difluoride
membranes. After blocking with 5% nonfat dry milk in Tris
buffered saline containing 0.1% Tween 20, the membranes
were immunoblotted with appropriate primary antibodies.
Following overnight incubation, the membranes were incu-
bated with secondary antibodies. ImageJ software was
used to quantify band intensity. The following antibodies were
used for Western blot analysis: anti–RIP-3 polyclonal antibody
(product no. 27-361; ProSci), anti-MLKL monoclonal antibody
(product no. ab184718; Abcam), anti–RIP-3 (phospho-S227)
monoclonal antibody (product no. ab209384; Abcam), anti-
MLKL (phospho-S358) monoclonal antibody (product no.
ab187091; Abcam), anti-MLKL monoclonal antibody (product
no. 66675-1-Ig; Proteintech), anti-mouse MLKL (phospho-
S345) monoclonal antibody (product no. ab196436; Abcam),
and anti-GAPDH monoclonal antibody (product no. ab8245;
Abcam).

Immunohistochemistry analysis. Unfixed cryostat mus-
cle sections (8-μm–thick) were subjected to immunohistochemical
staining as previously described (14). The following antibodies were
used for immunohistochemical staining: anti–RIP-3 polyclonal
antibody (product no. 27-361; ProSci), anti-MLKL monoclonal anti-
body (product no. ab184718; Abcam), anti–RIP-3 (phospho-S227)
monoclonal antibody (product no. ab209384; Abcam), anti-MLKL
(phospho-S358) monoclonal antibody (product no. ab187091;
Abcam), anti-dystrophin monoclonal antibody (product no. NCL-
DYS1; Leica Biosystems), anti-C5b-9+C5b-8 monoclonal antibody
(product no. ab66768; Abcam), anti-HMGB1 polyclonal antibody
(10829-1-AP; Proteintech), and anti–IL-33 monoclonal anti-
body (product no. ab207737; Abcam).

Irrelevant rabbit polyclonal IgG (product no. ab37415;
Abcam), rabbit monoclonal IgG (product no. ab172730; Abcam),
and mouse IgG (product no. ab18415; Abcam) were used as iso-
type controls for the primary antibodies when appropriate. Horse-
radish peroxidase–conjugated goat anti-rabbit IgG (product
no. ab6721; Abcam) and goat anti-mouse IgG (ab6789, Abcam)
were used as secondary antibodies. Myofiber necrosis was eval-
uated using a combination of eosin and dystrophin immunohisto-
chemical staining as previously described by Allenbach et al (15).
Necrotic myofiber was defined as pale and/or hyalinized muscle
fiber combined with the loss of sarcolemmal integrity/coarse
appearance.
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Cell culture and treatment. The C2C12 mouse myo-
blast cell line (ATCC) was cultured in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum
(Gibco), 100 units/ml of penicillin, and 100 μg/ml of streptomycin
in 5% CO2 at 37�C. Reagents used for cell treatment included
recombinant tumor necrosis factor (TNF) proteins (BioLegend) at
100 ng/ml, Z-VAD-FMK (Promega) at 40 μM, and necrostatin-1s
(Nec-1s) (BioVision) at 50 μM.

Cell death assay. Cell death was assessed using a
CellTiter-Glo luminescent cell viability assay (Promega). Briefly,
C2C12 cells were seeded onto opaque-walled 96-well plates
at a density of 1 × 104 cells/well and were treated with reagents
for 24 hours. CellTiter-Glo reagent was added to each well at a
volume of 100 μl. The plate was then shaken on an orbital
shaker to induce cell lysis, and then incubated at room temper-
ature for 10 minutes to stabilize the luminescent signal. Lumi-
nescence was detected using a multimode microplate reader

(Tecan). Cell viability data were presented as percentages of
the control.

Flow cytometry analysis. Cultured C2C12 cells were
treated with reagents, harvested, and incubated with propidium
iodide (PI) staining solution (BD PharMingen) according to the man-
ufacturer’s instructions. After 20 minutes of incubation at room
temperature, C2C12 cells were centrifuged, washed, and sus-
pended in 500 μl of phosphate buffered solution for flow cytometry.
Samples were processed on a FACSJazz instrument (BD Biosci-
ences) and the results were analyzed using FACS software.

MLKL gene knockdown in C2C12 cells. The clustered
regularly interspaced short palindromic repeat (CRISPR)/Cas9 gene
editing system was used to knock down MLKL in C2C12 cells, as
described previously (16). The single-guide RNA (sgRNA) used
in the present study was 50-GTCTCTGGAGAGGCTGTAGC-30.
The annealed sgRNAs were cloned into PX458 plasmid, and

Table 1. Demographic and clinical characteristics and laboratory findings in patients with idiopathic inflammatory
myopathies and healthy controls*

Participant/
age/sex Diagnosis

Myositis
autoantibody

Creatine
kinase,
IU/liter

MMT-8
score

Time from muscle
symptom onset to
muscle biopsy,

months

Patients
1/41/F ADM PL-7 58 80 –

2/33/F ADM MDA-5 31 80 –

3/76/F ADM – 65 80 –

4/43/M ADM – 22 80 –

5/55/F DM Mi-2 3,059 40 36
6/33/F DM TIF1γ 6,193 38 2
7/50/F DM TIF1γ 331 30 10
8/47/F DM TIF1γ 2,776 50 2
9/61/F DM TIF1γ 714 56 3
10/63/M IMNM HMGCR 1,476 80 4
11/52/F IMNM SRP 13,514 66 12
12/37/F IMNM SRP 629 80 72
13/18/F IMNM SRP 247 80 35
14/44/M IMNM HMGCR 861 80 36
15/32/F IMNM SRP 810 65 3
16/26/M IMNM SRP 8,905 45 36
17/62/F IMNM HMGCR 5,992 44 1
18/18/M IMNM HMGCR 6,494 29 21
19/55/F IMNM SRP 318 66 36
20/81/F IMNM SRP 2,353 54 8
21/25/M IMNM – 6,533 50 24
22/53/F IMNM SRP 7,697 42 4
23/50/F IMNM – 4,645 80 7
24/51/M IMNM SRP 1,969 60 1

Healthy controls
1/48/M – – – – –

2/64/F – – – – –

3/55/F – – – – –

4/37/F – – – – –

* MMT-8 = Manual Muscle Testing in 8 muscles; ADM = amyopathic dermatomyositis; MDA-5 = melanoma
differentiation–associated protein 5; DM = dermatomyositis; TIF1γ = transcriptional intermediary factor 1γ; IMNM =
immune-mediated necrotizing myopathy; SRP = signal recognition particle; HMGCR = hydroxymethylglutaryl-
coenzyme A reductase.
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recombinant plasmids were transfected into C2C12 cells using
Lipofectamine LTX (Invitrogen). The fluorescent cells were sorted
using the FACSAria III system (BD Biosciences). MLKL protein

expression in the sorted polyclonal cells was confirmed by West-
ern blotting, and these MLKL–down-regulated C2C12 cells were
then used in MLKL knockdown studies.

Figure 1. Expression of receptor-interacting protein 3 (RIP-3) and mixed-lineage kinase domain–like (MLKL) proteins in muscle tissue of patients
with idiopathic inflammatory myopathies (IIMs). A and B, Western blot analysis revealed higher levels of RIP-3 and MLKL (A), and phosphorylated
RIP-3 (p-RIP-3) and phosphorylated MLKL (p-MLKL) (B) in patients with dermatomyositis (DM) and patients with immune-mediated necrotizing
myopathy (IMNM) compared to healthy controls (HCs). Symbols represent individual subjects; bars show the mean � SD. * = adjusted P < 0.05
versus controls. C, Immunohistochemistry analysis of RIP-3, MLKL, p-RIP-3, and p-MLKL was performed in the muscle of patients with IIM. D,
Immunohistochemistry analysis of serial muscle sections revealed colocalized expression of RIP-3 and MLKL (arrows). E, Pearson’s correlation
analysis revealed correlations between the relative expression levels of RIP-3 and MLKL in total protein lysate of muscle affected by myositis. F,
Serial sections of muscle tissue were immunohistochemically stained for MLKL, dystrophin combined with eosin, and C5b–9. Arrows indicate
necrotic myofibers staining positive for MLKL and C5b–9. Original magnification × 200.*

*[Correction added on 20 May 2022 after first online publication: In Figure 1E,
“r = 0804” was changed to “r = 0.75.”]
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Figure 2. Correlation of RIP-3 and MLKL expression with histopathologic features of the muscle of patients with IIM. A–C, Representative hema-
toxylin and eosin (H&E) staining of muscle tissue from IIM patients with necrosis score 0 (A), necrosis score 1 (B), and necrosis score 2 (C) is
shown. Arrows indicate necrotic myofibers. D, Patients with higher necrosis scores showed a trend toward increased expression of RIP-3 and
MLKL in the muscle by Western blot analysis of patient groups with different necrosis scores; P values are adjusted for the false discovery rate.
Symbols represent individual patients; bars show the mean � SD. E, Expression levels of RIP-3 and MLKL protein positively correlated with serum
creatine kinase (CK) and lactate dehydrogenase (LDH) levels in IIM patients, and inversely correlated with the Manual Muscle Testing in 8 muscles
(MMT-8) score by Pearson’s correlation. F, H&E staining and immunohistochemical analysis of RIP-3 and MLKL proteins were performed in mus-
cle sections from a representative patient with IMNM before and after 6 months of combined treatment with glucocorticoid, tacrolimus, tocilizu-
mab, and intravenous immunoglobulin. Original magnification × 200. See Figure 1 for other definitions.* Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42071/abstract.

*[Correction added on 20 May 2022 after first online publication: In the leg-
end of Figure 2E, “Spearman’s correlation test” was changed to “Pearson’s
correlation.”]
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Statistical analysis. Statistical analyses were performed
using GraphPad Prism software version 6.01. Normally distrib-
uted data were expressed as the mean � SD and compared
using an independent Student’s t-test. Correction for multiple
testing was done by adjusting for the false discovery rate. Pear-
son’s correlation coefficient analyses were performed to test
correlations.* P values less than or equal to 0.05 were considered
significant.

RESULTS

Overactivation of necroptosis in myositis muscle.
RIP-3 and MLKL are key molecules involved in necroptosis. To
investigate the activation of necroptosis in the muscle of myositis
patients, we first examined the expression of RIP-3 and MLKL in
24 patients with IIM (clinical and laboratory data are shown
in Table 1). Western blot analyses showed that RIP-3 and MLKL
proteins were highly expressed in muscle tissue samples from
patients with DM and patients with IMNM, and were largely nega-
tive in muscle tissue from healthy controls and patients with ADM
(Figure 1A). In addition, the expression of phosphorylated RIP-3
and MLKL was significantly increased in patients with DM and
patients with IMNM compared to that in healthy controls or in
patients with ADM (Figure 1B).

We further examined the localization of RIP-3 and MLKL in
myositis muscle using immunohistochemistry analysis. In mus-
cle tissue from patients with IMNM, we observed strong sarco-
plasmic immunostaining of RIP-3 and MLKL, as well as their
phosphorylated forms, which was not observed in healthy con-
trols or in patients with ADM (Figure 1C). We then utilized serial
muscle sections to determine the coexpression of RIP-3 and
MLKL, and found significant colocalization of RIP-3 and MLKL
proteins in muscle cells (Figure 1D). Interestingly, semiquantita-
tive analysis by Western blotting of myositis muscle tissue
in total protein lysates to evaluate RIP-3 and MLKL expression
revealed that the expression levels of RIP-3 significantly corre-
lated with those of MLKL (r = 0.75,* P < 0.001; n = 24)
(Figure 1E).

Furthermore, immunohistochemical staining of serial muscle
sections from myositis patients demonstrated that positively
staining MLKL cells were mainly necrotic myofibers, characterized
by a pale appearance and/or hyalinized features combined with a
loss of sarcolemmal integrity (coarse appearance); intriguingly, in
these myofibers, the C5b–9 marker was identified (Figure 1F).
Taken together, these results demonstrate that RIP-3 and MLKL
proteins are highly expressed and phosphorylated in muscle

affected by myositis displaying significant necrotizing features,
indicating an overactivation of necroptosis in necrotic myositis
muscles.

Association of RIP-3 and MLKL expression levels
with severe histopathologic features in the muscle. The
degrees of myofiber necrosis in myositis patients were histologi-
cally graded as 0, 1, or 2, and representative muscle sections with
necrosis scores of 0, 1, and 2 are shown in Figures 2A, B, and C,
respectively. We then compared the expression levels of RIP-3
and MLKL proteins in the muscle by subdividing the patients into
3 groups according to their necrosis scores. The results showed
that patients with a necrosis score of 2 exhibited significantly
increased expression of MLKL proteins in the muscle compared
to patients with necrosis scores of 0 and 1 (Figure 2D). The
expression levels of RIP-3 also tended to be higher in patients
with necrosis scores of 2 than in those with necrosis scores of
0 and 1; however, the difference did not reach statistical signifi-
cance (Figure 2D).

In addition, we found that RIP-3 and MLKL protein levels
positively correlated with serum creatine kinase and lactate
dehydrogenase levels in IIM patients (Figure 2E). Moreover,
RIP-3 and MLKL protein levels were inversely correlated with
the Manual Muscle Testing in 8 muscles score (r = −0.43,
P < 0.05 and r = −0.63, P < 0.01, respectively) (Figure 2E).

To investigate the expression of RIP-3 and MLKL proteins in
follow-up samples, immunohistochemical staining was performed
on repeated muscle biopsy samples from 2 additional IMNM
patients whose disease responded to treatment (clinical and labo-
ratory data on these 2 patients are presented in Supplementary
Table 1, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42071). Intriguingly,
RIP-3 and MLKL protein levels were dramatically decreased after
6 months of treatment (Figure 2F).

High expression of DAMPs in the necrotic myofibers
in muscle tissue from IIM patients with overactivated
necroptosis. A key biologic consequence of necroptotic cell
death is the release of DAMPs including HMGB1 and IL-33 (9).
We next investigated whether DAMPs were aberrantly expressed
in the muscles affected by myositis. Immunohistochemical analy-
sis showed strong sarcoplasmic immunostaining of HMGB1 and
IL-33 in the muscle tissue of patients with IMNM or DM, while a
largely negative sarcoplasmic signal was observed in the muscle
tissue of healthy controls and ADM patients (Figure 3A). In addi-
tion, staining for HMGB1 yielded positive findings in the muscle
nuclei and inflammatory infiltrating cells (Figure 3A). The expres-
sion pattern of IL-33 was similar to that of HMGB1. Immunohisto-
chemical analysis of serial muscle sections revealed colocalization
of MLKL and HMGB1 (Figure 3B), indicating a release of HMGB1
by MLKL-expressing necroptotic myofibers. In addition, we found
a significant decrease of sarcoplasmic HMGB1 staining in the

*[Correction added on 20 May 2022 after first online publication: Under Sta-
tistical Analysis section, the sentence “Spearman’s or Pearson’s correlation
coefficient analyses were performed to test correlations when appropriate.”
was changed to “Pearson’s correlation coefficient analyses were performed
to test correlations.” While on the second paragraph of Results section, “r =
0.804” was changed to “r = 0.75”.]
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muscle tissue of patients with IMNM after 6 months of treatment
(Figure 3C).

Promotion of cell death by TNF-induced necroptosis
in C2C12 myoblasts. Since TNF is able to elicit necroptosis
in various cell types in vitro, we used TNF to induce necrotic
death in myoblasts. By stimulating C2C12 cells with TNF in the
presence of a pan-caspase inhibitor, Z-VAD, we demonstrated
obvious decreases in cell numbers using morphologic observa-
tion (Figure 4A). Cell viability assay showed that the survival
percentage of C2C12 cells significantly decreased when the
cells were stimulated with TNF and Z-VAD, whereas stimulation
with either TNF alone or Z-VAD alone did not reduce cell

survival (Figure 4B). We further used Nec-1s, an inhibitor of
necroptosis, to rescue C2C12 cells stimulated with TNF and
Z-VAD, and found that Nec-1s significantly increased cell survival
(Figures 4A and B).

Consistently, using flow cytometry analysis, we observed
that stimulation with TNF and Z-VAD caused a higher percentage
of PI-positive cells, and treatment with the Nec-1s inhibitor
reversed the augmented cell death induced by TNF (Figure 4C).
In addition, Western blot analysis revealed that MLKL and phos-
phorylated MLKL proteins were dramatically up-regulated in
C2C12 cells stimulated with TNF and Z-VAD, but did not increase
with the addition of Nec-1s (Figures 4D and E). These results
demonstrate that TNF induced the overactivation of necroptosis

Figure 3. Expression of high mobility group box chromosomal protein 1 (HMGB1) and interleukin-33 (IL-33) in muscle tissue of patients
with IIMs. A, Expression of HMGB1 and IL-33 in muscle tissue of patients with ADM, patients with IMNM, and healthy controls was ana-
lyzed using immunohistochemical staining. B, Immunohistochemistry analysis of serial sections revealed a colocalization of MLKL protein
and HMGB1 in muscle cells (arrows). C, HMGB1 in muscle sections from a representative patient with IMNM was analyzed using immuno-
histochemical staining before and after 6 months of combined treatment with glucocorticoid, tacrolimus, tocilizumab, and intravenous
immunoglobulin. Original magnification × 200. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is
available at http://onlinelibrary.wiley.com/doi/10.1002/art.42071/abstract.
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in C2C12 myoblasts and consequently resulted in an increase in
necrotic cell death.

MLKL-knockdown in C2C12 myoblasts and resis-
tance to necroptosis. Next, we generated a C2C12 cell
line with MLKL knockdown using the CRISPR/Cas9 gene
editing system. As shown in Figure 5A, the expression of MLKL
protein in sgRNA-MLKL–transfected C2C12 cells was signifi-
cantly decreased. Treatment of MLKL-knockdown C2C12
cells with TNF in the presence of Z-VAD only slightly reduced

cell survival compared to the reduction of survival in control
cells with this treatment. Cell viability was significantly higher in
MLKL-knockdown C2C12 cells than in control C2C12 cells
when stimulated with TNF and Z-VAD (Figure 5B).

DISCUSSION

In the present study, we demonstrated that key molecules
participating in necroptosis machinery were highly expressed in
the muscle tissue of IIM patients with significant features of

Figure 4. In vitro study of tumor necrosis factor (TNF)–induced necroptosis in C2C12 myoblast cells. Cultured C2C12 cells were treated with TNF,
with TNF plus Z-VAD, with TNF plus Z-VAD plus necrostatin-1s (Nec-1s), or with Z-VAD alone. A, Cells were observed for morphologic changes at
24 hours after treatment. B, A cell viability assay showed that the percentage of surviving C2C12 cells significantly decreased when the cells were
stimulated with TNF plus Z-VAD, compared to that in the negative controls (NC) or cells stimulated with TNF alone, with TNF plus Z-VAD plus Nec-
1s, or with Z-VAD alone. C, Flow cytometry analysis revealed that stimulation of the C2C12 cells with TNF plus Z-VAD caused a higher percentage
of cells staining positive for propidium iodide (PI) compared to that in the negative controls or cells stimulated with TNF alone, with TNF plus Z-VAD
plus Nec-1s, or with Z-VAD alone. Symbols represent individual cell treatment; bars show the mean � SD. D and E, Western blot analysis showed
that MLKL and phosphorylated MLKL proteins were significantly up-regulated in C2C12 cells stimulated with TNF plus Z-VAD, compared to that in
the negative controls or cells stimulated with TNF alone, with TNF plus Z-VAD plus Nec-1s, or with Z-VAD alone. * = adjusted P < 0.05; ** = adjusted
P < 0.001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42071/abstract.
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myofiber necrosis. The expression levels of RIP-3 and MLKL pro-
teins were significantly correlated with the severity of clinical and
pathologic muscle damage in patients with IIM. In vitro investiga-
tion of C2C12 myoblasts demonstrated that overactivation of
necroptosis resulted in a significant increase in necrotic cell death.
In addition, treatment with necroptosis inhibitor or knockdown of
MLKL prevented C2C12 cells from undergoing necroptosis-
induced cell death.

