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Introduction
Rheumatoid arthritis (RA) is the most common inflammatory, erosive
polyarthritis and affects approximately 0.5%-1.5% of the worldwide
population. RA is characterized by breach of self-tolerance and pro-
duction of several autoantibodies including anti-citrullinated protein/
peptide antibodies (ACPAs) that can be manufactured within synovial
ectopic lymphoid structures (ELSs), as previously described (1-3).
Fibroblast-like synoviocytes (FLSs) have been shown to play a
critical role in the pathogenesis of RA contributing to the initiation,
evolution, and perpetuation of the disease (4-7). Besides contribut-
ing to joint damage by secreting MMPs, RA-FLSs can also release
proinflammatory cytokines and chemokines (8, 9). Previous data
have demonstrated that RA-FLSs express functional TLRI1-TLRG,
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Ectopic lymphoid structures (ELSs) in the rheumatoid synovial joints sustain autoreactivity against locally expressed
autoantigens. We recently identified recombinant monoclonal antibodies (RA-rmAbs) derived from single, locally
differentiated rheumatoid arthritis (RA) synovial B cells, which specifically recognize fibroblast-like synoviocytes (FLSs).
Here, we aimed to identify the specificity of FLS-derived autoantigens fueling local autoimmunity and the functional role of
anti-FLS antibodies in promoting chronic inflammation. A subset of anti-FLS RA-rmAbs reacting with a 60 kDa band from
FLS extracts demonstrated specificity for HSP60 and partial cross-reactivity to other stromal autoantigens (i.e., calreticulin/
vimentin) but not to citrullinated fibrinogen. Anti-FLS RA-rmAbs, but not anti-neutrophil extracellular traps rmAbs, exhibited
pathogenic properties in a mouse model of collagen-induced arthritis. In patients, anti-HSP60 antibodies were preferentially
detected in RA versus osteoarthritis (OA) synovial fluid. Synovial HSPD1 and CALR gene expression analyzed using bulk
RNA-Seq and GeoMx-DSP closely correlated with the lympho-myeloid RA pathotype, and HSP60 protein expression was
predominantly observed around ELS. Moreover, we observed a significant reduction in synovial HSP60 gene expression
followed B cell depletion with rituximab that was strongly associated with the treatment response. Overall, we report that
synovial stromal-derived autoantigens are targeted by pathogenic autoantibodies and are associated with specific RA
pathotypes, with potential value for patient stratification and as predictors of the response to B cell-depleting therapies.

with overexpression of TLR3 and TLR4 in synovial tissues of patients
with long-standing as well as early RA (10). Notably, it has been pro-
posed that TLR4 endogenous ligands, such as HSPs, may be required
to induce proinflammatory cytokine production in RA-FLSs (11). Sev-
eral mediators of the stress response, such as HSPs and calreticulin,
belong to molecular chaperones that become highly expressed during
inflammation, including in the RA synovium (12-14). HSPs can also
interact with immune cells of both innate and adaptive arms, leading
to either activation of the humoral immune response with production
of anti-HSP antibodies or stimulation of immune-regulatory mech-
anisms (15). These proteins have a long history in arthritis research,
and previous studies have identified anti-HSP60, anti-HSP70, and
anti-calreticulin autoantibodies in the sera of patients with RA (16-
18). HSPs can be found intracellularly, at the cell surface, and extra-
cellularly. It has been proposed that the presentation of HSPs in the
extracellular environment by stromal cells in RA may modulate the
immune system and sustain an inflammatory response (19).
Previously, we have shown that a subset of RA synovial recom-
binant monoclonal antibodies (rmAbs) generated from single
CD19* synovial B cells isolated from synovial tissue of patients
with ELS*ACPA* RA are able to recognize stromal-derived auto-
antigens (18), prompting further investigation of other potentially
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Figure 1. Synovial RA-rmAbs display immunoreactivity to RA-FLS. (A) Schematic summarizing the origin and reactivity characterization of the RA-rmAbs
(n =71) against NETs/cit-histones and RA-FLS. Schematic in A was created using BioRender.com. (B) RA-FLS protein extract was probed with an anti-FLS
RA-rmAb. A protein of approximately 60 kDa was excised and analyzed by MS. The analysis detected a high amount of sequence coverage (68%) across the
full length of the HSPEO protein in the RA-FLS protein extract. (C) rhHSP60 and RA-FLS protein extracts were subjected to Western blotting and probed with
an anti-human HSP6E0 antibody. (D) Representative immunofluorescence images of RA-FLS incubated with the RA-rmAbs, showing immunoreactivity of 3
RA-rmAbs to FLS-derived antigens (green). RA056/11.95.2 was used as a negative control. Nuclei were stained with DAPI (blue). Original magnification, x20.
(E) Representative immunofluorescence image of RA-FLS showing expression of HSPE0 (red). Original magnification, x40.

stromal-derived autoantigens targeted by the B cells differentiat-
ed in the ELS* synovium and their pathogenic potential in contrib-
uting to chronic inflammation. Thus, in this work, we performed a
comprehensive analysis aimed at identifying key stromal-derived
autoantigens fueling the local autoimmune response, their distri-
bution and expression among different synovial RA pathotypes,
and the functional effect of anti-FLS RA-rmAbs in the collagen-in-
duced arthritis (CIA) mouse model.

