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MS4A4A belongs to the MS4A tetraspan protein superfamily and is selectively expressed
by the monocyte—macrophage lineage. In this study, we aimed to evaluate the role of
MS4A4A+ macrophages in rheumatoid arthritis (RA) pathogenesis and response to
treatment. RNA sequencing and immunohistochemistry of synovial samples from either
early treatment-naive or active chronic RA patients showed that MS4A4A expression
positively correlated with synovial inflammation. Synovial macrophages from patients
treated with corticosteroids (CS) exhibited an enhanced expression of MS4A4A and
Fc v receptor (FcyR) 3. Accordingly, CS enhanced in vitro the expression of MS4A4A
and FcyR3 in human and murine macrophages. In an experimental model of arthritis,
Ms4a4a deletion had no effect on the disease course but was associated with enhanced
therapeutic response selectively to CS. These results suggest that macrophage expression
of MS4A4A represents a biomarker of joint inflammation in RA and that its upregula-
tion in concert with FcyR3 by CS counteracts the therapeutic activity of these drugs.
Macrophage MS4A4A may represent a biomarker of joint inflammation in RA and a
target to amplify the therapeutic activity of CS.
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Rheumatoid arthritis (RA) is the most common chronic inflammatory autoimmune disease
affecting joints and causing progressive damage and disability (1). RA is characterized by
hyperplasia and inflammatory infiltration of the synovial membrane that leads to cartilage
destruction and bone erosion. A wide range of therapeutic options is available to treat
RA, including conventional synthetic disease-modifying antitheumatic drugs (csD-
MARD:) (e.g. methotrexate—MTX) and biologic targeted agents ((DMARDs) working
through various mechanisms of actions, including specific inhibition of proinflammatory
cytokines (e.g. TNE IL-6) and signaling pathways (e.g. CTLA4, JAKSs) and depletion of
infiltrating immune cells (e.g. CD20" B cells). Despite this extended repertoire of inno-
vative therapeutic options, still today to control active RA symptoms a significant fraction
of patients requires administration of corticosteroids (CS), commonly used in conjunction
with ¢sDMARD:s or as a bridge therapy when starting or switching csDMARD:s or
bDMARDs. However, the frequent occurrence of adverse events, such as osteoporosis,
infections, cardiovascular complications, and treatment resistance, significantly limits the
use of CS in inflammatory diseases (2, 3).

Although the mechanisms responsible for disease and treatment response heterogeneity
are not entirely clear, the use of next-generation sequencing (NGS) approaches has had a
substantial impact on the study of the mechanisms underlying RA pathology (4). Different
RA patients exhibit considerable synovial tissue heterogeneity displaying three main prev-
alent pathotypes: lympho-myeloid, diffuse-myeloid, and pauci-immune, that we and
others have shown to associate with disease severity and prognosis as well as therapeutic
response (5-13). However, these findings still await to be translated into biomarkers of
clinical utility in rheumatology practice and, thus, inadequate response to the available
treatments remains a major unmet medical need in RA. Further research is needed to
better understand the RA pathogenesis and identify novel therapeutic targets and better
predictors of disease prognosis and treatment response.

Nonetheless, the development of therapeutic antibodies targeting TNF and MS4A1/CD20,
a member of the membrane-spanning four-domains subfamily A (MS4A) family, represents
a major breakthrough in RA therapy (14). The recent development of high-throughput
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technologies has brought unprecedented insights into synovial
inflammation at the single-cell level (15, 16) and held the potential
to identify new targets for the development of innovative strategies
in RA. Macrophages, highly plastic environment-sensing cells (17—
19) have emerged as critical players in the disease pathogenesis and
have been shown to be the best synovial biomarker of treatment
response (9, 20). The MS4A family, beyond the B cell-specific
MS4A1/CD20, comprises 17 other members in humans (21), 5 of
which (namely MS4A3, MS4A4A, MS4AGA, MS4A7, and
MS4A14) are preferentially expressed in myeloid cells (22, 23). We
have reported that CD163" macrophages in the synovial tissue of
carly-diagnosed RA patients express high levels of MS4A4A, sug-
gesting an important role in RA pathogenesis (24) similarly to other
conditions in which MS4A4A has been shown to regulate mac-
rophage activation including cancer and neurodegenerative disorders.
MS4A4A establishes latero-lateral interactions with immune recep-
tors, namely Dectin-1 and TREM-2 (23-26). Notably, MS4A4A
expression is enhanced in monocytes and macrophages in response
to CS (22, 24).

As the functional role of MS4A4A in RA and its potential
association with disease and treatment outcomes is currently
unknown, here we evaluated the relationship between MS4A4A
expression in human inflamed synovium and clinical outcomes
in treatment-naive patients at early disease stage and in inadequate
responders to csDMARD:s receiving or not CS before commenc-
ing TNF inhibitors treatment, and the role of Ms4a4a in a pre-
clinical model of RA in mice with global and macrophage-specific
deletion of Ms4a4a. We report evidence that MS4A4A expression
in macrophages positively correlated with synovial inflammation
in synovial samples in early treatment-naive or active chronic RA
patients and that CS selectively induced the expression of MS4A4A
and FcyR3 limiting their anti-inflammatory activity and poten-
tially mediating steroid resistance, by enhancing macrophage
inflammartory activity.

