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A strong crosstalk exists between endoplasmic reticulum (ER) stress and synovitis. Beyond their canonical role in protein folding, ER
stress chaperones may promote inflammation, cell survival, and fibroblast activation under pathological conditions. This study
aimed at localizing and quantifying 11 ER stress proteins (BiP, HYOU1, MANF, PDIA4, GANAB, HSP90B1, TXNDC5, DNAJB11, LMANT,
ERP29, CALR) in human inflamed synovial membranes and at investigating their expression in fibroblast-like synoviocytes (FLS)
under ER stress, pro-inflammatory, or pro-fibrotic stimuli. By immunohistochemistry, on a first cohort of formalin-fixed paraffin-
embedded (FFPE) biopsies obtained from patients with osteoarthritis (OA), chronic pyrophosphate arthropathy (CPPA), and
rheumatoid arthritis (RA), these ER chaperones were primarily localized to the lining in low-grade inflammation (Tak <4) and
expanded to the sublining under high inflammatory conditions (Tak >4), with a widespread distribution in RA. Imaging mass
cytometry, applied to a second cohort of FFPE tissue samples collected from patients diagnosed with OA and RA, revealed the co-
expression of ER stress proteins with CD55* FLS in the lining and their progressive infiltration into the sublining along with
CD34*CD31" FLS during inflammation. These observations were confirmed by immunofluorescence on a larger cohort of OA
patients. As inflammation progresses, there is a loss of co-expression with CD55 in the lining, accompanied by a gradual shift
towards co-expression with CD34 in the sublining. In vitro, ER stress proteins, particularly BiP, HYOU1, MANF, PDIA4, HSP90B1,
LMANT1, CALR, and DNAJB11 are overexpressed in human OA FLS following ER stress, pro-inflammatory or pro-fibrotic stimulation,
with BiP, PDIA4, HSP90B1, ERP29, and CALR also being secreted. PDIA4 emerged as a central player: its depletion significantly
impaired FLS proliferation and migration, highlighting a direct role in driving synovitis. This study provides the first spatial and
functional characterization of ER chaperones in human arthritic synovium, linking ER stress to fibroblast plasticity, inflammation,

and fibrosis.

Cell Death & Differentiation; https://doi.org/10.1038/s41418-026-01841-3

INTRODUCTION
The synovial membrane is a connective tissue that surrounds
joints and contributes to their homeostasis and lubrication. It is
composed of two layers: the lining and sublining. The lining is a
thin layer in contact with synovial fluid and contains two
synoviocyte types: (i) macrophage-like synoviocytes (MLS, 75%)
with phagocytic activity and macrophage markers, and (ii)
fibroblast-like synoviocytes (FLS) secreting collagen and hyalur-
onan. The sublining is less compact and is mainly composed of
blood vessels, fibroblasts, and adipocytes, with few resident
interstitial macrophages and lymphocytes in a collagenous
extracellular matrix [1].

Synovitis is characterized by FLS proliferation and hyperplasia of
the lining cells, with immune cell infiltration, neoangiogenesis,

and fibrosis. These characteristics appear in both osteoarthritis
(OA) and rheumatoid arthritis (RA) but are more pronounced in
the latter [1, 2]. Inflammation rapidly alters lining morphology and
MLS orientation, abrogating cell-cell contacts [3]. Simultaneously,
FLS infiltrate the sublining and differentiate into pro-inflammatory
and pro-fibrotic subsets [3, 4]. Single-cell RNA sequencing studies
have identified key markers distinguishing FLS subsets in synovial
tissue. CD55 marks lining FLS, which are central to synovial fluid
production and play a homeostatic role through their barrier
function, whereas CD34 characterizes sublining FLS, which exhibit
distinct responses to cytokine signaling and express genes linked
to fibrosis and angiogenesis in pathological conditions [5-8].
The endoplasmic reticulum (ER) ensures proper protein folding
and trafficking through the activation of chaperones. When
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misfolded proteins accumulate, the unfolded protein response
(UPR), involving IRE1, PERK, and ATF6, is triggered to restore
homeostasis [9, 10]. Sustained ER stress can promote inflammation
via ROS, calcium release, and NF-kB activation [11]. Moreover,
chaperones may acquire pro-inflammatory roles when exposed on
the cell surface or secreted, enhancing cytokine production and
promoting FLS proliferation and migration [12, 13].

Evidence indicates that ER stress pathways are directly
implicated in the pathogenesis of synovitis [14-17]. Building on
this concept, we recently used mass spectrometry to identify ER
stress proteins in synovial membranes from patients with OA,
chronic pyrophosphate arthropathy (CPPA), and RA, and exhibit-
ing a continuous degree of inflammation [18]. Expression level of
eleven ER stress proteins: BiP (binding immunoglobulin protein),
HYOU1 (hypoxia up-regulated 1), MANF (mesencephalic astrocyte-
derived neurotrophic factor), PDIA4 (protein disulfide isomerase
A4), GANAB (a-subunit of glucosidase Il), HSP90B1 (heat shock
protein 90 beta family member 1), TXNDC5 (thioredoxin domain
containing 5), DNAJB11 (dnal heat shock protein family member
B11), LMANT1 (lectin mannose- binding 1), ERP29 (endoplasmic
reticulum protein 29) and CALR (calreticulin) were strongly
correlated to the histological inflammatory score (HIS) based on
hyperplasia, macrophages, lymphocytes, plasmocytes and neu-
trophils infiltration in synovial membranes [18].

In this study, we aimed to characterize the spatial distribution of
ER stress proteins within inflamed human synovial membranes
and in a mouse model, with a particular focus on CD55* and
CD34" FLS subpopulations using imaging mass cytometry (IMC)
and immunofluorescence (IF) on two distinct cohorts. Moreover,
we investigated the potential role of these ER stress proteins in
fibroblast proliferation using primary FLS.

This study provides the first spatial characterization of ER stress
proteins across distinct fibroblast subpopulations within the
synovitis, revealing a dynamic and progressive pattern of
expression within CD55" and CD34" FLS, which correlates with
the inflammatory grades.