Results

Identification of HSP60 as an antigenic target of a subset of synovial
B cell-derived anti-FLS RA-rmAbs with partial cross-reactivity to oth-
er stromal-related antigens. Of 71 rmAbs generated from 4 ELS* RA

:

synovial tissues, we previously showed that 10 RA-rmAbs display
anti-FLS immunoreactivity with variable immunofluorescence
patterns (Figure 1A and Supplemental Figure 1; supplemental
material available online with this article; https://doi.org/10.1172/
JCI169754DS1). Liquid chromatography tandem mass spectrometry
(LC-MS/MS) analysis of a 60 kDa band of total protein detected via
Western blotting by several RA-rmAbs targeting RA-FLSs identified
HSP60 as one of the most abundant proteins (among >100 detected
by the LC-MS/MS analysis), with a high amount of sequence cover-
age (68%) across the full length of HSP60 (Figure 1B). HSP60 is a
molecular chaperone expressed in different intracellular compart-
ments (e.g., cytosol) as well as extracellularly that migrates to an
approximately 58 kDa position in SDS-PAGE (Figure 1C).
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Therefore, we next performed immunofluorescence studies to
determine whether HSP60 and/or other stromal-related antigens
were the target of the subset of RA-rmAbs reactive to RA-FLSs (Fig-
ure 1D and Supplemental Figure 1). We confirmed the expression of
HSP60 in RA-FLSs by Western blotting of the RA-FLS total protein
extract and by immunofluorescence staining (Figure 1, C and E).

We then quantitatively assessed in an ELISA the binding
of the anti-FLS RA-rmAbs to a recombinant human HSP60
(thHSP60) protein. We identified 3 RA-rmAbs (RA057/11.35.1,
RA056/11.76.1, RA056/11.48.2) that showed binding to the
rhHSP60 in a dose-dependent manner (Figure 2A). The
RA057/11.35.1 rmAb showed the strongest reactivity to thHSP60.
In contrast, 1 RA-rmAb, RA056/11.95.2, which did not bind to
RA-FLS (Figure 1D) and was thus used as a negative control,
failed to show any binding to rhHSP60 (Figure 2A). The observed
immunoreactivity against HSP60 was not due to polyreactiv-
ity, as none of the 3 RA-rmAbs displayed polyreactivity to mul-
tiple structurally unrelated antigens (Supplemental Figure 2)
(2, 20, 21). We also investigated whether the 3 RA-rmAbs with
anti-HSP60 immunoreactivity displayed enhanced binding to
an in vitro citrullinated form of HSP60 (cit-rHSP60) (Supple-
mental Figure 3A). As shown in Supplemental Figure 3B, only
RA056/11.76.1 rmAbs displayed increased binding to cit-rHSP60.
Next, the 3 RA-rmAbs were tested for their reactivity in ELISAs
to other RA-associated antigens including anti-cyclic citrullinat-
ed peptide (anti-CCP) ELISA, citrullinated fibrinogen, and the
FLS-associated antigens calreticulin and vimentin, which are
known RA autoantigens and migrate to a similar 60 kDa position
in RA-FLS protein extract electrophoresis. As shown in Supple-
mental Figure 4, we also observed a variable degree of reactivity
of the anti-HSP60 RA-rmADb to calreticulin and vimentin, where-
as only anti-RA056/11.76.1 rmAb displayed low citrullinated
fibrinogen-binding activity. We next conducted a competitive
binding assay to further confirm whether HSP60 was recog-
nized by the RA-rmAbs. As shown in Figure 2B, incubation of the
RA-rmAbs with soluble thHSP60 significantly reduced, but did
not completely abrogate, the binding to HSP60 in the ELISA. In
order to support the HSP60/RA-rmAb binding results, IP assays
were performed. As shown in Figure 2C, IP of rthHSP60 with 2
RA-rmAbs (RA057/11.35.1 and RA056/11.76.1) showed a band of
approximately 60 kDa, confirming the ELISA data. The absence
of signal for the RA-rmAb RA057/11.48.2 might be explained by
the low level of binding to HSP60 observed in the ELISA.

We next sought to confirm that the RA-rmAbs target FLS-de-
rived HSP60 by immunofluorescence staining. As shown in Figure
2D, double-immunofluorescence staining with the 3 RA-rmAbs in
combination with an anti-human HSP60 antibody demonstrated
a partial cellular colocalization with the HSP60. We quantified
the degree of colocalization using Image] (NIH), with a Pearson’s
correlation coefficient of » = 0.4-0.5, which suggested a positive
correlation (22, 23). Since the staining morphology of our anti-FLS
rmADbs suggested partial binding to cytoskeletal proteins, either
through direct biding or interaction with HSP60 (24), we per-
formed double-immunofluorescence staining of the RA-rmAbs
with an anti-human F-actin antibody showing variable but large-
ly incomplete colocalization for the 3 RA-rmAbs with a structural
FLS antigen (Supplemental Figure 5).
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Anti-FLS antibodies accelerate arthritis in the CIA mouse model.
We explored whether a cocktail of anti-FLS antibodies contain-
ing the RA057/11.35.1 and RA056/11.76.1 anti-HSP60 antibodies
could have a functional role in the CIA mouse model. CIA was
induced by intradermal injection of 2 mg/mL bovine collagen
type II on day O, followed by a boost on day 21. Anti-FLS RA-rm-
Abs were administered i.p. at 4 time points. As a control, we used
both PBS and a mix of RA-rmAbs targeting histone proteins, which
were used as a negative control (2, 25). We found that the anti-FLS
RA-rmAbs were able to enhance the arthritis score and increase
inflammation in the paws compared with the control-treated
group (Figure 3A). In contrast, the mice treated with anti-histone
RA-rmADbs (2) showed a reduction in the arthritis score (Figure
3A), similar to previous data (25). Histological evaluation of the
hind paws showed a large influx of inflammatory cells and signs of
cartilage damage in the anti-FLS RA-rmAbs group versus the PBS-
and anti-histone RA-rmAb-treated groups (Figure 3B and Supple-
mental Figure 6). Moreover, micro-CT (uCT) analysis confirmed
the increased bone erosion induced by the anti-FLS RA-rmAbs
compared with both the control- and anti-histone RA-rmAb-treat-
ed group (Figure 3, C-E).