Results

MS4A4A Expression Correlates with Joint Inflammation and RA
Progression. Our previous work showed a specific expression of
MS4A4A in CD163" synovial macrophages of RA patients (24).
To define its role in RA pathobiology, we first consulted publicly
available transcription datasets and observed that MS4A4A was
the only member of the MS4A family, among those expressed by
the myeloid lineage (22, 23), whose expression was selectively
induced in the synovial tissue of RA patients (SI Appendix,
Fig. S14). The induction of MS4A4A was specific for RA and not
observed in osteoarthritis or other types of chronic inflammatory
arthritis and showed a pattern of expression similar to the B cell-
specific MS4A1/CD20, which has a well-established role in RA
pathogenesis (S Appendix, Fig. S1A). Analyses of publicly available
scRNAseq datasets revealed that MS4A4A is specifically expressed
by TREM2"8" FOLR2'ID2" and FOLR2"8"LYVE1" resident
macrophages (20) (S Appendix, Fig. S1B), all of which also express
CD163". These findings are consistent with our previous work
(24). In order to assess the expression of MS4A4A at disease onset
in the absence of the influence of immune-suppressive medications,
we investigated MS4A4A expression in the synovial tissue of
early (< 12 mo symptom duration) DMARD-naive RA patients
(described in ST Appendix, Table S1.). Both at the transcript and
protein level, MS4A4A expression was associated with the diffuse-
myeloid and lympho-myeloid pathotypes (Fig. 1 A-D), the latest
being characterized by a high infiltration of macrophages and
lymphocytes organized in ectopic lymphoid structures, known
to sustain autoantibodies production and associated with high
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disease activity and radiographic damages (5, 6, 8, 27). MS4A4A
expression positively correlated with the synovial infiltration of
lining and sublining CD68" macrophages, CD3" T cells, CD20" B
cells, and CD138" plasma cells, as well as with the global synovial
inflammatory score (Fig. 1 E and F). We also found a significant
positive correlation between synovial MS4A4A gene and protein
expression and clinical parameters indicative of disease severity,
including the disease activity score DAS28 (Fig. 1G) and the
erythrocyte sedimentation rate (ESR) (Fig. 1H). Both the diffuse-
myeloid and the lympho-myeloid pathotypes were characterized
by an important infiltration of CD68" macrophages (S/ Appendix,
Fig. S2A), but the absence of direct correlation between the total
CD68 score and the DAS28 suggested a specific contribution
of a MS4A4A" macrophage subset to the activity of the disease
(81 Appendix, Fig. S2B).

Of note, RNA-seq analysis of synovial tissue from RA patients
also revealed a positive correlation between expression levels of
MS4A4A and proinflammatory mediators (/LB and TNF), neu-
trophil chemoattractants (CXCLI and CXCL8), and genes pro-
moting bone resorption (MMP1/3 and 13, RANK, RANKL) and
a negative correlation with gene preventing bone resorption (OPG,
coding for the decoy receptor of RANKL) (Fig. 1/). Accordingly,
a positive correlation between the frequency of MS4A4A™ cells
and neutrophils was also observed in the synovial tissue of patients
with both early and established disease (Fig. 1/). A high expression
of MS4A4A in the synovium at the onset of RA was associated
with a high degree of bone erosions assessed by the total SHSS,
both at baseline and at 12 mo following patients’ recruitment
(Fig. 1K).

To better understand the relationship between MS4A4A expres-
sion on macrophages and RA pathogenesis, we adopted the exper-
imental model of STIA. Increased Ms4a4a expression was observed
at the peak of inflammation (Day 6 upon STIA induction) com-
pared to the early stage of inflammation (Day 2) and persisted
over time (until Day 12) compared to the early stage of inflam-
mation (Day 2), along with enhanced joint inflammation and
clinical scores (Fig. 1 L and M). Of note, Ms4a4a expression pos-
itively correlated with the arthritis score (Fig. 1/V), and no differ-
ence was observed in the frequency of synovial CD11b" F4/80"
MHCII" macrophages (Fig. 10). This indicates that the increased
expression of Ms4a4a was not just a secondary effect of the general
increase in macrophage infiltrate, but rather of a specific modu-
lation in the MS4A4A" cell subset. However, mice with either
constitutive deletion (from now on Ms4a44-KO) or a
macrophage-selective conditional deletion of the Ms4a4a gene
(Ms4add™ x Lyz2°"", from now on Msdada-cKO) did not show
differences in STIA severity compared to their littermate controls
(Fig. 1L and ST Appendix, Fig. S2C), indicating that MS4A4A has

no direct impact on the effector phase of the disease.

MS4A4A Expression in Macrophages Is Modulated by CS
Therapeutic Treatment. We then investigated the potential role
of MS4A4A in established RA, when the pathology becomes
chronic, and patients undergo therapeutic treatment. We first
compared MS4A4A expression in the synovial tissue obtained
from the early treatment-naive patients described above and from
patients with established RA (mean disease duration of 4.6 vs. 61.1
mo in the two cohorts, respectively). As reported in SI Appendix,
Table S2., these patients are characterized by a high number of
tender joints and high scores for Visual Analogue Scale (VAS)
physician and DAS28, indicative of their persistent active disease
despite therapeutic treatments. Compared to early-diagnosed
patients, chronic RA patients showed a higher frequency of
MS4A4A" cells in their synovial tissue (Fig. 24). In this cohort,
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MS4A4A expression also associated with the lympho-myeloid
and the diffuse-myeloid pathotypes, and with a prominent joint
inflammation and synovial immune cell infiltration (Fig. 2 Band
C). Opposite to the patients included in the early treatment-naive
RA cohort, all patients included in the established RA cohort
underwent csDMARD treatments (S Appendix, Table S2.), and
35.7% of them also received CS. To investigate the effect of different
therapeutic regimens on MS4A4A expression, the synovial tissue
of patients treated with csDMARDs alone was compared to that
of patients treated with both csDMARDs and CS. CS treatment
did not affect the overall macrophage infiltration in the synovium
(Fig. 2 D and E) but significantly enhanced MS4A4A expression
levels (Fig. 2 F and G), suggesting a direct effect of CS on the
modulation of MS4A4A expression in synovial macrophages.
Consistent with previous data (20, 24), MS4A4A expression was
distributed across both lining and sublining synovial layers. We
showed a significant CS-dependent upregulation of MS4A4A
in the sublining macrophages and a trend of induction in the
lining (Fig. 2H). Since induced expression of MS4A4A in the RA
patients was in line with our previous evidence that CS directly
regulate Ms4a4a in murine bone marrow—derived macrophages
(BMDM) (24), we investigated Ms4a4a expression in synovial
macrophages isolated from murine arthritic joints treated with
or without CS. We observed that synovial macrophages (sMac)
expressed significantly higher Ms4a4a basal levels compared to
both BMDM and peritoneal macrophages (pMac) and that also
in murine synovial macrophages Ms4a4a expression was further
induced upon in vitro treatment with CS, namely dexamethasone
(Dex) (Fig. 21). Of note, Ms4a4a was not expressed at baseline
neither was induced after Dex treatment in fibroblast-like
synoviocytes, a second key player in the formation of the synovial
pannus in the STIA model (Fig. 21). In addition, the induction of
Ms4ada expression in peritoneal macrophages was also observed
after in vivo administration of CS (Fig. 2)).

