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Short title: TL-34 binding to SDC-1/M-CSFR rewires M34 M®s

ABSTRACT

Objective: In-RA, 1L-34 serum levels are linked with increased disease severity. IL-34 binds to
two receptors, M-CSFR and Syndecan-1 (SDC-1), which are co-expressed in RA macrophages
(M®s). Expression of both IL-34 and SDC-1 is strikingly elevated in the RA synovium, yet their

mechanism of.action remains undefined.

Methods: To characterize the significance of IL-34 in immunometabolism, its mechanism of
action waselucidated in joint M®s, fibroblasts and effector T cells using RA and preclinical

models.

Results: Intriguingly, SDC-1 activates IL-34-induced M-CSFR phosphorylation and reprograms
RA naive cellsqnto distinctive CD14"CD86"GLUT1"M34 M®s that express elevated levels of
IL-1B, CX€ELS8 and CCL2. In murine M34 M®s, the inflammatory phenotype is accompanied by
potentiated glycolytic activity, exhibited by transcriptional upregulation of GLUT1, C-MYC and
HIFla and amplified pyruvate and L-lactate secretion. Local expression of IL-34 provokes

arthritis, by expanding the glycolytic F4/80"INOS*M® population, which in turn attracts

This article is protected by copyright. All rights reserved


mailto:shahrara@uic.edu

fibroblasts and polarizes Th1/Th17 cells. The crosstalk between murine M34 M®s and Th1/Th17
cells broadens the inflammatory and metabolic phenotypes resulting in the expansion of 1L-34
pathogenicity. Consequently, IL-34-instigated joint inflammation was alleviated in RAG-/-
compared to wild type mice. Consistently, SDC-1 deficiency attenuated IL-34-induced arthritis
by interfering.with joint glycolytic M34 M® and osteoclast remodeling. Similarly, inhibition of
glycolysis by 2-DG reversed the joint swelling and metabolic rewiring triggered by IL-34 via
HIF1a and C-MYC induction.

Conclusions” 11’234 is a novel endogenous factor that remodels hypermetabolic M34 M®s and
facilitates their” cross-regulation with effector T cells to advance RA inflammatory bone

destruction.

Rheumatoid arthritis (RA) is an autoimmune disorder characterized by an abundance of
inflammatory_cytokines, propagating immune cell infiltration, painful joint swelling and late-
stage cartilage and bone erosion (1). Macrophages (M®s) substantially contribute to this
cytokine-richiinflammatory milieu (2). Independent of the underlying cause of RA, activated
M®s are highlysinvolved in pannus remodeling and radiological progression (3, 4). RA standard-
of-care therapies primarily target TNFa and IL-6 function, however, up to 50% of patients either

don't respond’or lose their responsiveness to these therapies over-time.

Earlier studies have shown that RA naive CD4" T cells undergo a distinct metabolic
reconfiguration, shifting from glucose metabolism to the pentose phosphate pathway, which
supports a biased Th1/Th17 polarization (5, 6). RA fibroblasts activated with PDGF or TNFa
can increase. glucose metabolism via glycolysis and oxidative phosphorylation (7-9). Studies in
cancer, atherosclerosis and obesity have revealed that polarization of M1 M®s promotes
metaboliewreprogramming towards glycolysis and away from oxidative phosphorylation (10, 11).
Recent reports elucidated that hypermetabolic ATPhigh ROShigh M®ds are characterized by
hyperglycolysis which is linked to the expansion of glucose transporters and glycolytic enzymes
(12, 13).gYet, the endogenous factors and the mechanism by which RA M®s are reprogrammed

remain unclear.

Recently, Interleukin-34 (IL-34) has gained interest as a novel biomarker for RA (14).

Serum levels of IL-34 correlate with several RA markers, including C-reactive protein (CRP),
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erythrocyte sedimentation rate (ESR), rheumatoid factor (RF) and anti-cyclic citrullinated
peptide (CCP) antibody (Ab) (15). A correlation was also found between synovial IL-34
expression and the accumulation of leukocytes in RA synovial fluid (SF) (14). Additionally, IL-
34 expression and function have been implicated in other diseases, such as breast and lung
cancer, liverfibrosis, type 2 diabetes and cardiovascular dysfunction (16, 17). IL-34’s
mechanism of action has predominately been attributed to M-CSFR, a receptor shared with
macrophageécolony-stimulating factor (M-CSF). M-CSF binding to M-CSFR cultivates
immunosuppressive M2 M®s (18, 19). In contrast, the impact of 1L-34 on the M® profile
remains unresolved. Conflicting reports support either an inflammatory (20) or an
immunosuppressive (21, 22) phenotype for IL-34-differentiated M®s. This controversy carries
over to the ‘indirect effect of IL-34 on T effector cell polarization. IL-34 has been reported to
stimulate Th17 eell polarization, via IL-la and IL-6, thereby aggravating autoimmune RA
pathogenesis_(15, 20, 23). In contrast, others demonstrated that the immunoregulatory M®s
polarized by, 1L-34 promote transplant tolerance by expanding the FOXP3* Treg population (24).

Interestingly, Syndecan-1 (SDC-1), a heparin sulfate proteoglycan that functions as a co-
receptor t0,M-CSFR, modulates I1L-34’s biological activity (25). Since M-CSF does not bind to
SDC-1, its involvement could account for a distinct pathway that is unique to IL-34-mediated
pathology.“Although an extensive number of studies have shown that SDC-1 potentiates
tumorigenesis by regulating cancer cell invasion, survival and metastasis (26, 27), its pathogenic

role is undetermined in RA.

