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Crucial Role of Granulocytic Myeloid-Derived Suppressor
Cells in the Regulation of Central Nervous System
Autoimmune Disease

Marianna Ioannou,*" Themis Alissafi,*" Iakovos Lazaridis,* George Deraos,®

John Matsoukas,§ Achille Gravanis,” Vasileios Mastorodemos,ﬂ Andreas Plaitakis,ﬂ
Arlene Sharpe,' Dimitrios Boumpas,*’ and Panayotis Verginis® '

There is a need in autoimmune diseases to uncover the mechanisms involved in the natural resolution of inflammation. In this
article, we demonstrate that granulocytic myeloid-derived suppressor cells (G-MDSCs) abundantly accumulate within the pe-
ripheral lymphoid compartments and target organs of mice with experimental autoimmune encephalomyelitis prior to disease
remission. In vivo transfer of G-MDSCs ameliorated experimental autoimmune encephalomyelitis, significantly decreased demy-
elination, and delayed disease onset through inhibition of encephalitogenic Thl and Th17 immune responses. Exposure of G-
MDSCs to the autoimmune milieu led to up-regulation of the programmed death 1 ligand that was required for the G-MDSC-
mediated suppressive function both in vitro and in vivo. Importantly, myeloid-derived suppressor cells were enriched in the
periphery of subjects with active multiple sclerosis and suppressed the activation and proliferation of autologous CD4" T cells
ex vivo. Collectively, this study revealed a pivotal role for myeloid-derived suppressor cells in the regulation of multiple sclerosis,

which could be exploited for therapeutic purposes. The Journal of Immunology, 2012, 188: 1136-1146.

e-establishment of immune homeostasis and self-tol-

erance remain unresolved issues in autoimmune inflam-

matory diseases. Multiple sclerosis (MS) is a chronic
inflammatory demyelinating disease of the CNS of unknown eti-
ology (1). Experimental autoimmune encephalomyelitis (EAE) is
a well-established animal model that resembles many facets of MS
(2) and is used as a tool to study pathogenic, as well as regulatory,
processes of the disease. EAE is characterized by periods of ex-
acerbation followed by remission, which mirrors disease course in
the majority of MS patients. Disease pathogenesis, progression,
and subsequent relapses have been attributed to myelin-reactive
Th1 and Th17 cells and their products (3-5). In contrast, several

*Laboratory of Autoimmunity and Inflammation, University of Crete, Medical
School, 71300 Heraklion, Greece; 'Institute of Molecular Biology and Biotechnology,
Foundation for Research and Technology, 71300 Heraklion, Greece; i[Depart-
ment of Pharmacology, University of Crete, Medical School, 71300 Heraklion, Greece;
§*Department of Chemistry, University of Patras, 26504 Patras, Greece; '”Department
of Neurology, University of Crete Medical School, 71003 Heraklion, Greece; and
"Departmem of Pathology, Harvard Medical School, Brigham & Women’s Hospital,
Boston, MA 02115

Received for publication June 20, 2011. Accepted for publication November 22,
2011.

This work was supported by grants from the European Union’s Six Framework (FP6)
Autocure project (to P.V. and D.B.) and the Ministry of Development Secretariat of
Research and Technology of Greece (Pythagoras I to D.B.). M. is supported by
a Bodossakis Foundation scholarship.

Address correspondence and reprint requests to Dr. Panayotis Verginis, Laboratory of
Autoimmunity and Inflammation, University of Crete Medical School, and Institute
of Molecular Biology and Biotechnology, Foundation for Research and Technology,
71300 Heraklion, Greece. E-mail address: verginis @imbb.forth.gr

The online version of this article contains supplemental material.

Abbreviations used in this article: 7AAD, 7-aminoactinomycin D; dLN, draining
lymph node; EAE, experimental autoimmune encephalomyelitis; G-MDSC, granu-
locytic myeloid-derived suppressor cell; LN, lymph node; MDSC, myeloid-derived
suppressor cell; M-MDSC, monocytic myeloid-derived suppressor cell; MOG, mye-
lin oligodendrocyte glycoprotein; MS, multiple sclerosis; PD-L, programmed death
ligand; PMN, polymorphonuclear cell; ROS, reactive oxygen species; WT, wild-type.