Muscle damage is a prominent feature of IIM; however, the
underlying mechanism has not yet been fully clarified. Immune-
related and nonimmune mechanisms have been highlighted in
previous studies (17). Recently, mitochondrial dysfunction in mus-
cle tissue was found to contribute to the pathogenesis of myositis
(18,19). These studies suggest that the underlying mechanisms
that mediate muscle damage and dysfunction are multiple and
complex. Morphologically, there are 3 distinct major types of cell
death: apoptosis, autophagic cell death, and necrosis (20).
Although classic apoptotic cell death is rarely seen in muscle
affected by myositis (2), overactivated autophagy has been dem-
onstrated to be a mechanism mediating muscle damage in myo-
sitis (4). However, the molecular pathways that control myofiber
necrosis have not been comprehensively studied. Recently, Liu
et al reported that PKM2-dependent glycolysis could promote
muscle cell pyroptosis, indicating a role of pyroptosis in the mus-
cle damage characteristic of IIMs (21). In the present study, we
investigated the recently well-characterized programmed cell
death, necroptosis, and revealed its significant role in the myofiber
necrosis of myositis.

Since the concept of programmed necrosis was raised and
the term necroptosis was introduced (22), necrosis is no longer
considered a purely accidental and passive cell death subroutine.
Suppression of necroptosis is important for normal development
and tissue homeostasis (8). Overactivated necroptosis has been
reported in many types of diseases affecting the tissue, including
ischemia–reperfusion injury, neurodegenerative diseases, and

inflammation (8). Intriguingly, necroptosis has also recently been
found to be dysregulated in autoimmune diseases (23–26),
suggesting that necroptosis plays a vital role in autoimmune dis-
eases by controlling the fate of a variety of cells.

To our knowledge, the present study is the first attempt to
investigate the dysregulation of necroptosis in IIMs. In addition to
the increased expression of RIP-3 and MLKL, we demonstrated
up-regulation of phosphorylated RIP-3 and MLKL proteins, which
are key executors of necroptosis and directly mediate necroptotic
cell death, in muscle affected by myositis. Thus, our data provide
significant evidence for the overactivation of necroptosis in IIMs.
In addition, we demonstrated a significant correlation of RIP-3
and MLKL expression with the severity of clinical and pathologic
muscle damage in patients with IIM. Notably, we found a dramat-
ically decreased expression of RIP-3 and MLKL proteins in
patients after 6 months of successful treatment. These data sug-
gest that necroptosis-related molecules are promising biologic
markers for IIMs, and that necroptosis has a crucial role in control-
ling myofiber necrosis.

DM and IMNM are believed to be 2 distinct entities in IIMs
(10), which show different clinical manifestations and pathologic
features. RNA-sequencing studies have demonstrated that
interferon (IFN) pathways are differentially activated in different
myositis subtypes. Within these subtypes, DM is characterized
by high levels of IFN-inducible genes, while relatively low activa-
tion of the IFN pathway is shown in IMNM (27), therefore sug-
gesting a different disease pathogenesis. Of note, a recent
study using animal models demonstrated that the immune
response to the DM-specific autoantigen transcriptional inter-
mediary factor 1γ (TIF1γ) can result in experimental myositis
(28). It was found that adoptive transfer of TIFγ-specific CD8+ T
cells caused myositis in recipient mice, while transfer of TIFγ-
specific IgG did not (28).

In contrast, passive transfer of IgG from IMNM patients with
anti-SRP or anti-HMGCR autoantibodies successfully provoked

Figure 5. Resistance to necroptotic cell death observed among C2C12myoblasts with knockdown of mixed-lineage kinase domain–like (MLKL) pro-
tein using single-guide RNA (sgRNA). A, The CRISPR/Cas9 gene editing system was used for MLKL gene knockdown in C2C12 cells. Western blot
analysis revealed down-regulation of MLKL protein expression following sgRNA knockdown. B, Cell viability analysis showed higher cell survival rates
among MLKL-knockdown C2C12 cells when the cells were stimulated with TNF plus Z-VAD, as compared to survival rates among control C2C12 cells
receiving the same treatments. Symbols represent individual cell treatment; bars show the mean � SD. ** = adjusted P < 0.001. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42071/abstract.
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muscle deficiency in mice (7). Thus, these animal studies indicate
that DM and IMNM have a different pathogenesis. However, in the
present study, we observed no difference in the expression levels
of RIP-3 and MLKL in muscle tissue from patients with DM com-
pared to muscle tissue from patients with IMNM, suggesting that
necroptosis has a similar extent of activation in DM and IMNM. It
has also been reported that necroptosis is activated in mouse
and human dystrophin-deficient muscles (29). Therefore, as a
form of downstream cell death, necroptosis may be extensively
activated in various types of myopathies. Our data suggest the
broader possibility of targeting necroptosis as a therapeutic strat-
egy for distinct subtypes of IIMs.

The initiators of necroptosis include death receptors,
pathogen-recognition receptors, and nucleic acid–sensing pro-
tein ZBP1 (30). To date, TNF receptor type 1 (TNFRI)–initiated
necroptosis is the most extensively characterized model of pro-
grammed necrosis. The association of TNFRI with TNF trimer
leads to distinct cell fates, including cell survival, apoptosis, and
necroptosis (8). Under conditions in which caspase 8 activity is
inhibited, RIP-1 interacts with RIP-3 and MLKL; consequently,
RIP-3 and MLKL are phosphorylated and translocated to the
plasma membrane, leading to membrane permeabilization and
activation of necroptosis.

In our in vitro cell culture experiments, we used TNF to
induce C2C12 necroptosis in the presence of the pan-caspase
inhibitor Z-VAD, which inhibits caspase 8 activity. As a result, we
observed significantly decreased cell survival in C2C12 cells. In
addition, TNF-induced C2C12 necroptosis could be prevented
by treatment with Nec-1s or knockdown of MLKL expression.
Together with early studies showing a high expression of TNF
and its receptors (TNFRI and TNFRII) in the muscle tissue of IIM
patients (31), our data indicate a role of TNF-induced necroptosis
in IIM. Further clarification of the upstream pronecrotic signal
transduction pathway may help define new therapeutic targets
for the treatment of IIMs.

HMGB1 has been found to be highly expressed in the muscle
of IIM patients (32), and has also been found to be significantly
reduced after treatment with high-dose prednisolone (33). Addi-
tional in vitro studies have demonstrated that HMGB1 can acceler-
ate muscle fatigue and induce major histocompatibility complex
class I expression in muscle fibers by interacting with its receptor,
Toll-like receptor 4 (34). More recently, Day et al showed that sar-
coplasmic HMGB1 expression correlated with muscle weakness
and histologic myonecrosis, inflammation, regeneration, and auto-
phagy in patients with IIM (35). In the present study, we found sim-
ilar patterns of HMGB1 expression in the muscle tissue of patients
with IIM. Additionally, we observed significantly decreased sarco-
plasmic HMGB1 expression after successful longitudinal treat-
ment of muscles affected by IMNM. Using immunohistochemical
staining of serial muscle sections, we demonstrated the colocali-
zation of HMGB1 with MLKL, indicating a release of HMGB1 by
muscle cells undergoing necroptotic death. As a prototypical

DAMP, HMGB1 can be passively released by somatic cells under-
going necroptosis-caused cytoplasmic membrane destruction
(36). Thus, our findings suggest that necroptotic muscle fibers
are important sources of HMGB1, which may consequently medi-
ate or accelerate muscle inflammation in IIM.

Our study has some limitations. First, a relatively small num-
ber of patients were examined for expression of RIP-3 and MLKL,
and the protein expression profile may be heterogeneous among
patients, especially the ADM group, due to their distinct serologic
autoantibodies. Second, additional studies are needed to deter-
mine the upstream pronecrotic molecules that activate necropto-
sis in muscle affected by myositis. Another limitation is that our
study did not include any disease controls; therefore we could
not conclude whether necroptosis of myofibers is specific to
patients with IIM.

Taken together, the findings of our study demonstrate that
overactivated necroptosis significantly contributes to muscle
damage in IIM. These findings provide novel insights into the path-
ologic mechanism of IIM-related myofiber necrosis and may open
new therapeutic avenues for treating these diseases.
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Intensive Serum Urate Lowering With Oral Urate-Lowering
Therapy for Erosive Gout: A Randomized Double-Blind
Controlled Trial

Nicola Dalbeth,1 Anthony J. Doyle,2 Karen Billington,3 Greg D. Gamble,1 Paul Tan,1 Kieran Latto,1

Thrishila Parshu Ram,1 Ravi Narang,1 Rachel Murdoch,1 David Bursill,1 Borislav Mihov,1 Lisa K. Stamp,4

and Anne Horne1

Objective. To determine whether a therapeutic approach of intensive serum urate lowering results in improved
bone erosion scores in patients with erosive gout.

Methods. We undertook a 2-year, double-blind randomized controlled trial of 104 participants with erosive gout who
were receiving serum urate–lowering therapy orally and who had serum urate levels of ≥0.30 mmoles/liter at baseline.
Participants were randomly assigned to either an intensive serum urate target of <0.20 mmoles/liter or a standard target
of <0.30 mmoles/liter (considered the standard according to rheumatology guidelines). Oral serum urate–lowering ther-
apy was titrated to target using a standardized protocol (with the maximum approved doses of allopurinol, probenecid,
febuxostat, and benzbromarone). The primary end point was the total computed tomography (CT) bone erosion score.
Outcome Measures in Rheumatology (OMERACT) gout core outcome domains were secondary end points.

Results. Although the serum urate levels were significantly lower in the intensive target group compared to the stan-
dard target group over the study period (P = 0.002), fewer participants in the intensive target group achieved the random-
ized serum urate target level by year 2 (62% versus 83% of patients in the standard target group; P < 0.05). The intensive
target group required higher doses of allopurinol (mean � SD 746 � 210 mg/day versus 497 � 186 mg/day; P < 0.001)
and received more combination therapy (P = 0.0004) compared to the standard target group. We observed small
increases in CT bone erosion scores in both serum urate target groups over 2 years, with no between-group difference
(P = 0.20). OMERACT core outcome domains (gout flares, tophi, pain, patient’s global assessment of disease activity,
health-related quality of life, and activity limitation) improved in both groups over 2 years, with no between-group differ-
ences. Adverse event and serious adverse event rates were similar between the groups.

Conclusion. Compared to a serum urate target of <0.30 mmoles/liter, more intensive serum urate lowering is diffi-
cult to achieve with an oral urate-lowering therapy. Intensive serum urate lowering leads to a high medication burden
and does not improve bone erosion scores in patients with erosive gout.

INTRODUCTION

Bone erosion is the most common feature of structural
joint damage in severe gout (1), leading to joint deformity
and disability (2,3). Monosodium urate (MSU) crystal deposi-
tion is strongly implicated in the development of bone erosion
in gout. Advanced imaging studies have demonstrated a

close relationship between MSU crystals and sites of bone
erosion (4,5). In laboratory studies, MSU crystals have exhib-
ited a profound inhibitory effect on the function and viability of
bone-forming osteoblasts and osteocytes (6,7). Collectively,
these findings indicate that dissolution of MSU crystals may
be an important strategy to prevent or heal bone erosion
in gout.
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A previous clinical trial has shown that allopurinol dose esca-
lation to achieve a serum urate target of <0.36 mmoles/liter
(6 mg/dl) can reduce the progression of bone erosion in gout (8).
However, improved erosion scores were not observed in that
study. In contrast, there are emerging data indicating that inten-
sive serum urate lowering may lead to healing of erosions in gout.
In a small longitudinal study of patients receiving pegloticase, a
treatment that leads to profound reductions in serum urate levels
(9), filling-in of bone erosion was observed over a 1-year period
(10). On plain radiography, bone erosion scores, but not joint
space narrowing scores, significantly improved over this period.
This effect was observed in patients with mean serum urate levels
of <0.20 mmoles/liter (3.3 mg/dl) over the 1-year treatment
period.

While promising, pegloticase is unlikely to be a widely
adopted therapy for the management of erosive gout due to its
lack of availability outside the US and the need for intravenous
infusions every 2 weeks. Therefore, there is a clinical need to iden-
tify more feasible strategies for intensive urate-lowering therapy
using oral medications, and it needs to be determined whether
these strategies allow for structural improvement in patients
with gout.

The 2012 American College of Rheumatology (ACR) gout
management guidelines and the 2016 updated European Alliance
of Associations for Rheumatology (EULAR) gout management
guidelines both recommended that the serum urate target for
patients with severe gout, including those with chronic arthropa-
thy, is <0.30 mmoles/liter (5 mg/dl) (11,12). This serum urate tar-
get was also endorsed in the 2017 British Society for
Rheumatology guideline for the management of gout (13).
Achievement of this serum urate target leads to gradual reduction
in MSU crystal deposition (14,15). The aim of this study was to
determine whether intensive oral urate-lowering therapy to main-
tain serum urate concentrations of <0.20 mmoles/liter results in
improved bone erosion scores in erosive gout, compared to the
serum urate target of <0.30 mmoles/liter.

PATIENTS AND METHODS

Study design and approval. This was a 2-year, double-
blind randomized controlled trial of 104 participants with erosive
gout who were receiving oral urate-lowering therapy and had
serum urate levels of ≥0.30 mmoles/liter. Participants were ran-
domly assigned to reach a serum urate target of <0.20 mmoles/
liter (intensive target group) or <0.30 mmoles/liter (standard tar-
get group as recommended in rheumatology society guidelines
[11–13]). The primary end point was the total computed tomogra-
phy (CT) bone erosion score.

The study was approved by the Southern Health and Disabil-
ity Ethics Committee (approval no. 15/STH/108) and all partici-
pants provided written informed consent. The trial was also
approved by the New Zealand Ministry of Health Standing

Committee on Therapeutic Trials (approval no. 15/SCOTT/68).
The study was prospectively registered as a clinical trial with the
Australian New Zealand Clinical Trials Registry (ACTRN:
12615001219572).

Data availability. Following publication, data are available
from the corresponding author upon reasonable request.

Participants. Participants were recruited from rheumatol-
ogy clinics and hospitals and through advertising to general prac-
titioners and the public in T�amaki Makaurau/Auckland, Aotearoa/
New Zealand. The first screening visit was February 23, 2016, and
the final year 2 study visit was June 29, 2020. Inclusion criteria
included gout, defined according to the 2015 ACR/EULAR classi-
fication criteria (16), at least 1 bone erosion on plain radiography
of the feet, age >18 years, ability to provide informed consent,
currently receiving treatment with an oral urate-lowering agent,
and serum urate concentrations of ≥0.30 mmoles/liter.

Exclusion criteria included stage 4 or stage 5 chronic kidney
disease (estimated glomerular filtration rate [eGFR] <30 ml/mi-
nute/1.73 m2), current pregnancy or breastfeeding, an unstable
systemic medical condition (e.g., New York Heart Association
stage IV heart failure, recent myocardial infarction, advanced can-
cer), treatment with azathioprine (due to potential interactions with
both allopurinol and febuxostat), treatment with warfarin, a diagno-
sis of rheumatoid arthritis (RA) or other erosive autoimmune arthri-
tis, a diagnosis of Parkinson’s disease, and presence of dementia.

Protocol. All study visits took place at a clinical research facil-
ity in a tertiary medical center. Potential participants attended a
screening visit, and if they were considered eligible for the study,
they attended the baseline study visit within 2 weeks of the screen-
ing visit. At the baseline visit, participants were randomized into
either the intensive serum urate target group or standard serum
urate target group using a random block randomization algorithm.
All randomized participants began dose escalation/alteration of
urate-lowering therapy according to a standardized protocol.

Urate-lowering therapy was adjusted according to the
standard protocol to reach the target serum urate level of
<0.20 mmoles/liter (intensive target group) or <0.30 mmoles/liter
(standard target group), according to study group allocation. Par-
ticipants attended monthly visits for serum urate testing, safety
monitoring, and urate-lowering therapy intensification until the
treatment target had been reached and maintained for 3 consec-
utive months. Thereafter, participants attended scheduled study
visits every 3 months. Once the treatment target was maintained
for 3 consecutive months, no further changes were made to the
medication regimen, unless medication-related adverse events
(AEs) developed. If changes to therapy during the escalation
phase led to serum urate levels of <0.10 mmoles/liter in the inten-
sive target group and <0.20 mmoles/liter in the standard target
group, the medication dose was reduced.
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The urate-lowering therapy escalation protocol was stan-
dardized as follows: 1) in those in whom allopurinol was well
tolerated, the allopurinol dose was increased every month by
50–100 mg daily (increment dependent on the eGFR), to a
maximum dose of 900 mg daily; 2) if the treatment target was
not reached with maximum tolerated allopurinol monotherapy,
probenecid was added at 500 mg twice daily, increasing to
1 gm twice daily after 1 month if needed to achieve the target;
3) if the treatment target was not reached with allopurinol/
probenecid combination therapy, these treatments were
replaced with febuxostat at 80 mg daily, increasing to a maxi-
mum dose of 120 mg daily; and 4) if the treatment target was
not reached with febuxostat, benzbromarone was prescribed
at 100 mg daily in combination with allopurinol, if tolerated
(at the previously tolerated allopurinol dose). This protocol rep-
resented the maximum approved dosing of available oral urate-
lowering therapies in Aotearoa/New Zealand. In the case of
previous kidney stones, uricosuric therapy (probenecid and
benzbromarone) was not used. Standard contraindications
according to the prescribing information for each agent were
assessed on an individual patient basis when considering
changes to urate-lowering therapy, consistent with best clinical
practice.

A protocol amendment occurred in November 2017,
following the US Food and Drug Administration warning about
the cardiovascular safety of febuxostat in response to the Cardio-
vascular Safety of Febuxostat and Allopurinol in Participants With
Gout and Cardiovascular Comorbidities trial (17). Following this
alert, febuxostat was only used when all other urate-lowering
agents were not tolerated or were contraindicated. This resulted
in 6 participants switching medications from febuxostat to
another medication; 1 participant continued receiving febuxostat,
as all other urate-lowering agents were not tolerated or were
contraindicated.

In both groups, antiinflammatory prophylaxis against gout
flares using colchicine (0.5 mg once daily) or naproxen (250 mg
twice daily) was used for those who had experienced gout flares
in the preceding 3 months and during dose escalation of
urate-lowering therapy, in accordance with gout management
guidelines (12,18). Under exceptional circumstances, low-dose
prednisone (≤5 mg/day) was allowed as gout flare prophylaxis.
The choice of antiinflammatory prophylaxis was at the discretion
of the assessing clinician.

Patients were randomized using a random block randomiza-
tion algorithm. Briefly, a random number (Microsoft Excel 2003)
was assigned to each potential participant. Participants were
sorted according to their random number within number blocks
of random size to ensure that, should the trial terminate early,
the potential for imbalance was kept to a minimum. Those with
random numbers in the bottom half of the block were allocated
to the intensive target group, and the rest to the standard target
group.