We vestigated the arthritogenic potential of IL-34 and SDC-1 and their impact on RA
immunometabolism. It was observed that in RA M®s, SDC-1 triggers M-CSFR phosphorylation
upon IL-34_binding. 1L-34 rewired naive cells into glycolytic CD14*CD86"GLUT1* M34 M®s
which were_distupted by M-CSFR or SDC-1 blockade. In SDC-1-/- and RAG-/- mice,
dysregulation_of M34 M® reprogramming and their deficient crosstalk with Th1/Th17 cells
reversed IL-34=elicited joint inflammation and osteoclast formation. Furthermore, 2-DG therapy
substantiatedithat M34 M® metabolic remodeling via HIFla and C-MYC may be indispensable
for IL-34-induced arthritis. In short, restricting the function of IL-34 or its co-receptors may

provide a promising therapeutic strategy for RA patients.

MATERIALS AND METHODS
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Patient samples

Peripheral blood (PB) and synovial fluid (SF) samples were collected according to our
protocol approved by the University of Illinois at Chicago Institutional Ethics Review Board.
Normal (NL)_subjects, osteoarthritis (OA) and RA patients participated in this study, after
providing informed consent. RA patients were diagnosed according to the 1987 revised criteria
of ACR (28yHuman PB mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Ficoll-Paque Premium. Monocytes were negatively selected using the
EasySep human monocyte enrichment kit (StemCell Technologies) according to the
manufacturer’s ifistructions. Monocytes were cultured in 20% FBS/RPMI for 2-3 days to obtain
in vitro [ differentiated naive M®s. RA FLS were isolated from digested
(Dispase/Collagenase/DNase) fresh RA ST as previously described (29, 30). More detail about
the study design,, methods and the antibodies used for flow cytometry, IHC and WB are provided

in the Supplementary material.

Western blot

Cell lysates from in vitro differentiated M®s, peripheral blood T cells, or RA FLS were
probed for SDC=l and M-CSFR to validate receptor expression. Actin was detected to confirm
equal loadingi=Blots were probed for phosphorylated signaling molecules or the activated

phosphorylated M-CSFR (Y723) compared to either Actin or GAPDH.

Flow cytometry

Negatively selected monocytes were differentiated in vitro and stimulated with 1L-34
(300 ng/ml) or untreated (Ctrl) for 24h before staining with CDI14-FITC, CD86-APC and
CD206-PECy7 Abs or DAPI. Viable (DAPI-negative) cells were analyzed for double-positive
CD147CD86", CD14*CD206", CD14"GLUTI1" populations. Untreated, viable (DAPI negative)
RA FLS weresstained to determine baseline PTPRZ1 surface expression with PTPRZ1-PE Ab.
The concentration of Abs is indicated in supplementary table 1. The supplementary figure S6
exemplifies the used gating strategy.

Seahorse cell energy phenotype test
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The glycolytic capacity (ECAR) or oxygen consumption (OCR) was evaluated in RAW
264.7 cells (5x103 cells/well) in response to control (PBS) or IL-34 treatment using the Cell
Energy Phenotype Test kit (Agilent Technologies) as per the manufacturer’s instructions. Cells
were pre-conditioned with the stimuli for in 0% FBS/DMEM, for 24h before ECAR and OCR

assessment.

Osteoclastogenesis assay

Osteoclastogenesis was evaluated following the previously described protocol (31). BM-
derived myeloid precursors (4 days of M-CSF) cultured in 10% FBS/aMEM were either
untreated (Ctrl) ‘or conditioned with suboptimal levels of RANKL/M-CSF (both 15 ng/ml;
15/15), with or without IL-34 (300 ng/ml). Stimulation media was refreshed 2x/week for 2 weeks
and TRAP" osteoclasts were stained (387A-1KT; Sigma-Aldrich).

Animals

All animal studies were approved by the UIC Animal Care and Use Committee. WT and
RAGI1-/- (RAG-/-) C57BL/6 mice were purchased from Jackson Laboratory. SDC-1-/- mice
were generatédwas previously described (26) and kindly provided by Dr. Caroline Alexander
(UniversitysofsWisconsin-Madison). Mice (=8 weeks old) were injected i.a. with adenovirus
(Ad)-Ctrl or Ad-IL-34 (3x10!° VP/ankle), on days 0, 7 & 14. Mice treated with 2-DG were
injected i.prat7:5 mg/kg BW on days 0, 3, 7, 9, 11, 14 & 15. Mice were sacrificed on different

days as spe¢ified in figure legends.

Immunohistochemistry

Human~formalin-fixed paraffin-embedded tissue samples were sectioned. NL, OA and
RA STs were stained to quantify IL-34, M-CSFR, SDC-1 and PTPRZI1 presentation. Staining
was scored blinded, distinguishing staining within the synovial lining, sublining and vasculature
(0-5 scale) (29, 32). Formalin-fixed mouse ankles were decalcified and paraffin-embedded.
Slides were deparaffinized in xylene and antigen retrieval was achieved as previously described
(33). Mouse ankle sections were stained for M® (F4/80, iNOS, Argl), T cell (CD3) and
fibroblast (Vimentin) markers, or for transcription factors C-MYC and HIFla. The
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supplementary table S1 specifies the Abs used and their dilutions. The stained joint tissues were

scored for inflammation, synovial lining thickness and bone erosion on a 0-5 scale (29, 32).