METHODS

Synovial biopsies

All experiments were undertaken with patient material complying with the
regulations and ethical guidelines of the University Hospital of Liege (CHU)
and the Catholic University of Louvain (UCLouvain), Belgium, and were
approved by their respective ethical committee (for CHU cohorts- ref:
2017/147, for UCLouvain cohort- ref:2013/24MAI/293) and the biobank
research committee (CHU—BB190058, UCLouvain -BB190044). Synovial
biopsies were obtained via needle arthroscopy or small joint ultrasono-
graphy guided biopsy and were embedded in paraffin for immunohis-
tochemistry (IHC) analysis. Three cohorts (Supplementary Table 1a) were
included: (i) cohort 1 (n=24) for IHC from the Center Hospitalo-
Universitaire de Liége (CHU Liége) naive of any treatment [18]; for this
cohort, no statistically significant differences were observed between
groups for gender, age, or BMI. (ii) cohort 2 from UCLouvain (n = 3) used
for imaging mass cytometry (IMC); (iii) cohort 3 (n = 25) from CHU of Liége
for immunofluorescence (IF). For each cohort, chosen biopsies collectively
illustrated a continuous inflammatory gradient according to a modified
version of the Tak score, modified by excluding vascular parameters
(hereafter referred to as “Tak score”—Supplementary Table 1b), which is
based on hyperplasia (hy; 0-4 score), lymphocytes (ly; 0-4 score),
plasmocytes (pl; 0-4 score), and neutrophils (PMN; 0-3 score) infiltration
[19]. Hematoxylin eosin stained sections were scored by anatomopathol-
ogists (EB & PD) for each histological feature providing the Tak score. Based
on this scoring system, “non-inflammatory (NIN) OA” was defined as OA
samples with low Tak scores (Tak <4), while “inflammatory (IN) OA”
corresponded to samples with higher Tak scores (Tak >4).

Collagenase-induced synovitis mouse model

All animal experimentation procedures were approved by the local ethical
committee (LA1610002; #14-1721 University of Liége, Liége, Belgium). The
collagenase-induced synovitis (CIS) mouse model was performed as

SPRINGER NATURE

previously described by Deroyer et al [20]. Briefly, 8-week-old C57BL6
male mice were anesthetized using isoflurane. Only male mice were used
in this study, as OA is known to be more robustly induced in males than in
females in experimental models, even though the human tissue cohort
primarily consisted of aging women (see Supplementary Table 1a) [21, 22].
Intra-articular injection was performed randomly into knee joint cavities
with collagenase VIl for CIS generation (1U per articulation, Sigma-Aldrich,
St Louis, Michigan, USA) or NaCl 0.9% (control mice) two times, 2 days
apart. Mice were sacrificed 1 week later, and joints were collected. Synovial
membrane inflammation in CIS mice was confirmed by the overexpression
of mRNA //7b and Il6 measured by RT-gPCR and synovial thickness [20].
Overexpression of Acta2 mRNA also confirmed the initiation of fibrosis [20].
Investigators were not blinded to group allocation.

Immunohistochemistry analysis

IHC was performed on human and mouse synovial membranes. For human
samples, tissues obtained from the ULiege cohort (Cohort 1) were fixed in
4% paraformaldehyde for 24 h (h), then treated in 70% (v/v) ethanol and
embedded in paraffin. For mouse samples, the knee joints were fixed in 4%
paraformaldehyde for 24 h, followed by decalcification in EDTA for 15 days.
They were then dipped in 70% (v/v) ethanol and embedded in paraffin. IHC
was then performed on the slide after heating, dewaxing, and antigen
retrieval using a steamer for 10 min in target retrieval solution (Agilent,
Santa Clara, California, USA). To block endogenous peroxidases and non-
specific sites, slides were incubated with hydrogen peroxide and DakoReal
antibody diluent (Agilent), respectively. For human FFPE, sections were
incubated with a primary antibody (Supplementary Table 2) against
chaperone proteins of interest. For mouse model (CIS), only BiP, MANF,
PDIA4, HSP90B1, CALR, DNAJB11, and LMANT1 antibodies could be used
due to species compatibility. Each ER stress protein is referred to its gene
name in Supplementary Table 2. Sections were then incubated with
EnVision+System-HRP-labeled polymer (Agilent), and peroxidase was
detected using the Liquid DAB+ Substrate Chromogen System (Agilent).
Proteins of interest were localized, semi-quantified and normalized for the
total number of cells using QuPath software [23].

Imaging mass cytometry
Imaging Mass Cytometry™ (IMC™) (Hyperion Imaging System, Standard
BioTools™, California) was performed on FFPE tissue provided from 3
patients of the UCLouvain cohort (Cohort 2) as described in the
Supplementary Table 1. These tissues were deparaffinized and then
treated with antigen retrieval buffers. The sections were incubated with a
mixture of metal-conjugated antibodies (Supplementary Table 2) and a
DNA intercalating agent for nuclear staining. Each antibody was labeled
with a unique metal isotope, allowing for specific recognition of its
corresponding antigen and enabling multiplexed spatial protein profiling
by imaging mass cytometry (CyTOF). The Hyperion Imaging System
(Standard BioTools™, South San Francisco, USA) performed laser deso-
rption of ionized isotopes on selected regions of interest of the synovial
tissue. These ions were then separated according to their m/z ratio and
quantified by the CyTOF instrument, providing information about the
intensity and spatial distribution of our proteins of interest.
Multiparametric images obtained by IMC were further studied by the
imaging platform (GIGA-Cell Imaging, ULiége). Raw imaging mass
cytometry data in “mcd” format were converted to the standardized
“omedtiff’ format using a custom Python script developed in-house,
ensuring the complete preservation of spatial metadata and compatibility
with downstream analysis tools. Tissue classification and nuclear segmen-
tation were performed using QuPath (v0.5.1) on the standardized images.
Tissue regions were segmented using a pixel classifier trained in QuPath to
distinguish tissue from background based on DAPI fluorescence intensity,
using a Random Forest algorithm. Nuclei were segmented using
StarDist,integrated into QuPath via its dedicated extension. Segmentation
was performed on the DAPI fluorescence channel, using a custom-trained
StarDist model optimized for histological nuclear features. Using the
resulting single-cell masks, Mass Spectrometry signal for 19 markers
(Supplementary Table 2) were quantified on a per-cell basis within QuPath.
The default threshold for each marker was defined based on the three
samples, using the mean plus two standard deviations, after filtering out all
cells with values exceeding 1.5 times the interquartile range. Downstream
analysis was performed using CytoMAP (v1.4.21). Clustering was con-
ducted using a Self-Organizing Map (SOM) algorithm with Nearest Neighbor
(NN) spatial context, and the optimal number of clusters was determined
using the Davies-Bouldin index.
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Immunofluorescence on formalin-fixed paraffin-embedded
tissues

Formalin-fixed paraffin-embedded tissue slides from the Cohort 3 (CHU of
Liege—25 OA) were incubated overnight at 65°C. Slides were depar-
affinized, followed by antigen retrieval using heat-induced epitope
retrieval (HIER) with Target Retrieval Solution (Agilent). Endogenous
peroxidase activity was blocked with H,O, for 20min. To reduce
background and begin permeabilization, slides were incubated in a
solution of 0.4% Triton X-100 (CAS-9036195; Sigma Aldrich) and 125 mM
glycine. Slides were placed in a humidified chamber, and non-specific
binding was blocked with Protein Block Serum-Free (Agilent, X0909). Three
successive cycles of primary (Supplementary Table 2) and corresponding
secondary antibody incubations were performed, each separated by
permeabilization and blocking steps. Step 1: mouse anti-CD34 and rabbit
anti-PDIA4 (or anti-CALR), followed by anti-mouse Alexa Fluor 594
(@ab150116, Abcam) and anti-rabbit Alexa Fluor 532 (A11009, Thermo
Fisher). Step 2: rabbit anti-CD55 followed by anti-rabbit Alexa Fluor 488
(ab150081, Abcam). Step 3: directly conjugated antibodies anti-CD68-Alexa
Fluor 647 and anti-CD31-Alexa Fluor 750. On day 4, nuclear staining was
performed with DAPI (1:1000) for 30 min. Slides were mounted with
ProLong Diamond Antifade Mountant and stored at 4 °C. Image acquisition
was performed using a Leica Stellaris 8 confocal imaging system and
proteins of interest were next localized and semi-quantified using QuPath
software [23].