Antigenic targets of anti-FLS rmAbs such as HSP60 are prefer-
entially expressed in the lympho-myeloid pathotype, colocalize with
synovial ELSs, and are upregulated in FLSs derived from leuko-
cyte-rich RA joints. The distribution of HSP60 within RA synovial
tissue and in matched synovial fluid (SF) and serum samples from
patients with RA was examined by bulk RNA-Seq, immunofluo-
rescence staining, and ELISA, respectively. RNA-Seq expression
for HSPDI (gene name for HSP60) within synovial tissue was
compared between the lympho-myeloid, diffuse-myeloid, and
pauci-immune fibroid histological groups in patients with early
or established RA using bulk RNA-Seq data generated by us from
synovial biopsies obtained as part of the Pathobiology of Early
Arthritis Cohort (PEAC) study and the R4RA randomized clinical
trial (26-28). HSPDI was elevated in the lympho-myeloid versus
the pauci-immune fibroid and diffuse-myeloid in both early (P =
0.0012) and established RA (P = 0.0015) patients (Figure 4, A and
B). Moreover, at the protein level, HSP60 showed a preferential
distribution around lymphocyte aggregates and periaggregates
within the RA synovial tissue (Figure 4, C and D). In addition, we
reanalyzed GeoMx Digital Spatial Profiler (DSP) data from the
R4RA trial to characterize the spatial positioning of the HSPDI
transcript in association with the different RA histopathotypes
(27). Consistent with the bulk RNA-Seq data, HSPDI expression
was significantly higher in the lympho-myeloid group versus the
diffuse-myeloid group (P < 0.0001; Figure 4E). Like the HSP60
distribution within the RA synovial tissue determined by immuno-
fluorescence, the spatial positioning of HSPDI was observed main-
ly around lymphocyte aggregates independently of the sublining
and lining areas (Figure 4, F and G). Moreover, we detected sim-
ilar levels of HSP60 protein expression in the synovial sublining
and lining fibroblasts, with HSP60 protein preferentially observed
around lymphocyte aggregates, as previously mentioned (Figure
4C). This observation was supported by scRNA-Seq data from the
Accelerating Medicines Partnership (AMP) RA database, in which
HSPDI was found to be highly expressed in fibroblasts from the
patients with leukocyte-rich RA (29) (Figure 4H). However, HSPDI
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Figure 2. RA-rmAbs with anti-FLS reactivity recognize HSP60. (A) Binding of RA057/11.35.1, RAD56/11.76.1, and RAD56/11.48.2 rmAbs and a negative
RA-rmAb (RA056/11/95.2) to rhHSPE0. All RA-rmAbs were tested at a concentration of 100 mg/mL followed by 6 serial dilutions (1:2). (B) Competitive
binding of the 3 RA-rmAbs to rhHSP60 preincubated with or without soluble HSP60 (competitor). Results are expressed as a percentage of HSP60 binding.
(C) IP results of rhHSP60 and the RA-rmAbs. As a control, rhHSP6E0 alone was loaded. (D) Representative immunofluorescence image showing staining for
HSP60 (red) and RA-rmAbs (green). Nuclei were stained with DAPI (blue). Original magnification, x63. The data are the results of 3 independent experi-
ments. *P < 0.05, ***P < 0.001, and ****P < 0.0001, by 1-way ANOVA with multiple comparisons.

expression was also detected in other cell types, like monocytes
(Figure 4H). Finally, we observed higher levels of HSP60 protein
in the SF of patients with RA compared with HSP60 levels at the
systemic level (Figure 4I). Accumulation of HSP60 in the SF was
preferentially observed in patients with RA (1 =20) versus patients
with osteoarthritis (OA) (n =11) (Figure 4]).

Similar to HSP60, calreticulin (CALR) gene expression was
significantly higher in the lympho-myeloid pathotype in bulk
synovial RNA-Seq results and in spatial association with lym-
phoid aggregates using GeoMx analysis of patients with estab-
lished RA (Supplemental Figure 7, A-D), supporting the conclu-

sion that stromal-derived autoantigens involved in the cellular
stress response were upregulated in RA patients with the lym-
pho-myeloid pathotype and contributed to the generation of
pathogenic autoantibodies.

