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Introduction
Rheumatoid arthritis (RA) is the second most common autoimmune condition, affecting around 1% of  
the population worldwide. RA is characterized by inflammation of  the synovial joints, bone erosion, and 
cartilage damage and is associated with high morbidity and mortality. A hallmark of  RA is the production 
of  autoantibodies against citrullinated protein antigens, which can be detected before the onset of  clinical 
disease (1). Aggrecan, a major extracellular matrix protein in articular cartilage, has been identified as a 
potent citrullinated autoantigen in RA (2–5). A recent study reported CD4+ T cells specific for citrullinated 
aggrecan in patients with RA, which further implicates adaptive immune responses against citrullinated 
aggrecan in RA pathogenesis (6). However, the mechanism by which these adaptive immune responses to 
citrullinated aggrecan are initiated remains unknown.

Previous studies have proposed that fibroblast-like synoviocytes (FLSs) and synovial macrophages sub-
stantially contribute to the production of  proinflammatory cytokines and enzymes that are responsible for 
cartilage damage. During the initial phases of  the disease, when extensive damage to the joints typically 
occurs, neutrophils are the most abundant cells in the RA joint, suggesting that these cells play an important 
role in the initiation of  joint damage (7). RA neutrophils display an enhanced capacity to form neutrophil 
extracellular traps (NETs), which are a meshwork of  decondensed chromatin decorated with cytoplasmic 
and granule proteins externalized to the extracellular space. Studies indicate that these structures can modu-

Rheumatoid arthritis (RA) is characterized by synovial joint inflammation, cartilage damage, and 
dysregulation of the adaptive immune system. While neutrophil extracellular traps (NETs) have 
been proposed to play a role in the generation of modified autoantigens and in the activation of 
synovial fibroblasts, it remains unknown whether NETs are directly involved in cartilage damage. 
Here, we report a new mechanism by which NET-derived elastase disrupts cartilage matrix and 
induces release of membrane-bound peptidylarginine deiminase-2 by fibroblast-like synoviocytes 
(FLSs). Cartilage fragments are subsequently citrullinated, internalized by FLSs, and then presented 
to antigen-specific CD4+ T cells. Furthermore, immune complexes containing citrullinated cartilage 
components can activate macrophages to release proinflammatory cytokines. HLA-DRB1*04:01 
transgenic mice immunized with NETs develop autoantibodies against citrullinated cartilage 
proteins and display enhanced cartilage damage. Inhibition of NET-derived elastase rescues NET-
mediated cartilage damage. These results show that NETs and neutrophil elastase externalized in 
these structures play fundamental pathogenic roles in promoting cartilage damage and synovial 
inflammation. Strategies targeting neutrophil elastase and NETs could have a therapeutic role in RA 
and in other inflammatory diseases associated with inflammatory joint damage.
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late pathogenic innate and adaptive immunity (8, 9). Furthermore, during NET formation, potent enzymes 
that can promote tissue injury are released into the extracellular space. However, whether NETs are directly 
involved in the orchestration of  synovial cartilage damage has not been explored. The purpose of  this study 
was to determine the role of  NETs, and enzymes released by these structures, in the degradation of  cartilage 
matrix and in the modulation of  synovial and systemic adaptive immunity to modified cartilage structures.

Results
NETs induce FLSs to upregulate proinflammatory cytokines and degrade aggrecan in vitro. RNA-sequencing 
analysis of  RA FLSs treated for 24 hours with spontaneously generated RA NETs indicated significant 
upregulation of  genes coding for inflammatory cytokines and enzymes involved in cartilage damage and 
extracellular matrix remodeling, such as IL33, IL11, and MMP3 (Figure 1A and Supplemental Figure 1A; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.139388DS1). 
This was supported by quantitative PCR in osteoarthritis (OA) and RA FLSs exposed to NETs for 24 to 
48 hours (Figure 1, B–D; and Supplemental Figure 1, B–F). Furthermore, increased levels of  IL-11 protein 
were detected by ELISA in FLS supernatants in the presence of  NETs (Supplemental Figure 1G).

Aggrecan is the most abundant structural proteoglycan in human articular cartilage. Aggrecanase-1 
(ADAMTS-4) and aggrecanase-2 (ADAMTS-5) are the main enzymes implicated in cartilage degrada-
tion, and previous reports suggest that these enzymes are produced by FLSs (10–12). However, lysates and 
supernatants from OA or RA FLSs were unable to degrade recombinant aggrecan in vitro (Supplemen-
tal Figure 2, A and B). In contrast, supernatants from FLSs incubated with NETs cleaved recombinant 
aggrecan in vitro (Supplemental Figure 2A) and displayed elevated activity levels of  aggrecanase-1, when 
compared with untreated FLSs (Supplemental Figure 2C). Aggrecanase-2 was also detected by Western 
blot analysis, in supernatants of  FLSs incubated with NETs, but not FLSs alone (Supplemental Figure 2D), 
suggesting that NETs may contain enzymes capable of  cleaving aggrecan.

