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Abstract

Myeloid-derived suppressor cells (MDSC) and Th17 cells were found to expand in collagen-
induced arthritis (CI1A) significantly. Two subsets of MDSC, polymorphonuclear (PMN) and
mononuclear (MO), were detected and their ratios varied during the development of CIA. The
depletion of MDSC in vivo resulted in suppression of T-cell proliferation and decreased IL-17A
and IL-1f production. The adoptive transfer of MDSC restored the severity of arthritis and Th17
cell differentiation. The depletion of MDSCs on day 35 resulted in arthritis amelioration without
reaching a significant difference. Furthermore, MDSCs from CIA mice had higher production of
IL-1B and promoted Th17 cell differentiation. The expansion of MDSCs in the peripheral blood of
rheumatoid arthritis (RA) patients was in correlation with increased Th17 cells and disease activity
DAS28. These results support the hypothesis that MDSC may play a significant proinflammatory
role in the pathogenesis of CIA and RA by inducing Th17 development in an IL-1p-dependent
manner.
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease of unknown etiology that
affects small diarthrodial joints with chronic inflammation, cartilage destruction, and bone
erosions [1]. Recent advances in therapy have dramatically reduced morbidity for RA.
However, there is still a significant number of RA patients who are resistant to the current
therapy and to further reduction in disability [1,2].

Th17 cell is a CD4" T-cell subset characterized by the production of inflammatory cytokine
IL-17 [3,4], and they have been shown to be involved in many human autoimmune diseases,
including RA, psoriasis, and multiple sclerosis [5]. The production of IL-17 has been
observed to be elevated in RA murine models as well as in RA patients [6,7]. In collagen-
induced arthritis (CIA), IL-17 correlates with joint damage [8]. IL-17-deficient mice are
protected from CIA [9], and treatment with a neutralizing IL-17 antibody reduces joint
inflammation, cartilage destruction, and bone erosion in CIA [10].

In recent years, myeloid-derived suppressor cells (MDSCs) have attracted considerable
attention in the context of tumor because of its suppressive effect in tumor immunity
[11,12]. MDSCs were originally described as a heterogeneous population of immature cells
with immunosuppressive functions in tumor-bearing hosts. The immunosuppressive
mechanisms of MDSC are complex [13]. In mice, MDSCs are characterized by the
expression of cell surface makers CD11b and Gr-1. Two functionally subsets have been
described, Ly6G*Ly6C!*Wpolymorphonuclear (PMN) and Ly6G~Ly6C"9"mononuclear
(MO) cells [14-16]. In humans, MDSCs lack the characteristic markers and have been
identified as CD14*HLA-DR™1°W [17,18], or Lin"CD11b*CD33*HLA-DR™ [19]. In
addition to their role in tumor immunology, MDSCs were shown to regulate immune
response in animal models of autoimmune diseases [17,20], infectious diseases [21] and
trauma [22].

Although the immunosuppressive function of MDSC in tumor has been well established
[12], their regulation in autoimmune diseases has not yet been well defined. In experimental
autoimmune encephalomyelitis (EAE), MDSCs have been found in some studies to increase
dramatically in the spleen and to exert an immunosuppressive role [20,23]. These cells were
found to ameliorate demyelination and delay disease onset after in vivo transfer through
inhibiting Th1 and Th17 cells [20]. In other studies, MDSCs were found to be recruited into
the central nervous system and play a pathogenic role [24,25]. In addition, MDSCs were
found to contribute to the pathogenesis of EAE by driving Th17 cells differentiation [26]. In
proteoglycan-induced arthritis, MDSCs from synovial fluid of the affected joints, in contrast
to splenic MDSCs, limited the expansion of auto-reactive T cells in vitro [27]. However,
their specific roles in other experimental models and in RA patients, particularly the in vivo
function, remain to be elucidated.

From this brief discussion, it is clear that Th17 cells and MDSCs play significant pathogenic
roles in autoimmune disorders, but the relationship between these two types of immune cell
remains to be elucidated. In this study, we examined the pathogenic role of MDSC in CIA
and their role in the differentiation of Th17 cells.
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2. Materials and methods

2.1. Animals

Male DBA/1J mice, 8-10 weeks old, were purchased from SLAC Laboratory Animal Centre
(Shanghai, China). Mice were housed under specific pathogen-free conditions. All animal
experiments were approved by the Ethical Committee of the First Affiliated Hospital of Sun
Yat-sen University, and all experiments were carried out in accordance with the National
Institute of Health Guide for Care and Use of Animals.

