
Original article

Monocytic MDSCs skew Th17 cells toward a
pro-osteoclastogenic phenotype and potentiate
bone erosion in rheumatoid arthritis
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Abstract

Objectives. While myeloid-derived suppressor cells (MDSCs) were previously shown to promote a proinflamma-

tory T helper (Th) 17 response in autoimmune conditions, a potential impact of the MDSC-Th17 immune axis on

abnormal bone destruction in RA remains largely unknown.

Methods. We investigated the correlation between the frequency of MDSCs or its subsets and joint destruction in

RA patients. The reciprocal actions of patient-derived MDSCs and Th17 cells were studied using osteoclast (OC)

differentiation and bone resorption assays in vitro, which were further validated using mouse models of RA.

Contribution of MDSCs to osteoclastogenesis and bone erosion in vivo was determined by depletion or transfer of

MDSCs.

Results. Human MDSCs, particularly monocytic MDSCs (M-MDSCs), exhibit inherent OC-differentiating capacity

and positively correlate with clinical bone erosion in RA patients. Strikingly, patient-derived M-MDSCs can program

Th17 cells towards a pro-osteoclastogenic phenotype, which in return potentiates OC differentiation via the recep-

tor activator of nuclear factor jB ligand (RANK-L)-RANK signalling. This enhanced osteolysis driven by the recipro-

cal actions of M-MDSCs and Th17 cells is further confirmed using mouse models of RA. Selective depletion of

M-MDSCs significantly ameliorates osteoclastogenesis and disease severity in arthritic mice, whereas transfer of

M-MDSCs aggravates bone erosion associated with increased OCs in recipient mice.

Conclusion. Our findings highlight the functional plasticity of MDSCs and identify a novel pro-osteoclastogenic

pathway governed by interplay between myeloid cells and T lymphocytes in autoimmune RA.
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Introduction

RA is a chronic autoimmune disorder that is character-

ized by exacerbated synovial inflammation, progressive

joint destruction and physical disability [1]. It has been

well documented that uncontrolled differentiation and

activation of osteoclasts (OCs), the primary somatic cell

type capable of resorbing bone matrices, contribute to

bone erosion in inflammatory arthritis [2, 3]. In vitro and

in vivo studies have shown that the receptor activator of

NF-jB ligand (RANK-L) is indispensable for the differen-

tiation and activation of OCs [4–6]. While an important

role of the RANK-L-induced OC formation and bone de-

struction in RA has been recently established, a better

understanding of the underlying cellular and molecular

mechanisms will provide new therapeutic targets for ef-

fective disease intervention.

Myeloid-derived suppressor cells (MDSCs) are a

population of immune cells that have emerged as a crit-

ical regulator of many pathologic conditions, including

autoimmune disorders [7, 8]. MDSCs in human are typ-

ically defined as CD11bþCD33þHLA-DRlow/- cells and

divided into CD14þ monocytic and CD15þ granulocytic

populations. MDSCs in mice, characterized by the

expression of myeloid cells markers CD11b and Gr-1

(Ly6G/Ly6C), consist of two major subsets:

CD11bþLy6G-Ly6Chigh monocytic MDSCs (M-MDSCs)

and CD11bþLy6GþLy6Clow granulocytic MDSCs (G-

MDSCs) [9]. Although the immunosuppressive function

of MDSCs are well established in cancer, the emerging

evidence reveals previously under-appreciated features

of these myeloid cells in aggravation of inflammation in

cancer [10, 11] and autoimmune disorders [12–15].

Recently, preclinical and clinical studies from our and

other groups showed that MDSCs, substantially

expanded under autoimmune pathological conditions

(e.g. RA), can promote T helper (Th) 17 polarization and

IL-17 production, thereby driving excessive inflamma-

tion, tissue injury, and disease pathogenesis [12–15].

However, the potential involvement of this MDSC-Th17

immune axis in RA-associated osteoclastogenesis and

bone metabolism remains to be elucidated.

In this study, we investigate the functional interactions

of MDSCs and its subsets with Th17 cells in the context

of osteoclastogenesis using specimen from patients

with RA and two mouse models of autoimmune arthritis.

For the first time, we report that human MDSCs, particu-

larly M-MDSCs, exhibit inherent capability to differenti-

ate into OCs inducing bone resorption, further

underscoring the functional plasticity and diversity of

these myeloid cells in RA. More importantly, our findings

uncover a novel immuno-osteoclastogenic pathway

involving MDSC-Th17 interplay and the pro-osteoc

lastogenic factor RANK-L.