Anti-HSP60 antibodies are elevated in the SF of patients with
RA. We then investigated the prevalence of anti-HSP60 anti-
bodies in matched SF and serum samples from patients with RA.
Serum and SF anti-HSP60 antibodies were measured by ELISA
using rhHSP60. As shown in Figure 5A, binding of IgG, IgM,
and IgA to HSP60 in SF was positively correlated to RA serum
levels. We detected a significant difference of SF IgG, IgM, and

J Clin Invest. 2024;134(12):e169754 https://doi.org/10.1172/)C1169754
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Figure 3. Effect of anti-FLS RA-rmAbs in CIA. (A) Graph shows the arthritis scores for CIA DBA/1 mice treated i.p. with anti-FLS rmAbs (n = 20), PBS
(controals, n = 40), and anti-histone rmAbs (n = 20). Anti-FLS rmAbs were administered on days 17, 28, 38, and 49. The anti-FLS rmAbs cocktail consisted
of RA056/11.76.1, RA057/11.35.1, and RA057/11.89.1 antibodies. The anti-histone rmAbs cocktail consisted of RA015/11.58, RA015/11.88, and RA015/11.91
antibodies. Results are from 2 independent experiments. The scores are reported as the mean of the sum of the score + SEM assessed for each paw of
the mouse. The P values correspond to the treatment x time element from the ANOVA linear model between groups. (B) Representative IHC (top) and
safranin-0 (S0) (bottom) images of control- and anti-FLS-treated mice. Scale bars: 2.5 mm. Original magnification, x1.5 (enlarged insets, control) and x23

(anti-FLS). (C) Representative uCT scan of a hind paw from a CIA mouse and the scoring system used to evaluate bone erosion (erosion score). The score was
given for each digit (color-coded area), with a maximum score of 24. 0 = normal; 1= signs of pathological bone changes; 2 = heavy pathological bone changes.
(D) Representative uCT scan images of control-treated, anti-FLS-treated (n = 5) and anti-histone-treated (n = 5) mice. (E) Graph shows the pCT erosion score
for CIA DBA/1 mice treated with PBS, anti-FLS RA-rmAbs, or anti-histone RA-rmAbs. Five representative hind paws were used for each group. The scoring was
done blindly by 3 independent evaluators and is reported as the mean of the sum + SEM. *P < 0.05 and **P < 0.01, by 1-way ANOVA with multiple comparisons.

IgA anti-HSP60 antibodies between patients with OA or RA, with
an increase of IgM levels observed in the SF of patients with RA
(Figure 5B and Supplemental Figure 8, A and B). Only 10% of the
RA SF tested did not have anti-HSP60 antibodies. Ten percent
of RA SF was characterized by the presence of IgG, IgM, and IgA
binding to HSP60 (triple-positive), with 25% double-positive and
55% single-positive binding (Supplemental Figure 8C). Finally,
patients with RA were divided into ACPA* (serum, n = 11; SF, n =
10) and ACPA (serum, n = 9; SF, n = 4) groups using a convention-
al anti-CCP2 test. As shown in Figure 5C, the levels of antibodies

J Clin Invest. 2024;134(12):e169754 https://doi.org/10.1172/)C1169754

against HSP60 in ACPA' RA patients were significantly increased
for IgA antibodies, with only a trend for IgG and IgM anti-HSP60
antibodies for both serum and SF samples.

Synovial HSP60 expression is predictive of the clinical response to rit-
uximab and is modulated by B cell depletion in good clinical responders.
Given the high correlation of HSP60 with the presence of ELSs in the
RA joints, we assessed the longitudinal effect of rituximab therapy
on synovial HSPDI expression before and after B cell depletion in the
R4RA biopsy-driven randomized trial (Figure 6A) (27, 28). Baseline
HSPDI gene expression was significantly higher in the B cell-rich sub-
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Figure 4. HSP60 expression in synovial tissue and SF of patients with RA. Synovium HSPD1 gene evaluation compared across histological pathotype in
patients with early (A) and established (B) RA. Unit y axis: regularized log-normalized read. (C) Representative immunofluorescence and IHC images of synovial
tissue from patients with RA showing staining for HSP60 (yellow)/CD90* (green)/CD55* (red) synovial fibroblasts and for CD20 (B cells), CD3 (T cells), and CD138
(plasma cells). Nuclei were stained with DAPI (blue). Original magnification, x2 and x10 (enlarged insets). (D) Quantification of HSP60 differential expression

in RA synovial tissue (RA patients, n = 3) by QuPath analysis. Statistical analysis was done by Friedman'’s test. (E) HSPD7was differentially expressed in the
lympho-myeloid (lymphoid) versus diffuse-myeloid (myeloid) pathotypes using GeoMx DSP data. (F) HSPD1 differential expression in the sublining, lining, and
aggregated area using GeoMx DSP data. In E and F, statistical analysis was performed using the Mann-Whitney U test. (G) HSPD1 differential expression in