2.2. Induction and assessment of CIA

Lyophilized bovine type Il collagen (CIl, Chondrex, USA) was dissolved overnight at 4 °C
in 0.05 M acetic acid at a concentration of 2 mg/ml. An equal volume of CIl was emulsified
with complete Freund’s adjuvant (CFA) containing 4 mg/ml of inactivated mycobacterium
tuberculosis (Chondrex, USA). The emulsion was prepared and kept on ice before injection.
The mice were injected intradermally at the base of the tail with 100 pl of the emulsion
containing 100 ug of Cll on day 0. On day 21, mice received a booster injection of 100 ug of
Cll emulsified with incomplete Freund’s adjuvant (IFA).

Mice were monitored by independent examiners who were blinded as to their treatment
every other day for signs of arthritis onset and for clinical score. Arthritis was graded on a
scale of 0—4 scales as follows: grade 0, no swelling and no erythema; grade 1, slight
swelling and erythema; grade 2, moderate swelling and edema; grade 3, severe swelling and
pronounced edema; and grade 4, severe swelling and edema with joint rigidity. Each limb
was scored independently. The maximum score is 16 for each mouse [28].

2.3. In vivo depletion of MDSC

The in vivo depletion of MDSC was performed either at the onset of arthritis (day 26) or at
the peak of arthritis (day 35). Mice were injected intraperitoneally with 200 pg of anti-Gr-1-
specific monoclonal antibodies (mAb) or with rat IgG2b as an isotype control (Bioxcell,
USA) in 500 pl PBS at a 3-day interval. The depletion of MDSC was confirmed by flow
cytometry.

2.4. Preparation of single-cell suspensions

Peripheral blood was obtained by cardiac puncture of mice under anesthesia. Mice were
sacrificed by combination of anesthesia and blood loss. Single-cell suspensions were
prepared from spleen and draining lymph nodes (DLN). Red blood cells from the spleen
preparations were lysed with red blood cell lysing buffer (Sigma, USA).

Blood samples were collected from newly diagnosed RA patients and healthy volunteers.
Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Hypaque by density
gradient centrifugation within 2 h after sample collection. Fresh synovial tissue samples
were obtained from patients with RA or osteoarthritis (OA) who underwent knee
replacement surgery. Samples were minced and digested with type | collagenase (Sigma,
USA) in serum-free Dulbecco’s modified Eagle’s medium (DMEM,; Gibco, USA). The cells
were filtered through a nylon mesh, washed extensively, and suspended in phosphate
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buffered saline (PBS). All patients with RA fulfilled the 1987 American College of
Rheumatology criteria for the classification of RA [29]. Informed consent was obtained
from all patients, and the experimental protocol was approved by the Institutional Review
Board of our hospital.

2.5. Adoptive transfer

For adoptive transfer experiments, CD11b*Gr-1*MDSCs (purity > 92%) were sorted from
the spleens of CIA mice on day 35. Some of the CD11b*Gr-1*MDSC were sorted from
bone marrow. Ten days after MDSC depletion (day 35), CD11b*Gr-1* cells (5 x 106) were
transferred into CIA mice intraperitoneally twice at a 1-week interval.

2.6. Flow cytometry

Splenocytes were stained with FITC-anti-Gr-1, PE-anti-CD11b PE-Cy7-anti-CD11c, PerCP-
Cy5.5-anti-CD3 (BD Pharmingen, USA) and APC-anti-Ly6G, PE-Cy7-anti-Ly6C, APC-
anti-F4/80, and APC-anti-1-AP (Biolegend, USA) antibodies. For intracellular cytokines
staining, DLN cells and PBMC were stimulated with 50 ng/ml phorbolmyristate acetate
(PMA) plus 500 ng/ml ionomycin (both from Sigma, USA) for 5 h in the presence of 10
ug/ml brefeldin A (eBiosciences, USA). Cells were fixed, permeabilized, and stained with
PE-anti-IL-17A (BD Pharmingen, USA) after staining with FITC-anti-CD4 antibodies. To
analyze the frequency of Foxp3*regulatory T cells (Treg) in DLN, after stained with FITC-
anti-CD4 and PE-anti-CD25 (eBioscience, USA) antibodies, cells were fixed,
permeabilized, and stained with PE-Cy5-anti-Foxp3 antibody (eBioscience, USA). Data
were acquired using Beckman flow cytometer (USA).