Methods

Patient samples

Whole blood samples were collected from 69 patients

fulfilling the 1987 ACR revised criteria for the classifica-

tion of RA or 2010 ACR/EULAR classification criteria for

RA from Nanfang Hospital, Southern Medical University.

Clinical and laboratory data were collected for evalu-

ation of disease activity score in 28 joints (DAS28). RA

disease activity were defined based on DAS28-ESR:

�3.2, remission or low disease activity; 3.2 � 5.1, mod-

erate disease activity; >5.1, high disease activity [16].

Bone erosion scores were quantified based on finger

joints (total 20 joints, including proximal interphalangeal

joints and metacarpophalangeal joints) ultrasonography

[17, 18]. Each joint was scored according to a semi-

quantitative scoring system (grades 0–3) [18]: 0, regular

bone surface; 1, irregularity of the bone surface without

formation of a defect; 2, formation of a defect in the sur-

face of the bone; 3, bone defect creating extensive

bone destruction. Bone erosion score was the sum of

the grades for each joint. All participants were given

written informed consent, and all procedures in this

study were approved by the ethics committee of

Nanfang Hospital, Southern Medical University.

Mice

C57BL/6 mice were purchased from National Cancer

Institute (Bethesda, MD, USA). SKG mice were kindly

provided by Dr. Abul Abbas, University of California,

San Francisco (UCSF), USA. All experiments and proce-

dures involving mice have been reviewed and approved

by the Institutional Animal Care and Use Committee of

Virginia Commonwealth University, USA.
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Induction and evaluation of experimental arthritis

Collagen-induced arthritis (CIA) was conducted as previ-

ously described [12]. Chicken type II collagen (Sigma-

Aldrich, MO, USA) was emulsified with CFA containing

4 mg/ml heat-killed M. tuberculosis H37 (BD

Biosciences, CA, USA) at 1:1 ratio (vol:vol). Male

C57BL/6 mice at 8–10 weeks old were subjected to a

single intradermal injection of the emulsion (100ml) at

the base of the tail. For in vivo depletion of MDSCs [19],

mice were administrated intraperitoneally with 50 mg/kg

5-Fluorouracil (5-Fu, Sigma-Aldrich, MO, USA) or PBS

every 3 days from day 30 after the first immunization

(n¼8 per group). Signs of arthritis in mice were moni-

tored according to the swelling and redness of each

limbs, the severity of which was scored in a blinded

manner [20]. For SKG mice, 8-week-old female mice

were intraperitoneally (i.p.)injected 2 mg zymosan

(Sigma-Aldrich, MO, USA) to facilitate the onset of

disease.

Statistical analysis

The probability-probability plot (P-P plot) was used to

examine data normality. For normally distributed data,

differences between various groups were evaluated

using unpaired two-tailed Student’s t test or one-way

ANOVA with Fisher Least Significant Difference (LSD)

test. Mann–Whitney U or Kruskal–Wallis followed by

Dunn’s multiple comparisons test were used for non-

normally distributed data. Spearman rank test was used

for analysing correlation of non-normally distributed

data. Generalized Estimating Equations was used for

comparisons of repeated measurement data (i.e. arthritic

scores). Fisher’s exact test was used for categorical var-

iables. Statistical analyses were performed using SPSS

20.0 (SPSS Inc., IL, USA) or SigmaPlot 12.5 (Systat

Software Inc., CA, USA). P < 0.05 were considered stat-

istically significant.

Detailed experimental procedures are described in

supplementary materials, available at Rheumatology

online

Results

M-MDSCs correlate with bone destruction in RA
and promote a pro-osteoclastogenic phenotype of
Th17 cells

Our previous study reported that human MDSCs were

significantly elevated in RA patients and correlated with

the level of inflammatory cytokine IL-17A [12]. Given that

IL-17-producing Th17 cells can promote RANK-L signal-

ling dependent OC differentiation [21, 22], we analysed

the frequency of MDSCs and joint destruction in RA

patients to determine a potential association between

these cells and bone erosion. Detailed clinical and la-

boratory characteristics and treatment information of

included patients are presented in Supplementary

Tables S2 and S3, available at Rheumatology online. We

showed that the frequency of MDSCs or M-MDSCs, not

G-MDSCs, positively correlated with bone erosion

scores as assessed by joint ultrasound in RA patients

(Supplementary Table S1, available at Rheumatology on-

line). This correlation was also supported by significantly

higher levels of TRAP5b and b-CTX, two bone destruc-

tion markers [23, 24], in RA patients with more circulat-

ing M-MDSCs (Supplementary Table S1, available at

Rheumatology online). We further showed that

CD11bþCD33þHLA-DR-/lowCD14þCD15- M-MDSCs, iso-

lated from peripheral blood of RA patients, were able to

differentiate into TRAPþ OCs that can induce bone re-

sorption (Fig. 1A). Intriguingly, M-MDSCs from RA

patients with high disease activity were more readily to

differentiate into OCs as compared with those from

patients with low disease activity (Fig. 1A), suggesting

that the intrinsic OC-differentiating potential of M-

MDSCs may be determined by the disease status.