To ensure blinding, only the statistician (GDG) and 1 study
member (BM) who advised on dose adjustment according to the
study protocol had access to the serum urate results and treat-
ment allocation, and neither of these individuals had contact with
participants. Participants and all other study staff were blinded
with regard to the serum urate results and the serum urate
target allocation throughout the trial.

Study end points. The primary end point was the degree
of change from baseline in CT bone erosion score in both feet,
measured at baseline, year 1, and year 2. Key secondary end
points were mean serum urate concentration, percentage of par-
ticipants who reached the allocated serum urate target, change
from baseline in plain radiographic damage score, and frequency
of AEs, including serious AEs (SAEs). Additional secondary end
points were the degree of change from baseline in Outcome Mea-
sures in Rheumatology (OMERACT) core outcome domains for
long-term gout studies (19) (area of up to 3 index tophi measured
using digital Vernier calipers) (20), subcutaneous tophus count,
number of gout flares in the preceding 3 months, pain (100-mm
visual analog scale [VAS]) and patient’s global assessment of dis-
ease activity (0–5–point Likert scale), health-related quality of life
using the EuroQol 5-domain-3L (EQ-5D-3L) questionnaire
(indexed to Aotearoa/New Zealand population norms [21]), and
activity limitation using the Health Assessment Questionnaire II
(22). Tophus measures and patient-reported outcomes were
recorded every 6 months, and gout flare frequency was mea-
sured every 3 months.

Imaging acquisition and scoring. CT images of both
feet were obtained at the beginning of the study and at the year
1 and year 2 visits. The participants were positioned feet first,
supine, with the feet in a plantar flexion position. Both ankles and
feet were scanned axially in one helical acquisition as previously
described (23).

CT bone erosions were scored using a CT bone erosion
scoring method, based on the RA Magnetic Resonance Imaging
Score for erosion (24), and were validated for gout (23). The gout
CT bone erosion scoring system includes erosions of the follow-
ing bones scored on a semiquantitative scale of 0–10 in each foot:
first metatarsal head, second, third, and fourth metatarsal base,
cuboid, middle cuneiform, and distal tibia (maximum total score
140 points). Sets of CT scans from the baseline visit, year 1, and
year 2 were scored in known order by 2 musculoskeletal radiolo-
gists (AJD and KB) who scored the scans separately and were
blinded with regard to the treatment allocation and each other’s
scores. The mean scores from both readers were used in the
analysis.

Plain radiography of the hands and both feet were obtained
at the beginning of the study and at the year 1 and year 2 visits
and were scored for erosions and joint space narrowing using a
modified version of the Sharp/van der Heijde scoring method
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(25) validated for gout (1). Sets of plain radiographs from the
baseline visit, year 1, and year 2 were scored in known order by
a rheumatologist (ND) and a musculoskeletal radiologist
(KB) who scored radiographs separately and were blinded with
regard to the treatment allocation and each other’s scores. The
mean scores from the 2 readers were used in the analysis.

Identification of AEs. At each study visit, patients were
asked about the occurrence of AEs. AEs and SAEs were
recorded and reported according to the Common Terminology
Criteria for Adverse Events classification. The New Zealand Health
Research Council Data Monitoring Core Committee provided
independent data safety monitoring of the trial.

Calculation of sample size and study power. The pri-
mary end point for this study (change in the CT erosion score of
the foot) was used in a previous 2-year randomized controlled trial
of zoledronate for bone erosion in gout (26). In the zoledronate
study, the SD for the mean change in CT erosion scores in those
with baseline serum urate levels of <0.30 mmoles/liter was
0.555 units. These participants had a mean � SD serum urate
level of 0.25 � 0.039 mmoles/liter. Accordingly, with a sample
size of 104 participants (assuming 20% loss to follow-up over
2 years), a 0.41-point difference in the change in CT erosion score
could be detected with 90% power at the 5% significance level.
Based on the mean baseline CT scores of 12.1 units in partici-
pants with a serum urate level of <0.30 mmoles/liter in the

zoledronate in gout study, this represented a 3.4% difference in
CT erosion scores over 2 years. In an analysis of plain radio-
graphic scores following pegloticase treatment, the mean
improvement in plain radiographic erosion score was 17.3% over
1 year (10). We anticipated that in most participants in the inten-
sive target group in the present study, serum urate levels of
<0.20 mmoles/liter would be reached. However, we recognized
that this target would not be achieved in all participants. In the
event that the intensive target was achieved in only 50% of partic-
ipants, the study was powered to detect a 0.61-point (5%) differ-
ence in the change in CT erosion score with 90% power at the 5%
significance level. Sample size estimates were made using PASS
2002 and were verified with the power procedure of SAS ver-
sion 9.4.

Statistical analysis.No interim efficacy analyses were per-
formed. All outcome data recorded over the 2-year period were
included in the models. All dependent variables were normal or
were rendered normal by transformation. The intensive target
group and standard target groups were compared using a
mixed-model approach to repeated measures in order to model
the difference in the change in CT erosion scores between
groups. For analysis of the change from baseline, baseline scores
were included as covariates (analysis of covariance [ANCOVA]).
Each outcome was modeled with 3 covariance structures (first-
order autoregressive, unstructured, or compound symmetry).
The model with the smallest Akaike’s information criterion was

Figure 1. Disposition of the study participants throughout the trial. Included participants were randomized to either a standard serum urate–
lowering target group or an intensive serum urate–lowering target group. ITT = intent-to-treat.
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then chosen for analysis. If models produced Akaike’s information
criterion values within 2 units of each other, the simplest model
(generally unstructured) was selected. Areas of up to 3 index tophi
identified at the baseline visit in each participant were modeled
over time using generalized estimating equations to take into
account the correlation between successive measurements of
the same tophus in an individual. Significant time-by-interaction
effects were further investigated using prespecified comparisons
between treatment groups at each time point with false discovery
rate protection for multiple comparisons to maintain an overall 5%
significance level for each outcome. Other than when indicated,
no further adjustment for multiplicity was performed.

Sensitivity analyses were performed to investigate the influ-
ence of missing data, using a “last observation carried forward”
approach and a Markov chain Monte Carlo imputation of 10 data
sets. In these sensitivity analyses, data were assumed to be
“missing at random.”

Least squares–adjusted marginal means and 95% confi-
dence intervals (95% CIs) from the mixed models are presented
in the tables; observed means and 95% CIs or the median and
interquartile range are shown in the figures. All tests were
2-tailed. Data analyses were performed on an intent-to-treat
basis. Secondary per-protocol analyses were also performed,
comprising only those participants with serum urate levels at the
specified serum urate target at both year 1 and year 2. All data
were analyzed using SAS version 9.4.

RESULTS

Participants. Disposition of the study participants is shown
in Figure 1. A total of 233 patients were approached for inclusion
in this study; 129 did not meet the inclusion criteria and were not
recruited. There were 104 participants enrolled in the study,
52 in each group. A total of 90 participants completed the study:
44 in the intensive target group (85%) and 46 in the standard tar-
get group (88%). All participants were included in the primary
intent-to-treat analysis.

Baseline demographic and clinical characteristics are shown in
Table 1. The majority of participants were men, and the mean age
was 61 years. The mean body mass index was >30 kg/m2 in both
groups. Themeandiseasedurationwas19 years, and ~50%expe-
rienced a gout flare in the 3months prior to enrollment.

Medications and serum urate lowering over the
study period. Medications and serum urate data over the
duration of the study are shown in Figures 2A and B. Medica-
tions at the end of the study are shown in Supplementary
Table 1 (available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42055). Mean
and median serum urate levels at all study visits are shown
in Supplementary Table 2 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42055).

Participants in the intensive target group experienced
more changes in medication and required more combination
therapy (P = 0.0004). At year 2, the mean � SD number of
medications was 1.3 � 0.5 in the intensive target arm and

Table 1. Baseline characteristics of study participants randomized
to the standard serum urate target group and those randomized to
the intensive serum urate target group*

Standard target
(n = 52)†

Intensive target
(n = 52)†

Age, years 62 � 11 60 � 14
Sex, no. (%) male 50 (96) 50 (96)
Self-reported ethnicity,

no. (%) of patients
M�aori 5 (10) 7 (13)
NZ European 33 (63) 34 (65)
Other 5 (10) 4 (8)
Pacific peoples 9 (17) 7 (13)

Comorbidities, no. (%)
of patients

Type 2 diabetes 4 (8) 5 (10)
Hypertension 26 (50) 26 (50)
CVD 10 (19) 3 (6)
Kidney stones 6 (12) 6 (12)

BMI, kg/m2 31.4 � 5.8 32.3 � 7.2
Gout disease duration,
years

19 � 13 19 � 12

No. of gout flares in the
preceding 3 months

1.48 � 2.40 1.82 � 2.61

No. (%) of patients who
experienced a gout

26 (50) 28 (54)

flare in the preceding
3 months

Presence of subcutaneous
tophi, no. (%) of patients

33 (63) 37 (71)

No. of subcutaneous tophi 3.2 � 4.7 4.8 � 7.8
Index tophus area, mm2‡ 238 � 259 214 � 223
Pain, 100-mm VAS 1.1 � 1.8 1.6 � 2.5
Patient’s global assessment
of disease activity score

1.5 � 1.0 1.8 � 1.5

EQ-5D-3L index 0.72 � 0.12 0.66 � 0.19
HAQ-II score 0.33 � 0.48 0.37 � 0.52
Serum urate, mmoles/liter 0.37 � 0.08 0.34 � 0.10
Serum creatinine,
μmoles/liter

96 � 25 98 � 23

eGFR, ml/minute/1.73 m2 119 � 49 124 � 48
CT erosion score 8.9 � 5.7 9.7 � 6.9
Plain radiography erosion
score

9.0 � 9.4 11.2 � 13.4

Plain radiography JSN score 6.4 � 7.2 7.0 � 8.0
Plain radiography damage
score

15.4 � 14.8 18.2 � 20.0

* Except where indicated otherwise, values are themean� SD. NZ =
New Zealand; CVD = cardiovascular disease; BMI = bodymass index;
VAS = visual analog scale; EQ-5D-3L = EuroQol 5-domain-3L; HAQ-II =
Health Assessment Questionnaire II; eGFR = estimated glomerular
filtration rate; CT = computed tomography; JSN = joint space
narrowing.
† Standard target indicates a serum urate target of <0.30 mmoles/
liter and intensive target indicates a serum urate target of
<0.20 mmoles/liter.
‡ Index tophus area values are in those with at least 1 measurable
index tophus at the baseline visit.
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1.0 � 0.1 in the standard target arm (P = 0.0009). The mean
dose of allopurinol in the intensive target group was also signif-
icantly higher at week 26 (P < 0.0001) and remained higher
throughout the trial. At the year 2 study visit, the mean � SD
dose of allopurinol was 746 � 210 mg/day in the intensive tar-
get group and 497 � 186 mg/day in the standard target
group.

Over the study period, serum urate levels were
significantly lower in the intensive target group compared to
the standard target group (P = 0.002) (Figure 2C and Supple-
mentary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.42055). However, fewer participants in the intensive target
group achieved the randomized serum urate target (at year 1,

53% versus 83% [P < 0.01]; at year 2, 62% versus 83%
[P < 0.05]) (Figure 2D).

Primary and key secondary outcomes. Imaging out-
comes for the primary intent-to-treat analysis are shown in
Table 2, Figure 3, and Supplementary Table 3 (http://
onlinelibrary.wiley.com/doi/10.1002/art.42055). Small increases
(worsening) in CT erosion scores were observed in both groups
over 2 years, with no between-group differences (P = 0.20). Sim-
ilar findings were observed for the plain radiographic erosion
scores (P = 0.94), plain radiographic joint space narrowing scores
(P = 0.27), and the combined radiographic damage scores
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Figure 2. Medication usage and serum urate concentrations over the duration of the study. A, Medications in each treatment group. B, Allopu-
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C, Serum urate concentration. Values are the observed median and interquartile range. D, Percentage (with 95% CI) of participants achieving ran-
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(P = 0.63). Improved erosion scores were not observed in either
group.

Sensitivity analyses were performed to investigate the influ-
ence of missing data. A “last observation carried forward”
approach showed no time-by-treatment interaction effects for
the change in CT erosion scores or the change in plain radio-
graphic scores (P > 0.26 in all ANCOVA analyses), and no effects
were demonstrated using Markov chain Monte Carlo imputation
(P > 0.30 in all aggregated ANCOVA analyses).

Imaging results from the prespecified per-protocol analysis
that included participants with randomized serum urate targets
at year 1 and year 2 are shown in Supplementary Tables 4 and
5 (http://onlinelibrary.wiley.com/doi/10.1002/art.42055). This
analysis included 19 participants in the intensive target group

and 32 participants in the standard target group. These findings
were similar to those in the primary intent-to-treat analysis. No
differences in terms of the change in CT erosion scores or the
change in plain radiographic scores were observed between
the groups.

Additional secondary end points (OMERACT gout
core outcome domains). Outcomes for the OMERACT gout
core outcome domains (gout flares, tophi, pain, patient’s global
assessment of disease activity, health-related quality of life, and
activity limitations) are shown in Table 2, Supplementary Table 3,
and Supplementary Figures 1 and 2 (http://onlinelibrary.wiley.
com/doi/10.1002/art.42055). All outcomes improved in both

Table 2. Change from baseline to year 1 and year 2 in outcomes in participants randomized to the standard serum
urate target group and those randomized to the intensive serum urate target group*

Standard target
(n = 52)†

Intensive target
(n = 52)† Mean difference

CT erosion score
Year 1 0.1 (–0.05, 0.25) 0.24 (0.09, 0.39) 0.14 (–0.07, 0.35)
Year 2 0.23 (0.07, 0.38) 0.46 (0.31, 0.62) 0.24 (0.02, 0.45)

Plain radiography erosion score
Year 1 0.61 (0.27, 0.96) 0.66 (0.32, 1) 0.05 (–0.44, 0.53)
Year 2 0.93 (0.58, 1.28) 0.9 (0.55, 1.25) –0.03 (–0.53, 0.46)

Plain radiography JSN score
Year 1 0.22 (0.05, 0.39) 0.12 (–0.05, 0.29) –0.1 (–0.34, 0.15)
Year 2 0.64 (0.46, 0.81) 0.4 (0.22, 0.57) –0.24 (–0.49, 0.01)

Plain radiography damage score
Year 1 0.82 (0.42, 1.23) 0.79 (0.39, 1.19) –0.04 (–0.61, 0.54)
Year 2 1.57 (1.16, 1.99) 1.29 (0.87, 1.7) –0.29 (–0.87, 0.3)

Gout flares in the preceding 3 months
Year 1 –0.61 (–1, –0.21) –0.79 (–1.19, –0.39) –0.18 (–0.74, 0.38)
Year 2 –1.23 (–1.63, –0.83) –1.24 (–1.65, –0.83) –0.01 (–0.58, 0.57)

Tophus count
Year 1 –0.38 (–0.9, 0.14) –0.6 (–1.13, –0.08) –0.22 (–0.96, 0.52)
Year 2 –1.45 (–1.98, –0.93) –1.34 (–1.87, –0.81) 0.11 (–0.63, 0.86)

Index tophus area‡
Year 1 –122 (–196, –48) –112 (–179, –44) 10 (–90, 111)
Year 2 –185 (–270, –100) –159 (–237, –82) 26 (–89, 141)

Pain, 100-mm VAS
Year 1 0.05 (–0.38, 0.48) –0.34 (–0.76, 0.09) –0.39 (–1, 0.22)
Year 2 –0.46 (–0.89, –0.03) –0.67 (–1.11, –0.23) –0.21 (–0.82, 0.41)

Patient’s global assessment of disease
activity

Year 1 –0.41 (–0.7, –0.12) –0.5 (–0.78, –0.21) –0.09 (–0.49, 0.32)
Year 2 –0.51 (–0.8, –0.22) –0.51 (–0.8, –0.22) 0 (–0.41, 0.41)

EQ-5D-3L index score
Year 1 0.01 (–0.02, 0.04) 0.01 (–0.02, 0.05) 0 (–0.04, 0.05)
Year 2 0.02 (–0.01, 0.05) 0.04 (0.01, 0.07) 0.02 (–0.03, 0.06)

HAQ-II score
Year 1 –0.1 (–0.19, 0) 0.03 (–0.06, 0.12) 0.12 (–0.01, 0.25)
Year 2 –0.11 (–0.2, –0.02) –0.08 (–0.17, 0.02) 0.03 (–0.1, 0.16)

* Values are the least squares–adjustedmarginal mean (95% confidence interval). CT = computed tomography; JSN
= joint space narrowing; VAS = visual analog scale; EQ-5D-3L = EuroQol 5-domain-3L; HAQ-II = Health Assessment
Questionnaire II.
† Standard target indicates a serum urate target of <0.30 mmoles/liter and intensive target indicates a serum urate
target of <0.20 mmoles/liter. The difference between groups was not statistically significant for any outcome mea-
sure, as assessed by analysis of covariance.
‡ Index tophus area values are in those with at least 1 measurable index tophus at the baseline visit.
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groups over the 2-year study period, with no between-group dif-
ferences (P > 0.29 for all).

AEs. All AE data are shown in Table 3, and the number of
participants with at least 1 SAE is shown in Supplementary Table 6
(http://onlinelibrary.wiley.com/doi/10.1002/art.42055). There
were 3 medication-related AEs that required changes in therapy,
all in the intensive target group: rash attributed to both allopurinol
and febuxostat in the same participant and hot flashes and

dizziness attributed to benzbromarone in another participant.
There was no significant difference in AEs and SAEs between
groups, although there were numerically more cardiac and circu-
latory system AEs and infection-related AEs in the intensive target
group. Additional details regarding the number and sites of infec-
tions are shown in Supplementary Table 7 (http://onlinelibrary.
wiley.com/doi/10.1002/art.42055). In the intensive target group,
there were more infections affecting the skin, soft tissue, and uri-
nary tract (though the increase was not statistically significant),
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Figure 3. Imaging outcomes. A, Computed tomography (CT) bone erosion scores. B, Plain radiographic bone erosion scores. C, Plain radio-
graphic joint space narrowing scores. D, Plain radiographic joint damage scores. Values are the observed mean and 95% confidence interval.

Table 3. AEs and SAEs in participants randomized to the standard serum urate target group and those randomized to the
intensive serum urate target group

Total AEs and SAEs, no. (%) Patients with at least 1 AE or SAE, no. (%)

Standard
target*

Intensive
target* Total

Standard target
(n = 52)*

Intensive target
(n = 52)* Total

Cancer 3 3 6 3 (6) 3 (6) 6
Cardiac and 10 25 35 7 (13) 11 (21) 18
circulatory system
problems

Gastrointestinal 27 24 51 21 (40) 17 (33) 38
disorders

Infection 82 140 222 37 (71) 45 (87) 82
Injury 42 43 85 25 (48) 27 (52) 52
Musculoskeletal 29 32 61 21 (40) 19 (37) 40
disorders

Nervous system 1 1 2 1 (2) 1 (2) 2
disorders

Other 37 36 73 21 (40) 20 (38) 41
Rash 17 21 38 16 (31) 13 (25) 29
Renal and urinary 3 2 5 3 (6) 2 (4) 5
tract disorders

Respiratory 3 1 4 2 (4) 1 (2) 3
system disorders

Any AE or SAE 253 328 581 48 (92) 49 (94) 97

* Standard target indicates a serum urate target of <0.30 mmoles/liter and intensive target indicates a serum urate target of
<0.20 mmoles/liter. The difference between groups was not statistically significant for any adverse event (AE) or serious AE
(SAE), as assessed by analysis of covariance.
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as well as significantly more influenza and upper respiratory tract
infections.