MS4A4A Expression in Macrophages Limits CS Therapeutic
Activity in Arthritis. We then investigated the relevance of
MS4A4A for joint inflammation and RA progression upon
CS treatment. The therapeutic activity of Dex was significantly
enhanced in Ms4a4a-KO mice (Fig. 34) and in Ms4ada-cKO
mice (S Appendix, Fig. S2C), as demonstrated by the lower
arthritis scores particularly in the KO animals, suggesting that
treatment activity was indeed influenced by Ms4a4a expression
in macrophages. Of note, Ms4a4a deletion did not influence
the efficacy of other in vivo therapeutic regimens with different
mechanism of action, including MTX (Fig. 3B) and intravenous
immunoglobulins (IVIg) (Fig. 3C). In keeping with this, MTX and
IVIg also did not modulate Ms4a4a expression by macrophages
in vitro (Fig. 3D), contrary to effects seen with CS treatment.
In accordance with the clinical scores, the synovial pannus of
Ms4a4a-KO mice treated with Dex showed a significant reduction
in the number of inflammatory cells compared to Dex-treated
WT mice (Fig. 3 £ and F). Taken together, these results suggest
a potential feedback loop between MS4A4A and CS, with CS
inducing MS4A4A expression in macrophages, which in turn
limits their therapeutic activity in arthritis.

MS4A4A Expression Is Associated with Synovial Neutrophil
Infiltration and Joint Damage Upon CS Treatment. The ability
of Ms4a4a to interfere with CS treatment and promote joint
inflammation in arthritis prompted us to investigate its impact
on the recruitment of inflammatory immune cells to the joint.
Dex treatment did not influence the number of macrophages
or monocytes infiltrating the joint (S Appendix, Fig. S3 A-D).
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Conversely, we observed a reduced infiltration of Ly6G*
neutrophils, which have a crucial role in the progression and the
perpetuation of joint inflammation in the STIA model (30), in
Ms4a4a-KO joints compared to controls upon Dex treatment
(Fig. 4 A- D). This correlated with neutrophil accumulation in the
blood and was not due to an altered neutrophil granulopoiesis in
the bone marrow (87 Appendix, Fig. S3 E and F).

Arthritic joints of Ms4a4a-KO mice treated with Dex also
showed reduced damage of cartilage and bone tissue, defined by
reduced number of TRAP" resorbing osteoclasts (Fig. 4 £ and F)
as well as a delayed upregulation of Dex-dependent genes involved
in bone resorption (Rankl/Opg ratio) (Fig. 4G) and cartilage
matrix degradation (matrix metalloproteinase Mmp3) (Fig. 4H).
Taken together, these results indicated that MS4A4A contributes
to the modulation of neutrophil recruitment and bone and carti-
lage erosion in synovial inflammation upon CS treatment.

Expression of MS4A4A and FCGR3A Is Concomitantly Enhanced
by CS. MS4A4A is a tetraspan-like molecule that, similar to
classical tetraspanins (31), is involved in the modulation of
certain immune receptor intracellular pathways contributing to
macrophage activation and thus sustaining inflammatory immune
responses (23). In particular, we previously demonstrated that
MS4A4A associates with Dectin-1 (24), and others have reported
its association with TREM-2 (25). We therefore searched for
evidence that macrophage immune receptors known to be
modulated by MS4A4A could be involved in this phenotype.
In early treatment-naive RA patients, at the gene level (RNA-
seq) we observed a positive correlation between the expression
of M84A4A and both molecules (SI Appendix, Fig. S4A), while
multiplex immunofluorescence (IF) staining of RA synovial
macrophages showed coexpression of MS4A4A and Dectin-1,
as well as of MS4A4A and TREM-2 (S Appendix, Fig. S4B).
However, in contrast to what observed for MS4A4A (Fig. 1 G
and H), the expression of Dectin-1 and TREM-2 correlated with
synovial histopathology but not with disease severity (S Appendix,
Fig. S4 C-F). Furthermore, in mice, the Dex-dependent induction
(Figs. 2H and 3D) was not observed neither for Clec/a (encoding
Dectin-1) nor for Trem2 (SI Appendix, Fig. S4G). These data
argue against a role of the known MS4A4A partners Dectin-1
and TREM-2 in mediating the MS4A4A-dependent limitation
of the CS anti-inflammatory activity in joint inflammation and
arthritis progression under CS treatment.