Unexpectedly, NETs isolated from healthy control and RA neutrophils contained aggrecanases-1 and 
-2 (Supplemental Figure 2, D and F). Aggrecanase activity assay demonstrated that aggrecanases were 
enzymatically active in NETs but not in FLSs (Supplemental Figure 2E). To further corroborate the pres-
ence of  aggrecanases in the NETs, an ELISA to detect aggrecanase-1– and aggrecanase-2–DNA com-
plexes was performed. RA synovial fluid (SF) contained significantly higher levels of  aggrecanase-DNA 
complexes when compared with OA SF (Figure 1, E and F), suggesting that aggrecanases contained in 
NETs may mediate cartilage damage.

Notably, NETs degraded recombinant aggrecan in vitro (Figure 2A). We further corroborated this find-
ing in chondrocyte cultures. Chondroitin sulfate fragments were significantly elevated in supernatants from 
chondrocytes incubated with NETs for 24 hours as compared with controls (Figure 2B). To assess whether 
cartilage damage was mediated by NET-bound aggrecanases, we repeated the in vitro degradation assay 
in the presence of  chemical inhibitors. A specific inhibitor of  aggrecanases did not inhibit NET-mediated 
aggrecan degradation, nor did inhibition of  neutrophil collagenase (MMP8) (Figure 2, C and D). These 
data suggest that, despite their presence in NETs, aggrecanases are not responsible for NET-mediated deg-
radation of  cartilage matrix proteins.

Neutrophil elastase present in NETs mediates cartilage degradation and promotes peptidylarginine deiminase-2 
release by FLSs and citrullination of  extracellular matrix proteins. Neutrophil elastase is one of  the most abun-
dant enzymes contained in NETs and can cleave a broad spectrum of  substrates, including histones (13). 
Moreover, neutrophil elastase–DNA complexes (a surrogate marker of  NETs) and elastase activity were 
significantly elevated in RA SF when compared with OA SF (Figure 3, A and B). To test the possibility 
that neutrophil elastase mediates NET-associated degradation of  aggrecan, NETs were incubated with 
recombinant aggrecan in the presence of  a specific neutrophil elastase inhibitor (sivelestat). Western blot 
analysis showed that NET-mediated degradation of  aggrecan was attenuated in the presence of  sivelestat 
in a concentration-dependent manner (Figure 3C). Similar effects were observed for other major cartilage 
proteoglycans, including biglycan and clusterin (Supplemental Figure 3, A and B). To further assess if  
NET-bound elastase is detrimental to cartilage ex vivo, tibiofemoral joint explants were incubated with 
recombinant neutrophil elastase or with NETs in the presence or absence of  sivelestat for 2 weeks. Joints 
were then stained with safranin-O and cartilage integrity was scored (Figure 3D). Joints exposed to NETs 
showed significantly higher eburnation and cartilage loss when compared with untreated joints (Figure 3, E 
and F). Neutrophil elastase inhibition reduced cartilage loss and eburnation (Figure 3, E and F). Moreover, 
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recombinant neutrophil elastase significantly increased eburnation and cartilage loss in the joints (Figure 
3, D–F). Together, these results indicate that neutrophil elastase externalized by NETs has direct effects in 
cartilage degradation and synovial joint damage.

Peptidylarginine deiminase-2 (PAD2) is involved in citrullination of  synovial joint antigens in 
RA mouse models (14). Quantitative PCR, Western blot, immunofluorescence microscopy, and flow 
cytometry analyses demonstrated that OA and RA FLSs expressed intracellular PAD2 but not PAD4 
(Figure 4, A and B; and Supplemental Figure 3, C–E). PAD2 was also detected in FLS plasma mem-
brane (Figure 4C and Supplemental Figure 3F). Western blot analysis showed that NET-mediated 
activation of  FLSs promotes increased release of  PAD2 from the FLS membrane (Figure 4D). This 
enhanced release of  PAD2 was mediated by NET-bound elastase because pretreatment of  NETs with 
an elastase inhibitor decreased PAD2 release from RA FLSs (Figure 4D). In vitro assays showed that 
aggrecan, biglycan, and clusterin could be citrullinated by PAD2 (Figure 4, E–G). To test whether 
PAD2 liberated by elastase from FLSs can citrullinate extracellular cartilage proteins, supernatants 
from FLSs cultured in the presence or absence of  NETs were incubated with the same amount of  
recombinant cartilage proteins. Citrullination assessment demonstrated that aggrecan and biglycan 
were modified, while clusterin was not, suggesting that only specific glycoproteins can serve as sub-
strates for FLS-derived extracellular PAD2 (Figure 4, E–G). In the presence of  NETs, recombinant 
proteins were citrullinated but also degraded into smaller peptides by neutrophil elastase (Figure 4, 

Figure 1. NETs promote a proinflammatory gene signature in FLSs. (A) Volcano plot of differential gene expression comparing NET-treated and untreated 
RA FLSs. Genes colored in red are upregulated in NET-treated FLSs, while genes colored in blue are downregulated. Genes involved in inflammation and 
extracellular remodeling are annotated. Quantitative PCR was performed to support differential gene expression of (B) IL33, (C) MMP3, and (D) IL11 and in 
RA FLSs (n = 6) in the presence or absence of added NETs for 24 hours and 48 hours. Results are the mean ± SEM. Mann-Whitney U test was used. **P < 
0.01. (E) Aggrecanase-1– and (F) aggrecanase-2–dsDNA complexes were measured in synovial fluids (SFs) from osteoarthritis (OA) (n= 10) and RA (n = 17) 
patients. Results are the mean ± SEM. Mann-Whitney U test was used. ***P < 0.001.
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E–G). These results are consistent with previous studies that have detected PAD2 at elevated levels in 
the SF of  patients with RA and that have shown PAD2 is the main enzyme involved in citrullination 
in an RA mouse model (14–16).