Cell culture and treatment

Synovial tissues were obtained prospectively by orthopedic surgeons of
the CHU Liege from patients who underwent prosthetic surgery for knee
OA. The research ethics committee of our hospital, CHU of Liege, Belgium,
approved the study (ref: 2023/4). To isolate human FLS from synovial
membrane, the tissue was digested with collagenase overnight at 37 °C.
Cells were filtrated and resuspended in DMEM containing 10% fetal bovine
serum (FBS). Cells were used between passages 3 and 7. Synovial
membranes used for FLS isolation were provided from 60 patients: 45%
females and 55% males with a median age of 67 (54-84) years and a
median BMI of 34.5 (19.05-38.27) kg/m?. ER stress was induced by
tunicamycin (Tm; Tug/mL; Sigma Aldrich) for 1, 3, or 7 days before
supernatant and protein extract collection. For protein secretion in
supernatants, FBS 1% was used instead of FBS 10%. Inflammation was
induced by TNF-a (10 ng/mL, Peprotech, London, UK) for 1, 3, or 7 days.
Pro-fibrotic response was induced by TGF-8 (10 ng/mL; ThermoFischer) for
1, 3, or 7 days. Cell extracts and supernatants were then collected. These
stimulation time points were defined based on preliminary data from our
laboratory on OA FLS [24, 25] and supported by the literature, showing
time-dependent induction of ER stress markers [26], pro-inflammatory
cytokines (e.g., IL-1B, IL-6) [24, 27], and pro-fibrotic markers (e.g., aSMA,
fibronectin) [24, 25]. The UPR pharmacological inhibitors (MedChemEx-
press) of IRETa (4p8C, 100 uM; HY-19707), PERK (PERK-IN-2, 0.01 uM; HY-
135220) or ATF6 (Ceapin-A7, 0.5 uM; HY-108434) were applied 4 h before a
1-day or 3-day stimulation with Tm or TGF-B, respectively. Diméthylsulfox-
yde (DMSO) was used on controls. Protein extracts were collected for
downstream analysis.

Immunofluorescence on fibroblast-like synoviocytes (FLS)

FLS were seeded on glass coverslips, stimulated by Tm (1 pg/mL) for
3 days, and fixed with 4% paraformaldehyde for 10 min. Cells were then
permeabilized and blocked using PBS supplemented with 1% BSA, 5% FBS,
and 0.1% Triton X-100 for 30 min. Cells were then incubated overnight at
4°C with primary antibodies against CD55 or CD34 (Supplementary
Table 2). Coverslips were incubated for 1h with an Alexa Fluor 647-
conjugated anti-rabbit secondary antibody (A-21235; Invitrogen). Nuclei
were counterstained with DAPI (1:1000), and coverslips were mounted
using ProLong Gold Antifade Mountant.

siRNA transfection

For RNA interference, the decreased expression level of HYOU1 (s20632),
MANF (s15436), PDIA4 (s225164), DNAJB11 (s28581), or CALR (s115) was
obtained by siRNA transfection (Life Technologies) using Lipofectamine™
2000 (Thermo Fisher Scientific, Cat. No. 11668030). siRNAs were
resuspended to 100 puM stock solutions and diluted to 10 pM working
solutions. For transfection, siRNAs were diluted either 1:10 (HYOUI1,
DNAJB11) or 1:20 (MANF, PDIA4, CALR) in Opti-MEM™, while Lipofecta-
mine™ 2000 was diluted 1:50 in Opti-MEM™, using equal volumes. After
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5 min incubation at room temperature (RT), both solutions were mixed and
incubated for 15 min to allow complex formation. The transfection mix was
then added dropwise to the cells, resulting in a final 1:10 dilution in the
culture medium. A Negative Control siRNA (siCtrl, Cat. No. 4390843) was
used at matching concentrations for each condition, with separate controls
corresponding to the 1:10 and 1:20 siRNA dilutions. FLS were seeded in 96-
well plates and transfected for 24 h prior to a 3-day TGF-B stimulation.

Viability and proliferation assays

FLS were transfected with siRNAs targeting HYOU1, MANF, PDIA4,
DNAJB11, CALR or siCtrl, and were subsequently stimulated with TGF-$
for 3 days. Cell viability was evaluated using the MTS assay (Promega,
Madison, WI, USA), while cell proliferation was assessed using the BrdU
incorporation assay (Abcam), following the manufacturers’ instructions.
Results are expressed as the percentage of viable (MTS assay) or
proliferating (BrdU assay) cells. Proliferation and MTS assays were
performed separately for HYOU1 and DNAJB11 on the one hand, and for
MANF, PDIA4, and CALR on the other, as each protein group was compared
with its own matched control condition at the corresponding concentra-
tion. Accordingly, their respective depletions were carried out and
quantified in parallel but analyzed independently.

Migration assay

OA FLS were seeded in both 96-well plates (for migration analysis) and 24-
well plates (for validation of PDIA4 depletion) and cultured in DMEM
supplemented with 10% FBS until reaching full confluence. Three days
post-seeding, the culture medium was replaced with low-serum medium
(0.5% FBS), and cells were transfected in the morning with either control
siRNA (siCtrl) or siRNA targeting PDIA4 (siPDIA4). Six hours later, cells were
stimulated or not with TGF-f. For migration analysis, 96-well plates were
processed using the IncuCyte Live-Cell Analysis System. Wound areas were
defined using the IncuCyte plate map editor, and cell migration was
monitored in real time over a period of 60h. Images were acquired
automatically, and relative wound density (RWD) was quantified over time.
Experiments were terminated after the 60 h acquisition period. In parallel,
cells cultured in 24-well plates were harvested for protein extraction to
confirm the efficiency of PDIA4 knockdown by Western blot analysis.