2.7. In vitro T-cell response

Mice were euthanized under anesthesia condition on day 35 after the initial immunization.
Single DLN cells were prepared and seeded in 24-well plates at a density of 1 x 106/well in
complete medium containing RPMI 1640 (Gibco, USA), 2 mM glutamine, 100 U/ml
penicillin, 100 ug/ml streptomycin, 50 uM B2-mercaptoethanol, and 10% heat-inactivated
FCS (Hyclone, USA), in the presence or absence of CllI (50 pg/ml). Anti-CD3/CD28 mAbs
were used as non-specific stimulation. For proliferation assays, cells were incubated with
5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen, USA) according to
the manufacture’s instructions. Cells were then washed extensively and resuspended in
complete medium; 1 x 108 cells were seeded in a 96-well round-bottom plate, cultured at 37
°C in 5% CO», for 4 days. Proliferation was measured by flow cytometry [30]. For enzyme-
linked immunosorbent assay (ELISA) assay, cells were cultured for 3 days. Supernatants
were collected and analyzed for IL-1f and IL-17A by ELISA.

2.8. Cell cultures

CD4*CD25-CD62L* naive T cells from normal mice and CD11b*Gr-1*MDSC from CIA
on day 35 or normal mice were sorted by BD influx (BD Bioscience, USA) (purity > 92%).
The 4 x 10° naive CD4*T cells were cultured with or without 4 x 10° CD11b*Gr-1*MDSCs
in a 96-well round-bottom plate in the presence of 5 ug/ml of anti-CD3 and 5 ug/ml of anti-
CD28 Abs (both from Biolegend, USA). In some experiments, 300 ng/ml of IL-1 receptor
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antagonist (IL-1Ra, Prospec, Israel) was added. Cells were incubated at 37 °C in 5% CO,
for 3 days. Supernatants were collected for measurement of IL-17A and IL-1p production by
ELISA.

2.9. Histopathology

For histological analysis, mice were euthanized on day 42 or day 49. Limbs were collected
and fixed in 10% neutral buffered formalin for 24 h and decalcified in 10% EDTA solution
for 4 weeks. Tissues were embedded in paraffin, sectioned, and stained with hematoxylin
and eosin (H&E). Safranin O-fast green staining was performed to evaluate cartilage
integrity. Histopathological changes were separately scored by two independent researchers
in a blinded manner as described before [31].

2.10. Cytokine detection

The levels of IL-1p and IL-17A in sera and supernatant were measured by ELISA Kits
(eBioscience, USA) according to the manufacturer’s instructions.

2.11. Statistical analysis

3. Results

The Student unpaired t test was used to analyze parametric data and the Mann—Whitney U
test was used to analyze clinical and histological CIA scores. The p values <0.05 were
considered statistically significant.

3.1. MDSCs and Th17 cells were expanded in mice with CIA

DBA/1J mice were immunized with type Il collagen (CII) in CFA on day 0 and received a
booster immunization with CIl in IFA on day 21. Arthritis appeared on day 26, and the
severity of arthritis peaked on day 35 after immunization (Fig. 1A). By day 35 after
immunization, significantly more MDSCs were found by flow cytometric analysis to
accumulate in spleen of Cll-treated mice (Fig. 1B). The data from 6 mice are summarized in
Fig. 1C. Similarly, the frequency of Th17 cells in the draining lymph nodes (DLN) was
measured by flow cytometry (Fig. 1D). The percentage of Th17 cells was significantly
elevated in the DLNs (Fig. 1E).