FLSs present citrullinated cartilage proteins to CD4+ T cells and promote pathogenic adaptive immune responses 
in humans and mice. We previously showed that FLSs can act as antigen-presenting cells in the synovium, 
internalize citrullinated NET proteins, and present them to vimentin-specific CD4+ T cells (17). Six 
citrullinated aggrecan–specific (cit-aggrecan–specific) CD4+ T cell populations were recently described 
in subjects with RA (6). Based on these findings, we tested the possibility that FLSs can present cit-ag-
grecan epitopes to CD4+ T cell clones. IFN-γ production in coculture experiments with FLSs and cit-ag-
grecan–specific CD4+ T cells demonstrated that FLSs could present cit-aggrecan peptides (Figure 5A). 
To assess if  this enhancement in antigen-specific T cell responses modulated autoantibody formation, 
we quantified autoantibodies against cit-aggrecan, cit-biglycan, and cit-clusterin in RA and OA SFs and 
found them to be enhanced in RA SF (Figure 5, B–D), suggesting that citrullinated versions of  cartilage 
proteins can be immunogenic in RA.

The presence of the HLA-DRB1*04:01 shared epitope associates with risk of developing RA and correlates 
with T cell reactivity against citrullinated peptides (18, 19). We immunized HLA-DRB*0401 transgenic mice 
with FLS loaded with NETs and found that they developed significantly increased titers of autoantibodies 
against cit-aggrecan, cit-biglycan, and cit-clusterin (Figure 5, E–G), suggesting that in the presence of the shared 
epitope, NETs can promote enhanced adaptive immune responses to citrullinated cartilage antigens in vivo.

Citrullinated cartilage protein–IgG immune complexes activate macrophages to release proinflammatory cytokines. 
Previous reports indicate that immune complexes (ICs) deposit in RA joints and activate inflammatory 
responses (20–22). We assessed if  ICs containing citrullinated cartilage proteins could directly activate mac-
rophages. Monocyte-derived macrophages incubated with cit-aggrecan or cit-biglycan displayed enhanced 
release of  proinflammatory cytokines, such as TNF-α, IL-1β, IL-8, and IL-6 (Figure 6, A–D), and this was 
significantly enhanced in the presence of  IgG-ICs. IL-1β and TNF-α are crucial in the orchestration of  car-

Figure 2. NETs degrade aggrecan. (A) Western blot analysis to assess NET-mediated degradation of recombinant aggrecan. (B) Quantification of 
supernatant release of chondroitin sulfate by chondrocytes incubated in the presence or absence of NETs for 24 hours. Results are the mean ± SEM of 5 
independent experiments. Mann-Whitney U test was used. *P < 0.05. (C) Western blot analysis to quantify NET-mediated degradation of recombinant 
aggrecan in the presence of increasing concentrations of ADAMTS-5 inhibitor or DNase I. (D) Western blot analysis to quantify NET-mediated degradation 
of recombinant aggrecan in the presence of graded concentrations of MMP8 inhibitor.
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tilage damage in RA joints and both enhance NET formation (8, 23). We hypothesized that these cytokines 
could amplify cartilage damage by activating neutrophils to release elastase. Supporting this hypothesis, 
healthy control neutrophils incubated with TNF-α or IL-1β displayed significantly enhanced neutrophil 
elastase activity in supernatants when compared with untreated neutrophils (Figure 6E).

Discussion
Increasing evidence supports that neutrophils are important players in the initiation and progression of  
RA. Recently, NETs have been recognized as key structures in the synovium that orchestrate dysregulated 
immune responses, inflammation, and joint damage. Interactions between synovial neutrophils and FLSs 
trigger an inflammatory environment conducive to a pathogenic immune response (17). In this study, we 
identify a potentially novel pathway of  neutrophil-mediated joint destruction, cartilage degradation, and 
immune activation. Neutrophil elastase present in NETs can directly degrade cartilage components in the 