Western blotting

FLS were lysed in RIPA buffer. Proteins from cell lysates were then
separated onto polyacrylamide gels. Proteins were then transferred
overnight on polyvinylidene difluoride membranes (Millipore, Tullagreen,
Ireland), which were further blocked with 10% milk for 1 h at RT. The blots
were first incubated with the primary antibody (Supplementary Table 2) for
3 h at RT, washed, and then incubated with the horseradish secondary
antibodies (anti-mouse or anti-rabbit; Cell Signaling Technology) for 45 min
at RT. Proteins of interest were detected by chemiluminescent detection
solution (ECL Western blotting substrate; Thermo Scientific, Rockford, USA).
Glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH #G9545; Sigma)
and Heat Shock Protein (anti-HSP90 #13171-1-AP; Proteintech) were used
as protein-loading controls for intracellular extracts, whereas Ponceau S
stain (CAS-6226795; Sigma Aldrich) was used for supernatants. Intensities
were normalized using the corresponding loading control and further
quantified using ImageJ software (version 1.53).

RT-qPCR

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel,
Diren, Germany). RNA was reverse-transcribed using the RevertAid H
Minus First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific, USA).
cDNA was amplified by real-time PCR using the KAPA SYBR FAST system
(Sopachem, Belgium) on a LightCycler 480 instrument (Roche Diagnostics,
Germany). PCR efficiency E = 10"""5°"® was determined for each primer
using standard curves generated from serial cDNA dilutions. Relative gene
expression was calculated using the 2727 method, with untreated
samples used as calibrators and GAPDH as the econtrol. Primers were
purchased from Integrated DNA Technologies (IDT) (Supplementary
Table 2).

Statistics

Data were analysed with Prism™ software (v9.3.1, GraphPad, Boston, USA)
and were considered statistically significant when p values were <0.05
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The Kolmogorov-Smirnov
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test was used to assess the distribution. For values that passed the normality
test, parametric tests were applied: a paired t test for two-group comparisons
and a paired ANOVA test followed by a Tukey post hoc test for multiple
comparisons. For values that did not pass the normality test, nonparametric
tests were used. For paired data, the Wilcoxon signed-rank test (two groups)
or the Friedman test (more than two groups), followed by Dunn’s post hoc
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test with appropriate correction for multiple comparisons, was applied. For
unpaired data, the Kruskal-Wallis test followed by Dunn’s post hoc test was
used for multiple group comparisons. Migration data were analyzed using
linear mixed-effects models to account for repeated measures. Treatment
condition, time, and their interaction were included as fixed effects, with
patient as a random effect. Analyses were performed in R using the Ime4 and
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Fig. 1 Localization of the 11 ER stress proteins in synovial membranes provided from patients with osteoarthritis (OA), chronic
pyrophosphate arthropathy (CPPA) and rheumatoid arthritis (RA). a Immunohistochemistry illustrations of the 11 ER stress proteins of
interest provided from FFPE synovial membranes of OA (n > 8), CPPA (n = 6), and RA (n = 5) patients (Cohort 1); and b their quantification (optical
density values) obtained by QuPath. Highly positive cells have an OD > 0.6 (red spot), moderately positive 0.4 > OD > 0.6 (orange spot), weakly
positive 0.2 > OD > 0.4 (yellow spot), and negative cells <0.2 (blue spot). Data were analyzed with Prism 9 software (GraphPad). Graphs illustrate
the median with a 95% confidence interval of the data. Statistical differences were considered for p values <0.05 (*p <0.05, **p <0.01,
***p < 0.001). Statistical analysis was performed using the nonparametric unpaired Kruskal- Wallis test followed by Dunn’s post hoc test for
multiple comparisons. Each point represents one biopsy (one patient), and n indicates the number of independent biopsies. ER endoplasmic
reticulum, NIN non-inflammatory, IN inflammatory and OD optical density.

ImerTest packages. Model assumptions were verified by inspection of
residuals, including normality, homoscedasticity, and linearity over time.
Effect sizes were calculated according to Cohen.

RESULTS

Localization and quantification of ER stress proteins in
inflamed human and mouse synovial membranes

Following our previous proteomic analysis providing bulk protein
expression [18], ER stress proteins were detected by IHC on
synovial biopsies from the same patients. BiP, HYOU1, MANF,
PDIA4, GANAB, HSP90B1, TXNDC5, DNAJB11, LMANT1, ERP29, CALR
were detected, though TXNDC5 remained consistently low. In
mildly inflamed tissues (Tak <4), expression restrained to the lining
layer, while in highly inflamed samples (Tak =4), proteins extended
into the sublining (Fig. 1a). In the quantification, MANF, PDIA4,
GANAB, TXNDC5, and CALR were significantly overexpressed in RA
(Fig. 1b). Differences for BiP, HYOU1, HSP90B1, DNAJB11, and
LMANT1 were not statistically significant, likely due to overlapping
Tak scores (Supplementary Fig. 1). Differential expression exists in
positive cells between non-inflammatory (NIN) and inflammatory
(IN) conditions in OA and CPPA for MANF, PDIA4, HSP90B1,
DNAJB11, ERP29 and CALR (Supplementary Fig. 1).

Imaging mass cytometry, performed on the second cohort
illustrates the same pattern of ER stress protein infiltration into the
sublining as inflammation progresses (in NIN OA, IN OA, and
RA-Fig. 2a). As shown in Fig. 2a, their expression was restricted to
the lining in Tak 0, observed predominantly in the sublining in Tak 4,
and extended to the whole synovium in Tak 13. This is further
supported by a semi-supervised clustering analysis expressed as
fold change, calculated as the ratio of each chaperone’s expression
in a given region to its average across all the regions in the three
biopsies. Four distinct clusters (regions 1 to 4, color-coded) emerged
based on the mean expression of ER stress proteins. Column values
represent the mean fold change across all chaperones, revealing a
gradient from low expression in region 1 (blue) to high expression in
region 4 (orange) (Fig. 2b). In Fig. 2¢, the low-expression blue region
(or blue column) is predominantly located in the sublining
independently of the inflammatory status. By contrast, the
intermediate-expression yellow region (or beige column) is mainly
present in the lining in both NIN and IN OA, while the highest-
expression orange region (red column), of particular interest,
infiltrates the sublining as inflammation advances. All the regions
extend throughout the synovium in RA (Fig. 2c¢).

IHC analysis in CIS mouse model confirmed increased expres-
sion of six chaperones (MANF, PDIA4, HSP90B1, DNAJB11, LMANT1,
and CALR) in inflamed synovium compared to controls (Supple-
mentary Fig. 2a-b). MANF, LMAN1, and DNAJB11 showed a
positive correlation with pro-inflammatory cytokines (//7b and/or
116); PDIA4, HSP90B1, and CALR with the fibrotic marker Acta2; and
MANF, HSP90B1, DNAJB11, LMAN1, and CALR with synovial
thickness (Supplementary Fig. 2c).