Fe receptors, and particularly FcyR3-mediated responses, have
a pivotal role in the pathogenesis of RA and in the STIA model
(30, 32, 33). RNA-sequencing analyses of the synovium of early
treatment-naive RA patients showed that the expression of both
FCGR3A and its signal transducer Fc common gamma chain
(FCERIG) positively correlated with MS4A4A  expression
(Fig. 5A), with related protein coexpression shown by multiplex
IF staining (Fig. 5B). FCGR3A expression was high in both the
diffuse-myeloid and lympho-myeloid pathotypes and significantly
correlated with the disease severity (Fig. 5 Cand D), in line with
MS4A4A (Fig. 1 A-H) but opposite to CLEC7A and TREM?2
(SI Appendix, Fig. S4 C-F). We next investigated the effect of CS
and showed that in accordance with Ms4a4a (Figs. 2H and 3D)
but conversely to Clec7z and Trem2 (SI Appendix, Fig. S4G), Dex
treatment induced the expression of Fegr3a both in WT and
Ms4a4a-KO macrophages (Fig. 5E), while no effect on other Fc
receptors was observed (SI Appendix, Fig. S4H). It should be noted
that transcriptional profiling of WT and Ms4a4a-deficient mac-
rophages revealed no difference at baseline and in response to CS
(SI Appendix, Fig. S5). As reported for MS4A4A (Fig. 2 Fand G),
FCGR3A was induced upon CS treatment in our cohort of
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Fig. 1. MS4A4A expression correlates with joint inflammation and RA progression. (4) 2D polar plot of differentially expressed genes, assessed by RNA-sequencing,
comparing synovial tissue presenting a lympho-myeloid (L), diffuse-myeloid (M), and pauci-immune fibroid (F) pathotypes (6). The z-axis shows-log10 P-value for
likelihood ratio test. Genes with adjusted P-value for likelihood ratio test < 0.05 (z axis) were considered significant (nonsignificant genes are colored gray). Different
colors demonstrate pairwise comparisons between the three pathotypes: upregulation in one group only (M: brown, F: green, and L: blue) or in two groups (M +
F:yellow, L + F: cyan, L + M: purple). (B) Sections of RA synovium were stained for MS4A4A. Representative images are shown for each pathotype. Enlarged images
correspond to the respective boxed areas. (Scale bar, 50 um.) (C) MS4A4A transcript expression in synovial tissues presenting an F, M, or L pathotype, assessed
by RNA-sequencing. P-values were calculated using the Kruskal-Wallis test with Dunn’s posttest, **P < 0.01, ****P < 0.0001. (D) Percentage of MS4A4A"cells in
synovial tissues presenting an F, M, or L pathotype, assessed by immunohistochemistry (IHC) and quantified by digital image analysis. P-values were calculated
using the Kruskal-Wallis test with Dunn’s posttest, *P < 0.05, **P < 0.01. (F) Heatmap representing the correlation between MS4A4A synovial transcript levels and
the semiquantitative scores for synovitis (Inflamm. Score) and inflammatory cell markers (CD3" T cells; CD20" B cells; CD138" plasma cells; CD68L" macrophages
of the lining layer; CD68SL" macrophages of the sublining layer) (28, 29). The red scale represents the Spearman r coefficient. **P < 0.01, ***P < 0.001, ****p <
0.0001. (F) Heatmap representing the correlation between MS4A4A expression and the semiquantitative scores for inflammatory cell markers (CD3* T cells; CD20"
B cells; CD138" plasma cells; CD68L" macrophages of the lining layer; CD68SL" macrophages of the sublining layer) in early-treatment naive patients. The red scale
represents the Spearman r coefficient. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G and H) Correlation of MS4A4A transcript (Left panels) and protein
(Right panels) expression with the disease activity score/28 (DAS28) (G) and the ESR (H). P-value and r coefficient were calculated using the Pearson correlation
test. (/) Heatmap representing the correlation between MS4A4A synovial transcript levels in patients with early untreated RA and different mediators involved in
tissue inflammation and neutrophil recruitment (/L7B, TNF, CXCL1, and CXCL8), and in bone and cartilage destruction (RANKL, RANK, OPG, and MMP1, 3, and 13). The
blue/red scale represents the Spearman r coefficient. **P < 0.01, ***P < 0.001, ****P < 0.0001. (/) Correlation between the percentage of MS4A4A" cells and the
percentage of neutrophil-elastase” (NE) cells in the synovial tissue of early naive RA (Left panel) or established RA patients (Right panel). P-values and r coefficients
were calculated according to the Pearson correlation test. (K) Correlation between the percentage of MS4A4A* cells and the presence of erosions at baseline (Left
panel) and at 12 mo (Right panel) as assessed by the total Sharp van der Heijde score (SHSS) in early treatment naive RA patients. P-values and r coefficients were
calculated according to the Pearson correlation test. (L) Clinical score assessing forepaws and hind paws inflammation (/16) after serum transfer-induced arthritis
(STIA) induction in wild-type (WT) (gray dots) and Ms4ada knock-out (KO) (empty gray dots) mice. N = 20 to 22 animals per group. Representative hematoxylin
& eosin (H&E) staining of the synovium at day 2 and day 6 is shown. (M) Ms4a4a relative gene expression assessed by qPCR on total joints of naive and STIA WT
mice at day 2, day 6, day 10, and day 12 following arthritis induction. P-values were calculated using the Kruskal-Wallis test with Dunn’s posttest, **P < 0.01. (N)
Correlation between Ms4a4a relative expression and arthritis score (/4) for each individual paw (n = 33, distributed across day 2, day 6, and day 12 timepoints).
P-value and r coefficient were calculated according to the Spearman correlation test. (O) Frequency of CD11b" F4/80" MHCII” macrophages, expressed in % of
total live CD45" cells, in the joints at day 2 and day 6 after STIA induction. (C, D, L, M, and O) Results are shown as mean + SEM.

40of 11  https://doi.org/10.1073/pnas.2504529122 pnas.org



MS4A4A |

Az B & C 07
< 004 = j00o —=— Inflamm
2 * 2 —_ score
8 80 8 s0- i cD3
+ +
$ oo 3 o oy o6
< I CcDh20
< < +
o 40 o 40
2 = = CcD138
s 20- = 2042 & i 0.5
S S F CDB8-L{ *=
e ol 2 o5
> Early Est. > FML CD68-SL{ #*=
n ”n 0.4

)

8- 100+ .
N 80-
60-

B
o
1

N
o
1

Macrophage content
(CD68 score)

Synovial MS4A4A* cells (%)

Cs

k%

(J
S Lining Sublining c ** c
") — — - *% *
2 1004 - .k o 04 L =} .
= *x 2 - 5 0015
P I o o
A ]
< _I_ . S 5 S s
p L I x X X 0.0104
< 60

T 5 @ <t 9
3 f 28 28
= 40 - .2 s 2 s =

[T) (%]
3 . E & 3 0.0054
S 204 = c c
g . ¢, g g
a 0.000-
-+ -+ CT Dex CTDex CTDex CT Dex CT Dex
CS