Figure 3. NET-bound neutrophil elastase mediates cartilage degradation. (A) Neutrophil elastase–dsDNA complexes and (B) neutrophil elastase activity 
were measured in OA (n = 10) and RA (n = 17) SF. Results are the mean ± SEM. Mann-Whitney U test was used. (C) Western blot analysis quantifies 
NET-mediated degradation of recombinant aggrecan in the presence or absence of graded concentrations of neutrophil elastase inhibitor. Results are 
representative of 3 independent experiments. (D) Safranin-O staining and (E) scores of cartilage loss and (F) eburnation in tibiofemoral mouse explants 
incubated in the presence or absence of NETs, NETs with neutrophil elastase inhibitor, or recombinant neutrophil elastase. Arrows show cartilage areas. 
Results are the mean ± SEM of n= 5 per group. Kruskal-Wallis with post hoc Dunn’s test was used. *P < 0.05, and **P < 0.01. Scale bar: 100 μm.
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synovium, while amplifying inflammatory pathways in FLSs and macrophages that can further promote 
joint damage (Figure 7). In addition to their proinflammatory effects, NETs induce PAD2 release by FLSs 
through a neutrophil elastase effect that enhances citrullination of  cartilage proteins (Figure 7). Citrullinat-
ed matrix proteins are subsequently internalized by FLSs and can activate antigen-specific T cells to induce 
specific autoantibody responses. Furthermore, ICs of  citrullinated cartilage matrix antigens can further 
amplify aberrant, deleterious proinflammatory immune responses (Figure 7).

Aggrecanase-1 and -2 are the main enzymes known to be associated with cartilage damage (24, 25). 
These enzymes have been considered to be released by FLSs in the synovium (25, 26). To our knowledge, 

Figure 4. NET-bound neutrophil elastase promotes the release of PAD2 by FLSs and citrullination of extracellular matrix proteins. (A) Western blot 
analysis quantifying PAD2 and PAD4 expression in OA and RA FLSs. HeLa cells and neutrophil extracts were used as positive controls for PAD2 and PAD4, 
respectively. Tubulin was used as a loading control. (B) PAD2 expression in RA FLSs by flow cytometry analysis. (C) Representative immunofluorescence 
of PAD2 expression in the membrane of RA FLSs. (D) Detection of PAD2 in the supernatants of RA FLSs incubated with NETs in the presence or absence 
of neutrophil elastase inhibitor. PAD2 activity was measured by detecting citrullinated (E) aggrecan, (F) biglycan, and (G) clusterin using Rh-PG citrulline 
probe in RA supernatants in the presence or absence of NETs. Recombinant PAD2 was used as a control. Results are representative of 3 independent 
experiments. Scale bar: 10 μm.
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we describe for the first time that neutrophils express aggrecanase-1 and -2, which are released during NET 
formation. However, these enzymes were not responsible for neutrophil-mediated cleavage of  aggrecan. 
Instead, we found that neutrophil elastase released by NETs is a key player in synovial cartilage degrada-
tion. This is consistent with previous reports that activated neutrophils can directly damage cartilage (27, 
28) and that RA neutrophils have an activated phenotype that favors NET formation and externalization of  
neutrophil elastase in the synovium (8).

Figure 5. FLSs exposed to NETs present citrullinated cartilage proteins to CD4+ T cells and promote in vitro and in 
vivo adaptive immune responses to citrullinated cartilage peptides in humans and mice. (A) IFN-γ was measured 
in supernatants of RA FLSs cocultured for 5 days with cit-aggrecan–specific CD4+ T cells in the presence or absence of 
cit-aggrecan peptides. Results are the mean ± SEM of 5 independent experiments. Kruskal-Wallis with post hoc Dunn’s 
test was used. Autoantibodies against native and citrullinated forms of (B) aggrecan, (C) biglycan, and (D) clusterin 
were measured in OA (n = 9) and RA (n = 15) SF. Results are the mean ± SEM. Mann-Whitney U test was used. Sera 
from HLA-DRB1*04:01 transgenic mice immunized with FLSs or FLSs in the presence of NETs were analyzed for the 
presence of autoantibodies against citrullinated versions of (E) aggrecan, (F) biglycan, and (G) clusterin. Results are the 
mean ± SEM of n = 5 per group. Mann-Whitney U test was used. *P < 0.05, and **P < 0.01.
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Furthermore, patients with RA develop antibodies against citrullinated cartilage fragments, such as 
aggrecan (6). We now describe a mechanism whereby neutrophils interact with chondrocytes and FLSs, 
leading to the generation of  citrullinated cartilage fragments that can be presented to synovial CD4+ T cells 
to promote adaptive immune responses and propagate inflammation. Although this may not be the only 
mechanism leading to the generation of  anti–citrullinated cartilage fragment antibodies, it provides more 
evidence for the increasingly recognized detrimental role of  neutrophils in RA synovium during early and/
or active phases of  the disease.

IC deposition is a prominent feature in RA synovium (22). We found that anti–citrullinated cartilage 
antibodies can form ICs with autoantigens present in the synovium and activate macrophages to release ele-
vated levels of  proinflammatory cytokines. TNF-α and IL-1β have been previously implicated in cartilage 

Figure 6. Citrullinated cartilage protein–IgG ICs activate macrophages to release proinflammatory cytokines. M1 macrophages were incubated with 
native or citrullinated cartilage proteins and ICs for 24–72 hours. Supernatants were analyzed for (A) TNF-α, (B) IL-1β, (C) IL-6, and (D) IL-8. Results are the 
mean ± SEM of 4–5 independent experiments. Kruskal-Wallis with post hoc Dunn’s test was used. *P < 0.05, and **P < 0.01. (E) Supernatants of control 
neutrophils were analyzed for elastase activity after incubation with TNF-α or IL-1β. Results are the mean ± SEM of 5 independent experiments. Krus-
kal-Wallis with post hoc Dunn’s test was used. *P < 0.05, and **P < 0.01.
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damage (29, 30). We found that these cytokines activate neutrophils to release elastase, promoting cartilage 
damage and perpetuation of  an inflammatory cycle that exacerbates joint destruction.