Targeting and localizing synovial cells of interest within the
human inflamed synovial membranes

Based on the progression of expression and infiltration of ER stress
proteins, we aimed to investigate which synovial cellular markers,
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among all the data obtained by the IMC™, exhibited similar
patterns. Computational analysis identified potential cell subpo-
pulations expressing these proteins, with 3 markers that stood out
from our analysis: CD55 (lining FLS), CD34 (sublining FLS) and
CD68 (MLS) (Fig. 3a). Sublining FLS were distinguished from
endothelial cells by the exclusion of CD31 marker (CD347CD31).
lllustrated by red dots (high protein level expression),
CD55 showed a strong expression in the lining layer of OA but
completely disappeared in RA. In contrast, CD34, was primarily
found in the sublining layer of inflamed OA but less in the lining as
observed with NIN OA. CD34 was present throughout the synovial
tissue in RA, which had lost its typical architecture. CD68 exhibited
a similar expression pattern to CD55 but remained in RA tissues
(Fig. 3a). Both CD3*, CD4* T cells, and CD20* B cells were present
within the lymphoid infiltrates in both NIN and IN OA, while in RA,
these lymphocytes were more diffusely distributed throughout
the synovial tissue (Fig. 3b).

Co-expression of ER stress proteins with fibroblast-like
synoviocytes

Based on our initial investigations of the localizations of ER stress
proteins and synovial cells (CD55%, CD34*CD31, and CD68"), we
sought to determine, whether these ER stress proteins were co-
expressed with one of these cell specific subpopulations. IMC™
approach aimed to identify potential interactions or relationships
between these proteins and specific cell types within the synovial
membrane. As ER stress proteins co-expressed with each other
(Supplementary Fig. 3), PDIA4 was selected for clarity to represent the
entire set of chaperone proteins (Fig. 4a). In the NIN OA, ER stress
proteins are predominantly localized in the lining layer. In this
compartment, they co-expressed with CD55* FLS and with CD68* MLS,
while CD34*CD31" FLS are nearly absent. In the IN OA, ER stress
proteins infiltrate the sublining and co-expressed with CD34*CD31-
FLS, while CD55 and CD68 expression remain confined to the lining
(more abundant for CD55). In RA, the synovial architecture is disrupted.
CD55 expression is lost, whereas CD34, CD68, and chaperones are
widely distributed throughout the synovial tissue (Fig. 4a). For
lymphocyte markers (CD3, CD4, and CD20), both in NIN OA and IN
OA, their expression was predominantly confined to lymphoid nodules,
spatially distinct from the areas where ER stress proteins were detected.
CD4 expression was also observed in the lining regardless of the
inflammatory status, likely reflecting CD4 expression by macrophages
themselves [28, 29] (Fig. 4a). In RA, these markers are widespread
within the whole synovium, especially for CD3 and CD4 (Fig. 4a).

The co-expression patterns were confirmed by a supervised
clustering analysis of all ER stress proteins within each cellular marker
population. This analysis identified two distinct clusters: (i) low co-
expression (low fold change) in the blue column representing the
green region; and (i) high co-expression (high fold change) in the red
column representing the blue region (Fig. 4b). This latter region (blue
region/ red column) was predominantly associated with CD55* and
CD68* cells in the lining layer of NIN OA (Fig. 4c). In contrast, under
inflammatory conditions (Tak >4), most ER stress proteins shifted
toward the sublining and co-expressed primarily with CD34*CD31
fibroblasts, as illustrated by the spatial representation of supervised
clustering analysis (Fig. 4c).
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Fig. 2 Spatial distribution and clustering of ER stress protein expression in synovial tissue. a Representative multiparametric imaging mass
cytometry (IMC) of synovial sections from patients with OA and RA (Cohort 2, n = 3) showing localization of ER stress proteins. One NIN, one IN OA
and one RA are selected across the 6 biopsies to represent the inflammatory continuum. b Semi-supervised clustering of the 11 ER stress proteins
reveals four distinct tissue regions based on protein expression patterns. ¢ Map of the semi-clustering by IMC of ER stress proteins in the same
biopsies, represented by the four code-colored regions. The region 4 (orange) is defined by high expression level of ER stress proteins. ER
endoplasmic reticulum, NIN non-inflammatory, IN inflammatory, OA osteoarthritis, RA rheumatoid arthritis.
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Fig. 3 Spatial mapping of synovial immune and stromal cell subsets in osteoarthritis and rheumatoid arthritis. Spatial representation of
supervised clustering analysis of (a) synovial fibroblast (CD55* and CD34%) and macrophage (CD68") subsets; and b T (CD3* and CD4") and B
(CD20*) lymphocytes in non-inflammatory OA, inflammatory OA, and RA. Red and blue dots, respectively indicate areas with high or no expression
of fibroblast, macrophage, T or B cell markers, as defined by the clustering algorithm. NIN non-inflammatory, IN inflammatory, OA osteoarthritis,
RA rheumatoid arthritis.
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Fig.4 Co-expression of PDIA4 with FLS in the synovial membrane. a Multiparametric imaging mass cytometry (Cohort 2, n = 3) of PDIA4, FLS/
MLS and lymphocyte markers. White squares enclose marker infiltration. b Supervised clustering analysis of ER stress protein expression within
CD55*, CD68*, and CD34*CD31" cell populations. ¢ Spatial representation of supervised clustering analysis of ER stress protein co-expression with
synovial fibroblast and macrophage subsets in NI OA, IN OA, and RA. Blue dots indicate areas with high co-expression of ER stress proteins with
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endoplasmic reticulum, FLS fibroblast-like synoviocytes, MLS macrophage-like synoviocytes, NIN non-inflammatory, IN inflammatory, OA
osteoarthritis, RA rheumatoid arthritis.
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Confirmation of ER stress protein co-expression with FLS on a confirmed through the detection of their respective fluorescence
larger cohort using immunofluorescence signals (Fig. 5a-d).

These co-expression patterns were validated in an extended In NIN OA (Tak 3), there was a strong co-expression of ER stress
cohort of 25 OA patients using IF (Cohort 3- CHU Liege). First, co- proteins, represented by PDIA4, with CD55" and CD68" cells
expression of the ER stress protein PDIA4 with FLS markers was within a well-preserved lining layer (Fig. 5a). This co-expression
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Fig. 5 Validation of ER stress protein co-expression with FLS in an extended OA cohort (Cohort 3, n=25) and their transitional
phenotypic shift. Inmunofluorescence analysis of PDIA4 (white), CD55* (red), CD68* (green) CD34" (yellow), CD31* (pink), and DAPI (blue) in (a)
non inflamed (Tak 3), b intermediate grade (Tak 5), ¢ inflamed (Tak 6) and d inflamed (Tak 7) OA synovial samples. White arrows show expression
of PDIA4 within CD55", CD68*, or CD34"CD31" cells. Panels showing the proportion of CD68*, CD55*, CD34*CD31-, or CD55*CD34*CD31" cells
expressing PDIA4 among total CD68*, CD55%, CD347CD31", or CD557CD347CD31" cells in the lining (e) and sublining (f), stratified by Tak score.
g, h Spearman analysis representing the correlation between CD55* FLS in the lining and CD34*CD31- FLS in the sublining, either expressing
PDIA4 (g) or not expressing PDIA4 (h), with increasing Tak scores. A linear regression illustrates this inverse relationship. n = number of
independent biopsies (one biopsy per patient). ER endoplasmic reticulum, FLS fibroblast-like synoviocytes, OA osteoarthritis, NIN non-

inflammatory, IN inflammatory.