BMDM pMac sMac FLS

Fig. 2. MS4A4A expression in macrophages is upregulated by CS treatment. (4) Percentage of MS4A4A" cells in the synovial tissues of patients with early
and established (est.) RA, assessed by IHC and quantified by digital image analysis. P-values were calculated using the Student ¢ test. *P < 0.05. (B) Percentage
of MS4A4A" cells in synovial tissues of established RA patients presenting a pauci-immune fibroid (F), diffuse-myeloid (M), or lympho-myeloid (L) pathotype.
P-values were calculated using the Kruskal-Wallis test with Dunn'’s posttest, *P < 0.05, ***P < 0.001. (C) Heatmap representing the correlation between MS4A4A
expression and the semiquantitative scores for inflammatory cell markers (CD3" T cells; CD20" B cells; CD138" plasma cells; CD68L" macrophages of the lining
layer; CD68SL" macrophages of the sublining layer) in established patients. The red scale represents the Spearman r coefficient. ***P < 0.001, ****P <0,0001. (D)
Synovial tissues of patients who did or did not receive corticosteroid (CS) treatment in adjunction with conventional synthetic disease-modifying antirheumatic
drugs were stained for CD68 by IHC. Representative images are shown. (Scale bar, 50 um.) (E) CD68 lining and sublining macrophages semiquantitative score
(CD68 score) in the synovium of RA patients treated or not with CS. (F) Synovial tissues of patients who did or did not receive CS treatment were stained for
MS4A4A by IHC. Representative images are shown. (Scale bar, 50 um.) (G and H) Percentage of MS4A4A" cells quantified by digital image analysis in the synovium
of RA patients treated or not with CS, in the whole synovial tissue (G) and separately in the lining and sublining areas (H). P-values were calculated using the
Mann-Whitney test, *P < 0.05, **P < 0.01. (/) Ms4a4a transcript expression in BMDM, peritoneal macrophages (pMac), primary synovial macrophages (sMac), and
primary fibroblast-like synoviocytes (FLS) isolated from arthritic joints of WT animals and kept untreated (control, CT) or treated with 1 uM dexamethasone (Dex)
for 6 h (Dex). N = 3 to 8 per group. P-values were calculated using the Mann-Whitney test, *P < 0.05, **P < 0.01, ***P < 0.001. (/) Ms4a4a transcript expression
in peritoneal exudate cells (PEC) of WT mice 2 h following intraperitoneal injection of PBS (CT) or 10 ug Dex. P-values were calculated using the Mann-Whitney
test. *P < 0.05. n = 4-5 mice per group. (A, B, £, G, H, |, and /) Results are shown as mean + SEM.

established RA patients (Fig. 5 Fand G) and a significant positive
correlation between the expression of MS4A4A and the expression
of FCGR3A was observed (Fig. 5H).

We then evaluated whether MS4A4A could regulate the activity
of FCGR3 and sustain joint inflammation, particularly neutrophil
recruitment and activation. When triggered with aggregated IgG
complexes, macrophages derived from Ms4244-KO animals showed
a reduced ability to secrete Tnf and Cxcl2, proinflammatory medi-
ators with a key role in joint inflammation and neutrophil

PNAS 2025 Vol.122 No.37 2504529122

recruitment in RA pathogenesis (34), and this defect was further
enhanced after Dex treatment in vitro (Fig. 5/). Of note, Ms4a4a
did not significantly affect macrophage LPS-dependent responses,
neither under resting conditions nor upon CS treatment, arguing
for a specific effect of Ms4a4a on macrophage activation by
FcyR-dependent pathways (Fig. 57). Importantly, the same reduc-
tion in Tnfand Cxc/2 upon CS treatment was observed in arthritic
joints in the STIA model (Fig. 5/). Together, these data suggest
that MS4A4A and FcyR3 are coregulated in RA with MS4A4A
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Fig. 3. MS4A4A expression in macrophages limits the CS therapeutic activity in arthritis. (A) Clinical score assessing forepaws and hind paws inflammation after
STIA induction in wild-type (WT) (plain dots) and Ms4a4a knock-out (KO) (empty dots) mice, injected intraperitoneally daily from D2 with 10 pg dexamethasone
(Dex, red lines) or its vehicle (100 pL PBS) (gray lines). N = 20 to 22 animals per group. Scores of the KO+Dex group are significantly lower compared WT+Dex
from day 3 (P < 0.01, as assessed by the two-way ANOVA test followed by Tukey’'s multiple comparisons). (B) Clinical score after STIA induction in WT (plain
dots) and Ms4a4a-KO (empty dots) mice, injected intraperitoneally 25 pg methotrexate (red lines) or with PBS (gray lines) every 2 d from D2. N =5 to 12 animals
per group. Scores of the WT+MTX and KO+MTX groups do not statistically differ from untreated corresponding animals (as assessed by the two-way ANOVA
test followed by Tukey's multiple comparisons). (C) Clinical score after STIA induction in WT (plain dots) and Ms4a4a-KO (empty dots) mice treated with a single
intraperitoneal injection at day 2 of 2 mg/kg intravenous immunoglobulin (IVIg, red lines) or with PBS (gray lines). N = 5 to 12 animals per group. WT+IVIg and
KO+IVIg scores are similarly and significantly reduced compared to untreated WT and KO from day 8 (P < 0.05, as assessed by the two-way ANOVA test followed
by Tukey’'s multiple comparisons). (D) Ms4a4a transcript expression in BMDM stimulated with IL-4 alone (CT) or in combination with 1 uM of Dex, 5 ng/mL of
methotrexate (MTX) or 80 pg of intravenous immunoglobulin (IVIg) for 18 h. n = 3 per group. P-values were assessed using the Mann-Whitney test, ***P < 0.001.
(E) Sections of tarsus from WT and KO arthritic mice treated or not with 10 pg Dex were stained with H&E. Representative images are shown for each group.
Enlarged images correspond to the respective boxed areas. (Scale bar, T mm.) (F) Semiquantitative scores (0 to 3) were attributed for each tarsus stained with
H&E at day 6 after STIA induction. n = 8 to 12 individual paws per group. P-values were calculated using the Kruskal-Wallis test with Dunn'’s posttest, *P < 0.05,
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**P <0.01. (A-D and F) Results are shown as mean + SEM.

restraining the anti-inflammatory effect of CS and potentially reg-
ulating the inflammatory function of FeyR.

Discussion

MS4A1/CD20, the best characterized member of the tetraspan-
like family MS4A, is selectively expressed in B cells, where it mod-
ulates the B cell receptor (BCR) signaling (35) and is a validated
therapeutic target in autoimmune diseases and cancer (36, 37).
Similarly, MS4A4A is selectively expressed in macrophages where
it partners and modulates signaling activities of the innate immu-
nity receptors Dectin-1 and TREM-2 (24-26). As macrophages
are major players in inflammation and autoimmunity, including
RA (16), the present study was designed to investigate the expres-
sion and significance of MS4A4A in RA and to explore its function
in genetically modified animals.

It has previously been reported that in mice and humans,
MS4A4A is highly expressed in mature tissue macrophages,
including those in the synovium, and low levels are present in
circulating monocytes (23, 24). More recently, it was shown that
MS4A4A is expressed at low levels in healthy CD14'CD16",
CD14'CD167, and CD16 CD14" monocyte subsets, and is over-
expressed in septic conditions in both CD14"CD16" and

https://doi.org/10.1073/pnas.2504529122

CD14'CD16  monocytes (38). It was important to reassess
MS4A4A expression in peripheral blood monocytes in RA.
Therefore, we retrieved publicly available bulk RNA-sequencing
data from CD14" circulating monocytes isolated from 15 healthy
controls and 9 RA patients (GSE294225), observing that MS4A4A
expression is not affected in RA monocytes compared to controls
(SI Appendix, Fig. S6).