During NET formation, PAD4 citrullinates RA-relevant autoantigens (8, 31, 32). Some studies have 
suggested that PAD2 is a main driver of  citrullination, at least in murine models (14). Supporting this 
finding, we found that FLSs exclusively express PAD2, and it is responsible for citrullinating cartilage frag-
ments generated by neutrophil elastase in the synovium.

Our results indicate that therapies that target NETs or, more specifically, neutrophil elastase could 
potentially slow the progression of  cartilage damage and reduce disability in RA. Our data also highlight 
the potential role that neutrophils play in damaging other matrix-rich tissues.

Methods
Antibodies, recombinants, and chemicals. The following reagents were used in this study: recombinant human 
aggrecan (G1-IGD-G2) (BioLegend), biglycan (Abcam), clusterin (ProSpec), and PAD2 (MilliporeSigma). 
Aggrecanases’ inhibitor (ADAMTS-5) was purchased from MilliporeSigma, MMP8 inhibitor was from 
Chem Cruz, and neutrophil elastase inhibitor (sivelestat) was purchased from MilliporeSigma. Rabbit anti–

Figure 7. Schematic representation of the role of neutrophil elastase in synovial cartilage integrity in RA. (Number 1) Synovial neutrophils display 
enhanced NET formation. (Number 2) NETs containing elastase cleave cartilage, generating fragments. (Number 3) Also, NET-derived elastase cleaves 
FLS-PAD2 off the plasma membrane. (Number 4) Released PAD2 citrullinates cleaved cartilage fragments that are taken up by FLSs. (Number 5) Citrulli-
nated cartilage fragments are presented to specific CD4+ T cells and (Number 6) elicit antibody production against citrullinated aggrecan and biglycan by 
B cells. (Number 7) These autoantibodies form ICs that activate macrophages to release proinflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IL-8. 
(Number 8) Proinflammatory cytokines activate neutrophils to release more elastase, creating a vicious cycle that is detrimental to the cartilage.
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aggrecanase-1 (Thermo Fisher Scientific, PA1-1750), anti–aggrecanase-2 (Thermo Fisher Scientific, PA1-
1751A), anti-PAD2 (Proteintech, 12110-1-AP), anti-myeloperoxidase (Dako, A0398), mouse anti-tubulin 
(MilliporeSigma, T5168), anti-PAD4 (LifeSpan Biosciences, LS-C174028-100), anti-clusterin (Santa Cruz 
Biotechnology, clone B-5, sc-5289), anti-aggrecan (Abcam, clone 6-B-4,ab3778), and anti-Flag (Thermo 
Fisher Scientific, MA1-91878) antibodies were used in this study.

Human subjects. Samples were obtained from subjects who fulfilled the American College of  Rheumatol-
ogy criteria for RA (33) or were diagnosed with OA based on characteristic clinical and radiographic features 
and confirmed by pathological findings at joint surgery. Healthy controls were recruited by advertisement. All 
individuals gave written informed consent and enrolled in a protocol approved by the National Institute of  
Arthritis and Musculoskeletal and Skin Diseases/National Institute of  Diabetes and Digestive and Kidney 
Diseases Institutional Review Board (IRB; protocol 01-AR-0227) or the University of  Michigan Medical 
IRB (protocol HUM00043667 or HUM00045058). Peripheral blood (PB) was obtained by venipuncture and 
collected in EDTA-containing tubes. PB was fractionated via Ficoll-Paque Plus (GE Healthcare) gradient. 
SF was collected during medically necessary arthrocentesis or during surgery for joint replacement. PB neu-
trophils were isolated by dextran sedimentation and hypotonic salt solution as previously described (8, 17).

DMMB assay for quantification of  sulfated glycoproteins. After differentiation in 3D culture, chondrocytes 
were treated with NETs for 48 hours, and supernatants were collected to quantify the amount of  glycopro-
tein released as previously described (34). Briefly, 20-μL aliquots of  supernatant were added to a microtiter 
plate, 180 μL of  DMMB reagent was added, and absorbance was measured at 530 nm. Values were calcu-
lated based on standard concentrations of  chondroitin sulfate.