3.2. Characterization of MDSC in CIA

The morphology and lineage surface markers of splenic MDSC were examined at day 35
after the initial immunization. As shown in Fig. 1F, two subsets of MDSCs were identified
by flow cytometric analysis. They were characterized by CD11b*Gr-1high and
CD11b*Gr-1medium respectively. Giemsa stain of the sorted cells showed that
CD11b*Gr-1N9" were polymorphonuclear (PMN) and CD11b*Gr-1medium yyere
mononuclear (MO). The ratios of these two subsets varied during the development of
arthritis (Fig. 1G). During arthritis progression, the ratios of CD11b*Gr-1Mdh cells to
CD11b*Gr-1medium ce||s increased. CD11b*Gr-1Mi9h subset expressed the common
neutrophil marker Ly6G, whereas CD11b*Gr-1medium expressed the monocyte/macrophage
marker Ly6C andF4/80. However, they are different from mature macrophage and dendritic
cells by their low expression of MHC I (I-AP) and CD11c (Fig. 1H).
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3.3. Depletion of MDSC inhibited inflammatory response in mice with CIA

Anti-Gr-1 mAb was used to deplete MDSC in ClI-immunized mice on day 26 after the
initial immunization. At this time point, most treated mice had arthritis joint scores =2. The
depletion of MDSC had a marked effect on T-cell responses to Cll in the immunized mice
as shown in Fig. 2A and B. Both cells isolated from the DLN of anti-Gr1-treated and isotype
control Ab-treated mice responded equally well to anti-CD3/anti-CD28 mAbs (the upper
panel of Fig. 2A). However, Cll-specific T-cell response significantly decreased in anti-Gr-1
mADb-treated mice compared to those treated with isotype control Ab (lower panel of Fig. 2A
and B). In addition, DLN cells were cultured in 96-well plate in the presence of CII (50
pg/ml) for 3 days and the secretion of IL-17A and IL-1p in the supernatant was determined.
DLN cells from anti-Grl-treated produced significantly less IL-17A and IL-1 compared to
cells from isotype control Ab-treated mice (Fig. 2C). In consistence with the in vitro
findings, serum levels of IL-17A and IL-1p were significantly lower in MDSC-depleted
mice (Fig. 2D).

3.4. MDSC depletion at the initiation of arthritis inhibited the development of Cll-induced
arthritis and the induction of Th17 response

Following the depletion of MDSC, the disease severity score significantly decreased in anti-
Gr-1 mAb-treated mice with marked reduction of swelling (Fig. 3A). Histological analysis
of the hind paw showed a significant decrease in inflammatory cell infiltration, bone
erosion, and cartilage destruction in MDSC-depleted mice (Fig. 3B and C). In addition,
MDSC depletion resulted in the down-regulation of Th17 cells response. The frequency of
Th17 cells decreased in MDSC-depleted mice (Fig. 3D and E). However, the depletion of
MDSC had no effects on the Foxp3*Treg cell population (Fig. 3F and G). When ClI-
immunized mice were treated with anti-Gr-1 mAb from day 35, clinical scores and
pathology severity were slightly ameliorated. However, the amelioration did not reach
statistical difference (Fig. 3H-J).

3.5. Adoptive transfer of MDSC in MDSC-depleted mice restored arthritis and Th17 cells

response

To further investigate the roles of MDSC in CIA, CIA mice were treated with anti-Gr-1
mADb to deplete MDSC. The treated mice were then given MDSCs derived from CIA mice
on day 35. The adoptive transfer of MDSC from mice with CIA increased disease severity
with joint swelling, cell infiltration, bone erosion, and cartilage destruction (Fig. 4A, B and
C). Proinflammatory cytokines IL-17A and IL-1 in the sera significantly increased in
MDSC-transferred mice (Fig. 4D). Furthermore, the frequency of Th17 cells increased in
DLN in MDSC-transferred mice (Fig. 4E and F).

3.6. MDSCs from mice with CIA enhanced IL-17A production by naive CD4* T cells
stimulated with anti-CD3/anti-CD28 mAbs in an IL-1B-dependent manner