Statistical Analysis

GraphPad Prism,8 software was used to generate figures and to perform statistical analysis. Bar
graphs presentsfnean values + SEM. Box-and-whisker plots visualize data distribution, from
minimum to maximum with a centerline that defines the median. Where appropriate, individual
datapoints were_shown. ANOVA was first used to verify statistical significance when comparing
multiple groups./Differences between the two groups were evaluated by a two-tailed unpaired t-

test unless othérwise specified in the figure legends.

RESULTS

IL-34, SDC-dvand M-CSFR are highly expressed in RA synovium

Studies were conducted to characterize the expression and functional significance of IL-
34 and its receptors in RA. Levels of IL-34, M-CSF and Granulocyte-Macrophage Colony-
Stimulating.Factor (GM-CSF) were quantified, in the plasma of NL, OA and RA, as well as in
the SF of OA~and RA. Although IL-34 levels were comparable among all plasmas, its
concentration'was significantly higher in RA compared to OA SF (12x), unlike M-CSF and GM-
CSF (Fig. .1A). Histological studies substantiate the elevated expression of IL-34 in RA
compared to OA and NL synovial tissues (STs) lining and sublining (Fig. 1B, suppl-Fig. STA).
However, M-CSFR expression was similar in all STs lining and sublining, with a modest
increase observed in RA and OA vasculature (Fig. 1C, suppl-Fig. S1B). While M-CSFR is the
primary geceptor, for 1L-34, a co-receptor that modulates IL-34/M-CSFR signaling has been
identified""We“eonfirmed that IL-34 binds to the proteoglycan SDC-1 (2.5 pg) with a half-
maximal effective concentration (ECsg) of 3 ng/ml (Fig. 1D). Histological analysis revealed that
the SDC-1 presentation was expanded in RA compared to OA and NL ST lining and sublining
(Fig. 1Egsuppl-Fig. S1C). The endothelial distribution of SDC-1 was similarly amplified in RA
and OA ST compared to NL ST. Next, the expression of IL-34’s receptors was evaluated in RA
M®s, T cells and fibroblast-like synoviocytes (FLS) (Fig. 1F). Unlike SDC-1 that is expressed
on RA M®s, T cells and RA FLS, M-CSFR expression is restricted to RA M®s as its extra- &

intracellular domains are only present on these cells (140 & 52 kDa). Fluorescence microscopy
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confirmed that IL-34 and its receptors, M-CSFR and SDC-1, co-localize in RA ST particularly in
the lining layer (suppl-Fig. S1D). These results indicate that IL-34 levels are highly potentiated
in RA SF and ST; and M®s by expressing the SDC-1/M-CSFR receptor complex are the main
effector cells that.control IL-34 activity.

Local IL-34.expression triggers immune cell extravasation and joint inflammation

Nextyexperiments were performed to evaluate the arthritogenic potential of IL-34. Intra-
articular administration of IL-34 triggered progressive joint inflammation (Fig. 2A), along with
exacerbated lining thickness and immune cell infiltration (Figs. 2B, suppl-Fig. S2A).
Histological analysis revealed that IL-34-induced joint inflammation was accompanied by the
accumulation of F4/80" M®s, predominately characterized as inflammatory iNOS* cells (Fig.
2C, suppl-Fig. 'S2B). In contrast, the number of F4/80*Arginasel* M®s was unchanged in IL-34
arthritic mice relative to the control group. Consistently, expression of monokines such as CCL5
(302x), IL-1B.(36x), TNFa (27x), CCL2 (24x), CXCL2 (20x), and IL-12 (4x) was amplified in
IL-34 arthritic . mice compared to the control group (Figs. 2D-E). In IL-34 arthritic mice, the
transcriptome data were validated by the increased joint CCL5, IL-13, CCL2, and IL-6 protein
levels (12x upsto 1407x vs control) (suppl-Figs. S2C-F). Except for Receptor Activator of NFk-B
ligand (RANKL), transcription of the osteoclastogenic markers, RANK, Nuclear Factor Of
Activated T-Cells ¢ (NFATc), Cathepsin K (CTSK) and TRAP, was upregulated by 15-, 3-, 7-
and 12-fold respectively, in IL-34 arthritic joints compared to their control counterparts (Fig.
2F). Taken together, local IL-34 provokes arthritis, characterized by inflammatory F4/80"iINOS*
M®s and RANKD)eh osteoclasts.

IL-34 remodels monocytes into inflammatory M34 M®s in an SDC-1-dependent manner

Expression of IL-34 and its co-receptors in RA M®s, as well as the amplified
transcription”of monokines in IL-34 arthritic mice, implied that M®s are both producers and
responders of 1l-34. To delineate the mechanism of IL-34, in connection with SDC-1, we
examined the activation of M-CSFR and its downstream pathways. IL-34 binding triggered M-
CSFR phosphorylation (tyrosine Y723), which was accompanied by the activation of ERK and
p38 MAPK pathways (suppl-Figs. S2I-J). In RA M®s, SDC-1 Ab pretreatment markedly
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reduced M-CSFR (tyrosine Y723) and ERK phosphorylation triggered by IL-34 stimulation
(Figs. 3A, quantified in suppl- Figs. S2G-H). This suggests that SDC-1 controls the initial M-

CSFR activation and its downstream signaling pathways.