Chondrocyte culture. Articular knee chondrocytes (Lonza, CC-2550) were cultured in CGM BulletKit 
Medium (Lonza, CC-3216) and differentiated using CDM BulletKit Medium (Lonza, CC-3225), TGF-β3 
(Lonza, PT-4124), ascorbic acid (Lonza, CC-4398), hydrochloric acid, and bovine albumin fraction, follow-
ing the manufacturer’s instructions. Cells were cultured at 37°C and 5% CO2 in a humidified incubator. For 
3D cultures of  chondrocytes, approximately 100,000 chondrocytes were resuspended in hydration fluid and 
embedded in 3D culture using the Cell-Mate3D uGel 40 kit (BRTI Life Sciences). Cells were equilibrated in 
Chondrocyte Growth Medium (Cell Applications, Inc) and subsequently redifferentiated for 21 days using 
CDM Chondrocyte Differentiation Media Bullet Kit (Lonza). Media were replenished every 3–4 days.

Aggrecanase-1 activity. Aggrecanase-1 activity was measured in neutrophil lysate, NETs, and superna-
tants of  OA and RA FLSs treated with NETs using the SensoLyte 520 Aggrecanase-1 Fluorimetric Assay 
Kit (Ana Spec). The assay was performed following Protocol B of  the manufacturer’s instructions, and the 
activity is expressed in terms of  relative fluorescence units (RFU).

RNA-sequencing. RNA from either untreated or NET-treated FLSs was isolated using Direct-zol RNA 
Miniprep Kit (Zymo Research), and cDNA libraries were prepared with poly(A) tail enrichment using 
NEBNext Ultra II RNA Library Prep Kit following the manufacturer’s instructions (New England Bio-
labs). RNA-sequencing libraries were sequenced on an Illumina Hiseq 3000 as single end with 50 base pair 
reads. Reads were demultiplexed and converted to FASTQ using Casava 1.8.2 and then mapped to hg19 
using TopHat 2.1.0. Reads per kilobase million mapped reads (RPKM) was calculated using Partek GS 
6. ANOVA comparisons were computed on log2-transformed RPKM with a 0.1 offset also using Partek 
GS. RNA-sequencing data were deposited in the National Center for Biotechnology Information’s Gene 
Expression Omnibus database (accession number GSE150466).

Quantitative PCR. Cells were resuspended in 500 μL of  TRI Reagent (MilliporeSigma). After 30 min-
utes, RNA was isolated using Direct-zol RNA Miniprep Kit (Zymo Research, 11-331) according to the 
manufacturer’s instructions. Total RNA (300 ng) was reverse-transcribed using iScript RT single-strand 
cDNA (Bio-Rad). Quantitative PCR was performed using TaqMan Gene Expression Master Mix (Ther-
mo Fisher Scientific), human GAPDH primers (Hs99999905_m1), and sequence-specific primers for IL6 
(Hs00174131_m1), IL8 (Hs00174103_m1), IL33 (Hs04931857_m1), IL11 (Hs01055414_m1), MMP3 
(Hs00968305_m1), PADI2 (Hs01042505_m1), and PADI4 (Hs01057483_m1).

ELISA to quantify NET complexes in SF. The presence of  NET complexes in RA and OA SF was assessed 
by ELISA. A 96-well plate was coated with rabbit polyclonal anti–aggrecanase -1 (Thermo Fisher Scien-
tific, PA1-1750) or anti–aggrecanase-2 (Thermo Fisher Scientific, PA1-1751A) or anti-neutrophil elastase 
(Calbiochem, 481001) at 1:400 in PBS overnight at 4°C. Wells were washed 3 times in washing buffer 
(0.05% Tween in PBS) and blocked in blocking buffer (1% BSA in PBS) at room temperature (RT) for 1 
hour. SFs were diluted 1:100 in blocking buffer and incubated overnight at 4°C. The wells were washed 3 
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times and incubated with mouse monoclonal anti–double-stranded DNA antibody (MilliporeSigma, clone 
BV16-13, MAB030) at 1:100 in blocking buffer. After washing 3 times, goat anti-mouse conjugated HRP 
antibody (1:10,000) (Bio-Rad, 1721012) was incubated for 1 hour at RT. Wells were washed 5 times fol-
lowed by the addition of  TMB substrate (MilliporeSigma) and stop solution (MilliporeSigma). The absor-
bance was measured at 450 nm, and values were calculated as an OD index.

Autoantibody assessment by ELISA. A 96-well plate was coated with 100 ng/mL recombinant or citrulli-
nated human recombinant aggrecan, biglycan, or clusterin overnight in PBS at 4°C. The plate was washed 
and blocked with 1% BSA for 1 hour at RT. Serum samples or SF samples from RA subjects or mice were 
diluted (1:100) and incubated overnight at 4°C. The plate was washed 3 times in PBS-Tween and incubated 
with HRP-conjugated anti–human IgG secondary antibody (MilliporeSigma, AQ112P) for 1 hour at RT. 
After washing 5 times with PBS-Tween, TMB substrate (MilliporeSigma) and stop solution (MilliporeSig-
ma) were used to develop the plate. The absorbance was measured at 450 nm, and values were calculated 
as an OD index calculated as a ratio of  patient to healthy control.