As shown in Fig. 2C, DLN cells from mice immunized with CII produced more IL17A and
IL-1B. The relationship between IL-17A and IL-1p was investigated. Sorted MDSCs that
were not contaminated with CD3* T cells (Fig. 5A) from both normal mice and mice with
CIA, and the supernatants were assayed for IL-1p. MDSCs from mice with CIA contained
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significantly more IL-1p (Fig. 5B). Supernatant from naive T cells stimulated with anti-
CD3/anti-CD28 mAbs in the presence of MDSCs from mice with CIA had more IL-1p in
comparison with those in the presence of MDSCs from normal mice (Fig. 5C). Naive CD4*
T cells stimulated with anti-CD3/anti-CD28 mAbs produced little IL-17A (Fig. 5D). In the
presence of MDSCs from control mice, there was significant more IL-17A (Fig. 5D). In
comparison with the supernatant from stimulated T cells in the presence of MDSC from
control mice, more than a 4-fold increase in IL-17A was detected in stimulated T cells in the
presence of MDSC from mice with CIA. This increase was inhibited in the presence of
IL-1Ra, suggesting that the induction of the Th17 cell response by MDSCs was dependent
on IL-1p.

3.7. MDSCs and Th17 cells were both increased in the peripheral blood and synovium of

RA patients

Human MDSC lacks characteristic markers and expresses different markers compared to
murine MDSC. CD14*HLA-DR 19" cells in cancer and autoimmune diseases in humans
were reported to exert a similar function as murine MDSC [17,18]. The peripheral blood
from newly diagnosed RA patients and healthy controls were analyzed. The frequency of
CD14*HLA-DR™oW cells in RA patients’ peripheral blood was significantly higher
compared to that in healthy controls (Fig. 6A and B). Furthermore, the expansion of Th17
cells in RA patients was noted as shown in Fig. 6C and D. There was a significant
correlation between circulating Th17 cells and CD14*HLA-DR ™1V cells (Fig. 6E). In
addition, there was a significant correlation between circulating CD14*HLA-DR 1o cells
and RA disease activity as measured by DAS28 (Fig. 6F). Synovial tissues were obtained
from patients with RA and OA, who underwent knee replacement. Single-cell suspension
was made by collagenase | digestion. As shown in Fig. 6G and H, the frequency of
CD14*HLA-DR™19W cells in the RA synovium was significantly higher compared to that of
OA patients. Unfortunately, not enough cells were obtained to permit us to determine the
frequency of Th17 cells in RA and OA synovial tissues.

4. Discussion

MDSCs were originally described in tumor bearing mice many years ago [32], but their
functional importance in the regulation of immune system has attracted researchers’ interests
only in recent years. Accumulated evidence has shown that MDSCs are involved in a wide
range of autoimmune diseases [17,19,33,34]. In mouse EAE model, both anti-inflammatory
and pro-inflammatory functions of these cells have been reported [20,26]. In the case of
CIA, one recent publication provided data suggesting that MDSCs play a suppressive
regulatory role [35]. In the present investigation, we have demonstrated that MDSC
depletion at the onset of CIA prevented the full development of CIA and the adoptive
transfer of MDSCs isolated from mice with CIA restored the arthritis severity of CIA in
mice treated with anti-Gr-1 mAb. Evidence has also been obtained to show that the
depletion of MDSCs reduced DLN cells’ capacity to mount a Cll-specific response and this
depletion had no effect on T-cell proliferation induced by ant-CD3/anti-CD28 mAbs. These
observations suggested that MDSC play a proinflammatory role in the development of CIA.

Clin Immunol. Author manuscript; available in PMC 2015 November 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 8

In this investigation, the anti-Gr-1 treatment in CllI-immunized mice resulted in the decrease
of Th17 cells in the DLN and the decrease in serum IL-17A and IL-1B. These decreases
were reversed with transfer of MDSCs from mice with CIA. In addition, anti-Gr-1 treatment
did not resulted in any changes in the Treg cell population. These results suggest that Th17
cells play a major inflammatory role in CIA and are in agreement with the data published by
other investigators [36,37]. These results further implicate a relationship between IL-17A
and IL-1. Our experiments provide additional data to indicate that MDSCs from mice with
CIA are a potent source of IL-1B. Incubation of the MDSCs from mice with CIA with naive
T cells further increase the production of IL-1f. In addition, IL-1Ra significantly inhibited
the production of IL-17A by naive T cells that were stimulated with anti-CD3/anti-CD28
mADbs in the presence of MDSCs. These data support the conclusion that the development of
Th17 cells in CIA is regulated by IL-1f produced in part by MDSCs.