Naive progenitor cells stimulated with IL-34 exhibited a significant increase in
CD147CD86" M®s frequency (Fig. 3B, suppl-Fig. S3A). Consistently, while the MFI for
CD147CD206*M®s remained unchanged, IL-34 activation expanded the MFI for CD14*CD86*
M®s (suppl-Fig. S3A). Reprogramming of MO cells into M34 M®s by IL-34 transformed their
cytokine profile. In M34 M®s, transcription of IL-1B, CXCL8 and CCL2 (3-4x) was
upregulated,yswhereas IL-10 expression was diminished and TGFf levels were unaffected (Fig.
3C, suppl-Figi S3B). Moreover, we substantiated that RA M34 M®s secrete higher levels of
CXCL8, CCL2, TNF« and IL-6 (suppl-Fig. S3C). Nevertheless, this distinct profile of M34 M®s
was disrupted by M-CSFR or SDC-1 Abs, as displayed by the downregulated TNFa, IL-6 and
CCL2 produetion (upregulation reduced by 105, 91 and 58%, respectively) (Figs. 3D-F). In
conclusion, the“blockade of M-CSFR and SDC-1 function reversed the RA M34 Mo

inflammatory profile.

Subsequently, we asked if IL-34 could influence other myeloid cell functions such as
phagocytosis. We found that in RA M®s, IL-34 interferes with zymosan-triggered phagocytosis
similar to the established inhibitor Cytochalasin D (suppl-Fig. S3D). These results indicate that
IL-34 advanees.the inflammatory phenotype in RA M®s by disrupting phagocytosis.

IL-34 reprograms naive myeloid cells into glycolytic M34 M ®Ds

RA ‘MO reprogramming, instigated by IL-34, expands the population of CD14"GLUTI1*
cells (Figsa4Assuppl-Fig. S3E). Also in murine M®s, the extracellular acidification rate (ECAR;
reflects glycolysis) was dose-dependently accentuated by IL-34 for the entire study duration (0 to
55 min)(Fig. 4B). In contrast, only a brief, transient escalation of the oxygen consumption rate
(OCR; reflects oxidative phosphorylation) was noted in IL-34 activated murine M®s following
FCCP treatment*which maximizes the oxidative potential (suppl-Fig. S3F). In line with their
increased glycolytic metabolism, IL-34-differentiated BM-derived M®s produced higher levels
of L-lactate and pyruvate (Fig. 4C). These murine M34 M®s exhibited a skewed profile, which
favored the glycolytic factors over the pentose phosphate pathway (PPP) or oxidative regulators
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which resulted in CARKL or PPARy reduction (Fig. 4D). Accordingly, compared to non-
arthritic mice, IL-34 arthritic joints displayed a significant upregulation in master modulators of
glycolysis, GLUT1 (2x), PFKFB3 (2x), as well as glycolytic transcription factors, C-MYC (3x)
and HIF1a (4x) (suppl-Fig. S3G). Since M34 M® polarization was linked to increased GLUT1
and glucose_ uptake, blood glucose concentration was downregulated following 15 min and 30

min of glucose injection in arthritic compared to control mice (suppl-Fig. S3H).

Intriguingly, we reveal that i.p. injection of 2-Deoxy-D-glucose (2-DG), an inhibitor of
glycolysis, alleviates IL-34-induced joint swelling (Fig. 4E). Morphological studies substantiate
that C-MYC. and HIF1a expression, as well as F4/80"iINOS™ M®s and CD3" T cell infiltration,
was curtailed in’ IL-34 arthritic mice that received 2-DG therapy compared to those in the
placebo group (Fig. 4F, suppl-Figs. S3J-L). Joint lining thickness and inflammation were
similarly reversed by 2-DG treatment (Fig. 4F, suppl-Fig. S31). Collectively, we demonstrate for

the first time that [L-34 is an endogenous factor that can reprogram RA M® metabolic activity.

IL-34 induces RA FLS migration, independently of SDC-1 and M-CSFR

Invive, €ctopic 1L-34 expression expanded joint Vimentin® fibroblast infiltration (suppl-
Fig. S4A). Inwitro, 1L-34 did not significantly activate any of the evaluated signaling pathways
in RA FLS, although a trend was observed for p38 phosphorylation (suppl-Fig. S4B). As
previously established, RA FLS abundantly expresses SDC-1 (Fig. 1F). Despite the lack of full-
length M-CSER in RA FLS, IL-34 markedly activated FLS migration compared to the control
treatment (suppl-Fig. S4C). Surprisingly, blockade of SDC-1 or M-CSFR function was incapable
of preventingTE=34-induced RA FLS migration. Since IL-34 has also been reported to induce M-
CSFR-independent signaling through PTPRZ1, we examined the role of this proteoglycan. IL-
34-mediated RA FLS migration was reduced by anti-PTPRZ1 Ab treatment (suppl-Fig. S4D),
despite the rather modest expression of PTPRZ1 on RA FLS (suppl-Fig. S4E; 6% PTPRZ1" RA
FLS). Unlike SPC-1, PTPRZ1 expression was not elevated in RA nor OA ST compared to NL
ST (suppl=Fig. S4F). Due to the missing connection between PTPRZ1 and RA pathogenesis, this
IL-34 study was focused on SDC-1 and its modulation of IL-34/M-CSFR activity. In short, we
found that IL-34 triggers joint as well as RA FLS recruitment independent of its primary co-

receptors.
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RA FLS inflammatory response and immunometabolism were not modulated by IL-34