There were 9 participants (17%) in each group who had
SAEs, with no between-group differences in the causes of the
SAEs, including cardiac and circulatory system problems and
infections. There were 2 deaths in the intensive target group
(1 due to a perforated sigmoid colon [likely secondary to a colonic
neoplasm] and 1 due to acute pulmonary edema [possibly sec-
ondary to myocardial infarction]) and 1 death in the standard tar-
get group (due to acute coronary syndrome and ventricular
fibrillation cardiac arrest).

DISCUSSION

This randomized, double-blind clinical trial has shown that,
compared to a standard serum urate target of <0.30 mmoles/
liter, intensive urate-lowering therapy with oral medications to a
target of <0.20 mmoles/liter does not improve bone erosion
scores in patients with erosive gout. Furthermore, with oral medi-
cations, more medication is required to achieve the intensive
serum urate target, and it is difficult to reach and maintain over
time. Similar improvement in clinical outcomes in erosive gout,
including gout flares, tophus size, activity limitation, and health-
related quality of life, can be achieved with oral urate-lowering
therapy at a standard serum urate target of <0.30 mmoles/liter.

The results of this trial can be compared to previous studies
of erosive gout (8,10,26). In contrast to the small case series of
patients receiving pegloticase, in which improvement in bone ero-
sion scores was observed following treatment (10), clinical trials in
patients receiving oral urate-lowering therapy have not demon-
strated improvements in erosion scores (8,26). Importantly, in this
study, difficulty achieving the intensive target with oral urate-
lowering therapy may explain the differences compared to the
results of the pegloticase studies. While the efficacy of pegloticase
on bone erosion requires confirmation in future clinical trials, it
seems likely that profound reductions in serum urate levels are
required for erosion healing in gout. It is possible that with a longer
duration of intensive urate lowering with oral medications, erosion
healing might occur. However, our data indicate that once erosive
gout has occurred, it cannot be easily reversed.

In this study, increases in CT scores and radiographic scores
were observed over time despite urate-lowering therapy. Similar
findings were observed in our previous trial examining allopurinol
dose escalation, with some worsening in imaging outcomes, even
in participants in the dose-escalation arm (8). Collectively, these
findings indicate that, in gout, once joint damage is established,
the processes driving this damage may continue despite control
of the serum urate level. For this reason, earlier use of urate-
lowering therapy to prevent the development of bone erosions in
gout should be a priority.

The implications of the small changes in joint damage scores
on imaging over the 2-year period are uncertain, given the

improvement in other outcomes over the study period, including
gout flares, tophi, and activity limitation. Our findings raise uncer-
tainty regarding the clinical importance of small changes in joint
damage observed on imaging, particularly when there is clinical
improvement in other outcome domains with urate-lowering
therapy use.

An important finding of this study is that in many partici-
pants, the serum urate target of <0.20 mmoles/liter could not
be reached with oral therapy, but a target of <0.30 mmoles/liter
was achievable for most participants receiving allopurinol
monotherapy. The target of <0.30 mmoles/liter is recom-
mended in patients with gouty arthropathy, and this trial shows
that allopurinol monotherapy can be used to achieve this target
in most patients. A mean allopurinol dose of ~500 mg/day was
required to achieve the target of <0.30 mmoles/liter, which is a
dose that is much higher than the 300-mg daily dose that is
widely used in clinical practice (27). Together with findings from
several other trials (17,28), these results provide evidence for
the safety and efficacy of allopurinol escalated to doses of
>300 mg/day.

AEs were broadly similar between the 2 groups. While there
were more cardiac- and circulatory system–related AEs and
infection-related AEs in the intensive target group, the number of
participants with SAEs was similar in the 2 groups. A U-shaped
mortality curve for serum urate levels has been reported for both
all-cause and cardiovascular disease mortality (29), although large
cardiovascular outcome trials have not demonstrated a clear rela-
tionship between intensity of serum urate lowering and cardiovas-
cular events (17,30).

This is the first published randomized controlled trial
designed specifically to examine different serum urate targets for
gout management, and it provides a template for future double-
blind randomized controlled trials examining different targets and
treatment strategies in gout. While the serum urate target of
<0.36 mmoles/liter (6 mg/dl) in gout patients receiving urate-
lowering therapy (without severe disease) has been widely sup-
ported by rheumatology professional societies (12,18), it is
unknownwhether higher or lower serum urate targets have similar
benefit to the widely recommended target of <0.36 mmoles/liter
(6 mg/dl). This study demonstrates the feasibility of undertaking
a double-blind randomized controlled trial to address this
question.

Limitations of this study are that the study findings are not rel-
evant to individuals without erosive disease or to health care sys-
tems without access to a broad range of urate-lowering agents.
The Aotearoa/New Zealand population has a high prevalence of
severe gout (31), so the study population may not be generaliz-
able to other countries. However, in our view, the ethnically
diverse study population is a strength of this study (32). Additional
strengths of the study include the double-blind trial design, the
use of validated imaging outcomes, and reporting of all OMER-
ACT core outcome domains.
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In summary, intensive serum urate lowering to a target of
<0.20 mmoles/liter is difficult to achieve with oral urate-lowering
therapy, leads to high medication burden, and does not improve
bone erosion scores in patients with erosive gout. When using oral
urate-lowering therapy, a serum urate target of <0.30 mmoles/liter
is sufficient to achieve clinical benefit in this patient group.
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Clinical Images: Detection of titanium dioxide particles by Raman spectroscopy in synovial fluid from a swollen ankle

The patient, a 71-year-old man, presented with a swollen ankle joint. Review of the patient’s history revealed gout flare in 2011 (diagnosed by a
general practitioner) and receipt of titanium alloy hip implants in 2016. The general practitioner’s diagnosis of suspected gout could not be con-
firmed by compensated polarized light microscopy. Brightfield microscopy of a synovial fluid specimen from the ankle joint showed dark, smooth
objects inside a synovial leukocyte (A). We used Raman spectroscopy to measure the chemical composition of these objects. The red and blue
spectra (B andC) are typical of anatase crystals, with peaks at 142, 196, 396, 516, and 638 cm−1 (1); anatase is a polymorph of titanium dioxide
crystals (TiO2). The black spectrum (B andC) has peaks at 676 and 1,374 cm−1, which are linked to oxidized cytochrome b558. Cytochrome b558
is part of the NADPH oxidase complex, which plays a critical role in inflammation. Anatase is a known component of paints, drugs, toothpaste,
and ointments, and the release of titanium dioxide from dental and orthopedic implants is suggested (2). To our knowledge, this is the first
example of anatase crystal detection in synovial fluid. Anatase has a lowbirefringence (�20%of the value formonosodiumuratemonohydrate
crystals), and themorphology of crystal surfaces is smooth. Experiments have shown that TiO2 endocytosis can trigger interleukin-1β release
in cultures of leukocytes (3). Whether the anatase crystals contributed to the inflammation in this case is unknown. Therewere no clinical signs
of metallosis or osteolysis. The patient responded well to prednisone (10 mg orally every other day for 6 weeks) and fully recovered.
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Contribution of Interleukin-4–Induced Epithelial Cell
Senescence to Glandular Fibrosis in IgG4-Related
Sialadenitis

Sai-Nan Min,1 Meng-Qi Zhu,1 Xiang-Di Mao,2 Wei Li,1 Tai Wei,1 Mei Mei,1 Yan Zhang,2 Li-Ling Wu,2

Guang-Yan Yu,1 and Xin Cong2

Objective. IgG4-related sialadenitis (IgG4-RS) is a chronic fibroinflammatory disease characterized by glandular
fibrosis and hyposalivation. This study was undertaken to explore the role of cellular senescence in the pathogenesis
of IgG4-RS–related fibrosis.

Methods. The expression of senescence markers and proinflammatory cytokines in the submandibular glands
(SMGs) of IgG4-RS patients (n = 18) and controls (n = 14) was determined by proteomics, real-time polymerase chain
reaction, Western blotting, and immunohistochemistry. After interleukin-4 (IL-4) treatment, high-throughput RNA
sequencing was performed to identify the differentially expressed genes in SMG-C6 cells. A glandular fibrosis model
was established by the intraglandular injection of IL-4 into mouse SMGs (n = 8 per group).

Results. Salivary acinar and ductal epithelial cells underwent senescence in IgG4-RS patients, as indicated by the
elevated activity of senescence-associated β-galactosidase, lipofuscin accumulation, enhanced expression of senes-
cence markers (p53 and p16INK4A), and up-regulation of senescence-associated secretory phenotype factors. More-
over, there was a significant increase in IL-4 levels in SMGs from IgG4-RS patients (P < 0.01), which positively
correlated with p16INK4A expression and the fibrosis score. Incubation with IL-4 exacerbated salivary epithelial
cell senescence by increasing the expression of p16INK4A through the reactive oxygen species (ROS)/p38 MAPK path-
way. Supernatant collected from IL-4–induced senescent SMG-C6 cells enhanced fibroblast activation and matrix pro-
tein production (P < 0.05). Furthermore, injecting mice with IL-4 promoted fibrosis and senescence phenotypes in
SMGs in vivo.

Conclusion. The cellular senescence induced by IL-4 through the ROS/p38 MAPK-p16INK4A pathway promotes
fibrogenesis in IgG4-RS. Our data suggest that cellular senescence could serve as a novel therapeutic target for treat-
ing IgG4-RS.

INTRODUCTION

IgG4-related disease (IgG4-RD) is a systemic fibroinflamma-

tory disorder characterized by increased IgG4+ plasma cell infil-

tration and storiform fibrosis in multiple organs, such as the

salivary glands, pancreas, lacrimal glands, and kidney (1). Salivary

glands were found to be affected in nearly 27–58% of IgG4-RD

patients, and this condition is referred to as “IgG4-related sialad-

enitis (IgG4-RS)” (2–4). IgG4-RS patients exhibit persistent and

painless unilateral or bilateral enlargement of the salivary glands,
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which is accompanied by different degrees of hyposecretion due
to progressive fibrosis (5).

In a cohort of 235 consecutive IgG4-RD patients in Japan,
nine-tenths of the cases were diagnosed in 50–70-year-old indi-
viduals, suggesting that IgG4-RD mainly occurs in middle-aged
and elderly individuals (6). The onset of this disease was more
likely to be associated with strong lymphocytic activation in elderly
patients (ages >70 years) than in younger patients (7). Recent
studies have shown that serum interleukin-15 (IL-15) levels are
increased in IgG4-RS patients. Furthermore, the number of mem-
ory CD28−CD4+ T cells, which proliferate in response to IL-15,
also increased with age (8–10). Given that many chronic inflam-
matory diseases are considered to be aging-related disorders, it
is notable that some features associated with aging, such as inter-
stitial fibrosis, acinar atrophy, persistent inflammation, and loss of
regenerative capability in salivary gland epithelial cells, are
observed in IgG4-RS (5). These findings suggest that aging might
be a contributing factor to the initiation and progression of
IgG4-RS.

Accumulation of cellular senescence is a main feature of
aged organisms, and refers to a state of irreversible growth arrest,
which is triggered by pathogenic factors, such as inflammation
caused by diverse inflammatory cytokines (e.g., interleukins, inter-
ferons, and chemokines), oxidative stress, oncogene activation,
and DNA damage (11,12). The characteristics of senescent cells
include growth arrest, increased lysosomal content, resistance
to apoptosis, an enlarged and flattened morphology, and
enhanced expression of cyclin-dependent kinase (CDK) inhibitor
genes, such as p16INK4A, p21, and p15 (13). Accumulation of
senescent cells can further promote the release of proinflamma-
tory cytokines, chemokines, growth factors, and proteases that
are known as senescence-associated secretory phenotype
(SASP) factors. SASP factors secreted by senescent cells rein-
force and propagate senescence in an autocrine and paracrine
manner; in addition, they attract immune cells and promote tissue
repair (14).

Several studies have indicated that many proinflammatory
cytokines, such as IL-18, transforming growth factor β (TGFβ),
and IL-22, can induce cellular senescence and participate in
various fibrotic diseases, such as idiopathic pulmonary fibrosis,
liver fibrosis, and kidney fibrosis (15–17). Furthermore, cellular
senescence has been observed and is related to the loss of sal-
ivary gland function in mice that received radiation in the head
and neck, in primary Sjögren’s syndrome, and in the
senescence-accelerated mouse prone 1 line (18–22). However,
whether the infiltrating lymphocytes and their secreted proin-
flammatory cytokines trigger cellular senescence in the salivary
glands of patients with IgG4-RS remains unexplored. In this
study, we aimed to understand the presence and role of cellular
senescence in the pathogenesis of fibrosis in the salivary glands
of patients with IgG4-RS, and further elucidate the underlying
mechanism.

MATERIALS AND METHODS

Cell culture, animal models, Sudan Black B staining,
senescence-associated (SA) β-galactosidase (β-gal) staining,
TUNEL staining, Masson’s trichrome staining, sirius red
staining, lactate dehydrogenase (LDH) assay, cell cycle and pro-
liferation assays, 5-ethynyl-20-deoxyuridine assay, measure-
ment of reactive oxygen species (ROS), migration assay,
proteomics analysis, RNA sequencing, cytokine array, etc. are
described in detail in the Supplementary Methods, available on
the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.42052. All animal research has been
reported according to Animals in Research: Reporting In Vivo
Experiments guidelines (23).

Patients and samples. Submandibular gland (SMG)
biopsy specimens were obtained from 18 patients who were
diagnosed as having IgG4-RS according to the comprehensive
diagnostic criteria (24) and had not been treated with steroids or
immunosuppressants. SMG tissues from 4 patients with chronic
sialadenitis (mean � SD age 57.00 � 8.29 years) were included
for comparison. Control SMG tissues, confirmed to be normal
on pathologic examination, were obtained from 14 individuals
(mean � SD age 62.50 � 6.37 years) undergoing surgery for
head or neck carcinoma. Immediately after surgery, a part of the
specimen was frozen in liquid nitrogen for RNA and protein
extraction, and the remainder was used for histochemical stain-
ing. Blood samples were obtained from IgG4-RS patients and
healthy donors after an overnight fast. Following sample collec-
tion, serum was immediately separated by centrifugation and
stored at −80�C. All patients signed an informed consent form.
The study protocol was approved by the Ethics Committee of
Peking University School and Hospital of Stomatology
(No. PKUSSORB-2013008). The clinical characteristics and sero-
logic features of the IgG4-RS patients are summarized in Supple-
mentary Table 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052.

Statistical analysis. Data were normalized and are
expressed as the mean � SEM. The significance of differences
between groups was analyzed by Student’s unpaired t-test or
analysis of variance followed by Bonferroni test or Tukey’s test
using GraphPad software. Correlation was analyzed by Pearson’s
correlation coefficient analysis. P values less than 0.05 were con-
sidered significant.

RESULTS

Altered expression profile of aging-related proteins
in the SMGs of patients with IgG4-RS. The protein profiles
of SMG samples from IgG4-RS patients and controls were
screened using proteomics. A total of 894 differentially expressed
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Figure 1. Cellular senescence in the submandibular glands (SMGs) of patients with IgG4-related sialadenitis (IgG4-RS). A, Volcano plot display-
ing differential expression of 894 proteins in IgG4-RS patients and controls (n = 3 per group). Proteins up-regulated (ratio of fold change [FC] ≥1.3)
in IgG4-RS are shown in orange; proteins down-regulated (ratio of fold change ≤0.77) in IgG-RS are shown in blue. NS = not significant. B, The
50 most enriched KEGG pathways for the differentially expressed proteins in SMGs from IgG4-RS patients and controls. Pathways shown in
red are related to aging and inflammatory processes. ECM = extracellular matrix; TCA = tricarboxylic acid. C, Heatmap depicting differentially
expressed proteins in the Gene Ontology term “aging” in controls and IgG4-RS patients. Several aging-related proteins, such as β-galactosidase
(β-gal), histone H2AX, and CDK inhibitor 1B were abnormally expressed in SMGs from IgG4-RS patients. Red text indicates β-gal, a cellular senes-
cence marker.D, Left, Sudan Black B staining for lipofuscins in SMGs from 4 representative controls (n = 7) and 4 representative IgG4-RS patients
(n = 7). Bottom panels show higher-magnification views (bars = 25 μm) of the boxed areas in the top panels (bars = 50 μm). Arrows indicate
positive staining. Right, Quantitative analysis of Sudan Black B staining. Symbols represent individual subjects; bars show the mean � SEM.
E, Representative transmission electron microscopy images showing an accumulation of lipofuscins in the SMG from an IgG4-RS patient. Right
panels (bars = 500 nm) show higher-magnification views of the boxed areas in the left panels (bars = 2 μm). F, Senescence-associated
(SA) β-gal staining in SMGs from controls and IgG4-RS patients (n = 4 per group). Bars = 100 μm. G, Western blot (top) and quantification (bot-
tom) of β-gal expression in SMGs from controls and IgG4-RS patients (n = 6 per group). Symbols represent individual subjects; bars show the
mean � SEM. * = P < 0.05; ** = P < 0.01.
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proteins were identified (ratio of fold change ≥1.3 or ≤0.77;
P < 0.05), of which 578 were up-regulated and 316 were down-
regulated in IgG4-RS (Figure 1A). KEGG pathway enrichment
analysis revealed that the differentially expressed proteins were
enriched in 84 pathways. The top 50 pathways followed a pattern
similar to the aging process and included metabolic pathways,
oxidative phosphorylation, and regulation of actin cytoskeleton,
as well as pathways related to inflammatory processes
(Figure 1B). Accordingly, we further analyzed the term “Aging” in
Gene Ontology (GO)–enriched categories. Several aging-related
proteins, such as β-gal, histone H2AX, and CDK inhibitor 1B were
abnormally expressed in the SMGs of IgG4-RS patients
(Figure 1C). These results implied that aging might be involved in
the pathogenesis of IgG4-RS.

Epithelial cell senescence in the SMGs of patients
with IgG4-RS. Sudan Black B and SA β-gal staining are 2 fre-
quently used methods to evaluate cellular senescence. SA β-gal
staining measures the activity of the lysosomal enzyme β-gal, a
well-known marker of cellular senescence, whereas Sudan Black
B staining directly detects the cellular aging process via the waste
product lipofuscin, a hallmark of senescent cells (25,26). We
observed more Sudan Black B–stained granules in the ductal
cells in SMGs from IgG4-RS patients than in those from controls
(Figure 1D). The accumulation of lipofuscins in the ductal cells in
SMGs from IgG4-RS patients was further confirmed using elec-
tron microscopy (Figure 1E). SA β-gal staining indicated a signifi-
cant increase in SA β-gal activity in SMGs from IgG4-RS patients
compared with those from controls (Figure 1F). The increased
β-gal protein expression was further validated by Western blotting
(Figure 1G).

The expression of multiple senescence markers, such as
p14ARF, p53, and p16INK4A, and SASP factors, such as IL-6 and
TGFβ1, was higher in SMGs from IgG4-RS patients than in those
from controls. In contrast, the levels of messenger RNA (mRNA)
for p21 were unchanged (Figure 2A). The p53 and p16INK4A pro-
tein levels were significantly elevated in SMGs from IgG4-RS
patients; however, only a slight, although significant, increase in
the expression of p21 protein was detected (Figure 2B). Further-
more, increased intensities of p53 and p16INK4A were seen in the
residual acinar and ductal cells of SMGs from IgG4-RS patients.
Additionally, sporadic expression of p21 was observed
(Figure 2C).