The relationship between MDSC and Th17 cells was also investigated in RA patients. In
humans, MSDC is identified as a CD14*HLA-DR™1oW cell population. The percentage of
CD14*HLA-DR~1oW MDSC was found to be significantly increased in the peripheral blood
of newly diagnosed active RA patients compared to hormal controls. In the synovium, the
percentage of this cell population was much higher in RA in comparison with that from OA
patients. In addition, the percentage of CD14*HLA-DR™1°W MDSC was correlated with the
expansion of Th17 cells and with disease activity, suggesting the involvement of MDSC
during early RA development. These results are in agreement with those obtained in the
murine CIA model. Overall, the results from this investigation would support the potential
of targeting IL-1f and/or IL-17 for RA therapy. Indeed, IL1Ra has been shown to be
effective in the treatment of RA patients in a randomized clinical trial [38].

Strikingly, MDSCs from CIA mice have higher production of IL-18 compared to normal
mice. This is not unexpected in view of the heterogeneity of the MDSC population. The
heterogeneity of the MDSCs is further highlighted by the changes in the ratio between
granulocytic and mononuclear subpopulations within MDSC during the course of the
development of CIA.

The finding that MDSCs are proinflammatory in CIA in the present investigation differs
from those by Fujii et al. [35]. The possibility is that MDSCs isolated on day 35 from the
initial immunization was investigated. Our results showed that the depletion of MDSCs late
in the disease course did not result in higher arthritis scores or in more severe inflammation
or cartilage destruction. However, it is of note that there was mild decrease in disease scores
although this decrease did not reach statistical significance. Thus, in our experimental
system, MDSCs were proinflammatory. The difference between our results and those of
Fujii et al. can best explained by the observation that in their model, there was a recovery
phase while in our model such a phase was not observed although both studies utilized
DBA/1J mice. Their MDSCs were isolated from the beginning of the recovery phase when
inflammation is down-regulated. It is also worthy of noting that MDSCs isolated by Fujii et
al. contained more than 97% of CD11b*Ly6G*Ly6C!°" polymorphic nuclear MDSCs and
that our MDSCs have a large population of CD11b*Ly6G~Ly6CM9"mononuclear cells.
Noting the differences in the kinetics of CIA development and the differences in the MDSC
populations studied, the divergent results are expected. The differences between our results
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and those of Fujii et al. are likely due to the differences in the animal facilities from which
DBA/1J mice were obtained. These differences further underscore the heterogeneity of
MDSCs and the importance of studying the functional differences between the polymorphic
nuclear and mononuclear subsets within MDSC. It is of note that while this manuscript is
being prepared, a paper with similar findings as those reported here was published by Guo et
al. [39] on line ahead of publication in Ann Rheum Dis on November 4th, 2014 with CIA
induced in C57BI/6.

In our study, we have not attempted to identify a subset of MDSCs that is capable of
blocking the expansion of Th17 expansion in CIA. Since CD11b*Gr-1* MDSC can be
differentiated into two distinct populations, i.e., granulocytic MDSCs that are
Ly6G*Ly6C!W and monocytic MDSCs that are Ly6G~Ly6CN9IN [14-16], it is tempted to
conclude that monocytic MDSCs are pro-inflammatory. However, the heterogeneity within
each of these two populations should also be considered. Similarly, the data on RA patients
are correlative. It is unwise to conclude that all CD14*HLADR 1% monocytes are pro-
inflammatory. From this discussion, it is important to study the functional differences
between polymorphonuclear and mononuclear subsets of MDSC to resolve the differences
of various studies in EAE and in autoimmune arthritis models regarding the pro-
inflammatory and anti-inflammatory nature of MDSCs [20,23-27,35,39]. It may also be
necessary to state that the heterogeneity within each population may complicate the
interpretation of differing results in various experimental models.