We previously reported high expression levels of MS4A4A in
the CD163" macrophage subset infiltrating the synovial tissue of
RA patients (24). Here, we provide evidence that its expression is
associated with high levels of inflammation/disease activity and
worse outcomes, both in treatment-naive early RA, prior to disease
modification by immune-modulatory therapy, and in established
active disease resistant to csDMARD:s treatment. Similar to the
B cell-specific MS4A1/CD20, the macrophage-specific MS4A4A
is significantly elevated in RA and not in osteoarthritis or other
inflammatory arthritis. Accordingly, MS4A4A has recently been
shown to be part of the gene signature expressed in peripheral
leukocytes from RA but not in patients with undifferentiated
arthritis or healthy controls (39). MS4A4A expression in blood is
also related with the occurrence of RA-associated interstitial lung
disease, one of the most common extra-articular manifestations

of the disease (40). Our results show that MS4A4A is highly
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(Dex) at day 6 following STIA induction. (B) Absolute count of Ly6G" neutrophils determined in the mouse arthritic synovium by flow cytometry at day 6 after
STIA induction. N = 5 mice per group. P-values were calculated using the Kruskal-Wallis test with Dunn’s posttest, *P < 0.05. (C) Mouse ankle joints collected at
day 6 after STIA induction and treated or not with Dex were stained for Ly6G by IHC. Representative images are shown. (Scale bar, 50 um.) (D) Percentage of
Ly6G* cells in the synovium of WT and KO mice treated or not with Dex at day 6 after STIA induction, assessed by IHC and quantified by digital image analysis.
N = 3 to 8 individual paws per group. P-values were calculated using the Kruskal-Wallis test with Dunn'’s posttest, *P < 0.05. (E) Mouse ankle joints collected
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**P <0.01. (G) Ratio of the relative expression of Rankl and Opg transcripts in the ankles of WT and KO mice treated or not with 10 pg Dex at different time-points
after STIA induction. N = 4 to 7 mice per group and per time-point. * and ** indicate that KO and KO+Dex values are significantly different at both day 6 and
day 12 (P < 0.05 and P < 0.01, respectively), * indicates that WT and WT Dex values are similar at D6 and significantly differ only at day 12 (P < 0.05, as assessed
by the two-way ANOVA test followed by Tukey's multiple comparisons). (H) Mmp3 gene expression in the ankles of WT and KO mice treated with PBS or Dex
at different time-points after STIA induction. N = 4 to 7 mice per group and per time-point. * indicates that KO and KO+Dex values are significantly different at
both day 6 and day 12 (P < 0.05), * indicates that WT and WT Dex values are similar at day 6 and significantly differ only at day 12 (P < 0.05, as assessed by the

two-way ANOVA test followed by Tukey's multiple comparisons). (B, D, and F-H) Results are shown as mean + SEM.

expressed in synovial tissues presenting a lympho-myeloid patho-
type, which is characterized by a high infiltration of macrophages
and/or lymphocytes organized in ectopic lymphoid structures,
known to sustain autoantibodies formation and associated with
high disease activity and radiographic damages (5, 6, 8, 27).
Accordingly, we observed that synovial MS4A4A expression in
early treatment-naive RA patients significantly associated with
baseline disease activity and structural damage predicting worse
SHSS erosion score at 12 mo. Whether MS4A4A regulates
osteoclast-mediated bone erosions in the context of RA will
require future investigations, however our synovial tissue RNA-seq
analysis demonstrating a positive correlation with gene enhancing
bone resorption: RANK/RANKL and a negative correlation with
the gene preventing bone resorption: OPG, suggests its potential
involvement.

Glucocorticoid hormones are part of physiological regulatory
pathways of inflammation and immunity (41) and have complex
effects on immunity beyond suppression (42). In particular, CS are
known to strongly influence monocytes/macrophage biology, shap-
ing their phenotype toward repair functions (43). MS4A4A has
previously been reported as a CS-responsive gene, both in vitro in
monocyte-derived macrophages and invivo in circulating

PNAS 2025 Vol.122 No.37 2504529122

monocytes of Graves’s syndrome patients (24, 44). Here, we report
that CS treatment increases MS4A4A expression, both in human
RA synovium and in the joint of arthritic mice, a finding consistent
with previous in vitro observations on human macrophages (22,
24). Thus, the induction of MS4A4A in macrophages is part of the
complex effect elicited by GC on inflammatory networks. Recent
evidence suggests that changes in macrophage metabolism and
itaconate production play an important role in the anti-inflammartory
activity of CS (45). In synovial tissue from early treatment-naive
RA patients (PEAC cohort), we found no correlation between
Aconitate Decarboxylase 1 (CAD/ACOD1) and MS4A4A expres-
sion (8] Appendix, Fig. S7 A and B). Moreover, analysis of the data
reported by Auger etal. revealed that Ms4a4a is regulated to a
similar extent by CS in wild-type and ACOD1-deficient mice
(SI Appendix, Fig. S7C) (45). These results strongly suggest the
Ms4a4a induction by CS is independent of ACODI.