During the study of human MDSC-Th17 interaction,

we made a surprising observation that M-MDSCs from

RA patients upregulated membrane-bound RANK-L on

autologous Th17 cells during co-culture (Fig. 1B).

Upregulation of RANK-L was also indicated by

increased gene transcription of Tnfsf11 (i.e. rankl) in

Th17 cells, assessed by quantitative real-time PCR

(qRT-PCR) analysis (Fig. 1C). Our result suggests that,

in addition to its intrinsic OC-differentiating capability,

M-MDSCs in RA has acquired the capability to skew

Th17 cells towards a pro-osteoclastogenic phenotype.

Indeed, M-MDSC-conditioned human Th17 cells were

highly efficient in supporting OC differentiation from M-

MDSCs (Fig. 1D), suggesting that reciprocal actions of

MDSCs and Th17 cells during their interaction may con-

tribute to bone destruction in RA patients.

MDSCs induce the expression of RANK-L preferen-
tially by Th17 cells in mouse arthritis model

We next sought to use mouse model of RA, i.e.

collagen-induced arthritis (CIA) that resembles the

pathogenesis of human RA, to critically understand this

previously unrecognized immune-osteoclastogenic path-

way. We showed that the presence of MDSCs, especial-

ly those from arthritic mice (MDSC-CIA), significantly

enhanced the expression of RANK-L on Th17 cells

(Fig. 2A and B). Upregulation of RANK-L was also indi-

cated by increased transcription of Tnfsf11 gene in Th17

cells (Fig. 2C). Compared with G-MDSCs, M-MDSCs

from arthritic mice are more efficient in stimulating

RANK-L expression by Th17 cells (Fig. 2D and E), which

is consistent with our previously reported superior Th17-

promoting capacity of this subpopulation [12, 14].

Intriguingly, MDSCs failed to induce T-cell-associated

RANK-L expression when co-cultured with Th1, Th2 or

Treg cells (Fig. 2F and G), suggesting that arthritis-

expanded MDSCs selectively stimulate the pro-

osteoclastogenic activity in Th17 cells.
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FIG. 1 Human M-MDSCs from RA patients promote osteolysis

(A) M-MDSCs from peripheral blood of RA patients with low disease activity (28-joint disease activity score,

DAS28� 3.2) or high disease activity (DAS28>5.1) were cultured in the presence of M-CSF and RANK-L in vitro for

14 days. TRAP staining and pit assay were performed to assess differentiation and biological activity of OCs. Scale

bars in the images of TRAP and pit assay represent 50mm and 200mm, respectively (TRAP, P ¼0.024; Pit, P ¼0.002,

unpaired t test). (B) Naı̈ve CD4þ T cells from RA patients were co-cultured with or without autologous M-MDSCs

under Th17–polarizing conditions for 5 days. Membrane-bound RANK-L expression on Th17 cells was analysed by

flow cytometry. Percentage of RANK-L positive Th17 cells and mean fluorescence intensity (MFI, difference between

the fluoresce intensity and isotype control) of RNAK-L are shown (P ¼0.01, unpaired t test). (C) Relative mRNA levels

of Tnfsf11 gene were analysed by qRT-PCR (P ¼0.032, unpaired t test). (D) Naı̈ve CD4þ T cells from RA patients

were co-cultured with autologous M-MDSCs under Th17–polarizing conditions in vitro to generate M-MDSC-condi-

tioned Th17 cells. M-MDSCs were then cultured with or without these Th17 cells in the presence of M-CSF, IL-2 and

RANK-L for OC differentiation (P¼0.025, unpaired t test). Scale bar, 200mm. Data are representative of three inde-

pendent experiments.
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Arginase 1 is required for MDSC-enhanced RANK-L
expression on Th17 cells

We examined the potential molecular factors that are re-

sponsible for MDSC-enhanced RANK-L expression.