5. Conclusions

In conclusion, we show that MDSCs increase significantly and are proinflammatory in CIA.
MDSCs in CIA consist of two major subsets including PMN and MO cells, and the ratios of
PMN/MO vary at different disease stages. The depletion of MDSC at early stage of CIA
ameliorates joint destruction. Adoptive transferred MDSC into MDSC-depleted CIA mice
reverses arthritis. In addition, MDSC in CIA mice promote Th17 cell differentiation, which
is dependent on the production of IL-1f. Furthermore, MDSCs expand in PBMCs of RA
patients and are correlated with DAS28 and Th17 cells. Understanding the role of MDSC in
CIA and the mechanism involved may provide a potential treatment target for RA.
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Abbreviations

MDSC myeloid-derived suppressor cell
CIA collagen-induced arthritis
RA rheumatoid arthritis
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Cll type 11 collagen
DAS28 disease activity score in 28 joints
EAE experimental autoimmune encephalomyelitis
CFA complete Freund’s adjuvant
IFA incomplete Freund’s adjuvant
DLN draining lymph nodes
PBMCs peripheral blood mononuclear cells
OA osteoarthritis
PMN polymorphonuclear
MO mononuclear
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Figure 1.
CD11b*Gr-1* MDSCs consist of two major subsets and were expanded with differentiation

of Th17 cells in mice with CIA. (A) Mice were immunized with CII (100 pug) on day 0 and
day 21, and clinical arthritis scores were recorded. Photograph on the right show a normal
hind limb and one affected by CIA. (B-E) Mice were euthanized on day 35. Spleen and
DLN were collected and single-cell suspensions were prepared and analyzed. (B)
CD11b*Gr-1* MDSCs in spleen were measured by flow cytometry and one representative
experiment is shown. (C) Percentages of MDSC in the spleens of normal mice and those
with CIA. (D) Th17 cells identified as IL-17A™ cells in DLN in normal, and CIA mice were
measured by flow cytometry and one representative experiment is shown gating on CD4*
cells. (E) The percentages of Th17 cells in CD4*DNLs in normal mice and mice with CIA.
(F) CD11b*Gr-1high and CD11b*Gr-1medium ce|ls were sorted by flow cytometry and spun
onto a slide and stained with Giemsa. (G) The ratios of CD11b*Gr-1N9" (G1) and
CD11b*Gr-1medium(G2) cells in the spleen in CIA at different time points of CIA
development are shown.(H) Two populations of cells as shown in panel F were stained with
anti-Ly6C, anti-Ly6G, anti-F4/80, anti-CD11c, and anti-MHC-Il1 mAbs. Data are
summarized from 6 mice in each group and shown as mean + SD. *p < 0.05, compared to
day 28; #p < 0.05, compared to day 35; **p < 0.01.
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Figure2.

MDSC depletion at the onset of CIA decreased inflammatory response in CIA mice. Mice
were euthanized on day 35. DLNs were collected and single-cell suspensions were prepared.
(A) DLN cells were labeled with CFSE and cultured in 96-well round-bottom plate in the
presence of CllI (50 ug/ml) for 4 days. Anti-CD3/CD28 Abs were used as polyclonal
stimulation. Proliferation responses were measured by flow cytometry. (B) Cell proliferation
rates in response to anti-CD3/anti-CD28 mAbs and to Cll by DLN cells from ClI-
immunized mice treated with either anti-Gr-1 mAb or isotype control Ab were shown. Data
from three experiments were presented. (C) DLN cells from CII immunized mice treated
with either anti-Gr-1 mAb or isotype control were cultured in 96-well plate in the presence
of CII for 3 days. Supernatants were collected, and the concentration of IL-17A and IL-15
was measured by ELISA. Data from three experiments were presented. (D) Sera were
collected when mice were sacrificed, and the concentrations of IL-17A and IL-1p were
measured by ELISA. Results are summarized from data of 6 mice in each group and shown
as mean + SD; *p < 0.05 and **p < 0.01.
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Figure3.

[nflammation Cartilage destruction

MDSCs were proinflammatory and regulated Th17 differentiation. (A-G) Anti-Gr-1 Ab
treatment was started from day 26 after the initial immunization. (A) Clinical scores and
representative images of hind paws in CIA mice treated with anti-Gr-1 mAb or with isotype
control Ab. Arrows in red indicate the time when anti-Gr-1 mAb or control Ab was given.
(B) For histology assessment, mice were euthanized on day 42. Paraffin-embedded hind
paws sections were stained with H&E or Safranin-O/fast green. (C) Pathology scores on
hind paws sections. (D-G) Mice were euthanized on day 35. Draining lymph nodes (DLNSs)
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were collected, and single-cell suspension was prepared. (D—E) The frequency of Th17 cells
in DLNs was measured by flow cytometry. CD4* cells were gated. (F-G) Percentages of
Treg cells in DLN were measured by flow cytometry. (H-J) Treatments with anti-Gr-1 mAb
or isotype control Ab were started on day 35. (H) Clinical scores in CIA mice treated with
anti-Gr-1 mAb or isotype control Abs. Arrows in red indicate when anti-Gr-1 mAb or
control Ab treatments were given. (I) Histology assessment was carried out on mice
euthanized on day 49 after the initial ClI immunization. (J) Pathology scores on hind paws
sections are shown. Results are summarized from data of 6 mice in each group and shown as
mean = SD. **p < 0.01.
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Figure4.