the sublining and lining in diffuse-myeloid (myeloid) versus lympho-myeloid (lymphoid) pathotypes. Scatterplot shows individual regions of interest (ROIs)/.
Statistical analysis was done using the Kruskal-Wallis test. (H) scRNA-Seq profiling of HSPD1in synovial fibroblasts in leukocyte-rich/leukocyte-poor RA and
OA patients (https://immunogenomics.io/ampra/). (I) Graph shows HSP60 levels (pg/mL) in matched sera and SF from patients with RA (n = 14). Statistical
analysis was done with the Wilcoxon test. (J) Box plot displays SF HSPEO levels in RA (n = 20) versus OA (n = 11) patients. Statistical analysis was done using the
Mann-Whitney U test. Each data point represents an individual patient. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 5. Expression of anti-HSP60 antibodies in serum and SF of patients with RA or OA. (A) Graphs show the correlation of matching RA SF IgG, IgM,
and IgA binding to HSP60 with RA sera IgG, IgM, and IgA binding to HSP60. (B) Box plots display the levels of IgG, IgM, and IgA anti-HSP60 antibodies in
SF of RA (n = 20) versus OA (n = 11) patients. (C) Scattered dot plots show IgG, IgM, and IgA binding to HSP60 in SF and sera of ACPA* versus ACPA- RA

patients. For B and C, the results are expressed as absorbance at 450 nm, and each data point represents an individual patient. *P < 0.05, **P < 0.01, and

***¥*P < 0.0001, by Mann-Whitney U test.

set of patients with RA and was associated with good clinical respond-
ers, as defined by the R4RA trial’s clinical primary endpoint, the Clini-
cal Disease Activity Index (CDAI), and by the secondary endpoint, the
Disease Activity Score 28-C-reactive protein (DAS28-CRP) (Figure 6,
B and C). Hence, we next explored the longitudinal effect of rituximab
on HSPDI within synovial tissue before and after B cell depletion.
Using mixed-effects models applied to paired synovial samples (n=29
individuals, n = 58 samples), we first observed a significant downreg-
ulation of HSPDI expression 16 weeks after treatment with rituximab,
but not following tocilizumab therapy (Figure 6D). For tocilizumab,
baseline HSPDI gene expression was not associated with good clini-
cal responders, as defined by the R4RA trial clinical primary endpoint
CDAI and by the secondary endpoint DAS28-CRP (Supplemental Fig-
ure 9). Interestingly, a significant downregulation of synovial HSPDI
expression upon B cell depletion was selectively observed in good
responders compared with nonresponders and moderate responders

J Clin Invest. 2024;134(12):e169754 https://doi.org/10.1172/)C1169754

(Figure 6, E and F) using mixed-effects models applied to paired syno-
vial samples only, with similar results if all samples were included in
the models (Supplemental Figure 10A). We observed similar results
also for CALR expression (Supplemental Figure 7, E-G), suggesting
a common gene expression profile linked to cellular stress response
mechanisms in RA-FLS with local release of autoantigens.

Finally, in the R4RA cohort we observed a positive correlation
between serum anti-HSP60 IgG with CDAI, tender joint count,
and DAS28-ESR at baseline (Supplemental Figure 10B), even
though IgG anti-HSP60 antibody levels did not change over time
after rituximab treatment (Supplemental Figure 11).

Discussion

FLS or synovial fibroblasts are the main cell type of the synovial
intima (or inner layer) of the synovial membrane. In RA, the syno-
vial lining becomes hyperplastic, with a high number of activated
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Figure 6. HSP60 analysis of paired pre- and post-rituximab treatment synovial biopsies. (A) Schematic representation of the R4RA clinical trial (27,
28). At baseline, patients with RA underwent a synovial biopsy of a clinically active joint for histological evaluation. Following the synovial biopsy,
patients were randomized 1:1 to either the rituximab or tocilizumab treatment group. An optional repeated synovial biopsy of the same joint previ-
ously sampled was performed at 16 weeks, followed by histological and transcriptomic evaluation. A CDAI of 50% was used as a primary endpoint

to define responders and nonresponders to treatment at 16 weeks. Patients were initially followed up every 4 weeks, with the end of the trial at 48
weeks. Numbers in parentheses represent patients with available RNA-Seq data. (B) Synovium HSPDT variance-stabilizing transformation (VST) gene
expression in patients stratified by histology into B cell-poor (B poor) and B cell-rich (B rich) categories. (C) HSPD1-normalized synovial gene expres-
sion levels assessed at baseline in CDAI nonresponders versus responders and DAS28-CRP moderate/nonresponders versus responders to rituximab
treatment. (D) HSPD1 RNA-Seq counts were assessed at baseline and 16 weeks following rituximab and tocilizumab treatment in paired synovial
biopsies (rituximab, n = 29 individuals, n = 58 samples; tocilizumab, n = 15 individuals, n = 30 samples). (E and F) HSPD1 counts were assessed at
baseline and 16 weeks following rituximab treatment in paired synovial biopsies. In D-F, gray data points represent RNA-Seq counts between paired
samples for individuals. Statistical analysis was performed using a negative binomial mixed-effects model on RNA-Seq counts. Overlaid green/
purple data points show estimated marginal means of the fitted mixed-effects model, with error bars showing 95% Cls for the fixed effects of the
mixed-effects model. To assess the clinical response, the following parameters were used: CDAI 50% improvement and DAS28-CRP European Alli-
ance of Associations for Rheumatology (EULAR) response. RTX, rituximab.
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FLSs that participate in the formation of the synovial pannus and
to joint destruction via the production of proinflammatory cyto-
kines and MMPs. In previous work, by screening a large number
of rmAbs derived from locally differentiated B cells from RA ELS*
synovium (18), we identified a subset of antibodies specifically
targeting RA-FLSs, suggesting that FLSs might act as a cellular
source of autoantigens able to drive the humoral autoimmune
response in RA synovial tissue. Although we identified calretic-
ulin as a potential stromal-derived antigen, this autoantigen was
recognized by only 1 synovial B cell clone diversified within the
RA synovial ELSs, and as such, the antigenic target of the other
anti-FLS antibodies remained unknown. Therefore, in this work,
we explored other stromal-derived antigens identified by MS anal-
ysis that are potentially capable of fueling the local autoimmune
response and identified HSP60 as one of the key FLS-derived
autoantigens recognized by anti-FLS RA-rmAbs. HSPs are high-
ly conserved proteins among species, and aside from their role
as chaperone proteins into the cells, they have been identified
as strong activators of the immune system when released in the
extracellular environment (19, 30). In autoimmune diseases, par-
ticularly in RA, the humoral autoimmune response to HSP60 has
been previously reported at the serum level (31, 32). HSP60 is also
known to be expressed in the synovial membrane of healthy indi-
viduals as well as in patients with RA or OA, in whom it may play a
protective role in stressed cells (19, 33). Stress factors include cyto-
kines, ROS, heat, and hypoxia that can elicit the secretion of HSPs
by local cells such as FLSs (19). Overexpression of HSP60 in the
stressed joint can alter its localization and be released by stromal
cells, which might explain an autoimmune response against this
antigen (19). Autoantibodies against HSP60 have been described
in sera from patients with RA, but their role is still not well under-
stood, since they were reported to be either arthritogenic or pro-
tective in conflicting studies (19, 34).