Since p21 signal was not activated, we did not further examine
the expression and localization of its upstream molecule p14ARF.
However, there was no significant increase in lipofuscin or p16INK4A

expression in SMGs from patients with chronic sialadenitis, a
nonspecific inflammatory and fibrotic disease (Supplementary
Figures 1A and B, available on the Arthritis & Rheumatology
website at http://onlinelibrary.wiley.com/doi/10.1002/art.42052),
indicating that cellular senescence might be specific to IgG4-RS.
Both the proportion of apoptotic cells and the expression of

cleaved caspase 3 were unchanged among IgG4-RS patients
and controls (Supplementary Figures 2A and B, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.42052), suggesting that apoptosis might not be
the major pathologic process in IgG4-RS. These results indicate
that both acinar and ductal epithelial cells undergo cellular senes-
cence in IgG4-RS.

Elevated IL-4 expression in the SMGs of patients
with IgG4-RS. The infiltration of lymphocytes plays a crucial role
in the progression of IgG4-RS (27,28). CD20+ B cells were pri-
marily located within the germinal centers, whereas CD3+ T lym-
phocytes were organized around germinal centers. Among
CD3+ T lymphocytes, CD4+ T cells were the dominant population
in SMGs from IgG4-RS patients (Figure 2D). The levels of CD4+
T cell–associated cytokines, such as IL-2, interferon-γ (IFNγ),
IL-4, IL-13, and IL-10, were significantly higher in IgG4-RS
patients than in controls. IL-4 in particular was one of the proin-
flammatory cytokines that was most up-regulated (Figure 2E).
The increase in IL-4 protein expression, together with the increase
in IL-4 receptor (IL-4R) mRNA, in SMGs from IgG4-RS patients
was further validated by Western blotting and real-time polymer-
ase chain reaction, respectively (Figures 2F and G).

We then costained SMGs with IL-4 and zonula occludens 1,
a tight junction molecule expressed in epithelial cells. Expression
of IL-4 was not found in controls and was slightly detected in
SMGs from patients with chronic sialadenitis (Supplementary
Figure 3A, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052). In con-
trast, strong IL-4 staining was detectable in the inflammatory infil-
tration foci of SMGs from IgG4-RS patients (Figure 2H). Notably,
IL-4 was partially colocalized with or accumulated surrounding
CD4+ lymphocytes in SMGs from IgG4-RS patients, whereas
IL-4 and CD4 staining was hardly observed in controls
(Supplementary Figure 3B, available on the Arthritis & Rheuma-
tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42052), indicating that a portion of IL-4 was produced or
secreted from Th2 cells. Furthermore, a cytokine antibody array
was performed to determine the cytokine profiles in the serum of
IgG4-RS patients and controls. The levels of multiple cytokines,
such as granulocyte-macrophage colony stimulating factor,
IL-23, TGFβ, and tumor necrosis factor α, were higher among
IgG4-RS patients (Supplementary Figure 4, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.42052). In contrast, serum IL-4 levels were
unchanged, suggesting that local IL-4 might play an important
role in IgG4-RS.

To further study the relationship between IL-4 and cellular
senescence, correlation analysis was performed. IL-4 mRNA
expression positively correlated with the senescence marker
p16INK4A, but not with p53 or p21, in SMGs from IgG4-RS
patients (Figure 2I). These results suggest that an association
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exists between augmented IL-4 and cellular senescence in SMG
lesions in IgG4-RS patients.

IL-4–induced cellular senescence in SMG-C6 cells.
Considering that there is not a commonly accepted salivary gland
ductal cell line, we chose to use SMG-C6 cells, a rat submandib-
ular epithelial cell line with characteristics of acinar cells, for the
in vitro studies. First, high-throughput RNA sequencing was per-
formed in SMG-C6 cells with or without recombinant IL-4 stimula-
tion. A total of 654 genes with significant differential expression
were identified (ratios of fold change ≥2 or ≤0.5; P < 0.05), of
which 434 were up-regulated and 220 were down-regulated
(Figure 3A). The 20 most enriched biologic processes for signifi-
cantly down-regulated and up-regulated genes are shown in
Figure 3B and Supplementary Figure 5, available on the Arthritis
& Rheumatology website at http://onlinelibrary.wiley.com/doi/

10.1002/art.42052, respectively. Notably, the down-regulated
genes related to the regulation of cell proliferation were screened,
while the up-regulated genes were enriched in positive regulation
of cell migration and localization.

Since low proliferation is one of the characteristics of senescent
cells, we speculated that IL-4 could induce salivary gland cell senes-
cence. Treating SMG-C6 cells with IL-4 for 48 hours led to inhibition
of the proliferative capacity (Figures 3C and D). Cells exposed to IL-4
were arrested in the S phase (Figure 3E). Furthermore, IL-4 treat-
ment significantly increased the activity of SA β-gal and caused a flat-
tening and enlargement of cell morphology (Figure 3F). However,
IL-4 neutralizing antibody significantly eliminated the IL-4–induced
increase in SA β-gal activity and growth inhibition (Supplementary
Figures 6A and B, available on the Arthritis & Rheumatologywebsite
at http://onlinelibrary.wiley.com/doi/10.1002/art.42052), again sug-
gesting a direct relationship between IL-4 and senescence.

Figure 2. Relationship between elevated interleukin-4 (IL-4) expression and senescence in submandibular glands (SMGs) from patients with
IgG4-related sialadenitis (IgG4-RS). A, Expression of mRNA for p14ARF, p53, p21, p16INK4A, IL-6, and transforming growth factor β1 (TGFβ1) in
SMGs from controls (n = 11–14) and IgG4-RS patients (n = 13–16).B, Western blot (top) and quantification (bottom) of p53, p21, and p16INK4A pro-
tein expression in SMGs from controls (n = 12) and IgG4-RS patients (n = 14). C, Left, Immunostaining for p53, p21, and p16INK4A in SMGs from a
control and an IgG4-RS patient. Bottom panels (bars = 20 μm) show higher-magnification views of the boxed areas in the top panels (bars = 50
μm). Arrows indicate positive staining. Right, Relative staining intensity in SMGs from controls (n = 5) and IgG4-RS patients (n = 6). D, Immunostain-
ing for CD20, CD3, CD4, and CD8 in SMGs from a control and an IgG4-RS patient.Asterisks indicate lymphoid follicles. Bars = 200 μm. E, Levels of
mRNA for IL-2, IL-12, interferon-γ (IFNγ), IL-4, IL-5, IL-13, IL-17, IL-10, and FoxP3 in SMGs from controls (n = 8–14) and IgG4-RS patients (n = 12–
18). F, Western blot (top) and quantification (bottom) of IL-4 protein levels in SMGs from controls and IgG4-RS patients (n = 7 per group).G, Levels of
mRNA for IL-4 receptor (IL-4R) in SMGs from controls and IgG4-RS patients (n = 14 per group). H, Left, Immunostaining for IL-4 and zonula occlu-
dens 1 (ZO-1) in SMGs from a control and an IgG4-RS patient. Bottom panels (bars = 25 μm) show higher-magnification views of the boxed areas in
the top panels (bars = 50 μm). Right, Relative staining intensity in SMGs from controls and IgG4-RS patients (n = 4 per group). I, Correlations
between the levels of IL-4 mRNA and senescence markers in SMGs from IgG4-RS patients (n = 16), determined by Spearman’s test. In A–C and
E–H, symbols represent individual subjects; bars show the mean � SEM. * = P < 0.05; ** = P < 0.01. A = acini; D = ductal cells; IC = inflammatory
cells; F = fibrosis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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IL-4 had no effect on LDH activity, the proportion of
apoptotic cells, or the ratio of Bax to Bcl-2 proteins
(Supplementary Figures 7A–C, available on the Arthritis &

Rheumatology website at http://onlinelibrary.wiley.com/doi/

10.1002/art.42052). The senescence markers p53/p21 and
p16INK4A are the 2 major mediators that modulate the cell cycle
by inhibiting the activity of CDK, which phosphorylates and
inactivates the retinoblastoma (Rb) protein. There was an

Figure 3. Direct induction of cellular senescence by interleukin-4 (IL-4).A, Volcano plot of RNA sequencing in SMG-C6 cells treatedwith IL-4 (20 ng/ml)
for 48 hours (n = 3). Up-regulated genes (ratio of fold change [FC] ≥2) are shown in orange; down-regulated genes (ratio of fold change ≤0.5) are shown in
blue. NS = not significant. B, The 20 most significantly enriched Gene Ontology (GO) terms for the down-regulated genes. C, Changes in proliferative
capacity of SMG-C6 cells exposed to different concentrations of IL-4 for 48 hours, quantitated with Cell Counting Kit 8 (CCK8) (n = 5). D, Fluorescence
images (left) and quantification of positive cells (right) showing changes in proliferative capacity of SMG-C6 cells exposed to IL-4, measured by 5-ethynyl-
20-deoxyuridine (EdU) assay (n = 3). Proliferative nuclei are green; cell nuclei were stainedwithDAPI. Bars = 50μm.E, Cell cycle analysis for SMG-C6cells
treated with IL-4 (n = 5). F, Staining for (top) and quantification of (bottom) senescence-associated (SA) β-galactosidase (β-gal) in SMG-C6 cells treated
with IL-4 (n = 6). Arrows indicate positive staining. Bars = 50 μm.G, Levels of mRNA for p53, p21, p16INK4A, p15, IL-6, and transforming growth factor
β1 (TGFβ1) in SMG-C6 cells treated with IL-4 (n = 5–8). H, Western blot (left) and quantification (right) of p53, p21, p16INK4A, p-retinoblastoma (p-Rb),
and Rb protein expression in SMG-C6 cells (n = 4–6). In C–H, symbols represent individual samples; bars show the mean � SEM. * = P < 0.05;
** = P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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increase in the expression of mRNA for p53 and p16INK4A and
the SASP factor IL-6, but not p21 (Figure 3G). Western blotting
also confirmed that treatment with IL-4 led to an increase in
p53 and p16INK4A expression and a decrease in the phosphor-
ylation levels of Rb (Figure 3H). In contrast, stimulation with

IFNγ, a characteristic cytokine secreted by Th1 lymphocytes,
caused a reduction in the expression of p53 and p21 mRNA
(Supplementary Figure 7D). These results suggest that IL-4
could directly induce senescence and lead to growth inhibition
in SMG-C6 cells.

Figure 4. Mediation of interleukin-4 (IL-4)–induced cellular senescence by reactive oxygen species (ROS)/p38 MAPK (p38). A, Western blot
(left) and quantification (right) of changes in the phosphorylation of STAT6, ERK1/2, protein kinase B (Akt), p38, and mechanistic target of rapa-
mycin (mTOR) after treatment with IL-4 (20 ng/ml) for the indicated time periods (n = 3–6). B, Immunostaining for p-STAT6 and p-p38 in SMG-C6
cells stimulated with IL-4. F-actin was stained to show cell outlines. Bars = 75 μm.C andD, Changes in the proliferative capacity of SMG-C6 cells
(C) and p53 and p16INK4A protein expression (D) in SMG-C6 cells left untreated or pretreated with the STAT6 inhibitor AS1517499 or the p38
MAPK inhibitor SB203580, before IL-4 treatment (n = 7). E, Phosphorylation of p38 and STAT6 in submandibular glands (SMGs) from controls
and patients with IgG4-related sialadenitis (IgG4-RS). F, Changes in intracellular ROS levels in SMG-C6 cells treated with IL-4 for the indicated
time periods, determined by flow cytometry (n = 5). G, Western blot (top) and quantification (bottom) of the phosphorylation of p38 and STAT6
in SMG-C6 cells pretreated with N-acetyl-L-cysteine (NAC; 5 mM) before IL-4 treatment (n = 4–7). H, ROS staining in SMGs from controls and
IgG4-RS patients. Bars = 75 μm. In A and C, F, and G, symbols represent individual samples; bars show the mean � SEM. * = P < 0.05;
** = P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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Mediation of IL-4–induced cellular senescence by
the ROS/p38 MAPK pathway. There are at least 2 distinct sig-
naling pathways triggered by IL-4 that involve STAT6 and the
insulin receptor substrate 1/2 (29,30). To investigate the mecha-
nism underlying IL-4–induced cellular senescence, we next exam-
ined potential intracellular kinases, including STAT6, ERK1/2, and
protein kinase B (Akt), and the potential signals that are thought to
induce cellular senescence according to recent studies, such as
p38 MAPK and mechanistic target of rapamycin (mTOR) (31).

IL-4 stimulation caused up-regulation of p-STAT6, whereas the
levels of p-ERK1/2 or p-Akt were unaffected (Figure 4A). More-
over, treatment with IL-4 led to a significant increase in the levels
of p-p38 MAPK, but not p-mTOR (Figure 4A and Supplementary
Figure 8A, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.42052). Immuno-
fluorescence staining further showed an increase in the intranuc-
lear expression of both p-STAT6 and p-p38 MAPK after
stimulation with IL-4 (Figure 4B). Preincubation with the p38

Figure 5. Promotion of fibrosis by interleukin-4 (IL-4)–inducedepithelial cell senescence.A,Masson’s trichromestaining of submandibular gland (SMG)
samples from a control and a patient with IgG4-related sialadenitis (IgG4-RS). Middle panels (bars = 250 μm) show higher-magnification views of the
boxed areas in the left panels (bars = 1 mm); right panels (bars = 100 μm) show higher-magnification views of the boxed areas in the middle panels.
A = acini;D = ductal cells; IC = inflammatory cells.B, Lightmicroscopy (top) andpolarizedmicroscopy (bottom) imagesof sirius red staining inSMGsam-
ples from controls and IgG4-RS patients. Bars = 50 μm. C, Levels of mRNA for type I collagen, type III collagen, and connective tissue growth factor
(CTGF) in controls (n = 12–14) and IgG4-RS patients (n = 11–12). D, Correlation between IL-4 mRNA level and fibrosis score in SMGs from IgG4-RS
patients (n = 14). E, Western blot (left) and quantification (right) of type I collagen, α-smooth muscle actin (α-SMA), and SM22α protein expression in rat
fibroblasts after IL-4 stimulation (n = 4–7). F, Proliferative capacity of rat fibroblasts treated with IL-4 (n = 4). FBS = fetal bovine serum. G, Illustration of
theprocedure for collecting IL-4 conditionedmedium.H, Proliferative capacity of rat fibroblasts treatedwith control or IL-4 conditionedmedium,measured
byCell CountingKit 8 (n = 6). I, Type I collagen, p-STAT6,α-SMA, andSM22αprotein expression in rat fibroblasts incubated in control or IL-4 conditioned
mediumwith or without IL-4 neutralizing antibody (n = 7–8). J, Relative expression of cytokines in control and IL-4 conditionedmedium. InC,E, F, andH,
symbols represent individual samples; bars show themean � SEM. * = P < 0.05, ** = P < 0.01.CINC-1 = cytokine-induced neutrophil chemoattractant
1; IL-1Ra = IL-1 receptor antagonist; IP-10 = interferon-γ–inducible 10-kd protein; LIX = lipopolysaccharide-induced CXC chemokine; MIG = monokine
induced by interferon-γ; MIP-1α = macrophage inflammatory protein 1α; TNF = tumor necrosis factor; VEGF = vascular endothelial growth factor. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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MAPK inhibitor, SB203580, but not the STAT6 inhibitor,
AS1517499, abolished IL-4–induced growth inhibition as well
as p16INK4A protein up-regulation (Figure 4C and D). However,
the IL-4–induced up-regulation of p53 was unchanged. Consis-
tent with the in vitro studies, there was a significant increase in
total and p-p38 MAPK levels, but not STAT6 levels, in SMG
lesions from IgG4-RS patients (Figure 4E). These findings sug-
gest that p38 MAPK is an important mediator of IL-4–induced
salivary gland epithelial cell senescence.

Oxidative stresses, such as ROS, are thought to cause many
age-related chronic diseases (13). In SMG-C6 cells, IL-4 treat-
ment significantly increased intracellular ROS levels (Figure 4F).
Preincubation with N-acetyl-L-cysteine, a ROS scavenger, inhib-
ited the IL-4–induced phosphorylation of p38 MAPK, whereas
the phosphorylation of STAT6 was unaffected (Figure 4G). To
determine if intracellular ROS were involved in the progression of
IgG4-RS, we detected the level and localization of ROS and found
only a few sporadic ROS-positive foci in the SMGs from controls,
whereas excessive accumulation of ROS was observed in the
cytoplasm of residual epithelial cells in SMG lesions from
IgG4-RS patients (Figure 4H and Supplementary Figure 8B).
These results indicate that IL-4 induced cellular senescence
through the generation of ROS and by subsequently activating
the p38 MAPK signal.

IL-4-induced epithelial cell senescence promotes
fibrosis by activating fibroblasts both directly and indi-
rectly. Storiform fibrosis is a characteristic feature of the salivary
glands in IgG4-RS patients. We observed dense collagen deposi-
tion, which mainly consisted of type I collagen and appeared as
yellow/orange birefringence under polarized light microscopy,
inside the interlobular areas and around the residual epithelial cells
in SMGs from IgG4-RS patients (Figures 5A and B). The expres-
sion of mRNA for type I collagen, but not type III collagen or con-
nective tissue growth factor, was significantly higher in SMGs
from IgG4-RS patients than in SMGs from controls (Figure 5C).
We also observed a positive correlation between IL-4 and fibrosis
score (Figure 5D).

To further understand the effect of IL-4 on SMG fibrosis, pri-
mary rat SMG fibroblasts were isolated and identified by vimentin
staining (Supplementary Figure 8C). Stimulation with IL-4
increased the expression of type I collagen, and the myofibroblast
markers α-smooth muscle actin (α-SMA) and smooth muscle 22α
(SM22α), but had no effect on the proliferative or migration capac-
ity of SMG fibroblasts (Figures 5E and F and Supplementary
Figures 8D and E). Additionally, we investigated whether IL-4–
induced senescent cells could influence the characteristics of
fibroblasts. We collected supernatants from IL-4–treated SMG-
C6 cells as conditioned medium (Figure 5G), and then incubated
fibroblasts with IL-4 conditioned medium in the presence or
absence of IL-4 neutralizing antibodies to eliminate the effect of
exogenous IL-4. Incubation with IL-4 conditioned medium

significantly enhanced the proliferation of fibroblasts and
increased the expression of type I collagen, p-STAT6, α-SMA,
and SM22α (Figures 5H and I and Supplementary Figures 9A–C,
available on the Arthritis & Rheumatology website at http://
onlinelibrary.wiley.com/doi/10.1002/art.42052). However, IL-4
conditioned medium did not affect the migration capacity
(Supplementary Figures 10A and B, available on the Arthritis &
Rheumatology website at http://onlinelibrary.wiley.com/doi/
10.1002/art.42052). Moreover, the elimination of IL-4 by neutral-
izing antibody did not affect the IL-4 conditioned medium–

induced up-regulation of type I collagen, α-SMA, and SM22α,
whereas IL-4–dependent p-STAT6 activation was abolished
(Figure 5I). These data suggest that the senescent epithelial cells
that were induced by IL-4 could promote the proliferation and
phenotype transition of fibroblasts by secreting SASP factors.