was still evident at an intermediate inflammatory grade (Tak 5)
(Fig. 5b). When inflammation worsens, the pattern shifts: at Tak
score 6, a weak PDIA4 co-expression with CD55* and CD68"* cells
persists in the lining, but PDIA4 has already infiltrated the
sublining and now co-expresses with CD34*CD31~ FLS (Fig. 5c).
At a higher inflammatory level (Tak 7), the lining is almost erased
and the sublining is dominated by CD34*CD31°PDIA4* FLS
(Fig. 5d).

Second, a quantitative phenotypic distribution analysis was
performed on the lining and sublining, depending on the
inflammatory gradient (Fig. 5e-f). For CD55 (orange), in the lining
(Fig. 5e), proportion of CD55*PDIA4"* cells was higher in NIN OA (Tak
<3, 30%) and decreased in IN OA (Tak >6, 20%), while in the
sublining (Fig. 5f), it remained low and stable (14% vs 15%). For
CD68 (dark blue), the proportion of CD68*PDIA4* cells increased
with inflammation, from 17 to 28% in the lining and from 11% to
17% in the sublining. Of interest, for CD347CD31- (gray), the
proportion of CD34*CD31PDIA4* cells markedly increased with
inflammation, from 7 to 34% in the lining and from 9% to 31% in the
sublining (Fig. 5e, f). Among these, CD34'CD31" fibroblasts
represent the predominant PDIA4* subpopulation in both the lining
(34%) and sublining (31%) compartments under inflammatory
conditions. Proportion of PDIA4 cells (CD68"PDIA4", CD55"PDIA4”
CD34*CD31°PDIA4-, CD55"CD34"CD317PDIA4™ cells; green), in the
lining and sublining progressively diminished with inflammation; in
the sublining, it ranged from 64% in NIN OA to 34% in IN OA. These
results indicate a redistribution of PDIA4 expression across cell
types, with CD34*CD31- fibroblasts emerging as the main
contributors to the PDIA4* pool under inflammatory conditions.
These findings were validated using another ER stress protein, CALR,
following the same experimental approach, including representa-
tive staining (Supplementary Fig. 4a-d) across increasing Tak scores
and quantitative analyses in the lining (e) and sublining (f). Both
qualitative and quantitative analyses confirmed that with increasing
inflammation, the proportion of CD34*CD31-CALR* cells increases,
whereas CD55'CALR* and CD68'CALR* populations decrease
(Supplementary Fig. 4).

We then sought to determine whether CD55* and CD34"* cells
represent two distinct populations within the synovial membrane,
or whether CD34* cells might rather arise from a transition of
CD55" cells toward a CD34* phenotype. Interestingly, we identified
the presence of a CD55*CD34*CD31- population (yellow) through
co-staining (Fig. 5e, f). Additionally, a negative correlation (Spear-
man, r =-0.43, P value: 0.03) was observed between CD55*PDIA4*
cells in the lining and CD34*CD31-PDIA4* cells in the sublining
across increasing Tak scores, whereas there was no correlation if
these fibroblasts did not express this protein (Fig. 5g, h,
respectively). This suggests that PDIA4 may be involved in the
progressive transition between the two fibroblast populations
located in the lining and sublining layers.

ER stress, inflammation and pro-fibrotic conditions modulate
chaperone expression and secretion in OA FLS through
differential UPR pathway regulation

To investigate ER stress protein regulation in OA FLS, we first
confirmed CD55 and CD34 expression by IF and WB (Supplementary
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Fig. 5a and b, respectively). Both markers were present at baseline
and remained unchanged upon ER stress (tunicamycin), or
inflammatory (TNF-a) stimulation (Supplementary Fig. 5b). FLS
treated with tunicamycin for 1, 3, or 7 days showed significant
induction of BiP, HYOU1, MANF, PDIA4, HSP90B1, LMANT1, and CALR
(Fig. 6a, b), while GANAB, TXNDC5, DNAJB11, and ERP29 were not
modulated (quantification not shown). Most proteins (except BiP)
were already detectable at baseline. We then assessed their
secretion. BiP, PDIA4, HSP90B1, ERP29, and CALR were secreted
after prolonged tunicamycin exposure (Fig. 6¢, d). While only PDIA4
was detectable in unstimulated supernatants, ERP29 secretion
occurred exclusively at day 7. HYOU1, MANF, GANAB, TXNDC5,
DNAJB11, and LMANT were not secreted under any condition (data
not shown). Under inflammatory stimulation (TNF-a), BiP was
overexpressed at day 1, while HYOU1, MANF, and PDIA4 increased
at day 3 (Fig. 6e, f). TGF-B stimulation led to elevated BiP at days 1
and 3, and increased HYOU1, MANF, and DNAJB11 expressions at
day 3 (Fig. 6g, h). Quantifications are not shown for proteins that
were not modulated by TNF-a and/or TGF-f3.

Altogether, five proteins—HYOU1, MANF, PDIA4, DNAJB11,
and CALR—were consistently modulated by ER stress, inflam-
matory, or pro-fibrotic stimulation (Supplementary Table 3). They
were therefore selected for further investigation as potential
regulators of synovial fibroblast activation. To identify the
signaling pathways involved in their regulation, cells were
pretreated with selective inhibitors of the three canonical UPR
branches—IRE1a (4u8c), PERK (PERK-IN-2), and ATF6 (Ceapin-A7)
(Fig. 7). Inhibitor efficacy was confirmed by reduced IRE1a and
EIF2a phosphorylation, and decreased ATF6 cleavage (Fig. 7).
Accordingly, HYOU1 expression was regulated by both IRE1a
(Fig. 7a, b) and ATF6 (Fig. 7e, f), and PDIA4 specifically by ATF6
(Fig. 7e, f). PERK inhibition did not modulate any chaperone
expression (Fig. 7¢, d). In line with this, inhibition of IRE1a
(Supplementary Fig. 6a-b) and, to a lesser extent, inhibition of
PERK (c-d) reduced aSMA expression, further supporting a role
for UPR signaling in the regulation of pro-fibrotic pathways in
OA FLS, whereas ATF6 inhibition had no effect (e-f).