IL-34 reprograms SDC-1"M-CSFR* M®s into glycolytic and inflammatory M34 M®s,
while transcription and/or translation of IL-6, CXCLS8, CCL2 and CCL5 were unaffected by IL-
34 in RAJELS (suppl-Fig. S4G-H). Corroborating these data, transcriptional regulation of
GLUTI1, HK2,“PFKFB3, PKM2, LDHA, C-MYC and HIFla was unchanged by IL-34
stimulation”(suppl-Fig. S4I). Taken together, these results support that the SDC-1/M-CSFR
complex isgindispensable for the inflammatory and hyperglycolytic effects of IL-34, as seen in

RA M®s.

T effector célls' contribute to IL-34-induced arthritis

IL-34 promotes Th17 cell polarization of SDC-1"M-CSFR- CD4"* T cells in an indirect
manner (15,720, 23). We found that IL-34-induced Thl17 cell differentiation of murine
splenocytes co-cultured with BMM®s requires glycolytic cell metabolism, as 2-DG treatment
diminished this process (Fig. 5A). In addition to M®s, CD3* T cell infiltration was potentiated in
IL-34 arthritic, ankle joints (Figs. 5B, suppl-Fig. S5A). Furthermore, IL-34 amplified joint
Th1/Th17 ¢ell"polarization, as reflected by the exacerbated IFNy and IL-17 production (suppl-
Figs. S5B-C)«To validate the involvement of T cells in 1L-34-induced arthritis, RAG-/- mice
received 1.a. IL-34 injection. IL-34-induced joint swelling was mitigated in RAG-/- compared to
wild type (WT) mice starting on day 9 and throughout the study (Fig. 5C). Morphological studies
displayed that.the synovial lining was similarly aggravated by local IL-34 expression in RAG-/-
and WT mice (Fig. 5D, suppl-Fig. S5D). The number of joint F4/80*INOS* M®s was not
disrupted in"RAG-/- compared to WT mice that received local 1L-34 administration (Fig. 5D,
suppl-Fig"SSE)Despite this, expansion of joint IL-13, CCLS, CXCL2 and TGFf levels (but not
TNFa and CCL2) in the IL-34 arthritic animals, were reduced in RAG-/- compared to WT mice
(Fig. SE).

Neonetheless, 1L-34-induced bone erosion was downregulated in RAG-/- relative to WT
mice, in part duetito the absence of T cell-produced RANKL (Fig. 5F). Loss of RANKL function
in RAG-/- mice interferes with IL-34-induced upregulation of NFATc and TRAP but not CTSK
(Fig. 5F). Overall, IL-34-induced arthritis is exacerbated by T cell involvement, yet M®s initiate
and shape the signature IL-34-driven arthritic phenotype.
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SDC-1 defines the IL-34-induced immunostimulatory phenotype

To solidify the importance of SDC-1 as a central modulator of IL-34-mediated disease,
genetically modified mice lacking SDC-1 were utilized (26). Progression of IL-34-induced
arthritis was severely reduced in SDC-1-/- mice throughout the study (Fig. 6A). Notably, in the
absence of SDCxl, local expression of IL-34 did provoke minor joint swelling, perhaps due to
marginal M-=CSFR"activation. In IL-34 arthritic mice, upregulation of joint IL-1B, CCL2,
CXCL2 and CCL5 but not TNFa was impaired in SDC-1-/- compared to the WT mice (reduced
by 81, 66, 84 and 57%, respectively; Fig. 6B, suppl-Fig. S5F).

In murine BM-derived M®s, transcription of several components of the glycolytic
pathway, including GLUT1, HK2, LDHA, C-MYC and HIFlo, was amplified by IL-34
stimulation (Fig., 6C). Although expression of HK2 and C-MYC was suppressed, levels of
GLUTI1, LDHA and HIFla remained unchanged in IL-34 activated SDC-1-/- progenitor cells
relative to the control group (Fig. 6C). Altogether, we conclude that IL-34’s interaction with
SDC-1 shifts.naive cells to glycolytic M34 M®s that have a unique inflammatory and metabolic
phenotype.

SDC-1 is indispensable for osteoclasts differentiated by IL-34

In IL-34-induced arthritis, we demonstrated that the formation of TRAP* osteoclasts was
in part duegto increased RANK expression, which was disrupted in SDC-1-/- mice (Fig. 6D).
TRAP staining corroborated that IL-34-induced osteoclast formation was compromised in SDC-
1-/- progenitor cells compared to WT mice (Figs. 6E, suppl-Fig. S5G). Taken together, our data
indicate that==SDC-1* M®s in conjunction with T cells advance IL-34-modulated
osteoclastogenesis in part through RANK/RANKL function.