To identify potential inducers in the supernatants of IL-4–induced
senescent epithelial cells, a cytokine array was performed in IL-4
conditionedmedium. The results showed elevated levels of various
inflammatory and profibrotic factors, such as IL-1α and IL-1β, as
well as chemokines, such as macrophage inflammatory protein
3α and fractalkine (Figure 5J). These findings indicate that IL-4 is
an important driver of fibrogenesis that affects fibroblasts both
directly and indirectly via the interaction between senescent epithe-
lial cells and fibroblasts in the SMGs of IgG4-RS patients.

IL-4–induced SMG fibrosis and cellular senescence
in a mouse model. To further confirm the role of IL-4 in salivary
gland epithelial cell senescence and fibrosis, we established a
mouse model by injection of murine IL-4 into SMG tissues at mul-
tiple sites (Figure 6A). Administering IL-4 did not cause a signifi-
cant change in body weight, SMG weight, or stimulated salivary
flow rate (Figure 6B). Notably, the IL-4–treated glands showed
significant atrophy of acinar and ductal cells and collagen deposi-
tion with thickened basement lumen compared with the controls
(Figure 6C). Masson’s trichrome staining revealed that the exoge-
nous IL-4 led to fibrotic lesions in SMGs (Figure 6D). In addition to
the fibrotic markers type I collagen and α-SMA, exogenous IL-4
also promoted the expression of p16INK4A, but not that of p53. A
p38 MAPK activation signal was detected in the IL-4 injection
group (Figure 6E). These in vivo studies provide additional evi-
dence regarding the profibrotic effect of IL-4, which may be
closely related to the induction of epithelial cell senescence.

DISCUSSION

Fibrosis is the main pathologic feature of IgG4-RS; however,
its pathogenic mechanism is unclear. In the present study, we
demonstrated that both acinar and ductal cells in the SMGs of
IgG4-RS patients exhibit many phenotypic features of senes-
cence. Elevated IL-4 levels in SMG lesions activated the ROS/p38
MAPK-p16INK4A signaling pathway and led to the accumulation of
senescent cells. We further showed that IL-4 induces SMG
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fibrosis directly by promoting myofibroblast differentiation and
indirectly by inducing senescent epithelial cells that produce
SASP factors to activate fibroblasts (Figure 6F).

Storiform fibrosis is a prominent feature of IgG4-RS that
leads to the enlargement and dysfunction of salivary glands.
Recent studies have demonstrated an accumulation of senescent
cells in a number of fibrotic diseases. The lung alveolar epithelium

exhibits increased p16INK4A and p21 expression and greater SA
β-gal activity in idiopathic pulmonary fibrosis patients and in a
mouse model of bleomycin-induced lung injury (32,33). In models
of acute kidney injury, G2/M-arrested proximal tubular cell num-
bers increase and activate c-Jun NH2-terminal kinase signaling,
which causes fibrosis by up-regulating profibrotic cytokine pro-
duction (34). Epidemiologic studies revealed that the incidence

Figure 6. Effects of interleukin-4 (IL-4) on fibrosis and cellular senescence in vivo.A, Experimental design of an IL-4–injectedmousemodel. IL-4 or saline
(control) was injected into the submandibular gland (SMG) tissues.B, Bodyweight, SMGweight, and stimulated salivary flow rate inmice injectedwith saline
or IL-4 (n = 8 per group). Symbols indicate individualmice; bars show themean � SEM.C andD, Hematoxylin and eosin (H&E)–stained (C) andMasson’s
trichrome–stained (D) sections of SMGs frommice injectedwith saline or IL-4. Bottompanels (bars = 50μm) showhigher-magnification viewsof the boxed
areas in the top panels (bars = 250 μm).Arrows indicate atrophic acini. E, Protein expression of the fibrotic markers type I collagen and α-smooth muscle
actin (α-SMA), and the senescence markers p53, p16INK4A, and p-p38 MAPK (p38), in SMGs from mice injected with saline or IL-4 (n = 4 per group). F,
Schematic model of the role of IL-4 in the fibrogenesis of IgG4-related sialadenitis (IgG4-RS). The elevation of IL-4 in the SMGs of IgG4-RS patients is an
important driver of fibrogenesis throughboth direct and indirectmechanisms, including 1) production of collagenous proteins by promoting fibroblast differ-
entiation directly, and 2) induction of salivary gland epithelial cell senescence through the reactive oxygen species (ROS)/p38 MAPK-p16INK4A pathway,
thereby producing senescence-associated secretory phenotype (SASP) factors to promote fibroblast proliferation and differentiation. p-Rb = p-retinoblas-
toma. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42052/abstract.
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and mortality of fibrotic diseases increases with an aging popula-
tion, reinforcing the notion that the accumulation of senescent
cells might contribute to the onset of organ fibrosis (35,36). How-
ever, some studies have shown contrasting results. Senescent
hepatic stellate cells reduce the levels of extracellular matrix pro-
teins, enhance the secretion of degrading enzymes, and restrict
liver fibrosis (17,37).

To date, it is still unknown whether senescence is present
and involved in the fibrosis of IgG4-RS. Through liquid chroma-
tography mass spectrometry/mass spectrometry screening, mul-
tiple molecules related to aging were found to be aberrantly
expressed in the SMGs of patients with IgG4-RS. In addition, we
observed increased lipofuscin accumulation, SA β-gal activity,
SASP levels, and enhanced expression of senescence markers
(p53 and p16INK4A) in IgG4-RS. These findings indicate that sali-
vary acinar and ductal cells undergo senescence during
IgG4-RS. Anti-aging compounds or senolytics, which selectively
eliminate senescent cells by targeting p16INK4A, antiapoptotic pro-
teins, or SASP factors without affecting their normal counterparts,
have been shown to efficiently attenuate several age-dependent
disorders including fibrosis (14). Although a combination of gluco-
corticoids and steroid-sparing agents are widely used to treat
IgG4-RS, relapses and complications in some patients remain
major challenges (38). The present study suggests that targeting
cellular senescence might be a potential effective approach for
treating IgG4-RS.

The Th2-derived cytokine IL-4 is pleiotropic and may be
involved in differentiation, proliferation, or apoptosis depending
on the cell type (39,40). A recent study showed that IL-4 induces
senescence in human renal carcinoma cell lines by up-regulating
p21 through STAT6 and p38 MAPK signals (41). IL-4 serves as
a marker of inflammation in cardiac aging, as evidenced by its ele-
vated level in the left ventricle of senescent mice (42). In the pres-
ent study, we found higher IL-4 expression in local SMG tissues
from patients with IgG4-RS, whereas serum IL-4 levels were
unchanged, suggesting that IL-4 primarily originates from the infil-
trated Th2 lymphocytes and contributes to the local lesions.
Moreover, the levels of IL-4 positively correlated with those of
p16INK4A and with the degree of fibrosis in IgG4-RS SMG lesions.
In vitro, RNA sequencing analysis showed that most of the down-
regulated and up-regulated genes were closely related to the reg-
ulation of cell proliferation and cell migration, respectively. Since
low proliferation is a characteristic of senescent cells, we focused
more attention on the down-regulated genes, which indicated
that IL-4 might induce senescence in salivary gland epithelial cells.

IL-4 significantly up-regulated SA β-gal activity, changed the
morphology of the cells into a senescence phenotype, induced
cycle arrest and growth inhibition, caused resistance to apopto-
sis, and further increased the expression of senescence markers
and SASP factors in SMG-C6 cells. In particular, IL-4 induced cel-
lular senescence mainly through p16INK4A and subsequent Rb
signal, and not via p53 or p21. The profibrotic role of IL-4 was

further proven by the appearance of SMG fibrosis and increased
senescence marker expression in mice injected with IL-4, a path-
ologic phenomenon similar to IgG4-RS. These data demonstrate
a causal and direct role of increased IL-4 levels in local lesions in
generating salivary gland epithelial cell senescence and fibrosis.

We then explored signal transduction pathways that potentially
mediated IL-4–induced epithelial cell senescence. Although STAT6
was significantly activated by IL-4, the inhibition of STAT6 did not
affect IL-4–induced senescence. A member of the MAPK family,
p38 MAPK mediates numerous cellular processes, such as cellular
senescence (31). Partial inactivation of p38MAPK in p38AF/+mice,
which have mutations in the phosphorylation sites required for acti-
vation, led to the attenuation of age-induced up-regulation in the
expression of p16INK4A, p19, p15, and p21 in multiple tissues.
Furthermore, it enhanced the proliferation and regeneration of islets,
supporting the notion of an important role of p38 MAPK in the
regulation of the cell cycle and senescence (43). In the present
study, we found that IL-4 significantly activated p38 MAPK but
not ERK1/2, and inhibiting p38 MAPK signaling prevented the
IL-4–induced up-regulation of p16INK4A and growth arrest.

We further explored the molecule that linked IL-4 to p38
MAPK. ROS are regarded as the hallmarks of senescence (13).
Intracellular ROS generation can serve as a secondary messenger
and is responsible for the activation of p38 MAPK in response to
cytokines (44). We found that intracellular ROS levels rapidly
increased after IL-4 exposure, while treatment with antioxidants
abrogated IL-4–induced p38 MAPK activation, suggesting that
ROS act as sensors of IL-4 that activate p38 MAPK during the
senescence process. In addition, this signaling pathway was
detectable in the SMGs from IgG4-RS patients and in the mouse
model, thereby supporting the notion of involvement of ROS/p38
MAPK in the development of IgG4-RS.

The transition into SASP makes senescent cells exert benefi-
cial or detrimental effects on the microenvironment by inducing
the secretion of cytokines, chemokines, proteases, and growth
factors. These SASP factors play important roles in both tissue
repair and fibrotic diseases (45). It is well known that fibroblasts
are the key effectors that proliferate and differentiate into myofi-
broblasts in response to injury or inflammation, and lead to the
excessive accumulation of extracellular matrix proteins and fibro-
sis (46). Thus, we investigated both the direct and indirect effects
of IL-4 on SMG fibroblasts. IL-4 alone increased collagen synthe-
sis and myofibroblast differentiation but had no effect on prolifera-
tion, suggesting that direct IL-4 stimulation only partially activated
the fibroblasts. In contrast to this finding, the supernatants col-
lected from IL-4–induced senescent SMG-C6 cells facilitated pro-
liferation, collagen synthesis, and myofibroblast differentiation.
Moreover, IL-4 neutralizing antibodies did not eliminate the fibro-
blast activation induced by IL-4 conditioned medium, which indi-
cated that these effects did not depend on IL-4 but instead on
the SASP factors that were secreted by senescent epithelial cells.
The secretome of the IL-4–induced senescent cells includes
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cytokines and chemokines, which might be important mediators
of fibrosis and chronic inflammation in IgG4-RS. The above data
show that IL-4 can have a direct and a novel indirect effect,
through the interaction between senescent epithelial cells and
fibroblasts, in driving the fibrogenesis of IgG4-RS.

In summary, we demonstrate that senescence in salivary epi-
thelial cells is a novel mechanism of fibrogenesis in IgG4-RS. The
elevated levels of IL-4 in lesions were responsible for the induction
of senescence through the ROS/p38 MAPK-p16INK4A signaling
pathway. Moreover, both local IL-4 and the SASP factors derived
from IL-4–induced senescent epithelial cells contributed to fibro-
blast activation, resulting in fibrosis. These findings not only
expand our understanding of the pathogenesis of IgG4-RS, but
also present a potential intervention strategy for treating
IgG4-RS by targeting senescent cells.
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B R I E F R E P O R T

Haploinsufficiency of PSMD12 Causes Proteasome
Dysfunction and Subclinical Autoinflammation

Kai Yan,1 Jiahui Zhang,1 Pui Y. Lee,2 Panfeng Tao,3 Jun Wang,1 Shihao Wang,1 Qing Zhou,1

and Minyue Dong1

Objective. Proteasome-associated autoinflammatory syndrome (PRAAS) is caused by mutations affecting
components of the proteasome and activation of the type I interferon (IFN) pathway. This study was undertaken to
investigate the pathogenic mechanisms of a newly recognized type of PRAAS caused by PSMD12 haploinsufficiency.

Methods. Whole-exome sequencing was performed in members of a family with skin rash, congenital uveitis, and
developmental delay. We performed functional studies to assess proteasome dysfunction and inflammatory signatures
in patients, and single-cell RNA sequencing to further explore the spectrum of immune cell activation.

Results. A novel truncated variant in PSMD12 (c.865C>T, p.Arg289*) was identified in 2 family members. The
impairment of proteasome function was found in peripheral blood mononuclear cells (PBMCs), as well as in
PSMD12-knockdown HEK 293T cell lines. Moreover, we defined the inflammatory signatures in patient PBMCs
and found elevated IFN signals, especially in monocytes, by single-cell RNA sequencing.

Conclusion. These findings indicate that PSMD12 haploinsufficiency causes a set of inflammation signatures in
addition to neurodevelopmental disorders. Our work expands the genotype and phenotype spectrum of PRAAS and
suggests a bridge between the almost exclusively inflammatory phenotypes in the majority of PRAAS patients and
the almost exclusively neurodevelopmental phenotypes in the previously reported Stankiewicz-Isidor syndrome.

INTRODUCTION

Autoinflammatory diseases are characterized by spontane-

ous activation of inflammatory pathways primarily driven by innate

immune cells (1). Understanding of autoinflammation has

expanded drastically with rapid advances in recent decades.
Defects in the constitutive proteasome or immunoproteasome

result in proteasome-associated autoinflammatory syndrome

(PRAAS), also known as CANDLE/NNS/JMP/JASL (chronic atypi-

cal neutrophilic dermatosis with lipodystrophy and elevated tem-

perature/Nakajo-Nishimura syndrome/joint contractures, muscle

atrophy, microcytic anemia, and panniculitis-induced lipodystrophy

syndrome/Japanese autoinflammatory syndrome with lipodystro-

phy) (2). PRAAS is clinically characterized by recurrent fever, neu-

trophilic dermatosis, lipodystrophy, joint contractures, and failure

to thrive (2). Several genes encoding immunoproteasome or prote-

asome 20S subunits, such as PSMB8, PBMB9, PSMB10,

PSMB4, PSMA3, and the chaperones essential for proteasome

assembly, such as POMP and PSMG2, have been identified as

causative genes in PRAAS (2–7). Biallelic mutations in the protea-

some subunits can cause defective proteasome function by dis-

rupting proteasome assembly and/or catalytic activity, ultimately

leading to the accumulation of ubiquitin protein conjugates as a

consequence of impaired capacity to remove damaged proteins,
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while deficiency of other proteasome-associated genes, such as
PSMC3 and PSMB1, may cause only neurodevelopmental disor-
ders (8,9).

Rpn5, a 52.9-kd protein in the 19S regulatory subunit of the
proteasome encoded by PSMD12, facilitates deubiquitination of
captured substrates. Previous studies have demonstrated the
association between loss-of-function variants in PSMD12 and a
syndromic neurodevelopmental disorder named Stankiewicz-
Isidor syndrome (OMIM no. 604450). Its symptoms include brain
abnormalities, dysmorphic features, ophthalmologic abnormali-
ties, genital anomalies, and skeletal defects (10–13), without
typical autoinflammatory features. In the current study, we investi-
gated a novel PSMD12 nonsensemutation found in 2 generations
of family members who presented with skin rash and congenital
uveitis in addition to developmental delay. Mechanistic studies
revealed that individuals carrying the PSMD12 truncated variant
exhibit a variety of inflammatory signatures similar to those found
in patients with PRAAS.

PATIENTS AND METHODS

Ethical considerations. The study was approved by the
Institutional Review Board of Women’s Hospital, Zhejiang Univer-
sity, where the patients were evaluated. The patients and control
subjects (or their legal guardians if minors) provided written
informed consent.

Cell collection, culture, and stimulation. Peripheral
blood mononuclear cells (PBMCs) were separated from periph-
eral blood using lymphocyte separation medium and SepMate
tubes (StemCell Technologies). PBMCs and HEK 293T cells were
cultured in RPMI 1640 or Dulbecco’s modified Eagle’s medium
(Gibco) with 10% fetal bovine serum (ExCell Bio) and 10% penicil-
lin/streptomycin (HyClone). Lipopolysaccharide (LPS) (1 μg/ml;
Sigma) poly(I-C) (50 μg/ml; Invitrogen), interferon-β (IFNβ)
(10 ng/ml; PeproTech), and baricitinib (0.5 μM; Selleck) were used
to treat PBMCs for 6 hours (LPS and poly[I-C]) or 4 hours (IFNβ
and baricitinib).

Whole-exome sequencing. Peripheral blood DNA was
sequenced using a Roche SeqCap EZ MedExome Enrichment
Kit and the Illumina HiSeq X Ten platform. A set of 150-bp
paired-end reads was mapped to hg38 reference genome using
BWA, version 0.7.17 and the bam files were sorted and indexed
using Picard followed by calling variants with GATK, ver-
sion 4.1.4.1.

RNA sequencing. Total RNA was extracted from
PBMCs with an RNeasy Mini kit (Qiagen). Libraries were gen-
erated from 1 μg RNA with a NEBNext UltraTM RNA Library
Prep Kit for Illumina (NEB) followed by sequencing on Illu-
mina HiSeq X Ten.

Single-cell RNA sequencing. A total of 8,000–10,000 sin-
gle cells for each sample were captured and barcoded with a 10X
Genomics Chromium console. The barcoded complementary
DNA (cDNA) was amplified and sequenced using Illumina
Novaseq. Data were processed with CellRange, version 6.0.1
(10x; Genomics) and the Seurat R package, version 3.2.0. Hallmark
gene set in MsigDB, version7.1 (https://www.gsea-msigdb.org/
gsea/msigdb/index.jsp) was used for gene set enrichment analysis.

Real-time polymerase chain reaction (PCR). Total
RNA was extracted with an RNeasy Mini kit, followed by cDNA
amplification and quantitative PCR (qPCR) analysis with TB Gree
Premix Ex Ta II (Takara). Relative messenger RNA expression was
normalized to the expression of ACTB and analyzed by the ΔΔCt

method.

Antibodies and expression plasmids. Antibodies
used and their commercial sources were as follows: β-actin,
STAT2, phosphorylated STAT2, IFN regulatory factor 3 (IRF3),
phosphorylated IRF3, STAT1, phosphorylated STAT1, myeloma
differentiation–associated protein 5 (MDA5), retinoic acid–
inducible gene 1 (RIG-1), and K48 polyubiquitin (all from Cell Sig-
naling Technology); PSMA7, PSMB4, PSMC5, PSMD1, PSMD2,
PSMD3, PSMD12 polyclonal antibody, PSMD13, and PSME2
(all from ABclonal Technology); PSMD12 monoclonal antibody
(Santa Cruz Biotechnology); PSMC6 and IFN-induced protein
with tetratricopeptide repeats 3 (Abcam); and Flag (Sigma).

Wild-type human PSMD12 was cloned from healthy control
cDNA and cloned into pXN (Dbf4-dependent kinase tagged) vec-
tor constructed in-house. Mutant plasmid was constructed by
site-directed mutagenesis.

Western blot analysis. Cells were resuspended for
15 minutes in ice-cold cell lysis buffer (20 mM Tris HCl [pH 7.4],
150 mM NaCl, 0.5% Nonidet P40, 10% glycerol with protease
and phosphatase inhibitors) (ThermoFisher) and centrifuged
(13,000g at 4�C for 15 minutes). The supernatants were collected
and subjected to sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (PAGE). Immunoblotting with specific antibodies
was performed.

Proteasome activity assay. Proteasome activity was
measured with Proteasome-Glo Chymotrypsin-Like, Trypsin-
Like, and Caspase-Like Cell-Based Assays (Promega). Protea-
some inhibition with 5 μM epoxomicin was performed for 2 hours
at 37�C. All experiments were conducted on 384-well plates with
4 technical replicates. Data were collected with a multimode plate
reader (BioTek).