PDIA4 drives proliferation and migration of OA FLS via TGF-p
signaling

To assess proliferation and migration, FLS were transfected with
siRNAs designed to silence the expression of the genes
encoding these five proteins prior to stimulation with TGF-f3
for 3 days (Supplementary Figs. 7a-d). Proliferation was
significantly increased in control cells upon TGF-f stimulation
(Fig. 8a). This response was dependent on PDIA4, as PDIA4 silen-
cing under TGF-B stimulation significantly reduced proliferation
compared with control siRNA-treated cells (siCtrl + TGF-f vs.
siPDIA4 + TGF-B, highlighted in bold). Of note, silencing HYOU1,
PDIA4, DNAJB11, MANF or CALR did not affect cell viability
(Fig. 8b). These findings suggest that PDIA4 appears to be
involved in proliferative processes within the synovium. This is
supported by its co-expression with the proliferation marker
Ki67 by IMC, with semi-supervised clustering identifying three
co-expression levels (cyan: low, green: intermediate, dark blue:
high) (Supplementary Fig. 8a), and by spatial mapping revealing
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intermediate co-expression in the lining of NIN OA, strong
sublining co-expression in IN OA, and a diffuse pattern in RA
(Supplementary Fig. 8b).

We next investigated whether PDIA4 also contributes to FLS
migration. As expected, TGF- induced migration in a time-
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dependent manner, with no significant effect at early time points
and a progressive increase thereafter (Fig. 8c). Importantly, PDIA4
silencing reduced TGF-B-induced migration at later stages
compared to control conditions, indicating that PDIA4 may
promote the pro-migratory response of OA FLS (Fig. 8c).
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Fig. 6 Modulation of ER stress proteins after induction of ER stress, pro-inflammatory and pro-fibrotic process. lllustrative Western blot
images depicting 11 ER stress proteins intracellular expression following 1, 3 and 7 days of (@) Tm (1 ug/mL), e TNF-a (10 ng/mL), or g TGF-3
(10 ng/mL) stimulation on FLS and their respective semi-quantifications (b, f, h). HSP90 or GAPDH expression were used as loading controls.
Protein expression and secretion were assessed in parallel by analyzing both intracellular extracts (a, b) and matched extracellular supernatants
following tunicamycin treatment (c, d). Ponceau S staining served as a protein-loading control. n > 6. Statistical analysis was performed using the
nonparametric paired Friedman test followed by Dunn’s post hoc test for multiple comparisons. Only statistically significant quantifications are
illustrated. Statistical differences were considered for p values < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). Data are presented as median with 95%
Cl. Each point represents one measurement obtained from an individual patient under a specific stimulation condition. n indicates the number of
independent patients. NT non-treated, D day. ER endoplasmic reticulum, Tm tunicamycin, TNF-a tumor necrosis factor-a, TGF-B transforming-

growth factor-B.

DISCUSSION

ER stress has emerged as a key driver of synovitis, not only by
amplifying inflammatory signaling [30] but also by promoting
fibroblast proliferation [14], angiogenesis [31], and fibrotic
remodeling [32] of the synovial tissue. Building on these insights
and guided by our previous proteomic approach [18], we
investigated in the current study the histological distribution of
ER stress proteins in the inflamed human OA synovium. When
inflammation was mild (Tak <4), these proteins were primarily
localized in the lining layer whereas when the inflammation was
severe (Tak >4), these proteins were mainly observed in the
sublining layer.

Using IMC, we confirmed this pattern of protein infiltration, as
well as the corresponding spatial dynamics of fibroblast subsets,
although performed on an exploratory cohort with a limited
number of samples (n=3). Specifically, under NIN conditions,
CD55* fibroblasts were mainly restricted to the lining layer. In
contrast, inflammation was associated with an increased presence
of CD34*CD31" FLS in the sublining layer. Besides, the distribution
of CD68* (MLS) cells was similar to that of CD55* cells, but they
remained detectable in RA, unlike these cells. These results are
consistent with Culemann et al. [3] identifying the presence of a
palisade-like shape formed by MLS covering the lining of FLS and
generating an internal immunological barrier at the synovial
lining. This barrier restricts the inflammatory reaction by providing
a tight-junction-mediated barrier that is typically played by
epithelial cells in other tissues. Inflammation disrupts cell-to-cell
contacts between MLS, thereby altering the structure of the lining
layer [3]. RNA-seq data further suggest that FLS undergo a
phenotypic switch during synovial inflammation [33]. Lining
fibroblasts lose the expression of genes involved in maintaining
cellular homeostasis and acquire a pro-inflammatory signature,
similar to that of sublining fibroblasts, notably through the
secretion of IL-6 [4, 33-35]. We next sought to determine whether
the observed patterns of FLS distribution and infiltration were
reflected by the expression of the ER stress protein within these
cell subsets (CD55, CD34, CD68) across inflammatory grades. The
results were consistent with those obtained from a larger cohort
using IF. As inflammation progressed, the co-expression of CD55*
FLS in the lining with PDIA4 (the reference ER stress protein) was
lost. At the same time, CD34*CD31- cells progressively acquired
PDIA4 expression as this protein infiltrated the sublining. In other
words, as inflammation progressed, the PDIA4™ cells in the
sublining decreased progressively, giving way to an expanding
CD34*CD31°PDIA4* FLS population. The negative correlation
between PDIA4-expressing CD55* FLS in the lining and PDIA4-
expressing CD34* FLS in the sublining across increasing inflam-
matory grades, together with the presence of a CD55*CD34*CD31~
intermediate FLS subpopulation, points to a continuum of cellular
states. This suggests that a gradual phenotypic transition driven
by PDIA4 expression is more likely than a binary on/off switch in
PDIA4* cells. Interestingly, no correlation was observed between
the two cellular subgroups when they did not express the protein.
Consistently, the pro-migratory role of PDIA4 further supports a
dynamic, non-binary process underlying fibroblast phenotypic
changes. However, these experiments were performed in bulk OA

SPRINGER NATURE

FLS without isolation of CD55* cells, precluding conclusions on
whether this reflects a transition from CD55* to CD34* fibroblast
subsets. An alternative approach would be to isolate CD55* FLS
and monitor whether their phenotype progressively shifts toward
CD34*CD31" cells. The key role of FLS in the expression of ER stress
proteins aligns with previous data reporting the expression of
MANF in FLS. However, this study did not distinguish between the
different fibroblast subpopulations [36]. Finally, in our study, ER
stress proteins were not expressed in lymphocytes.

We have also demonstrated that HYOU1 and PDIA4 are
regulated by UPR pathways in OA FLS. Importantly, the link
between UPR signaling and fibrotic processes has been well
described in tumor and epithelial cells [37-39], and more recently
in OA FLS [32]. Accordingly, we have shown that inhibition of
IRETa and PERK reduces a-SMA expression, supporting a role in
fibroblast-to-myofibroblast (FMT) transition. Taken together, these
observations suggest that ER stress proteins may contribute to a
phenotypic shift of OA FLS toward a proliferative, migratory and
pro-fibrotic state, which we therefore sought to investigate under
ER stress, pro-inflammatory or pro-fibrotic conditions.