Considering that IL-1b is critical for Th17 polarization

driven by MDSCs under autoimmune conditions [12, 14],

we first assessed the role of IL-1b using either IL-1b
mAbs or IL-1 receptor antagonist. However, the activity

of MDSC-CIA in promoting RANK-L production from

Th17 cells was not impaired by blockade of IL-1b signal-

ling (Fig. 3A), suggesting that IL-1b is not required for

MDSC-CIA enhanced RANK-L expression. In light of our

recent report that the MDSC-associated effector mol-

ecule arginase 1 mediates the MDSC-Th17 interplay in

SLE [13], we examined the expression of arginase 1

(Arg1) in CIA-associated MDSCs by qRT-PCR. Gene

transcription of Arg1 was only detectable in MDSCs

derived from arthritic mice, not those from naı̈ve mice

(Fig. 3B). The mRNA levels of Arg1 were higher in M-

MDSCs than in G-MDSCs in arthritic mice (Fig. 3C). To

test the contribution of arginase 1 to MDSC-enhanced

RANK-L expression, we blocked arginase 1 activity in

MDSCs using the arginase inhibitor N-omega-hydroxy-

nor-L-arginine (nor-NOHA) [25] during cell co-culture.

The presence of nor-NOHA, not L-NIL that inhibits indu-

cible nitric oxide synthase [26], abolished MDSC-CIA

facilitated RANK-L upregulation (Fig. 3D and E).

Additionally, nor-NOHA reduced the capability of M-

MDSCs from patients with RA to induce RANK-L pro-

duction. However, it did not affect RANK-L expression

on Th17 cells in the absence of MDSCs (Fig. 3F and G).

Therefore, MDSCs enhance the pro-inflammatory and

pro-osteoclastogenic phenotypes of Th17 cells in RA

through independent pathways.

Arthritis-associated M-MDSCs not G-MDSCs exhibit
the OC-differentiating capacity

Given that human MDSCs from patients with RA can dif-

ferentiate into fully functional OCs, we also compared

the OC-differentiating capacity of MDSCs from naı̈ve or

CIA mice in the presence of M-CSF and RANK-L. CIA-

associated MDSCs displayed an increase in its potential

of differentiation into OCs, indicated by elevated num-

bers of OCs (Fig. 4A), heightened transcription of Acp5

(tartrate-resistant acid phosphatase), Ctsk (cathepsin k)

or Mmp9 (matrix metallopeptidase 9) genes (Fig. 4B), as

well as enhanced activity in bone degradation (Fig. 4C).

SKG mice, a genetic model of autoimmune arthritis [27],

were also used to examine MDSC-initiated osteoclasto-

genesis and bone absorption. Consistent with our study

in CIA model [12], we showed a substantial expansion

of MDSCs including CD11bþLy6G-Ly6Chigh M-MDSCs

and CD11bþLy6GþLy6Clow G-MDSCs in arthritic SKG

mice (Supplementary Fig. S2A, available at Rheuma

FIG. 2 MDSCs from arthritic mice augment expression of pro-osteoclastogenic RANK-L on Th17 cells

(A) and (B) MDSCs derived from naı̈ve or CIA mice were co-cultured with naı̈ve CD4þCD62Lþ T cells under Th17–

polarizing conditions for 48 h. Membrane-bound RANK-L expression on Th17 cells was analysed by flow cytometry.

Representative flow charts showing the fluorescence intensity of RANK-L staining are presented (A) (Naı̈ve vs -

MDSC, P ¼0.014; CIA vs Naı̈ve, P¼0.004. One-way ANOVA with Fisher LSD test). (C) Relative mRNA levels of

Tnfsf11 gene were analysed by qRT-PCR (Naı̈ve vs -MDSC, P ¼0.025; CIA vs Naı̈ve, P ¼0.002. One-way ANOVA

with Fisher LSD test). (D) and (E) M-MDSCs or G-MDSCs were cultured with naı̈ve CD4þCD62Lþ T cells under Th17–

polarizing conditions (G-MDSC vs -MDSC, P ¼0.303; M-MDSC vs G-MDSC, P <0.001. One-way ANOVA with Fisher

LSD test). (F) and (G) In vitro polarized Th17, Th1, Th2 or Treg cells were co-cultured with or without MDSCs in the

presence of plate-bound anti-CD3 Ab for 24 h. RANK-L expression on T cells was analysed by flow cytometry (Th17,

P¼0.002; Th1, P¼0.005; Th2, P¼0.496; Treg, P¼0.152. Unpaired t test). The results shown are representative of three

independent experiments. N.S., not significant.
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tology online). MDSCs from arthritic SKG mice inhibited

the proliferation of and IFN-c production by T cells upon

stimulation with anti-CD3/CD28 antibodies (Supplemen-

tary Fig. S2B and C, available at Rheumatology online),

indicating these cells retain immunosuppressive activity.

Similarly, MDSCs from arthritic SKG mice were also

more readily to differentiate into TRAP-positive OCs and

to induce bone resorption (Fig. 4D), which was associ-

ated with increased gene transcription of the OC signa-

ture genes Acp5, Ctsk or Mmp9 (Supplementary Fig.