PAD expression by flow cytometry. To quantify the expression of  PADs on the membranes of  RA and OA 
FLSs, cells were first blocked with Human TruStain FcX (BioLegend, 422301) at 1:50 dilution in FACS 
buffer (2% FBS in PBS) for 10 minutes, then washed in FACS buffer and incubated with either rabbit 
polyclonal anti-PAD2 (Proteintech, 12110-1-AP) or mouse monoclonal anti-PAD4 (LifeSpan Biosciences, 
LS-C174028-100) at a 1:50 dilution in FACS buffer for 30 minutes at 4°C, followed by a wash. The cells 
were then stained with PE anti–mouse IgG1 (BioLegend, 406607) or PE donkey anti–rabbit IgG (BioLeg-
end, 406421) at 1:100 dilution in FACS buffer for 30 minutes at 4°C. After washing, cells were fixed in 2% 
paraformaldehyde. To quantify the intracellular expression of  PADs in RA and OA FLSs, cells were first 
fixed and permeabilized using the eBioscience Foxp3 kit (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Staining then proceeded as described above. Isotypes were included for each sample.

In vitro protein degradation assays. RA NETs were preincubated with the indicated concentrations of  
aggrecanase-1, MMP8, or neutrophil elastase inhibitor for 30 minutes at 37°C. Subsequently, 1 μg recom-
binant human aggrecan, biglycan, or clusterin was added to the reaction mixture and incubated for 15 min-
utes at 37°C. Following incubation, loading dye was added to samples, and the mixture was incubated for 5 
minutes at 95°C. Samples were then run on a NuPAGE Bis-Tris gel (Invitrogen, Thermo Fisher Scientific) 
and transferred to a nitrocellulose membrane for Western blot. Blots were washed briefly with water and 
blocked in 10% BSA for 30 minutes at RT. Blots were subsequently incubated with the relevant primary 
antibody (1:1000 dilution) overnight at 4°C. After incubation in primary antibody, blots were washed 3 
times with PBS-Tween and incubated in secondary antibody (diluted in 5% BSA) for 1 hour. Blots were 
washed again 3 times and captured using a LI-COR Odyssey CLx scanner.

Generation of  mouse FLSs and in vivo administration of  FLSs with and without NETs. Breeding pairs of  
DRB1*04:01 were a gift from C. David (Mayo Clinic, Rochester, Minnesota, USA), and they were housed 
and bred at the NIH facility. Animal studies were conducted according to the guidelines established by the 
National Institute of Arthritis and Musculoskeletal and Skin Diseases Laboratory Animal Care and Use section 
and following an approved protocol (A016-05-26). Eight-week-old DRB1*04:01 female mice were euthanized, 
and synovium from the tibiofemoral compartment was isolated and dissected. A piece of synovial tissue was 
incubated in a 12-well plate with CMRL 1066 medium supplemented with 10% FBS, 1% l-glutamine, and 
1% penicillin-streptomycin. DRB1*04:01 FLSs were used at passage 4 to ensure purity of the cells. FLSs were 
cultured in the presence or absence of 50 μg of spontaneously formed human RA NETs for 3 days. FLSs were 
washed with PBS, detached with trypsin, centrifuged at 300 g for 5 minutes at RT, washed, and resuspended in 
1× Hanks’ balanced salt solution. Twelve-week-old DRB1*04:01 female mice were anesthetized using isoflu-
rane vaporization, and the left hind leg was shaved to expose the knee joint. A total of 1 × 105 DRB1*04:01 FLSs 
with or without uploaded NETs were injected into the synovial space using a 27-gauge needle. This procedure 
was performed every 14 days for a total of 14 weeks (7 injections), and mice were sacrificed at 24 weeks of age.

Assessment of  macrophage activation. To obtain M1 polarized macrophages, human CD14+ monocytes 
were isolated from PBMCs using positive selection with MACS columns (Miltenyi Biotec), and the cells 
were incubated with M-CSF (50 ng/mL, PeproTech) for 5 days. Then, 96-well plates were coated with 
recombinant or citrullinated recombinant human aggrecan or biglycan generated in vitro (100 ng/mL) in 
PBS at 4°C overnight. Plates were then incubated with 100 μg of  isolated IgG for 2 hours at RT. Plates 
were washed twice in PBS and seeded with M1 macrophages for 24 or 72 hours. Collected supernatant was 
analyzed by commercial ELISAs for TNF-α, IL-1β, IL-6, and IL-8 (Invitrogen, Thermo Fisher Scientific).
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Detection of  citrullinated proteins using Rh-PG probe. To perform in vitro citrullination, RA FLS superna-
tants were incubated in the presence or absence of  1 μg recombinant aggrecan, biglycan, clusterin, PAD2 
or PAD4 in PBS containing 2 mM CaCl2, and 1 mM DTT. The reaction was incubated at 37°C overnight. 
In vitro citrullinated samples were analyzed using the Rh-PG citrulline probe (Cayman Chemical). Each 
sample was treated with 20% trichloroacetic acid and 0.1 mM Rh-PG for 30 minutes at 37°C. Samples 
were cooled on ice for 30 minutes and centrifuged at 20,817 g for 5 minutes at 4°C. The supernatant was 
removed, and samples were washed with cold acetone and dried at 95°C for 1 minute. After resuspending 
in 50 mM HEPES, samples were separated by SDS-PAGE.