The adoptive transfer of MDSCs into CIA mice treated with anti-Gr1-mAb restored arthritis
and Th17 cell response. (A—F) Mice were euthanized on day 49. (A) Clinical scores and
representative images of hind paws from CIA mice received anti-Gr-1 Abs or anti-Gr-1 Ab
followed by MDSC transfer. Blue arrows indicate the time when anti-Gr-1 treatments were
given. Red arrows indicate the time when MDSC transfer was carried out. (B) Paraffin-
embedded hind paws sections were stained with H&E or Safranin-O/fast green. (C)
Pathology scores on hind paws sections of mice treated with anti-Gr1-mAb with or without
MDSC transfer. (D) Cytokines of IL-17A and IL-1f were measured by ELISA on sera
obtained from mice sacrificed on day 49. (E) The frequencies of Th17 cells in CD4*DLN
from CIA mice received either anti-Gr-1 mAb or anti-Gr-1 mAb followed by MDSC
transfer were measured by flow cytometry. (F) Percentages of Th17 cells in DLNs gated in
CD4" cells. Results are summarized from data of 6 mice in each group and shown as mean *
SD. **p < 0.01.
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Figureb5.
MDSC promoted Th17 cell differentiation from naive CD4* T cells in an IL-1B-dependent

manner. (A) Mice were euthanized on day 35. Splenic cells stained with anti-CD11b and
anti-Gr-1 mAbs were sorted by flow cytometry. Sorted CD11b*Gr-1* were stained with
anti-CD3 mAb. (B) Cell lysates were prepared from CD11b*Gr-1* cells isolated from mice
with CIA or normal mice. IL-1[ concentrations in the lysates were determined by ELISA.
(C) Naive CD4*CD25-CD62L™" T cells from normal mice and CD11b*Gr-1*MDSCs from
CIA or normal mice were sorted by flow cytometry. Naive CD4*T cells were stimulated
with anti-CD3/anti-CD28 mAbs either in the presence or in the absence of
CD11b*Gr-1*MDSC. IL-1p concentrations in the culture supernatant were determined by
ELISA. (D) MDSCs derived from normal or CIA mice were co-cultured with naive CD4* T
cells in the presence of anti-CD3/CD28 Ab for 3 days with or without IL-1Ra (300 ng/ml).
The concentration of IL-17A in supernatant was measured by ELISA. The results represent
three independent experiments. Data are shown as mean + SD. *p < 0.05 and **p < 0.01.
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Figure®6.
MDSC and Th17 cells were expanded in rheumatoid arthritis (RA). The frequency of

CD14*HLA-DR™1°W MDSCs in PBMCs from RA patients (n = 15) and healthy individuals
(n = 15) was analyzed by flow cytometry. A representative experiment is shown in panel A.
The percentages of HLA-DR™19W cells gated in CD14* cells in PBMCs in these two
populations are shown in panel B. The frequency of Th17 cells in PBMCs from RA patients
or healthy individuals was analyzed by flow cytometry. A representative experiment is
shown in panel C. The percentages of Th17 cells in PBMCs from RA patients and healthy
individuals are shown in panel D. The correlation between MDSCs andTh17 cells in
PBMCs from RA patients is shown in panel E. The correlation between MDSCs andDAS28
in RA patients is shown in panel F. Single cells were prepared from the synovial tissues
from RA (n = 6) and OA (n = 6) patients. The frequency of CD14*HLA-DR™1°W MDSC in
these synovial cells was analyzed by flow cytometry. A representative experiment is
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presented in panel G. Percentages of CD14*HLA-DR™1°W cells in the synovial tissues of
RA and OA patients are presented in (H). **p < 0.01.
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