Here, we first screened the anti-FLS RA-rmAbs for their
reactivity to rthHSP60 in ELISA. We observed 3 RA-rmAbs
(RA057/11.35.1, RAO56/11.76.1, RA056/11.48.2) that were reac-
tive to HSP60. The specific reactivity was confirmed by using
at least 3 methods: (a) ELISA using rhHSP60 with competitive
binding assays; (b) IP using rhHSP60 and the RA-rmAbs; and (c)
colocalization with a commercial anti-HSP60 antibody in confo-
cal microscopy. Confocal microscopy showed only partial colo-
calization, suggesting that the RA-rmAbs could recognize HSP60
also when released from the FLS in the extracellular environment.
Moreover, together with the partial inhibition by preabsorption
with HSP60 in the ELISA, we found that these RA-rmAbs had
some level of cross-reactivity to other RA-associated antigens like
calreticulin and vimentin, which are other known autoantigens in
RA and migrate to a similar position in FLS protein extract electro-
phoresis. However, the RA-rmAbs showed no evidence of polyre-
activity to structurally unrelated proteins such as dsDNA, LPS, and
insulin, which are commonly used to define polyreactive autoanti-
bodies derived from single B cells (2, 20, 21).

HSP60 has an isoelectric point of 5.7 and is characterized by
negatively charged amino acids on 14% of the full sequence (35).
The RA057/11.35.1 and RA056/11.76.1 rmAbs are characterized by
the presence of positively charged amino acids in the complemen-
tarity-determining region 3 (CDR3) of both the heavy and light
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chains (Supplemental Table 1). This suggests that the interaction
with HSP60 might rely on the presence of positively charged ami-
no acids that could form a charge-charge interaction with the anti-
gen. The RA056/11.48.2 rmADb does not have positively charged
amino acids in the CDR3 of the light chain, which might explain
the lower or no interaction with HSP60 observed in the ELISA and
IP studies, respectively.

The biological significance and the pathological roles of
anti-FLS RA-rmAbs, including the ones reactive to HSP60, has
not been fully investigated as yet. Therefore, we took advantage
of the unique tools that we generated (RA-rmAbs with HSP60
immunoreactivity) to examine the potential pathogenicity of anti-
FLS antibodies. A cocktail of anti-FLS RA-rmAbs, including both
the RA057/11.35.1 and RA056/11.76.1, was injected into the CIA
mice. We observed that anti-FLS antibodies were able to exacer-
bate arthritis and increase joint damage compared with the PBS
control and a mix of RA-rmAbs previously characterized for their
reactivity to histones (2). Interestingly, the anti-histone RA-rmAbs
were shown to improve the arthritis score in CIA mice compared
with controls, an observation in line with previous work in which
anti-cit-histone antibodies were shown to ameliorate joint inflam-
mation in the CIA model, putatively by shielding the cit-histones
presented extracellularly during inflammation and neutrophil
extracellular traps (NETosis) from the immune system, thus pre-
venting inflammation (25).

Previous studies did not detect higher levels of HSP60 in the sera
of patients with RA compared with healthy donors, thus proposing
that extracellular HSP60 may be generated at the site of inflamma-
tion during disease progression (36). Therefore, we first assessed the
expression of HSP60 in synovial tissue of patients with RA both at
the mRNA (HSPDI) and protein levels. Using bulk RNA-Seq data on
patients with early RA and those with established RA and GeoMx DSP
data from the R4RA trial, we observed that HSPDI (as well as CALR)
was preferentially expressed in the lympho-myeloid pathotype and in
spatial association with ELSs. Similarly, in the RA synovial tissue, we
observed that HSP60 IF staining selectively accumulated around and
within lymphocyte aggregates, supporting the role of autoantigens
released by FLSs during cellular stress responses in fueling the local
autoimmune response in the RA ELS* synovium and contributing to
the generation of pathogenic autoantibodies within the RA joints.