In an effort to explore the functional significance of MS4A4A
in RA, a model of serum-transfer induced arthritis in genetically
modified mice was used. Ms4a4a deficiency had no impact on the
severity of the disease. In contrast, Ms4a4a deficiency was associ-
ated with a significant increase in the therapeutic action of CS.
Indeed, CS-treated Ms4ada-deficient arthritic mice showed
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Fig. 5. Expression of MS4A4A and FCGR3A is concomitantly enhanced by CS. (A) Correlation between MS4A4A transcript expression and FCGR3A (Left panel) or
FCER1G (Right panel). P-value and r coefficient were calculated according to the Spearman correlation test. (B) Multiple IF staining showing the colocalization between
MS4A4A (yellow) and FCGR3A (in red, Upper panels) or FCER1G (in red, lower panel). CD68" macrophages are shown in green. White arrows on the merged images
indicate triple-stained cells. Representative images are shown. (Scale bar, 50 um.) (C) FCGR3A transcript expression in synovial tissues presenting a pauci-immune
fibroid (F), diffuse-myeloid (M), or ympho-myeloid (L) pathotype, assessed by RNA-sequencing. P-values were calculated using the Kruskal-Wallis test with Dunn’s
posttest, **P < 0.01, ***P < 0.001. (D) Correlation of FCGR3A transcript expression assessed by RNA-sequencing with the disease activity score/28 (DAS28, Left
panel) and the (ESR, Right panel). P-value and r coefficient were calculated using the Pearson correlation test. (E) Fcgr3a transcript expression in BMDM from WT
and KO mice treated or not with 1 uM of dexamethasone (Dex). P-values were calculated using the Mann-Whitney test, **P < 0.01. (F) Synovial tissues of patients
who did or did not receive corticosteroid (CS) treatment were stained for FCGR3A by IHC. Representative images are shown. (Scale bar, 50 um.) (G) Percentage
of FCGR3A" cells quantified by digital image analysis in the synovium of RA patients treated or not with CS. P-values were calculated using the Mann-Whitney
test, ***p < 0.001. (H) Correlation between the percentage of MS4A4A" and the percentage of FCGR3A" synovial cells. P-value and r coefficient were calculated
using the Pearson correlation test. (/) TNF and CXCL2 secretion by BMDM isolated from WT and KO mice and stimulated for 8 h with 500 ug/mL of 1gG or 100
ng/mL lipopolysaccharides (LPS). 1 uM dexamethasone (Dex) was added on top IgG or LPS 1 h after the start of the stimulation. n = 4 to 10 per condition. (/)
Tnf and Cxcl2 transcript expression was assessed by RT-gPCR in the ankles of WT and KO mice treated with PBS or Dex at day 6 after STIA induction. n = 6 mice
per group. P-values were calculated using the Kruskal-Wallis test with Dunn’s posttest, *P < 0.05, **P < 0,01. (C, E, G, /, and J) Results are shown as mean + SEM.
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reduced neutrophil infiltration. The decreased neutrophil infiltrate
correlated with lower expression of molecules involved in the reg-
ulation of matrix remodeling and bone erosions, leading to
reduced cartilage and bone damage. Importantly, this effect was
specific to CS, since Ms4ada deletion had no influence on the
therapeutic response to other immune-modulatory therapies, such
as MTX or IVIg. Of note, while the STIA model is ideal to focus
on the contribution of innate immune cells selectively to the effec-
tor phase of arthritis (30), and provides valuable insights into the
understanding of the functional role of Ms4a4a, the differences
between human and mouse pathophysiology, specifically the dif-
ferences in neutrophil localization, emphasize the need for com-
plementary studies to validate our findings.

The mechanism(s) responsible for the increased efficacy of CS
in the absence of MS4A4A remains to be fully defined. We observed
that Dex treatment was associated with reduced production of Tnf
and the neutrophil-attracting chemokine Cxcl2 in macrophages
lacking Ms4a4a, both in vitro and in the arthritis model in vivo,
where this correlated with reduced synovial inflammation and num-
ber of recruited neutrophils. CS selectively induced the expression
of FcyR3, both in vitro and in the RA synovium, and in vitro
Dex-dependent reduction of Tnf and Cxcl2 in Ms4ada-deficient
macrophages was further enhanced by FcyR activation through
aggregated IgG. Our results suggest that, by inducing the expression
of MS4A4A and FcyR3, CS may amplify the response to immune
complexes, which in turn would counteract their anti-inflammatory
activity. MS4A4A is a tetraspan-like molecule (23, 24). Tetraspanins
are membrane-organizing proteins clustering in tetraspanin-enriched
microdomains (TEM). TEM are specific regions of the plasma
membrane rich in lipids where tetraspanins can engage latero-lateral
interactions with partner receptors and modulate their signaling
pathways (23). Our previous work showed that in macrophages
MS4A4A clusters with other members of the MS4A family, namely
MS4AGA and MS4A7, and that it interacts with its receptor part-
ners (e.g., Dectin-1) in the lipid rafts (24). Studies from us and
others suggest that similar to tetraspanins, MS4A4A is a tuner of
macrophage activation by modulating the activity of other surface
receptors rather than by directly inducing an intracellular signal
cascade (23). This supports the hypothesis that MS4A4A may reg-
ulate immunoglobulin-dependent signaling pathways by interact-
ing with Fc receptors. Irrespective of the underlying mechanisms,
the results reported here raise the interesting possibility that the
upregulation of MS4A4A by CS may contribute to the develop-
ment of tachyphylaxis/resistance while reciprocally the therapeutic
inhibition of MS4A4A may allow lowering CS dosage and reduce
their toxicity as well as address the issue of resistance to treatment,
two key limiting factors in the therapeutic usage of CS in inflam-
matory diseases (46).

Opverall, this study provides strong evidence that macrophage
expression of MS4A4A is a correlate of synovial inflammation and
disease severity in RA. In addition, as the MS4A4A upregulation
by CS in vitro and in vivo limits their anti-inflammatory activity,
macrophage MS4A4A may represent a biomarker of joint inflam-
mation and a therapeutic target to amplify the action of CS.

Materials and Methods

Ethical Approvals. Studies including RA patients complied with the provisions
of the Declaration of Helsinki and were approved by the National Research
Ethics Service Committee London Dulwich (Rec number 05/Q0703/198 and
10/H0801/47). All patients were enrolled after giving their written informed
consent. Procedures involving animals and their care were conformed with pro-
tocols approved by Humanitas Research Hospital (Milan, Italy) in compliance
with national (D.L. N.116, G.U., suppl. 40, 18-2-1992 and N. 26, G.U. March 4,

PNAS 2025 Vol.122 No.37 2504529122

2014)and international law and policies (EEC Council Directive 2010/63/ EU, OJ L
276/33,22-09-2010; NIH Guide for the Care and Use of Laboratory Animals, US
National Research Council, 2011). The study was approved by the Italian Ministry
of Health (approvals n. 441/2019-PR, issued on 12/06/2019). All efforts were
made to minimize the number of animals used and their suffering.