DISCUSSION

The current study describes a novel role for IL-34 and its co-receptor SDC-1 in RA
pathogenesis. | We showed that SDC-1 regulates myeloid IL-34/M-CSFR signaling and
downstream functions. Activation of the receptor complex SDC-1/M-CSFR is essential for the
reconfiguration of naive cells to glycolytic and inflammatory CD14"CD86*GLUT1high M34
M®s. Arthritic 1L-34-differentiated F4/80"INOS* M®s are characterized by the transcriptional
upregulation of glycolytic mediators, HIF1a and C-MYC, which are dysregulated by systemic 2-
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DG therapy. Intriguingly, SDC-1 or T cell deficiency counteracts IL-34-induced joint
inflammation and osteoclastic erosion in part by interfering with the hyperglycolytic activity

(Fig. 6F).

The higher bioavailability of IL-34 compared to M-CSF in the RA SF emphasizes its
ability to ogtcompete M-CSF for M-CSFR binding. In contrast to the shared receptor M-CSFR,
the co-receptor SDC-1, which does not bind M-CSF, is highly upregulated in RA ST lining and
sublining. Joint GM-CSF levels are also less abundant than IL-34, and it does not compete for
M-CSFR or* SDC-1 binding. A growing body of evidence demonstrated that the IL-34 is
involved in various pathologies, particularly in arthritis (14, 34). We showed that in RA M®s,
phosphorylation of M-CSFR by IL-34 is dependent on SDC-1. Others have shown that SDC-1
Ab impairsgl=34-mediated monocyte migration (35). SDC-1 manipulates the binding affinity of
IL-34 to M-ESER (27); hence remodeling joint M®s to glycolytic and osteoclastic phenotypes.

SDC-1 expression is potentiated in a range of inflammatory as well as malignant
disorders (36):In’' cancer, elevated SDC-1 levels are linked to exacerbated tumor size and poor
prognosis. SDC=1 is involved in tumor invasion, proliferation, apoptosis and angiogenesis (37).
Thus, inhibitory SDC-1 peptides and anti-SDC-1 Ab have been generated for immunotherapy of
different_can€ers (38). In agreement with its pathogenic implications, we show that SDC-1
expression was highly upregulated in RA compared to NL ST lining and sublining, attributed to
M®s, T cells and RA FLS. Similar to RA joints, SDC-1 is highly expressed on PsA STs
mononuclear™infiltrates, while barely detectable in OA ST (39). In contrast, others have
suggested that:SDC-1 is involved in early-stage cartilage degeneration in experimental OA (40).
It has also been shown that cannabinoid therapy attenuates OA disease activity by suppressing
SDC-1 expression (41). Nevertheless, we demonstrated that SDC-1 upregulation in OA relative
to NL STs was restricted to the vasculature. A limitation identified in this study was due to RA
STs being collected from de-identified patients, and therefore the expression levels of 1L-34, M-
CSFR, and SPDC-1 could not be linked to clinical parameters.

Our data underline that IL-34-differentiated M®s diverge from M-CSF-induced M2 or
GM-CSF-derived M1 M®s (42). The pathogenic M34 M®s don’t rely as heavily on IL-6 or
TNFa, both of which are successfully targeted by the current RA biologic therapies.
Additionally, M34 M®s displayed a glycolytic profile akin to that of hypermetabolic RA M®s,
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yet deviating from the metabolic signature reported in LPS-induced M1 M®s. 1L-34 potentiates
the expression of two central glycolytic transcription factors, C-MYC and HIFla, resembling
RA M®ds (43-45). However, LPS has been shown to upregulate HIFla exclusively, while
suppressing, C-MY C transcription (46). In IL-34 arthritic mice, 2-DG therapy interfered with C-
MYC and HIEla amplification and joint swelling, highlighting that the glycolytic rewiring is
linked to the IL<34-modulated inflammatory phenotype. Intriguingly, both C-MYC and HIFla
have alsé' been"shown to instigate osteoclast formation (47). In addition to metabolic activity,
RANKHMigh M347osteoclast progenitor cells are exceptionally sensitive to T cell-derived RANKL

and are prone to undergo osteoclastogenesis.

In M®s, M-CSF, unlike GM-CSF, favors mitochondrial oxygen consumption over
glycolysis, assdetermined by the OCR/ECAR ratio (48). IL-34 has been suggested to induce M2
M® differentiation and enhance mitochondrial oxidative phosphorylation via the AMPK
pathway (21). In contrast, our findings identify IL-34 as a glycolytic stimulus, as evidenced by
prolonged ECAR/OCR activity, accentuated pyruvate and L-lactate secretion and transcriptional
upregulation of | metabolic intermediates in M®s. Intriguingly, IL-34-driven metabolic
reprogrammingsis expanded beyond M®s, since 2-DG treatment negates 1L-34-instigated Th17
cell polarization,” suggesting that hypermetabolic activity is responsible for M34 M® cross-

regulation with Th17 cells.