S3, available at Rheumatology online).

Considering that M-MDSCs and G-MDSCs not only

are phenotypically and morphologically distinct, but also

have different functional characteristics [28], we further

examined the OC-differentiating capacity of these two

MDSC subsets. TRAP staining and pit assays showed

that M-MDSCs derived from CIA mice or arthritic SKG

mice, not G-MDSCs, were able to differentiate into OCs

(Fig. 4E and F). Consistent with their differential OC-

differentiating capacities, G-MDSCs displayed

significantly lower levels of the M-CSF receptor CD115

(Fig. 4G) and the RANK-L receptor RANK (Fig. 4H), as

compared with M-MDSCs. These suggest that only

arthritis-associated M-MDSCs exhibit a unique potential

of differentiating into functionally active OCs.

MDSC-Th17 interaction potentiates MDSC
differentiation into OCs

Because RANK-L expression on Th17 cells is upregu-

lated by MDSCs with the intrinsic OC-differentiating

compacity, we address the question of whether the

MDSC-Th17 interplay further promotes the differenti-

ation of MDSCs into OCs in RA. To test this, Th17 cells

were polarized in the presence of MDSC-CIA to produce

MDSC-conditioned Th17 cells, which were then

co-cultured with MDSCs that have been primed with

M-CSF for induction of RANK expression (Supplemen-

tary Fig. S4, available at Rheumatology online).

Differentiation of MDSCs into TRAPþ OCs was barely

FIG. 3 Arginase 1 is involved in MDSC-enhanced RANK-L expression on Th17 cells

(A) Naı̈ve CD4þCD62Lþ T cells were co-cultured with MDSCs from arthritic mice (i.e. CIA) under Th17 polarizing con-

ditions in the presence of IL-1 receptor antagonist (IL-1ra) or IL-1b neutralizing antibodies (IL-1 mAb) for 48 h. RANK-

L expression was examined by flow cytometry (Vehicle vs None, P<0.001; IL-1 ra vs Vehicle, P¼0.247; IL-1 mAb vs

Vehicle, P¼0.123. One-way ANOVA with Fisher LSD test). (B) Relative mRNA levels of Arg1 in MDSCs purified from

indicated mice were analysed by qRT-PCR. (N.D., not detected). (C) Transcription of Arg1 gene in M-MDSCs or G-

MDSCs was determined by qRT-PCR. (D) and (E) RANK-L expression was examined after mouse Th17 polarization

in the presence of L-NIL or nor-NOHA (Vehicle vs None, P<0.001; nor-NOHA vs Vehicle, P<0.001; L-NIL vs Vehicle,

P¼0.131. One-way ANOVA with Fisher LSD test). (F) and (G) Naı̈ve CD4þ T cells from RA patients were co-cultured

in the presence of M-MDSCs and/or nor-NOHA under Th17–polarizing conditions for 3 days. RANK-L expression on

Th17 cells was examined (nor-NOHA vs Vehicle: No MDSC, P¼0.986; þM-MDSC, P<0.001. One-way ANOVA with

Fisher LSD test). Data are representative of three independent experiments. N.S., not significant.
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detected when co-culturing with non-conditioned Th17

cells. In sharp contrast, Th17 cells that had been pre-

conditioned with MDSC-CIA significantly enhanced

MDSC-derived OC differentiation (Fig. 5A–C). This

increased OC formation was independent of IL-17A, as

addition of exogenous IL-17A failed to induce OC differ-

entiation from MDSCs (Fig. 5A–C). However, use of

osteoprotegerin (OPG), a soluble decoy RANK-L recep-

tor that inhibits the RANK-L/RANK signalling, abrogated

the pro-osteoclastogenic activity of MDSC-CIA-

conditioned Th17 cells (Fig. 5D), supporting a require-

ment of the RANK-L signal that is derived from Th17

cells. Additionally, this pro-osteoclastogenic activity of

MDSC-conditioned Th17 cells was further validated

using bone marrow-derived macrophages as OC precur-

sors (Fig. 5E–G). Therefore, interaction with MDSCs con-

fers Th17 cells with a pro-osteoclastogenic phenotype

that in return supports RANK-L-dependent differentiation

of MDSCs or other OC precursors into OCs.