Patients. RA synovium samples were retrieved from either early (< 12 mo of
symptoms) treatment-naive RA patients recruited into the Pathobiology of Early
Arthritis Cohort (http://www.peac-mrc.mds.gmul.ac.uk/; described as early RA)
or from patients who had previously been treated with csDMARDs and/or with
CS before commencing a biological therapy according to the UK NIH and Care
Excellence prescribing guidelines (described as established RA). All patients
fulfilled the American College of Rheumatology/European League Against
Rheumatism 2010 RA classification criteria (47) and were enrolled at Bart's
Health NHS Trust in London. Patients underwent an ultrasound-guided needle
synovial biopsy (48), and synovial tissue samples were immediately fixed in 4%
formaldehyde (Merck) and subsequently embedded in paraffin for histological
characterization or preserved in RNA later (Ambion) for gene expression analysis.
Clinical data, including the number of swollen and tender joints, patient VAS for
pain, fatigue, global health, and physician assessment of global health were
recorded, systemic levels of ESR and CRP were evaluated and DAS28 calculated
for each patient. Structural damages were assessed at baseline and at 12 mo
follow-up by scoring of hands and feet radiographs according to the SHSS by
a single reader blinded to all clinical/histological data, as described previously
(28). Clinical characteristics of the early and established RA cohorts are reported
in S/ Appendix, Tables S1and S2.

Animal Colonies. Wild-type (WT) C57BL/6 J mice were obtained from Charles
River Laboratories. Mice with a ubiquitous Ms4a4a inactivation (Ms4a4a-KO)
were obtained by breeding mice carrying floxed Ms4ada alleles (Ms4a4a™")
with mice expressing Cre under the control of the ubiquitin gene promoter (B6.
CqTgVBeCe 22 ). Jackson Laboratory). Ms4a4a-KO mice were then back-
crossed with C57BL/6 J mice to establish a colony generating Ms4a4a-KO and WT
littermates. Animals with macrophage-specific Ms4a4a inactivation (Ms4a4a-cKO)
were obtained as previously described (24). KO mice were cohoused with WT litter-
mates in individually ventilated cages in a specific-pathogen-free animal facility.

Experimental Model of Arthritis. Experimental arthritis was induced as pre-
viously described (49), and the procedures are further described in S/ Appendix.

Primary Cell Isolation and Stimulation. Murine BMDM from WTand KO mice
were obtained as previously described (24, 50), and stimulated with 150 pg/mL
IVlg (PrlVigen), 500 ug/mL aggregated IgG prepared by stirring a 5 mg/mL IVig
solution in sodium citrate buffer (10 mM sodium citrate, 5% sucrose, pH 6.0)
at room temperature (RT) for 20 h (51), or 100 ng/mL LPS (Sigma-Aldrich) for
6 h, then treated with 1 pM Dex for 8 or 18 h. Arthritic paws were collected, and
pannus digested with Collagenase D and DNAse | (both from Roche) in Dulbecco's
Modified Eagle's medium (Lonza). Cell suspensions were used to isolate joint
macrophages (sMac) with the anti-F4/80 microbeads kit (Miltenyi Biotech) or
fibroblast-like synoviocytes (FLS) by adhesion (52, 53). FLS were used between
passages 3 and 8. Murine peritoneal macrophages (pMac) were elicited using
3% thioglycollate medium (Thermo Fisher Scientific) as previously described (54).
sMac, pMac, and FLS were stimulated with 1 uM Dex for 18 h.

RNA Extraction and RNA Sequencing (RNA-Seq). RNA was extracted from
total homogenized human synovial tissue and mouse joints or from primary cells
using aTrizol/chloroform method or using the Direct-zol RNA-MiniPrep kit (Zymo
Research). Bulk RNA-seq was performed on human synovium samples using an
Illumina HiSeq2500 platform (Illumina), and raw data quality control, normali-
zation, and analysis were performed as previously described (6). RNA obtained
from mouse joints or primary cells was retrotranscribed using Superscript IV First-
Strand Synthesis System (Thermo Fisher Scientific) or High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). Gene expression was quantified using
TagMan probes and primers, following the procedure described in S/ Appendix.

Histology, IHC, and IF Staining. 3-pm-thick sections of formaldehyde-fixed
human synovial tissue were prepared and stained with hematoxylin and eosin
(H&E), and IHC was performed to define pathotypes, as previously described
(5,29,55)and detailed in S/ Appendix. In addition, synovial tissues were stained
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for MS4A4A (Sigma-Aldrich), neutrophil elastase (NE; Novus Biologicals), and
FCGR3A (Sigma-Aldrich). Formaldehyde-fixed mouse joints were decalcified (PFM
Medical) prior to embedding, and sections were stained using H&E and TRAP
protocols. Semiquantitative scores for H&E and TRAP were attributed on each
section according to previously described methods (56, 57). Mouse Ly6G™ neu-
trophils and Iba1* macrophages (both antibodies from Abcam) were stained by
IHC. All slides were counterstained with hematoxylin and mounted with Distyrene
Plasticizer Xylene mounting medium (Sigma-Aldrich). The percentage of MS4A4A,
NE, FCGR3A, Ly6G, and Iba1-positive cells in the synovium was determined using
quantitative digital image analyses (QuPath software) (58). All sections were digi-
tally scanned using the Nanozoomer S210 in bright field (Hamamatsu Photonics).
Multiple IF staining protocols are described in S/ Appendix.

Flow Cytometry. Flow cytometry was performed on cell suspension obtained
from mouse joint after tissue digestion (as described above), blood and bone
marrow, and all related protocols are described in S Appendix.

Enzyme-Linked Immunosorbent Assay. Cxcl2 and Tnf expression levels were
measured in BMDM supernatants using the Ella automated immunoassay system
(R&D Systems) as per the manufacturer's instructions.

Statistics. Statistical methods are described in S/ Appendix.

Data, Materials, and Software Availability. The dataset generated in this
study has been deposited in Zenodo (accession no. 14936162) (59). Additional
study data are available as follows: raw RNA-seq data are deposited in the Gene
Expression Omnibus (GEO) under accession number GSE302355 (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE302355) (60). Previously pub-
lished data were also used in this work; expression data were obtained from
the ArrayExpress database (accession code E-MTAB-6141, https://www.ebi.ac.uk/
biostudies/arrayexpress/studies/E-MTAB-6141) (61) and are referenced in pre-
vious publications 5, 6. All other data supporting the findings of this study are
included in the manuscript and/or S/ Appendix.
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