We noted that a wider range of cytokines was expressed in IL-34 arthritic mice,
compared t6 RA\M®s differentiated by IL-34. Perhaps, Th1/Th17 cell differentiation in IL-34
arthritic micé“exacerbates M34 M® immunometabolism. Extending these findings, joint
inflammation and bone erosion advanced by local IL-34 were ameliorated in T cell-deficient
RAG-/- compared to WT mice due to impaired joint IL-1p, CCL5, CXCL2, and NFATc
expression.sdimsSPC-1-/- mice, IL-34-induced joint inflammation was alleviated through a similar
mechanismmas=RAG-/- mice (IL-1p, CCL5, CXCL2); nevertheless, osteoclastogenesis was
restrained via RANK reduction. Hence, the crosstalk between the metabolic T effector cells and
M34 pre-osteoelasts plays a critical role in IL-34-elicited inflammatory erosion. In agreement
with these observations, earlier studies have illustrated that IL-34 is responsible for Th17 cell
differentiation (15, 20, 23). Controversially, others have reported that IL-34-stimulated M®s
promote CD4*FOXP3* Treg differentiation and thereby facilitate allograft tolerance (24).
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Although TNFa and PDGF promote hypermetabolic activity in RA FLS (9), neither their
immunometabolic nor inflammatory profile is altered by IL-34 stimulation. Opposing our
findings, IL-6 and CXCLS8 were secreted from lung fibroblasts in response to IL-34 stimulation
(49). Interestingly, while IL-34 advances RA FLS migration, this function is disconnected from
the inflammatery or glycolytic activity in these cells. Hence, the inability of SDC-1 or M-CSFR
blockade tonegate IL-34-triggered motility suggested that RA FLS trafficking was fostered by
an alternative“pathway. Remarkably, IL-34 can function independent of M-CSFR or SDC-I,
through a 'differént heparin sulfate proteoglycan, namely PTPRZ1 (50). Modest levels of
PTPRZI1 in RA FLS were shown to be responsible, at least in part, for the IL-34-mediated
infiltration. However, unlike SDC-1, PTPRZ1 is similarly expressed in RA compared to OA and
NL STs. This is a departure from the magnified expression of PTPRZ1 on glioblastoma and
colorectal cancercells and its implication in advancing other IL-34-mediated pathologies (50,

51).

Colleetively, we have shown for the first time that hyperglycolytic M34 M®s and
effector Th17 cells participate in inflammatory and erosive phenotypes enforced by joint 1L.-34
expression. While our preclinical data are promising, the therapeutic potential of 1L.-34 and its

downstream metabolic intermediates remain to be elucidated.

FIGURE LEGENDS

Figure 1. Expression of IL-34 and its receptors, M-CSFR and SDC-1, in NL, OA and RA
specimens. (A) GM-CSF, M-CSF and IL-34 protein concentrations were determined in plasma
and SF samplesscollected from NL (plasma: n=39), OA (plasma: n=10; SF: n=32) and RA
(plasma: m=39; SF: n=45) donors. NL, OA and RA synovial tissues were stained for IL-34 (B),
M-CSFR (C) and SDC-1 (E) and scored on a 0-5 scale in suppl-Fig. S1A-C (for IL-34, NL: n=9,
OA: n=11, RA: n=9; for M-CSFR, NL: n=9, OA: n=11, RA: n=8; for SDC-1, NL: n=8, OA:
n=10, RA: n=10). (D) A biotinylated anti-IL-34 Ab was used to compare the amount of 1L-34
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retained on a recombinant SDC-1-coated plate versus a PBS-coated plate, both incubated with
various doses of IL-34 (0.24 to 1000 ng/ml). F) Western blot analysis was used to evaluate the
expression of SDC-1 (32 kDa) and M-CSFR (full-length: 140 kDa; intracellular domain: 52 kDa)
in RA PB M®, T cells and RA FLS. Equal loading was confirmed by quantifying Actin (42
kDa). The data.are shown as mean + SEM. * p<0.05 ** p<0.01 *** p<0.001.

Figure 2. Joint inflammation was induced by local IL-34 expression. WT mice were i.a.
injected 1x/week with Ad-Ctrl and Ad-IL-34. (A) Joint circumference was monitored over 16
days (n=16):"16"days post-onset, mice were sacrificed and joints were processed for IHC, qRT-
PCR and protein estimation. (B) Tissue sections were stained with H&E and scored for synovial
lining thickness, inflammation and bone erosion on a 0-5 scale in the suppl-Fig. S2A (n=5). (C)
Tissue sectiensswere stained for M® markers F4/80, iNOS, Argl and staining was scored on a 0-
5 scale in thessuppl-Fig. S2B (n=5). By qRT-PCR, joint RNA levels of various monokines (D-E)
or osteoclastic factors (F) were determined following Ad-IL-34 or control treatment (n=8). The
data are shown as mean = SEM or as minimum-maximum box-and-whisker plots (centerline =

median). * p<0.05 ** p<0.01 *** p<0.001.

Figure 3."M34 M® signaling and signature is dependent on SDC-1 ligation. (A) Cells were
pre-incubated with buffer, anti-SDC-1 Ab (1:100) or anti-M-CSFR Ab (10 pg/ml) for 2h before
IL-34 (100 ng/ml) stimulation for 5 or 10 minutes and lysates were used for WB quantification
of pM-CSFR and pERK. WB shown is one representative out of 4 independent experiments. (B)
In vitro diffefentiated M®s derived from negatively selected RA monocytes were control-treated
or stimulatedwwith 1L-34 (300 ng/ml) for 24h and then stained with Ab against CD14, CD86 and
CD206 for(flow cytometry. (B) The contour plot of CD14" CD86" cells for one representative
experiment.out of 5 is shown. Among CD14" gated cells, the MFI of CD86 and CD206 staining
was determined (n=5) in the suppl-Fig. S3A. (C) The qRT-PCR analysis was performed to
determine the expression of M1 and M2 cytokines by RA in vitro differentiated M®s stimulated
with IL-34 (300 ng/ml) for 8h, expressed as a fold change compared to control treatment (n=4).
(D-F) Priorto1L-34 stimulation, RA cells were control-treated or pre-incubated with anti-SDC-1
(1:100) or anti-M-CSFR Ab (10 pg/ml) (CCL2: n=8; TNF: n=6; IL-6: n=8). Protein induction
was compared to control treatment and was analyzed using the Wilcoxon signed-rank test. The

effect of neutralizing Abs compared to sole IL-34 stimulation was analyzed using a one-tailed

This article is protected by copyright. All rights reserved



Wilcoxon matched-pairs signed-rank test. The data are shown as mean £ SEM or as minimum-

maximum box-and-whisker plots (centerline = median). * p<0.05 ** p<0.01 *** p<0.001.