M-MDSCs are involved in osteoclastogenesis and
osteolysis in arthritic mice

We next examined the pathogenic role of MDSCs in in-

flammatory arthritis using 5-Fluorouracil (5-Fu) that can

selectively remove MDSCs without affecting other im-

mune cell types such as T cells, natural killer cells, den-

dritic cells or B cells [19]. Arthritic mice were

administrated with 5-Fu at a dose of 50 mg/kg every

3 days starting at the disease onset. We showed that 5-

Fu treatment selectively depleted M-MDSCs, not G-

MDSCs or other immune cells (Fig. 6A, Supplementary

Fig. S5, available at Rheumatology online). Removal of

M-MDSCs significantly reduced the severity of arthritis,

FIG. 4 MDSCs from arthritic mice display enhanced capacity in differentiation into functional OCs

(A) MDSCs from naı̈ve or CIA mice were cultured in the presence of M-CSF and RANK-L for OCs differentiation.

Representative images of TRAP staining and OCs numbers are shown (P¼0.005. Unpaired t test). (B) Relative mRNA

levels of Acp5, Ctsk, and Mmp9 genes were assessed using qRT-PCR (Acp5, P¼0.001; Ctsk, P¼0.007; Mmp9,

P¼0.007. Unpaired t test). (C) MDSCs were seeded on bone slices in the presence of M-CSF and RANK-L. Bone re-

sorption pit was examined using pit assays (P¼0.029, Mann–Whitney U test). (D) MDSCs sorted from naı̈ve or arthritic

SKG mice were differentiated into OCs as described above (P¼0.029, Mann–Whitney U test). (E) and (F) OC-differen-

tiating potential of M-MDSCs or G-MDSCs and bone resorption activity were assessed. (G) Expression of CD115 on

MDSCs subsets was assayed by flow cytometry. (H) Transcription of Tnfrsf11a (RANK) was determined by qRT-PCR.

Scale bar, 200 mm. Results shown are representative of three independent experiments. N.D., not detected.
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FIG. 5 MDSC-Th17 interplay facilitates MDSC differentiation into OCs

(A)–(C) Th17 cells were polarized from naı̈ve CD4þCD62Lþ T cells in the presence or absence of MDSCs from CIA

mice. Th17 cells were then co-cultured with MDSCs in the presence of M-CSF and IL-2 without addition of exogen-

ous RANK-L for 5 days. IL-17A was added as a control. Representative images of TRAP staining (A) and statistical

analysis of OCs number (B) are shown (Th17 vs Conditioned Th17, P ¼0.029, Mann–Whitney U test). (C) Relative

mRNA level of Mmp9 gene was determined by qRT-PCR (Th17 vs Conditioned Th17, P¼0.006, Unpaired t test). (D)

MDSCs were co-cultured with MDSC-conditioned Th17 cells with or without osteoprotegerin (OPG) (P ¼0.029,

Mann–Whitney U test). (E)–(G) Bone marrow derived macrophages (BMMu) were co-cultured with indicated Th17

cells in the presence of M-CSF and IL-2 for 5 days. OCs number (F) and relative Mmp9 level (G) were determined

[Th17 vs Conditioned Th17: P¼0.004 (F); P¼0.004 (G). Unpaired t test]. Scale bar, 200 mm. Data shown represent

three independent experiments. N.D., not detected.
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indicated by decreased swelling of inflamed paws

(Fig. 6B). Consistent with our previous report [12], ab-

sence of M-MDSCs resulted in decreased infiltration of

Th17 cells (Supplementary Fig. S6, available at

Rheumatology online). Ablation of M-MDSCs also

caused a significant reduction of Tnfsf11 gene

FIG. 6 Arthritis-associated M-MDSCs differentiate into functional OCs in vivo

(A) CIA mice (n¼8) were administrated i.p. with 50 mg/kg 5-Fu or PBS every 3 days from day 30 after the collagen

immunization. Frequency of MDSC subsets in peripheral blood was assessed on day 50. N.S., not significant (M-

MDSC, P<0.001; G-MDSC, P¼0.505. Mann–Whitney U test). (B) Clinical scores during arthritic development were

recorded (Vehicle vs 5-Fu, P¼0.003, Generalized Estimating Equations). (C) mRNA levels of Tnfsf11 gene in inflamed

paws were analysed by qRT-PCR (Vehicle vs Naive, P<0.001; 5-Fu vs Vehicle, P<0.001. One-way ANOVA with

Fisher LSD test). (D) Pathology of paws was assayed by H&E, toluidine blue or TRAP staining. Representative images

of TRAP staining in proximal metatarsal epiphysis are shown. Arrows indicate infiltrated inflammatory cells (top panel,

H&E), cartilage damage (middle panel, toluidine blue) and TRAPþ OCs (bottom panel, TRAPþ), respectively. (E)

Pathology scores of bone destruction were assessed. (F) Numbers of TRAPþ cells in the sections were quantified (ve-

hicle vs 5-Fu, P¼0.007. Mann–Whitney U test). (G) Arthritic mice depleted of MDSCs by 5-Fu were injected with PBS,

M-MDSCs or G-MDSCs isolated from CIA mice into the tibia (n¼5). TRAP or toluidine blue staining were performed

to evaluate OC differentiation and cartilage damage, respectively. Representative images of TRAP staining in proximal

tibial epiphysis are shown. Arrow indicates cartilage damage as shown by toluidine blue staining. (H) Number of

TRAPþ cells in G was quantified. Scale bar ¼ 100mm. (PBS vs M-MDSC, P¼0.017; PBS vs G-MDSC, P¼0.865.