The expression of CD55 or CD34 in FLS was first confirmed
in vitro. However, their expression levels remained stable upon
stimulation, suggesting that isolated stimuli are insufficient to
induce a full phenotypic switch. The expression of studied
chaperone proteins (except for BiP) was also observed in FLS
without stimulation contributing to cell homeostasis. In contrast,
their overexpression was highlighted under these conditions,
leading to their secretion for some of them during prolonged ER
stress. Interestingly, several chaperones are known to exhibit pro-
inflammatory properties when they are exposed to the cell
membrane or secreted outside, thereby favoring the production of
inflammatory cytokines [12, 13]. This suggests their involvement in
triggering arthritis, particularly when they are released. Among
these proteins, BiP [40], HSP90B1 [13], PDIA4 [41], ERP29 [42] and
CALR [12] have already been described as secreted. In vitro, we
demonstrated that human FLS overexpressed BiP, HYOU1, and
MANF under ER stress, pro-inflammatory, and pro-fibrotic condi-
tions (Supplementary Table 3). Additionally, PDIA4 and CALR were
overexpressed and secreted in vitro by human FLS under
prolonged ER stress. PDIA4 was also enhanced under pro-
inflammatory conditions, whereas DNAJB11 was overexpressed
under the pro-fibrotic process. Based on these findings, we
selected the ER stress proteins HYOU1, MANF, PDIA4, DNAJB11
and CALR for further investigation into their role in driving
proliferative processes in FLS. HYOU1 promotes the survival of
neurons and phagocytes. It is also overexpressed in fibrotic
kidneys, while it can be protective in certain fibrotic conditions
[43-47]. HYOU1 s also linked to FMT and cytokine production in
synovial fibroblasts [48] and has been reported to be over-
expressed in injured synovium [49], supporting a role in synovial
activation. MANF promotes neuronal survival, suppresses NF-
kB-mediated inflammation—particularly in fibroblasts—and
reduces fibrosis in the liver [50-55]. It is increased in autoimmune
diseases and involved in FLS from proliferative synovium [36, 56].
PDIA4 and DNAJB11 are both linked to inflammation and fibrosis
in various tissues, including the lungs, gut, adipose tissue, and
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Fig. 7 UPR-dependent regulation of ER stress proteins in OA FLS. To investigate the regulatory pathways involved in the modulation of the five
ER stress proteins, cells were pretreated with selective inhibitors of IRETa (4 u8c), PERK (PERK-IN-2) or ATF6 (Ceapin-A7) prior to a 1-day tunicamycin

stimulation. Pathway inhibition was assessed by monitoring p-IRE1q, EIF2a phosphorylation or cleaved ATF6 ( ~

50 kDa). a, c, e Representative Western

blots and b, d, f) their corresponding quantifications for IRE1a (4 u8c), PERK (PERK-IN-2), and ATF6 (Ceapin-A7) inhibition, respectively. Statistical
analysis was performed with the nonparametric paired Friedman test followed by Dunn’s post hoc test for multiple comparisons. Statistical differences
were considered for p values < 0.05 (*p < 0.05, **p < 0.01, ***p < 0.001). Data are presented as median with 95% Cl; each point represents one patient. n
indicates the number of independent patients. UPR unfolded protein response, OA osteoarthritis, FLS fibroblast-like synoviocytes.
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skeletal muscle [57-61]. In particular, PDIA4 negatively regulates
the onset of arthritis [62], while DNAJB11 has been associated with
autosomal-dominant polycystic kidney disease involving fibrosis
[63, 64], but remains unexplored in synovial pathology. Finally,
CALR, which is overexpressed in RA synovium, contributes to FLS
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survival and angiogenesis [65-68] and has been identified as a
stromal-derived antigen in RA synovial cells [66], highlighting it as
a potential key target in synovitis.

HYOU1, MANF, PDIA4, DNAJB11, and CALR have previously
been identified as having pro-proliferative effects in tumor cells,
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Fig. 8 Effect of ER stress protein silencing on FLS proliferation, viability and migration. a FLS were transfected with siRNAs targeting HYOU1,
MANF, PDIA4, DNAJB11, or CALR, then stimulated with TGF-B (10 ng/mL) for 3 days. Proliferation was measured by BrdU incorporation, and
b viability by MTS assay. Data are presented as median with 95% Cl; each point represents one patient. Statistical significance was assessed using
the nonparametric paired Friedman test followed by Dunn’s post hoc test for multiple comparisons. n indicates the number of independent
patients. ¢ Real-time migration of OA FLS monitored using the IncuCyte system. Cells were transfected with control siRNA (siCtrl) or siRNA
targeting PDIA4 (siPDIA4), with or without a 3-day TGF-@ stimulation. Migration was quantified as relative wound density (%) at the indicated time
points (hours). Migration data were analyzed using linear mixed-effects models with treatment, time, and their interaction as fixed effects and
patient as a random effect. Statistical differences were considered for p values < 0.05: *p < 0.05, **p < 0.01, ***p <0.001 and ****p < 0.0001); FLS
fibroblast-like synoviocytes, Ctrl controls. ER endoplasmic reticulum, TGF-B transforming-growth factor-8, siRNA small interfering, BrdU

bromodésoxyuridine.

promoting cell survival and invasive behavior [69-73]. Synovitis is
characterized by hyperplasia (cell proliferation) and inflammation
that can lead to fibrosis in a chronic condition. This characteristic
was investigated in FLS previously stimulated with TGF-B, in which
the five ER stress proteins were silenced. Among them, PDIA4 was
found to promote FLS proliferation in OA. This is the first study to
describe the role of PDIA4 in the proliferation of OA FLS.

In conclusion, chaperones are detected in the lining layer of the
synovial membrane under mild inflammatory conditions. As
inflammation increases and the lining becomes disrupted, these
ER stress proteins are expressed at higher levels by cells in the
sublining. These proteins are expressed by CD55* FLS and CD68*
MLS (NIN OA) in the lining, and by CD34*CD31~ FLS in the
sublining (IN OA), and may be linked to the transition of their
phenotype towards the deeper synovial layers. In vitro experi-
ments using FLS further demonstrated that PDIA4 may be actively
involved in proliferative and migratory processes, contributing to
synovitis and OA disease progression, although its in vivo role in
synovitis progression remains to be established.

This study provides the first spatial and functional characteriza-
tion of ER stress proteins in synovitis. It links ER stress to fibroblast
plasticity and reveals an association between chaperones and
proliferative, migratory and pro-fibrotic processes in OA synovitis.
Although restricted to OA-derived FLS, similar ER stress—driven
mechanisms may also occur in RA and other inflammatory
arthropathies.
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