Figure 4. IL-34-induced metabolic changes promote progressive inflammation. (A) /n vitro
differentrated=M®s, derived from negatively selected monocytes, were control-treated or
stimulated (with IL-34 (300 ng/ml) for 24h. A representative contour plot and the mean
percentage of CD14*GLUTI1" cells (n=5) are shown. Significance was evaluated using a paired t-
test. (B) The Seahorse cell energy phenotype assay was employed to study the glycolytic
(ECAR) capacity of PBS- versus IL-34-pre-treated RAW 264.7 cells (n=5). (C) The
concentration=of L-lactate and pyruvate in the conditioned media of murine M®s (24h) was
determined. colorimetrically (n=4). (D) Under hypoglycemic conditions, murine BM-derived
M®s were untreated or stimulated with IL-34 (1 pg/ml) for 6h and expression of metabolic genes
was examinedsby qRT-PCR (n=4). WT mice were i.a. injected 1x/week with Ad-Ctrl and Ad-IL-
34. (E) The'mice that received Ad-IL-34 were either i.p. treated with 2-DG or placebo and joint
circumference was monitored over 16 days (n=10). (F) Tissue sections were stained for C-MYC
and HIF 1o or H&E stained and staining was scored on a 0-5 scale in the suppl-Figs. S31-J (n=4).
The data,are,shown as mean £ SEM or as minimum-maximum box-and-whisker plots (centerline

=median). * p<0:05 ** p<0.01 *** p<0.001.

Figure 5. T cells contribute to IL-34-induced joint inflammation. (A) Supernatant levels of
IL-17 were measured in the BMM®-splenocyte co-cultures (5 days) treated with control or IL-34
(1 pg/ml) instheéspresence or absence of 2-DG (5 mM) (n=3). As a positive control (+) co-cultures
were stimulated*with TGFf (1ng/ml) + IL-6 (20 ng/ml). (B) Joint CD3+ T cells were stained in
WT mice that received Ad-Ctrl and Ad-IL-34 on days 0, 7, 14, and were sacrificed on day 16.
Immunostaining was scored on a 0-5 scale in the suppl-Fig. SSA (n=5). (C) Joint circumference
was monitored_in WT and RAG-/- mice that were i.a. injected with Ad-Ctrl or Ad-IL-34
(1x/week) and were sacrificed on day 17 (n=10). (D) Ankle joints were stained for H&E or
F4/80, iNOSqand Argl (n=4). H&E and positive M® immunostaining were scored on 0-5 scale
in the suppl=Fig. S5D-E. (E) Joint expression of monokines (Ad-Ctrl (WT): n=7; Ad-IL-34
(WT): n=5; Ad-IL-34 (RAG-/-): n=6) and osteoclastic factors (F; n=6) were determined by qRT-
PCR. The data are shown as mean = SEM. * p<0.05 ** p<0.01 *** p<0.001.
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Figure 6. SDC-1 modulates IL-34-driven joint inflammation, glycolysis and
osteoclastogenesis. WT and SDC-1-/- mice were i.a. injected with Ad-Ctrl or Ad-IL-34
(1x/week). (A) Joint circumference was monitored over 15 days, thereafter mice were sacrificed
and differences between treatment groups were evaluated using the non-parametric Mann-
Whitney test(Ad-Ctrl (WT): n=7; other groups: n=8). (B) Transcriptional regulation of joint
inflammatory. mediators was evaluated by qRT-PCR (n=4). (C) Under hypoglycemic conditions,
BMMOsfrom™WT and SDC-1-/- mice were untreated or stimulated with IL-34 (1 pg/ml) for 6h
and expresstonof glycolytic genes was examined by qRT-PCR (n=4). (D) Transcription levels of
joint osteoclastic/factors were determined by qRT-PCR in WT and SDC-1-/- mice that received
control or Ad-II2=34 local injection (n=4). (E) To assess osteoclastogenesis in vitro, BM-derived
pre-osteoclasts from WT and SDC-1-/- mice were untreated (-Ctrl), cultured in suboptimal
conditions (15 ng/ml M-CSF and RANKL; 15/15) or exposed to 15/15 + IL-34 (300 ng/ml).
Following 14 days of differentiation (fresh stimuli 2x/week), TRAP staining was performed and
TRAP™ multinuclear osteoclasts were counted in the suppl-Fig. S5G (n=4). (F) Illustrates that
IL-34 binding't6 M-CSFR/SDC-1 cultivates RA inflammatory and glycolytic M34 M®s that are
predisposed to esteoclastogenesis. The data are shown as mean = SEM, * p<0.05 ** p<0.01 ***

p<0.001.
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