Construction of PSMD12 knockdown cell lines. Four
different short hairpin RNA (shRNA) sequences (shPSMD12-1
[CCGGCCTAGCTGTGAAGGATTACATCTCGAGATGTAATCCT
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TCACAGCTAGGTTTTTG], shPSMD12-2 [CCGGCCGAATAA
GTGGTGACAAGAACTCGAGTTCTTGTCACCACTTATTCGG
TTTTTG], shPSMD12-3 [CCGGCCTTCCTATCAAACTTCGA
TTCTCGAGAATCGAAGTTTGATAGGAAGGTTTTTG], and
shPSMD12-4 [CCGGGCCAAGTATTATACTCGGATACTCGAG

TATCCGAGTATAATACTTGGCTTTTTG]) were constructed into
pLKO.1 plasmid and transfected into wild-type HEK 293T cells,
followed by treatment with 1.5 μg/ml puromycin for 5–7 days.
Clones were separated and verified by qPCR and Western blot
analysis.
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Figure 1. Identification of the PSMD12 variant and proteasome dysfunction in patients with the variant. A, Pedigree of the family carrying the het-
erozygous novel PSMD12 truncated variant p.R289*. Family members with the variant are patient 1 (P1) (proband [arrow]), an 8-year-old girl with
urticarial skin rashes, severe intellectual disability, and developmental delay, and her father, patient 2 (P2), with congenital uveitis and mild intellec-
tual disability. B, Schematic representation of the whole-exome sequencing analysis and variant filtering approach used to identify the pathogenic
variant in PSMD12. Single-nucleotide polymorphism (SNP) includes missense (MS), splice site (SS), and stop codon variants and indel, frameshift,
and non-frameshift insertions and deletions. C, Confirmation of the nonsense variant by Sanger sequencing. D and E, Wild-type (WT) and trun-
cated PSMD12 expression in transfected HEK 293T cells (D) and in patient and control (C) peripheral blood mononuclear cells (PBMCs) (E). Exper-
iments were performed at least 3 times for each sample. F, Significant differences in 3 types of proteasome proteolytic activity between patient and
healthy control (HC) PBMCs. Symbols represent individual samples; for healthy controls, bars show the mean � SEM. *** = P < 0.001;
**** = P < 0.0001. G, Native gel analysis of the proteasome assembly in PBMCs from patients and controls. The assembly of different parts of
the proteasome was illustrated using antibodies to the corresponding subunits. The loading amount of each sample is presented relative to the
level of β-actin determined by sodium dodecyl sulfate–polyacrylamide gel electrophoresis. H, K48 ubiquitin (Ub) levels in PBMCs from the patients
and 2 controls. FL = full-length; RLU = relative luminescence units; CP = core particle; REG = regulatory particle.
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Native PAGE. Cells were lysed in TSDG buffer (10 mM Tris
HCl, 10 mM NaCl, 1.1 mM MgCl2, 0.1 mM EDTA, 1 mM dithio-
threitol, 2 mM ATP, 10% glycerol [pH 7.2]) by freeze-thawing
15–20 times and suspended in loading buffer (5 mM Tris HCl,
5% glycerol, 0.01% bromphenol blue) followed by electrophore-
sis on NativePAGE 3–12% Bis-Tris gels (ThermoFisher). The
proteasome subunits were analyzed by immunoblotting with
antibodies.

Enzyme-linked immunosorbent assay (ELISA), cyto-
metric bead array system, and IFN response gene score.
Interleukin-6 (IL-6), tumor necrosis factor (TNF), and IL-1β in the
supernatants of unstimulated PBMCs were quantified by ELISA
(R&D Systems). Serum samples were tested with a BDFlex set
of human cytokines/chemokines, which includes IL-8, IL-1β,
IFNγ-inducible protein 10 (IP-10), and IFNγ, with buffer kit and
normalization beads (BD). The IFN response gene score was cal-
culated as previously described (14).

Statistical analysis. Cell-based experiments were per-
formed in triplicate. Results were compared by Student’s t-test
(unpaired and 2-tailed). P values less than 0.05 were considered
significant.

RESULTS

Patients with the heterozygous PSMD12 nonsense
variant. The proband (patient 1) was an 8-year-old girl with urti-
carial skin rashes, severe intellectual disability, and developmental
delay. Her father (patient 2) exhibited congenital uveitis and mild
intellectual disability. Both subjects displayed mild facial dysmor-
phic features including frontal bossing, hypertelorism, and nasal
bridge depression. Lymphocyte phenotyping revealed increased
numbers of CD4+ naive T cells in patient 1 and CD8+ T cells in
patient 2. (Supplementary Tables 1 and 2, on the Arthritis & Rheu-
matology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42070). Genomic analysis of patients and their family mem-
bers by whole-exome sequencing revealed a novel heterozygous
nonsense variant in PSMD12: c.865C>T, p.Arg289*, which was
de novo in the father and inherited by his daughter
(Figures 1A–C). The probability of loss-of-function intolerance of
PSMD12 is 1.0, which strongly supports the notion that this
loss-of-function nonsense variant is pathogenic.

To determine how the mutation affected protein expression,
wild-type and mutant PSMD12 were transfected into HEK 293T
cells, and a truncated PSMD12 containing amino acid residues
1–288 was observed (Figure 1D). Additionally, the expression of
PSMD12–full-length was reduced and the truncated form was
not detected in patient PBMCs (Figure 1E), suggesting the possi-
bility of spontaneous degradation of the truncated protein in vivo.
Therefore, the novel loss-of-function variant resulted in haploin-
sufficiency of PSMD12.

Proteasome defects associated with PSMD12 haplo-
insufficiency. Patient PBMCs exhibited significantly reduced
proteolytic capacity (Figure 1F), confirming their impaired protea-
some functions. Native gel electrophoresis was performed to
analyze the assembly of proteasome complex in patient PBMCs.
Immunoblotting with antibodies to 19S and 20S proteasome sub-
units showed markedly decreased levels of 19S and slightly
decreased levels of 20S in PBMCs from patients compared to
control PBMCs (Figure 1G).

PSMD12-knockdown HEK 293T cell lines were constructed
to evaluate the effect of PSMD12 haploinsufficiency in vitro
(Supplementary Figures 1A and B, https://onlinelibrary.wiley.
com/doi/10.1002/art.42070). The 3 types of proteasome activities
in the knockdown cells were also decreased (Supplementary
Figure 1C). Native gel electrophoresis with PSMD12-knockdown
cells demonstrated defective 26S proteasome assembly com-
pared to cells treated with scrambled shRNA (Supplementary
Figure 1D). Interactions of the truncated PSMD12 with a set of
19S subunits, including ATPase and non-ATPase subunits, were
all reduced (Supplementary Figure 1E). Impaired proteasome func-
tions led to an accumulation of polyubiquitinated proteins. Both
patients showed an accumulation of K48 ubiquitin–modified pro-
teins compared to healthy controls (Figure 1H). Taken together,
these data revealed profound disruptions of proteasome dysfunc-
tion associated with PSMD12 haploinsufficiency.

Elevated inflammatory signals in patient PBMCs.
Proteasome defects are accompanied by ineffective removal of
unfolded protein and ubiquitin–protein aggregates, which pro-
motes a type I IFN response. Therefore, disruption of proteasome
function can lead to enhanced production of type I IFN (2). To test
whether PSMD12 haploinsufficiency is associated with dysregu-
lated IFN production, PBMCs from the 2 patients and 4 control
subjects were stimulated with poly(I-C), and phosphorylation of
downstream targets and expression of IFN-stimulated genes
(ISGs) were investigated. Patient 1 displayed enhanced phos-
phorylation of STAT1, STAT2, and IRF3 and increased expression
of MDA5 and RIG-1, indicating augmented activation of the IFN
signaling pathway by poly(I-C). Patient 2 exhibited enhanced
phosphorylation of STAT2 and IRF3 (Figure 2A).

We next examined the production of proinflammatory cyto-
kines in the supernatants of PBMCs from patient 2, by ELISA.
Basal production of IL-6, TNF, and IL-1β was significantly higher
in this patient compared to PBMCs from controls (Figure 2B).
Correspondingly, transcription levels of ISGs, including ISG15,
IFNB1, and OAS1, were elevated in PBMCs from patient 2, with
or without LPS stimulation (Figure 2C). In addition, PBMCs from
patient 2 were hyperresponsive to IFNβ stimulation, with
increased levels of ISG expression (Figure 2D). Cytometric bead
array analysis in serum from patients and controls showed that
levels of proinflammatory cytokines such as IL-8, IFNγ, and
IL-1β, as well as the chemokine IP-10, were consistently
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Figure 2. Elevated inflammatory signals in PBMCs from patients with the PSMD12 variant. A, Western blots of interferon (IFN) signaling
pathway–involved proteins in poly(I-C)–stimulated PBMCs from patients 1 and 2 and control subjects. Results shown are representative
of 2 independent experiments. B, Levels of the cytokines interleukin-6 (IL-6), tumor necrosis factor (TNF), and IL-1β in cultured superna-
tants of PBMCs from patient 2 and 6 control subjects, measured by enzyme-linked immunosorbent assay. C and D, Expression levels of
IFN-stimulated genes in PBMCs from patient 2 and 3 control subjects. PBMCs were treated with lipopolysaccharide (LPS) (C) or IFNβ (D)
or were left untreated. ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. E, Concentrations of the proinflammatory cytokines IL-8, IFNγ,
and IL-1β and the chemokine IFNγ-inducible protein 10 (IP-10) in serum from patients 1 and 2 and from control subjects, determined by
cytometric bead array analysis. Two samples from each subject, obtained at different times, were assessed. F, Expression patterns of
genes involved in the IFN and NF-κB signaling pathways in PBMCs from patients 1 and 2, healthy control subjects, and disease controls,
determined by RNA sequencing. G, IFN response gene scores (28-gene, 25-gene, and 3-gene) and NF-κB score (11-gene) in the 2 patients
(PA), healthy controls, and disease controls (DC), determined using bulk RNA sequencing data. H, Expression levels of IFN pathway genes
in LPS-stimulated PBMCs from patients 1 and 2 and healthy controls, with and without baricitinib (Bari) treatment. In B–E, G, and H, sym-
bols represent individual samples; for healthy controls (and for studies in which >1 sample from each of the 2 patients was assessed), bars
show the mean � SEM. MDA5 = myeloma differentiation–associated protein 5; RIG-I = retinoic acid–inducible gene I; IRF3 = IFN regulatory
factor 3; IFIT3 = IFN-induced protein with tetratricopeptide repeats 3; SLE = systemic lupus erythematosus; CRIA = cleavage-resistant
receptor-interacting protein kinase 1–induced autoinflammatory; DADA2 = deficiency of adenosine deaminase 2; (see Figure 1 for other
definitions).

PSMD12 HAPLOINSUFFICIENCY AND AUTOINFLAMMATION 1087



increased in the 2 patients, especially in patient 2 (Figure 2E). The
heterogeneity of inflammatory signatures between patient 1 and
patient 2 was probably due to different disease activity and inflam-
matory conditions during sample collection.

Bulk RNA sequencing of PBMCs demonstrated that both
patients had elevated basal expression of genes in the IFN signal-
ing pathway (Figure 2F) compared to 6 healthy controls, and the
top 20 genes that were differentially expressed between patient
2 and healthy controls included some ISGs (Supplementary
Table 3, on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.42070). These findings
were further confirmed by the higher IFN response gene score in
the 2 patients (Figure 2G). The IFN signature in patient 2 was as
strong as that in a patient with active systemic lupus erythemato-
sus and higher than that in patients with other autoinflammatory
diseases (disease controls) such as CRIA (cleavage-resistant
receptor-interacting protein kinase 1–induced autoinflammatory)
(15) and DADA2 (deficiency of adenosine deaminase 2) (16)
(Figure 2F). NF-κB signaling was also elevated in both patients
compared to healthy controls, and the signaling was higher than
that observed in a CRIA patient during a febrile episode
(Figure 2F). These results demonstrated systemic inflammation
with activation of IFN and NF-κB signaling in the setting of
PSMD12 haploinsufficiency.

We further found that type I IFN signaling in PBMCs from the
2 patients could be suppressed by treatment with the JAK inhibi-
tor baricitinib in vitro (Figure 2H). These data suggest that JAK
inhibition may be a potential strategy to control the inflammatory
response in patients with PSMD12 deficiency, in accordance with
the utility of this class of medication for the treatment of PRAAS
and other interferonopathies.

Single-cell RNA sequencing was performed in both patients
and in 2 age- and sex-matched controls, and identified a total of
13 different cell clusters (Figure 3A). Patient 1 expressed
increased levels of ISGs, such as STAT1, ISG15, and OAS1, in
different cell types, especially in CD14+ classic monocytes and
CD16+ nonclassic monocytes (Figure 3B). Genes that mediate
proinflammatory responses were prominently expressed in
patient monocytes, with markedly greater expression of genes in
the type I IFN pathway compared to that in controls (Figure 3C
and Supplementary Figure 1F [https://onlinelibrary.wiley.com/
doi/10.1002/art.42070]).

We next sought to identify gene expression patterns in
monocytes and their relationship to the elevated inflammatory
response in the patients. Of note, we observed a significant
enrichment of inflammatory response and IFN response gene
sets in CD14+ monocytes identified by single-cell RNA
sequencing using gene set enrichment analysis (Figures 3D
and E). Additionally, CD14+ classic monocytes and CD16+
nonclassic monocytes from the patients exhibited elevated
expression of genes in the type I IFN pathway (Figure 3F).
These results suggest that monocytes may have a prominent

role in propagating the inflammatory response in PSMD12
haploinsufficiency.

DISCUSSION

The proteasome is a protease complex and an important cel-
lular machinery that regulates protein turnover; the integrity of
each of its subunits is of great importance to the overall function
of this sophisticated complex. Biallelic pathogenic mutations in
genes encoding proteasome subunits can cause PRAAS due to
excess type I IFN signaling. However, the mechanism by which
disrupted proteasome function translates into type I IFN produc-
tion remains unclear. The potential contributions of oxidative
stress and endoplasmic reticulum stress to IFN production have
been considered as possible explanations (3).

Unlike most other forms of PRAAS that require biallelic muta-
tions, haploinsufficiency of PSMD12 is sufficient to cause type I
IFN up-regulation and autoinflammation. Previous studies have
focused on the association of PSMD12 variants, including micro-
deletions and point mutations, with neurodevelopmental disor-
ders, and autoinflammation has frequently not been addressed
in such neurology-based investigations. This is the first study to
identify strong IFN and NF-κB signaling, as found in typical autoin-
flammatory diseases and systemic lupus erythematosus, in
patients with PSMD12, establishing a correlation between
PSMD12 haploinsufficiency and PRAAS. Importantly, our results
demonstrate that defective proteasome subunits, in addition to
PSMB4, PSMB8, PSMB9, PSMB10, PSMA3, PSMG2, and
POMP (17), are linked to interferonopathy. With the identification
of additional patients with PSMD12 loss-of-function mutations in
the future, more systemic autoinflammation phenotypes may be
reported. Our results also implicate the likelihood of latent or sub-
clinical autoinflammation in patients with Stankiewicz-Isidor syn-
drome and those with predominantly neurodevelopmental
disorders who have proteasome defects due to deficiency of
PSMB1 and PSMC3. It is possible that such inflammation may
be a pathogenic factor in these neurodevelopmental disorders.

In addition, reduced penetrance in patients with the PSMD12
mutation needs to be taken into consideration, and may explain
the variable disease expressivity and severity among individuals
with mutations in the same gene. Reduced penetrance has been
reported in some type I interferonopathies, including Aicardi Gou-
tières syndrome (due to dominantly inherited mutations in IFIH1)
and STING-associated vasculitis with onset in infancy (caused
by gain-of-function mutations in TMEM173) (18–20).

This study had some limitations. Skin biopsy specimens or
histologic images from the patients were unavailable as the skin
features appeared very early in the clinical course and were not
assessed histologically. We were also unable to acquire sufficient
blood samples from the patients during disease flares, for more
comprehensive exploration of disease mechanisms. With the
small number of patients, it was also difficult to explore the
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heterogeneity of inflammatory features among patients. There-
fore, further studies are needed to investigate the relationship of
proteasome dysfunction and elevated type I IFN signatures.

In conclusion, we have identified a novel PSMD12 truncating
variant that impairs proteasome subunit assembly and reduces
proteasome catalytic activity. We have described autoinflamma-
tory features of PSMD12 haploinsufficiency and defined, for the
first time, the inflammatory signals at the single-cell level. Taken
together, our findings provide further insights into the biology of
proteasomes and the pathologic basis of PRAAS.
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COVID-19 vaccine uptake and vaccine hesitancy in
rheumatic disease patients receiving
immunomodulatory therapies in community
practice settings

To the Editor:
Patients with autoimmune and inflammatory rheumatic

diseases (AIIRDs) may be more likely to contract SARS–CoV-2

and have greater morbidity and mortality resulting from COVID-

19. Recognizing these risks, the American College of Rheumatol-

ogy (ACR) recently released the second version of its guidance for

COVID-19 vaccination in patients with rheumatic and musculo-

skeletal diseases, recommending vaccination and supplemental

(booster) dosing (1). However, patients with AIIRDs may exhibit

vaccine hesitancy for a variety of reasons, including fear of side

effects (e.g., disease flare, new-onset autoimmune manifesta-

tions) (2,3) or uncertainty regarding the benefits of vaccination,

given the attenuating effects of immunomodulatory therapy on

vaccine response. As part of a research agenda, the ACR Task

Force recommended that future studies of COVID-19 vaccination

should include approaches to address vaccine hesitancy in high-

risk AIIRD patients, with particular attention to vulnerable popula-

tions (1).
Given the uncertainties regarding the scale of vaccine hesi-

tancy in rheumatic disease patients, we analyzed data collected

for ascertaining SARS–CoV-2 vaccine uptake in a large commu-

nity practice–based rheumatology research network (Bendcare).

The tablet-based, electronic survey was conducted at 101

rheumatology providers’ offices from June 2021 to September
2021 and collected information on patients’ self-reported vacci-
nation status and, for those not vaccinated, their intent to be vac-

cinated in the future. The uncompensated survey consisted of
~3 items (depending on responses and branching logic) and
was implemented as part of routine care. The survey had a 98%
completion rate (the number of patients who finished the survey
divided by the number of patients who started the survey) and
was linked back to electronic health record data in the network’s
data repository (Columbus). We used descriptive statistics to
evaluate vaccination status by AIIRD condition and multivariable
logistic regression to model the association between having an
AIIRD condition and vaccine receipt, controlling for age, sex,

and race/ethnicity.
In all, 58,529 patients provided complete data, and 20,987

of those patients had an AIIRD and were receiving targeted thera-
pies, including biologics or JAK inhibitors, at the time of data
collection. As of September 9, 2021, 77.0% of the patients had
been vaccinated (n = 43,675), 16.9% were not vaccinated and
did not plan to be, and 6.1% were not vaccinated but still planned
to be.