Kruskal-Wallis test followed by Dunn’s multiple comparisons). Data represent three independent experiments. (I)

Proposed model for the role of MDSC-Th17 interplay in RA. M-MDSCs with inherent OC-differentiating capability

display versatile functions during their interaction with Th17 cells. While promoting Th17 differentiation via pro-inflam-

matory IL-1b signalling, M-MDSCs can also upregulate RANK-L on Th17 cells in an arginase 1-dependent fashion.

Th17-derived RANK-L, in return, further drives programing of M-MDSCs into bone-destructing OCs.
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transcription in inflamed paws (Fig. 6C). Histology ana-

lysis of the paws in M-MDSC-depleted mice showed

reduced infiltration of inflammatory cells, ameliorated

cartilage damage, and decreased numbers of OCs

(Fig. 6D–F). The reduced osteoclastogenesis in the ab-

sence of M-MDSCs was also supported by decreased

transcription of Acp5, Ctsk or Mmp9 genes in the

inflamed paws (Supplementary Fig. S7, available at

Rheumatology online).

Lastly, we performed adoptive transfer of MDSCs to

confirm MDSC-promoted osteoclastogenesis and bone

resorption in vivo. Type II collagen/CFA immunized mice

were first treated with 5-Fu to remove endogenous

MDSCs, followed by intramedullary injection of CIA

mice-derived M-MDSCs or G-MDSCs into the tibia of

recipient mice. Elevation in the numbers of OCs were

only seen in the tibia of mice that had been transferred

with M-MDSCs, not G-MDSCs (Fig. 6G and H). This

increased osteoclastogenesis in mice receiving M-

MDSCs correlated with significantly aggravated cartilage

damage (Fig. 6G).

Discussion

Despite their intrinsic immunosuppressive activity, our

previous work established a highly pro-inflammatory fea-

ture of MDSCs in sustaining inflammation by amplifying

a Th17 response in autoimmune disorders including RA

[12–14]. Our research in the present study reveals a

novel pro-osteoclastogenic activity of MDSCs in RA,

highlighting their functional plasticity and versatility in

disease pathogenesis. More importantly, we uncover a

previously undefined signalling feedback loop engaged

during the MDSC-Th17 interplay, which contributes to

the dysregulation of osteoclastogenesis and bone de-

struction in RA.

To the best of our knowledge, this is the first report

that MDSCs or M-MDSCs in patients with RA not only

positively correlate with clinical bone erosion scores or

markers, but also acquire the increased OC-

differentiating capacity. This is further supported by our

finding that M-MDSCs from patients with high disease

activity were more readily to differentiate into bone re-

sorption capable OCs than those from patients with low

disease activity. It is likely that the inflammatory milieu

governs the OC-differentiating potential of MDSCs. Our

clinical data are consistent with the recent reports of

MDSCs as OC progenitors in mouse models of cancer

[29] and arthritis [30]. Furthermore, using two mouse

arthritic models (i.e. CIA, SKG), we demonstrate that M-

MDSCs display a superior OC-differentiating capacity as

compared with G-MDSCs, which may be attributed to

the high expression of CD115 and RANK required for

OC programing. These results advance the understand-

ing of the functional distinctions of these two MDSC

subsets in RA-associated osteoclastogenesis.

In addition to the inherent OC-differentiating property

of RA-associated human MDSCs, we have made an

important finding in this work that MDSCs, particularly

M-MDSCs, can program human Th17 cells towards a

pro-osteoclastogenic phenotype during their interaction,

indicated by upregulation of RANK-L in autologous Th17

cells. Moreover, this Th17 cell-derived RANK-L signal is

functionally significant, because Th17 cells conditioned

by RA-associated MDSCs greatly potentiate the MDSC

differentiation into OCs. Our extensive studies in arthritic

mice (i.e. CIA, SKG) also similarly elucidate MDSC-

enhanced production of RANK-L by Th17 cells, which

can further promote the MDSC-derived OC differenti-

ation dependent on the RANK signalling. Intriguingly, we

show that the elevated pro-osteoclastogenetic signal on

Th17 cells appears to drive the differentiation of OCs

from their other known precursors, such as macro-

phages [12]. Given that Th17 cells have been shown to

promote arthritic development by exaggerating inflam-

mation [31–33] and promoting bone erosion [21, 22], the

results from this study may have broad implications in

understanding of an intimate relationship between in-

flammation and osteoclastogenesis in RA or other auto-

immune conditions.