DRB1*04:01 explants in the presence of  NET assay. Twelve-week-old DRB1*04:01 were euthanized, and 
the tibiofemoral compartment was isolated and placed in a 12-well plate with CMRL 1066 medium sup-
plemented with 10% FBS, 1% l-glutamine, and 1% penicillin-streptomycin. Explants were incubated in the 
presence or absence of  spontaneously generated NETs from patients with RA, NETs in the presence of  
elastase inhibitor, or with 1 μg of  recombinant human neutrophil elastase at 37°C. After 2 weeks, explants 
were fixed in formalin and embedded in parafilm.

Neutrophil elastase activity assay. One hundred microliters of  supernatants from control neutrophils treat-
ed with either TNF or IL-1β were plated in a 96-well plate. Ten microliters of  neutrophil elastase substrate 
(Z-Ala-Ala-Ala-Ala)2Rh110 (Cayman Chemical) was added to each well, and the plate was incubated for 
1.5 hours at 37°C. Fluorescence was measured in a BioTek Synergy H1 Hybrid Multi-Mode Reader (Agi-
lent). Results are reported in RFU.

Cloning of  aggrecan-specific T cells. Cit-aggrecan–specific RA T cell clones restricted by HLA-DRB*0401 
were obtained as previously described (6).

FLS culture. Human OA and RA FLSs were isolated as previously described (35). Cells were grown in 
CMRL medium (Invitrogen, Thermo Fisher Scientific) supplemented with 10% FBS (Invitrogen, Thermo 
Fisher Scientific), 2 mM glutamine, penicillin (100 U/mL), and streptomycin (100 μg/mL). Cells were 
cultured at 37°C and 5% CO2 in a humidified incubator.

NET isolation. NETs were isolated, as previously described (17). Briefly, RA neutrophils were purified 
and seeded in 24-well tissue culture plates in RPMI without phenol or stimuli and incubated for 4 hours at 
37°C. Supernatants were harvested with micrococcal nuclease (10 U/mL; Thermo Fisher Scientific) for 15 
minutes at 37°C. Supernatants were collected and centrifuged at 300 g for 5 minutes at 4°C. NET superna-
tants were transferred to a fresh tube and stored at −80°C until used.

IgG purification. IgGs were purified from RA or OA SF samples with a Melon Gel IgG Spin kit follow-
ing the manufacturer’s instructions (Thermo Fisher Scientific).

Assessment of  FLS antigen presentation to antigen-specific T cell clones. The ability of  FLSs to present citrul-
linated antigens to T cells was assessed as previously described (17). Briefly, FLSs were pretreated with 
recombinant IFN-γ to upregulate MHC II. Three days later, cells were washed twice with PBS and then 
plated at a density of  100,000 cells per well in human T cell medium. CellTrace violet–labeled (Thermo 
Fisher Scientific) human cit-aggrecan–specific T cells were added to FLS cultures at a ratio of  1:2 (FLS/T 
cell) and incubated in the presence or absence of  their specific citrullinated peptide (2 μg). Supernatants 
were then collected and centrifuged at 300 g for 5 minutes at RT. IFN-γ was quantified using ELISA Ready-
SET-Go! (eBioscience, Thermo Fisher Scientific) according to the manufacturer’s recommendations. Cell-
Trace-labeled T cells were used to assess proliferation by flow cytometry.

Western blot. Cells were resuspended in lysis buffer (36) and placed at 4°C on a rotator for approximately 30 
minutes. Lysate was centrifuged for 10 minutes at 20,817 g at 4°C. The supernatants were transferred to a fresh 
Eppendorf tube. Total protein was quantified using BCA assay (Thermo Fisher Scientific). Equal amounts of  
total protein were resolved in a 4%–12% gradient Bis-Tris gel (Invitrogen, Thermo Fisher Scientific), transferred 
onto a nitrocellulose membrane, and blocked with 10% BSA for 30 minutes at RT. After overnight incubation 
with primary antibodies, membranes were washed 3 times with PBS-Tween and incubated with secondary anti-
body coupled to IRDye 800CW. Membranes were developed using LI-COR Odyssey CLx scanner.

Statistics. Data were analyzed using GraphPad Prism software. For samples with non-Gaussian dis-
tribution, we used Student’s 2-tailed Mann-Whitney U test. Multiple comparisons were analyzed by Kru-
skal-Wallis 1-way ANOVA test with post hoc Dunn’s test. Results are presented as the means ± SEM. P 
values of  less than 0.05 were considered significant.

Study approval. All individuals gave written informed consent and were enrolled in a protocol approved 
by the National Institute of  Arthritis and Musculoskeletal and Skin Diseases/National Institute of  Diabe-
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tes and Digestive and Kidney Diseases IRB (protocol 01-AR-0227) or the University of  Michigan Medical 
IRB (protocol HUM00043667 or HUM00045058). The study was conducted according to the standards of  
the Declaration of  Helsinki.

Animal studies were conducted according to the guidelines established by the National Institute of  
Arthritis and Musculoskeletal and Skin Diseases (NIAMS) Laboratory Animal Care and Use section and 
following an approved protocol (A016-05-26).
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