AIIRD patients were significantly less likely to have been vac-
cinated than patients with osteoarthritis or osteoporosis who had
not received treatment with disease-modifying antirheumatic
drugs (76.9% versus 87.0%; P < 0.0001) (Figure 1). After control-
ling for age, sex, and race/ethnicity, it was found that individuals
with AIIRDs were less likely to be vaccinated (odds ratio [OR]
0.84 [95% confidence interval (95% CI) 0.77–0.92], P < 0.001)

Figure 1. Vaccination status stratified by the presence of an autoimmune and inflammatory rheumatic disease (AIIRD) (patients with rheumatoid
arthritis, systemic lupus erythematosus, or spondyloarthritis who were also receiving treatment with a biologic agent or disease-modifying anti-
rheumatic drug [DMARD]) or the absence of an AIIRD (patients with a non-AIIRD condition [e.g., osteoarthritis or osteoporosis] who were also
not receiving treatment with a DMARD).
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compared to patients without an AIIRD. We also found that older

patients and Asian patients were more likely to be vaccinated

(OR per 10 years 1.49 [95% CI 1.448–1.530] and 2.42 [95% CI

1.77–3.33], respectively) and Black and Hispanic patients had

slightly (but nonsignificantly) lower rates of vaccination (OR 0.92

[95% CI 0.8–1.04] and 0.95 [95% CI 0.85–1.06], respectively).
As anticipated by the ACR Task Force, these findings indi-

cate that vaccine hesitancy remains an important and persistent
problem despite the wide availability of the COVID-19 vaccine.
Fortunately, increasing data suggest that recommendations from
health care professionals may increase patient willingness and
intention to receive the vaccine (3). Particularly for at-risk immuno-
compromised AIIRD patients, health care providers should make
specific efforts to both ascertain vaccination status and recom-
mend vaccination and supplemental dosing in the absence of
contraindications.
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A clinician’s perspective on why the trial did not work:
comment on the editorial by Merrill

To the Editor:
Optimization of the signal-to-noise ratio is key to a successful

outcome of clinical trials of new treatments for systemic lupus ery-
thematosus (SLE), and this is addressed nicely in the editorial by
Dr. Merrill (1). In distinguishing the response to active treatment
from the response to placebo, the ratio of signal to noise may be
augmented by high disease activity and the use of objective mea-
sures of disease activity; for example, a focus on higher swollen
joint counts as well as on swollen joints over tender joints may
be appropriate as enrollment criteria. However, Merrill’s editorial
raises several concerns.

First, with the recent availability of several new drugs that
are effective against SLE, the rationale for enrolling patients
with high disease activity in placebo-controlled trials is prob-
lematic. If low disease activity is an exclusion criterion and
administration of placebo to patients with high disease activity
raises ethical issues, there will be few patients left to enroll.
Comparative efficacy studies, which are rare for treatments tar-
geting rheumatic diseases but common for other treatments
(2), may need to become the norm. Moreover, head-to-head
data are needed by clinicians when considering whether to
prescribe a new medication, rather than available alternative
drugs, for a particular rheumatic disease. Second, the empha-
sis on swollen joints ignores patient-centric goals. If a trial de-
monstrates nothing about whether a patient’s tender but not
objectively swollen joints will improve, then the incentive for
using the trial intervention is diminished in patients for whom
joint pain is their primary concern. Third, if available trial data
only reflect the 30% of patients with the highest SLE activity,
those data will not be applicable to most lupus patients. Fourth,
the push to get the perfect subject population makes it increas-
ingly difficult to know if clinical trial data apply to one of my
patients. For example, a recent large, multicenter phase IIb trial
includes the following inclusion criterion: “Arthritis (at least
3 tender and swollen joints) must involve joints in the hands or
wrists for the hSLEDAI scoring” (3). This criterion is not an
accurate reflection of hybrid SLE Disease Activity Index (hSLE-
DAI) scoring; rather, it is a further modification that narrows
the hSLEDAI’s applicability, and this nuance will not be appar-
ent to most clinicians who use these data.
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Reply

To the Editor:
The clinical trialist would agree with Dr. Bubb that compara-

tive efficacy studies of treatments for SLE would be helpful to clini-
cians who are treating SLE patients. Unfortunately, head-to-head
trials require demonstration that the efficacy of the study drug is
superior or equivalent to those of proven treatments. Since no sin-
gle drug has been proven to be effective against lupus, a head-to-
head trial comparing single agents is not possible. Comparative
trials would require comparing an approved treatment plus stan-
dard of care to a new investigational drug plus standard of care,
which increases the risk of polypharmacy effects that can narrow
the gap between effective treatments and placebo.

A clumsy polypharmacy design such as this might allow an
equivalency end point, and more drugs might be approved, but
at what cost? How can the clinician interpret data for their patients
in the presence of so much noise from various combined treat-
ments? Suppose that a treatment is effective for fewer patients
than an approved agent but that these patients are from a differ-
ent biologic subset of the lupus population. The treatment would
fail in the comparative trial, and its true value would be missed.

Dr. Bubb states that if low disease activity is a study exclusion
criterion and the administration of placebo to patients with high dis-
ease activity raises ethical issues, there will be few patients left to
enroll in studies of new lupus drugs. However, there are effective
trial designs for patients without severe disease that limit the use of
background medications (1,2). Patients with more severe disease
can also participate in trials with interpretable outcomes, although
they require more background treatment. Optimally, we will learn
to use more uniform background treatments that complement the
investigational drug and are less likely to interfere with or reduplicate
its effects. Gradual tapering of background medications has also
improved the interpretability of trial data, including those from stud-
ies involving patients with various levels of illness severity (3–5).

Dr. Bubb proposes that available trial data only reflect the 30%
of patients with the greatest disease severity. This is not correct;
these vulnerable patients are usually excluded. Most trials require
some objectively swollen joints at entry, and Dr. Bubb thinks this
makes it difficult to evaluate a treatment for people whose primary

concern is pain. However, tender joint counts are ubiquitous among
outcome measures for trials of new lupus drugs, as are patient-
reported end points, which allow insight into patients’ concerns. Fur-
thermore, the majority of patients with no joint-specific symptoms
other than pain for >6 months are likely experiencing the effects of
joint damage, rather than lupus activity, and are unlikely to benefit
from immune modulation. This is confirmed by data from trials in
which individuals who did not satisfy screening criteria tended to be
older and were more likely to have inactive disease based on sero-
logic disease activity measures, with potentially confounding comor-
bid conditions. These people deserve consideration but might be
more appropriate candidates for trials of chronic pain treatment, gen-
eral physical conditioning interventions, and rehabilitation techniques.

Finally, Dr. Bubb raises the concern that “the push to get the
perfect subject population makes it increasingly difficult to know if
clinical trial data apply to my patient.” On the contrary, perfect
patients are not being sought; rather, trialists are seeking better
trial designs and a better understanding of heterogeneous patient
subsets that may help improve treatment selection and guide
optimal dosing for individual patients.
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Absent in melanoma 2 protein in systemic lupus
erythematosus: friend or foe? Comment on the article
by Lu et al

To the Editor:
Systemic lupus erythematosus (SLE) is a systemic autoim-

mune disease that can be complicated with severe
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manifestations, such as lupus nephritis (1). To date, a clear path-
ogenesis of SLE has not been fully elucidated. Therefore, search-
ing for the mechanisms involved in the development of SLE and
targeting potential mechanisms for treatment remain topics of
investigation.

Absent in Melanoma 2 (AIM2) is a member of the pyrin and
hematopoietic interferon (IFN)–inducible nuclear domain pro-
teins. This protein has wide-ranging, propyroptotic properties.
Regarding innate immunity, AIM2 serves as a cytoplasmic
double-stranded DNA (dsDNA) sensor, regulating the initiation
of innate immune responses (2). The recognition of dsDNA by
AIM2 results in the assembly of a large multiprotein oligomeric
complex known as the inflammasome, which regulates
interleukin-1β (IL-1β) and IL-18 generation and induces cell
death. In the cytosol, sensing of dsDNA by AIM2 is important for
protection against invading pathogens, such as bacteria, viruses,
and fungi. Conversely, the response of AIM2 to dsDNA released
by damaged host cells may lead to the production of different
cytokines that are involved in the pathogenesis of sterile inflam-
matory diseases, such as skin and kidney diseases. AIM2 con-
tributes to lung tumorigenesis through the inflammasome-
dependent release of IL-1β and the regulation of mitochondrial
dynamics. The AIM2 inflammasome becomes activated in the
presence of atherosclerotic plaque, abdominal wall aortic aneu-
rysm, and injured myocardium.

To date, the findings of studies on AIM2 in the setting of
lupus have been inconsistent. In a recent study by Dr. Lu and col-
leagues (1), it was found that Aim2 gene–deficient mice devel-
oped lupus, demonstrated by high histologic scores and high
serum levels of dsDNA, myeloperoxidase, proteinase 3, albumin,
and urea nitrogen, after pristane treatment. Increased infiltration
of dendritic cells, macrophages, neutrophils, B cells, and T cells
as well as high type I IFN signatures were also found in the kidneys
of Aim2 gene–deficient mice treated with pristane. Aim2 defi-
ciency resulted in elevated expression of type I IFN–induced
genes in the kidneys, suggesting that AIM2 inhibits the develop-
ment of lupus (1).

Similarly, Panchanathan et al predicted that Aim2 deficiency
contributed to increased susceptibility to lupus (2). In their study,
Aim2 gene–deficient mice had high expression of p202 protein,
which correlated with increased expression of IFNβ, STAT1, and
IFN-inducible genes (2). In contrast, Huang et al evaluated Aim2
expression in lupus nephritis patients and found that Aim2 was
highly expressed in the glomerular cells of patients with lupus
nephritis class II (3).

Yang et al found that in SLE patients, Aim2 expression was
increased in germinal center B cells and plasma cells from periph-
eral blood, and in tonsil memory and skin lesions (4). Proportions
of CD19+ cells were down-regulated in the lymph nodes and
spleens of mice with lupus and Aim2 gene-deficient B cells.
Aim2 deficiency in B cells attenuated the development of lupus,
as shown by reduced glomerulonephritis, lower proportions of

germinal center B cells, T follicular helper cells, and plasma cells,
up-regulated secretion of B lymphocyte–induced maturation pro-
tein 1 (BLIMP-1), and reduced expression of Bcl-6 (4). Interestingly,
knockout of the genes for BLIMP-1 and Bcl-6 did not affect Aim2

expression. These findings suggest that AIM2 promotes lupus
pathogenesis by regulating BLIMP-1/Bcl-6 axis–mediated B cell
differentiation.

Additionally, Zhang et al found that Aim2 expression was
related to severity of disease in SLE patients and mice with lupus
(5). Aim2 expression was elevated in apoptotic DNA–induced
macrophages and was related to macrophage activation. Knock-
out of Aim2 blunted apoptotic DNA–induced macrophage activa-
tion and suppressed lupus development by impeding
macrophage activation and reducing inflammatory responses (5).

Based on the findings reviewed above, it is uncertain
whether AIM2 is able to inhibit lupus development or promote
SLE pathogenesis. Therefore, more studies with Aim2 gene defi-
ciency or conditional knockout are needed to further clarify the
role of AIM2 in lupus.
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Reply

To the Editor:
We thank Drs. Xu and Huang for their interest in our recently

published article. As we mentioned in our report, Aim2 deficiency
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leads to elevated type I IFN generation and SLE-like nephritis,
which has been implied in previous publications (1,2). The finding
of elevated type I IFN signatures in both resting and pristane-
treated Aim2−/− mice provides direct evidence that AIM2 inhibits
type I IFN production, not only upon DNA transfection in cultured
cells (3,4), but also in the SLE mouse model in vivo. Of note, Aim2
deficiency results in not only elevated type I IFN production, but
also an enhanced response to IFNβ stimulation (2). Importantly,
our work revealed the mechanism through which AIM2 represses
type I IFN: sumoylation-mediated inhibition of type I IFN transcrip-
tion requires ubiquitin-conjugating enzyme 2i (Ube2i) (5), and
Aim2 partners with Ube2i for its optimal function. In the absence
of AIM2, the activity of Ube2i is compromised, which leads to
decreased cellular sumoylation; thus, a stronger type I IFN signal
appears and more severe lupus nephritis develops.

With regard to another autoimmune disease model (multiple
sclerosis), 2 recent studies demonstrated that Aim2 deficiency in
Treg cells or microglia exacerbates the development of experimen-
tal autoimmune encephalomyelitis (EAE) (6,7). In both Treg cells
and microglia, Aim2 deficiency resulted in stronger expression of
type I IFN–stimulated genes (ISGs) including Irf7 andDdx58, as well
as Stat1 phosphorylation (6,7). Therefore, although the Aim2−/−

mice we used were on a mixed (129 × B6) genetic background,
Aim2−/− mice on the C57BL/6 background also exhibited elevated
type I IFN signatures and enhanced autoimmune disease activity,
demonstrating that, at least in macrophages, Treg cells, andmicro-
glia, AIM2 inhibits type I IFN signaling (6,7). Conditional knockout of
Aim2 in macrophages has not been achieved, but Aim2 is mainly
expressed in innate immune cells. Therefore, the findings with uni-
versal Aim2 deletion should be largely attributed to innate immune
cells including macrophages.

Additionally, in our study Aim2−/−Rag1−/− mice clearly exhib-
ited improvement in disease activity, implying that adaptive
immune cells are involved in the nephritis of Aim2−/− mice, despite
deficiency of Aim2 in the B cells and T cells of these mice. In light
of findings reported by Yang et al (8), it would be interesting to
compare Aim2 deficiency in different types of cells among animals
in the same facility with SLE development upon pristane injection,
because lupus induction is a long process and microbiota may
affect disease development.

With regard to the elevated Aim2 expression in SLE patients
and apoptotic DNA–treated BALB/c mice (8,9), it should be noted
that the Aim2 gene itself is an ISG whose expression can be
induced by IFN. Moreover, as demonstrated in the study by Yang
et al, IL-10 can also induce the expression of Aim2 (8). Therefore,
the elevated expression of Aim2 is likely a result of SLE develop-
ment rather than a driving factor of the disease. It would be inter-
esting to generate a line of Aim2-overexpressing mice to
investigate whether enforced expression of this gene leads to
enhancement or alleviation of autoimmune diseases, including
SLE and EAE.
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Airway obstruction as a pulmonary manifestation
of rheumatoid arthritis: comment on the article
by Prisco et al

To the Editor:
We read with great interest the report by Dr. Prisco et al (1),

describing their study which demonstrated much greater odds
of both restrictive and obstructive pulmonary patterns among
rheumatoid arthritis (RA) cases, compared with controls, in an
analysis of data from the UK Biobank. However, some concerns
are worth addressing.

In discussions about pulmonary function abnormalities, a
crucial variable is the presence of chronic respiratory disease.

LETTERS 1095

https://orcid.org/0000-0003-4634-4661


The authors addressed this by using self-reported patient data,
which could undermine the validity of the diagnosis and lead to
information bias. We believe that inaccurate measurement of the
prevalence of 2 key chronic respiratory diseases, bronchiectasis
and chronic obstructive pulmonary disease (COPD), is especially
relevant here.

First, previous studies showed a bronchiectasis prevalence
of ~30% among RA patients (2). However, the current study,
which relied on self-reported bronchiectasis, revealed a preva-
lence of only 0.9%. This vast discrepancy implies that, in many
patients with RA-associated bronchiectasis, the disease is clini-
cally silent and unrecognized yet can be readily detected by pul-
monary function tests.

Second, COPD is notoriously prone to evading clinical detec-
tion; one study showed that it was undiagnosed in ~70% of
COPD patients worldwide (3). In the current study, mean pack-
years of smoking and the percentages of participants who were
current or past smokers were all higher among RA cases than
among controls. These differences suggest that the rate of undi-
agnosed COPD might have been higher in the RA group and
could have contributed in part to the increased odds of obstruc-
tive patterns among these patients. Moreover, quitting smoking
requires strong personal motivation, and we wonder whether RA
patients had a greater prevalence of more severe smoking-related
airway symptoms and disease and, in turn, a higher rate of smok-
ing cessation.

We understand that image correlation is difficult in databank
analysis. However, chest images (if available) from these partici-
pants would be very informative for assessing the scale of infor-
mation bias, if present.

Finally, the prevalence of rheumatoid factor (RF) positivity in
the RA group (86%) was much higher than typically reported (4).
In a small study, we found that 42% of COPD patients tested
positive for RF (5). Therefore, we wonder whether the excess RF
positivity reported by Prisco et al (1) could have been attributable
to undiagnosed COPD among RA cases, since RF positivity was
common in this group.

We appreciate the robust work done by the authors and look
forward to their reply.
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Reply

To the Editor:
We thank Dr. Wang and colleagues for allowing us to expound

on how we identified chronic respiratory diseases and analyzed
smoking history in our study. Clinicians typically diagnose chronic
respiratory diseases through patient self-report, physical examina-
tion, and physiologic analyses (such as spirometry) and chest imag-
ing usually prompted by symptoms, signs, or clinical events. The
UK Biobank is renowned for the depth and breadth of the measure-
ments included in its research protocol, but chest imaging data
were unavailable for our study. Thus, we relied on patient self-report
to identify whether chronic respiratory diseases were present.

In total, 18.0% of RA patients reported a chronic respiratory
disease as compared to 13.2% of control participants. We agree
that some chronic respiratory diseases that we considered, such
as bronchiectasis (reported by 0.9% of RA patients) and interstitial
lung disease (ILD) (reported by 0.3%), may have been underre-
ported. In our recent systematic review of bronchiectasis in RA,
the pooled prevalence of bronchiectasis was 18.7% (1). However,
this observation was mostly driven by bronchiectasis prospec-
tively detected by high-resolution computed tomography (CT) of
the chest (prevalence 24.1%) (1). When only considering bronchi-
ectasis identified through clinical care, the prevalence was 3.8%
(1). Similarly, the prevalence of ILD among RA patients varies
widely, based on whether it was identified clinically during care
or subclinically by high-resolution CT of the chest (2,3).

Spirometry is the cornerstone to the diagnosis of COPD
and was used to detect an obstructive pattern, a coprimary
outcome of our study. We used self-report to determine the
presence of COPD (characterized as “known” in our study),
but this may have been an inaccurate measure (4). The analysis
among never smokers lowered the possibility that underre-
ported COPD contributed to our findings. Ascertainment of
asthma had similar limitations. Some individuals with chronic
respiratory disease report several conditions concurrently.
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Many respiratory conditions overlap, as in asthma–COPD over-
lap syndrome (5) and a spectrum of endotypes (6). Therefore,
we used a composite variable, history of chronic respiratory
disease (present or absent), as an adjustment variable and in
stratified analyses. Thus, while we acknowledge some loss in
granularity in specific diagnoses by using self-reported data,
the association of RA with obstructive lung disease is sup-
ported by objective measurements.

One strength of our study was the use of granular data on
smoking history, an established RA risk factor (7). All analyses
were adjusted for smoking status and pack-years. Since chronic
respiratory disease would be expected to lead to spirometric
abnormalities, history of chronic respiratory disease was adjusted
for in models. All findings persisted in subgroups of never
smokers and those without self-reported chronic respiratory dis-
ease. Therefore, potential inaccuracies of diagnoses due to self-
reported chronic respiratory disease and smoking history are
unlikely to explain our findings.

Our study emphasizes that many patients with RA may have
either subclinical or unrecognized chronic respiratory disease
that is not explained by smoking status and pack-years. These
findings add to the growing literature implicating the importance
of airways and emphysema in RA pathogenesis and outcomes
(3,8,9) and suggest that obstructive lung disease may be an
extraarticular RA manifestation in addition to restrictive lung
diseases, such as ILD. Future longitudinal studies are needed to
integrate accurate clinical diagnoses, patient-reported symp-
toms, chest imaging findings, and pulmonary function test results
to better define the respiratory burden of RA throughout the dis-
ease course.
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