While retaining immunosuppressive activity, mouse

MDSCs display reduced suppressive activity on T cells

during arthritic progression (i.e. CIA) [12]. These MDSCs

associated with autoimmune arthritis [12] or other in-

flammatory disorder [13, 14] have acquired a pro-

inflammatory phenotype indicated by their production of

cytokines (e.g. IL-1b, TNF-a) as well as pro-

osteoclastogenic activities as reported in our current

study. This functional plasticity is likely to be dictated by

the distinct inflammatory signals present in the inflamed

sites. We postulate that these pro-inflammatory and

pro-osteoclastogenic functions become dominant over

their intrinsic T-cell suppressive activity, and collabora-

tively perpetuate multiple pro-arthritic processes.

The IL-1b signalling was previously shown by us and

others to primarily mediate MDSC-enhanced Th17 re-

sponse under several autoimmune conditions [12, 14,

15]. Intriguingly, the ability of MDSCs to enhance the

pro-osteoclastogenic activity of Th17 cells involves argi-

nase 1 not IL-1b signalling. Although arginase 1 has

been reported to mediate the immune suppressive func-

tion of cancer-associated MDSCs, the immune suppres-

sive activity of MDSCs-CIA does not appear to be

arginase 1 dependent [12]. The functional significance of

arginase 1 is also supported by the fact that arginase 1

is mostly expressed by arthritis-associated MDSCs, not

by those from naı̈ve mice, which corresponds to their

differential RANK-L-promoting capabilities. In view of

the involvement of arginase 1 in regulating pro-

osteoclastogenic and/or pro-inflammatory effect of

MDSCs, therapeutically targeting arginase 1 may help

alleviate joint inflammation and bone erosion in patients

with RA. Given the well-documented role of the IL-6 sig-

nalling in pathogenesis of human RA [34] and IL-6-

induced up-regulation of arginase 1 in MDSCs from the

SLE patients [13], it is possible that the therapeutic
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benefits of the IL-6 inhibitor in RA treatment may also

be partially attributed to inhibition of arginase activity in

MDSCs.

In the present study, we have also experimentally

established a functional linkage of M-MDSCs with

osteoclastogenesis and bone erosion in arthritic mice

using both gain- and loss-of-function approaches.

Depletion of M-MDSCs reduces numbers of OCs, cartil-

age damage and immune infiltration. However, transfer

of M-MDSCs, not G-MDSCs, aggravates cartilage dam-

age associated with elevation of OCs in inflamed paws.

These striking results together with our recent reports

[12–14] indicate that MDSCs, often expanded in auto-

immune arthritis, not only promote polarization of

inflammatory Th17 cells, but also define their pro-

osteoclastogenic phenotype. However, Fujii et al.

reported that adoptive transfer of MDSCs suppressed

progression of collagen-induced arthritis in DBA/1 mice

[35]. This discrepancy may be caused by the methodo-

logical differences (e.g. timing or number of cells for

transfer). Indeed, the pathogenic role of MDSCs in pro-

moting inflammation and arthritic progression has been

confirmed by an independent study [15].

Our previous work established a highly pro-

inflammatory role of MDSCs for exacerbating inflamma-

tion in autoimmune disorders [12–14]. Our current work

identifies novel pro-osteoclastogenic function of MDSCs

acquired in RA and elucidates an under-appreciated

osteoimmune pathway involving complex interactions

between M-MDSCs and Th17 cells (Fig. 6I). In addition

to driving Th17 polarization and IL-17 production, as we

previously documented [12], MDSCs or M-MDSCs skew

Th17 cells towards a pro-osteoclastogenic phenotype.

Production of RANK-L by Th17 cells can serve as a

feedback loop to program M-MDSCs or other OC pre-

cursors into OCs. These reciprocal and distinctive

actions of MDSCs and Th17 cells collaboratively per-

petuate multiple pathogenic processes, including but

not limited to aggravated inflammation and osteolysis.

Targeting the pro-arthritic MDSC-Th17 axis based on a

precise understanding of the nature of this cellular

crosstalk may help alleviate disease symptoms by con-

currently antagonizing abnormal inflammation as well as

osteoclastogenesis in RA.
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