Higher levels of HSP60 were also observed in SF from patients
with RA but not in the circulation. On the contrary, we could not
detect HSP60 in the SF of patients with OA. The elevated levels of
HSP60 in the RA joints indicated a local, but not systemic, proin-
flammatory role of HSP60 in the RA synovitis.

To confirm the results found at the single synovial B cell clonal
level with the local production of autoantibodies in patients with
RA, we assessed the humoral autoimmune response to HSP60 in
the SF of patients with RA. In comparison with OA SF, IgG, IgM,
and IgA autoantibodies against HSP60 were markedly increased
in the SF of patients with RA. Interestingly, both RA057/11.35.1
and RA056/11.48.2 were derived from IgM*CD19* cells, with a
variable degree of somatic hypermutation in the variable heavy
and/or light chain, while RA056/11.76.1 was from an IgG*CD19*
clone (Supplemental Table 2). This observation is in line with the
increased SF IgM immunoreactivity to HSP60 compared with SF
IgG immunoreactivity that we observed in this study.
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Table 1. Clinical data on patients with RA or OA used for HSP60
and anti-HSP60 antibody ELISA

Patients with RA Patients with 0A
(n=20) (n=11)
Sex 13(F)/6 (M) 9(F)/2 (M)
Age 59.9+3.6(n=17) 71.89+291(n=9)
ESR 534+205(n=5) NA
(RP 201+74(n=9) NA
CCP (or ACPA) antibodies 11 (ACPA*)/9 (ACPA") -

Values are expressed as the mean + SEM. ACPA, anti-citrullinated peptide/
proteins antibody; CRP, C-reactive protein; ESR, erythrocyte sedimentation
rate; F, female; M, male; NA, not available.

Moreover, all isotype anti-HSP60 antibody levels were higher
in ACPA" patients in both the SF and at the systemic level, but only
IgA isotype levels reached statistical significance. Thus, HSP60
appeared to act as an autoantigen locally released in the RA syno-
vial tissue that sustained local humoral immunity.

Using data from the R4RA randomized trial, we were able
to define the role of synovial FLS-derived autoantigen expres-
sion as a potential biomarker of a response to either rituximab
or tocilizumab treatment. Interestingly, both HSPDI and CALR
retained their association with the lympho-myeloid pathotype
and displayed higher gene expression levels at baseline in clin-
ical responders to rituximab (but not tocilizumab), as assessed
using both CDAI and DAS28 response criteria. Similarly, in a
longitudinal pre- and post-therapy analysis, synovial HSPDI
expression was downmodulated selectively in patients with RA
who had a good clinical response to rituximab, suggesting that
the HSP60 autoimmunity might influence the clinical response
to B cell-depleting therapy. When we investigated longitudinal
changes in circulating anti-HSP60 IgG levels in the serum of
patients in the R4RA trial at baseline and 16 weeks after ritux-
imab treatment, we did not observe any significant association
with the clinical response. A likely explanation is that unlike
synovial autoantigen expression, circulating autoantibodies
reflect not only local release from the synovium but also sys-
temic production from secondary lymphoid organs and /or long-
lived plasma cells in the bone marrow.

In summary, we identified a subset of synovial B cell clones
diversified within RA synovial ELSs with anti-HSP60 immuno-
reactivity. These results, linked with the observation of HSP60
expression around lymphocytes aggregated in RA synovial tissue
and higher levels of this protein in RA SF, suggest that HSP60 acts
as a locally released autoantigen that can be targeted by auto-
reactive B cells. Moreover, these antibodies displayed variable
cross-reactivity to other RA-FLS-associated chaperonins such
as calreticulin, suggesting that several stromal autoantigens can
contribute to fueling the local autoimmune response (37, 38).
Notably, anti-FLS antibodies, including the RA-rmAbs targeting
HSP60, appear capable of contributing to synovial inflammation
and joint damage in vivo. Although more studies are needed to
clarify the potential pathogenic role for anti-HSP60 autoantibod-
ies in enhancing inflammatory reactions induced by extracellular
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HSPs, the identification of immunodominant epitopes recog-
nized by anti-FLS RA-rmAbs may pave the way for the develop-
ment of innovative therapeutic approaches encompassing vacci-
nation and tolerogenic strategies.

Methods
Details on the methods used in this study are reported in the supple-
mental material.

Sex as a biological variable. Details on the sex of the recruited
participants in the PEAC and R4RA studies have been extensively
reported in the original manuscripts describing the clinical and tran-
scriptomic profiling of these cohorts (26-28, 39). The sex of the RA
and OA patients in whom autoantibodies were tested in serum and/or
SF is reported in Table 1. The female to male ratio was what would be
expected from an RA population. Statistical analysis did not consider
sex as a variable.

For experimental arthritis, only male mice were used because the
susceptibility to the development of arthritis is higher in male mice
than in female mice (40), which is in line with the 3R (replacement,
reduction, and refinement) principles of animal research.

Patients. Patients with RA were diagnosed according to the revised
American College of Rheumatology criteria (Table 1) (41). OA serum
and SF samples were obtained in-house.

Generation of RA-rmAbs from ELS® RA synovial tissue. RA-rmAbs
were generated from single synovial CD19* B cells (synovial tissue, n =
4), as previously reported (2, 18).

Isolation of FLSs from RA joints. FLSs were obtained from synovial
tissue, as previously described (5). Detailed methodology is reported
in the Supplemental Methods.

ELISA for HSP60 and anti-HSP60. HSP60 was measured in serum
and SF using a commercial ELISA kit (Invitrogen, Thermo Fisher Sci-
entific), following the manufacturer’s instructions. For anti-HSP60
antibodies, Nunc MaxiSorp ELISA plates were coated overnight with
rhHSP60/cit-HSP60 (Abcam, ab113192) protein in 1x PBS at 10 pg/
mL. RA-rmAbs were transferred onto an ELISA plate and incubated for
2 hours at room temperature (RT). Unbound samples were removed
before incubation for 1 hour with HRP-coupled goat anti-human IgG
(Bethyl Laboratories, 109-035-003). All the RA-rmAbs and controls
were tested at 100 mg/mL followed by a 1:2 dilution or at 10 mg/mL
for cit-HSP60. For serum and SF evaluation, anti-HSP60 Igs were
measured using isotype-specific HRP-coupled anti-human antibodies
(Bethyl Laboratories). For the competition assay, ELISA plates were
coated overnight with rhHSP60 at 10 pug/mL in 1x PBS at 4°C. After
washing and blocking with 1% BSA-1X PBS (blocking buffer) for 1
hour at RT, 50 pg/mL of selected RA-rmAbs with or without 10 pg/mL
rhHSP60 in blocking buffer were added to each well in duplicate for 2
hours at RT on a shaker. Unbound samples were removed before incu-
bation for 1 hour with HRP-coupled goat anti-human IgG. All assays
were developed using the TetraMethylBenzidine (TMB) Substrate
Reagent Set (BD Optical Enzyme ImunoAssay [BDOptEIA]). ODs
were measured at 450 nm.

Synovial tissue histological analysis. Formalin-fixed, paraffin-em-
bedded (FFPE) 3 um thick synovial tissue sections were used for both
IHC and multiplex immunofluorescence (MIF). Sections were dig-
itally scanned using the Nanozoomers S210 and S60 (Hamamatsu
Photonics) and visualized with NDP.view 2 Software (Hamamatsu
Photonics).
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Lymphoid aggregates were identified in IHC using specific stain-
ing for CD20 (Dako, M0755), CD3 (Dako, M7254), and CD138 (Dako,
M7228) (Agilent Technologies). Sections were counterstained with
hematoxylin and mounted with Distyrene Plasticizer Xylene (DPX)
mounting medium (MilliporeSigma).

MIF staining was performed using a tyramide signal amplifica-
tion protocol (Invitrogen, Thermo Fisher Scientific). The following
3 primary antibodies were used: anti-HSP60 (Abcam, ab5478), anti-
CD55 (Abcam, ab133684), and anti-CD90 (Abcam, ab133350). Slides
were counterstained with DAPI and mounted with ProLong Antifade
Mountant (Invitrogen, Thermo Fisher Scientific).

Quantitative digital image analyses were performed with QuPath
software (42).

CIA mouse model. DBA/1 male mice (8-12 weeks of age) were pur-
chased from Harlan Envigo and housed in the Biological Service Unit
at the William Harvey Research Institute (QMUL). Detailed methods
are reported in the Supplemental Methods.

Synovial bulk RNA-Seq analysis. Synovial bulk RNA-Seq analysis
from the PEAC study (https://peac-mrc.mds.qmul.ac.uk/) and R4RA
clinical trial was performed as previously published (26, 27).

GeoMx DSP. Synovial tissue from patients with RA from the
R4RA cohort was profiled using the GeoMx DSP platform as pub-
lished previously (27).

Statistics. Immunofluorescence colocalization analysis was per-
formed using Pearson’s correlation coefficient with Image] (JACoP
plugin, NIH) (23). For the arthritis score, a linear regression model using
time and treatment and their interaction as fixed factors was used with
the following formula: arthritis score ~ treatment + time + treatment x
time. The F test P value from the treatment x time interaction term was
reported. Statistical analysis was performed using GraphPad Prism,
version 7 (GraphPad Software). One-way ANOVA was used for multiple
comparisons. Correlations between SF and serum for anti-HSP60 Igs
was calculated using Spearman’s rank correlation coefficient. Statistical
significance for the comparison between RA and OA SF and ACPA* and
ACPA™ RA samples was assessed using unpaired, nonparametric tests.
Anti-HSP60* samples were defined for values higher than the mean +
3 SD of the OA group for each Ig. A P value of less than 0.05 was con-
sidered statistically significant. RNA-Seq and longitudinal studies data
were obtained using public data sets (http://peac.hpc.qmul.qc.uk/; ref.
26; and http://rdra.hpc.qmul.ac.uk; refs. 27, 28). RNA-Seq methodology
and statistical analysis using negative binomial general linear regression
models and negative binomial general linear mixed models (GLMMs)
for longitudinal sample analysis are described in full in these studies.
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Study approval. Tissue, serum, and SF from patients with RA were
obtained with informed consent (National Research Ethics Service
Committee London, LREC 05/Q0703/198; REC 07/Q0605/29; REC
ID: 22/WS/0147 - R4RA study). All experimental procedures involv-
ing animals were approved by the UK Home Office (project licenses
PIL 70/23296 and P29EDCO088).

Data availability. All supporting data from the study can be found
in the Supporting Data Values file.
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