Copyright © 2012 by The American Association of Immunologists, Inc. 0022-1767/12/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1101816

mechanisms involving immune cells, such as CD4" regulatory
T cells (6) and type 1I monocytes (7) or neutrophils (8), as well as
immunosuppressive mediators, like IL-10 (9, 10), have been
proposed to regulate EAE both in vivo and in vitro. However, it is
poorly understood how inflammation is resolved, disease remits,
and, in particular, which immune cells are important for naturally
terminating the relapsing phase. Therefore, there is a need to
delineate such mechanisms to facilitate the design of more ef-
fective protocols for the re-establishment of tolerance and pre-
vention of autoimmune diseases of the CNS.

In recent years, myeloid-derived suppressor cells (MDSCs) have
received considerable attention because they potently perturb both
innate and adaptive immune responses (11). MDSCs consist of
a heterogenous population of myeloid precursors of macrophages,
dendritic cells, and granulocytes and are characterized by the
coexpression of Gr-1 and CD11b. They can be divided into cells
with monocytic or granulocytic morphology, defined as CD11b*
Ly6C*'Ly6G~ or CD11b*Ly6C"“Ly6G*, respectively (12-14).
Extensive studies established a prominent role for MDSCs in the
regulation of immune responses in mice during cancer (11, 15,
16), infections (15, 17), and transplantation (18-20); in humans,
MDSC accumulation at tumor sites downregulates antitumor im-
munity, promoting tumor surveillance and growth (21, 22). A va-
riety of mechanisms has been attributed to the MDSC-mediated
suppression of immune responses, ranging from cell-to-cell con-
tact to soluble mediators (23, 24). However, it is now appreciated
that cells of the myeloid lineage are characterized by increased
plasticity, and their functional polarization depends on the local
microenvironment (25).

Although the importance of MDSCs in antitumor immunity is
well defined, their role in the regulation of autoimmune pathology
is just emerging. MDSCs were shown to prevent murine type 1
diabetes (26) and to suppress inflammatory responses in the gut
(27), retina (28), and skin (29). The role of MDSCs remains
controversial in EAE. Circulating Ly6C* myeloid precursors were
shown to perpetuate disease upon migration to the CNS (30, 31),
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whereas other reports demonstrated a regulatory role for MDSCs
during EAE (32, 33). Although the increased immunosuppressive
properties of MDSCs could make them potential targets for
therapeutic intervention of autoimmunity, several questions re-
main to be addressed. For example, the subset of MDSCs, as well
as the precise mechanism exploited by these cells in the modu-
lation of an autoimmune response, is unclear. In addition, the
specialized microenvironment that might favor the MDSCs’
function needs to be determined. Finally, it remains elusive
whether MDSCs have any role in human autoimmune diseases.

In this study, we demonstrate a significant accumulation of
CD11bMLy6G*Ly6C ™ granulocytic MDSCs (G-MDSCs) in the
spleen of mice with EAE prior to disease resolution. Adoptive
transfer of G-MDSCs, isolated from the autoimmune environment,
potently suppress the development of EAE and inhibit the prim-
ing of autoantigen-specific Thl and Th17 cells. In addition,
G-MDSCs from myelin oligodendrocyte glycoprotein (MOG)-
immunized mice express high levels of the coinhibitory mole-
cule programmed death ligand (PD-L)1, which was required to
exert their function in vivo. Finally, we demonstrate for the first
time, to our knowledge, that MDSCs are significantly increased in
the peripheral blood of patients with active MS and are able to
suppress the activation and proliferation of autologous T cells
in vitro. Together, our data reveal a pivotal role for G-MDSCs in
the regulation of CNS autoimmune inflammation.

Materials and Methods
Mice

Female C57BL/6 (B6) mice (6-10 wk) were obtained from the specific
pathogen-free facility of the Institute of Molecular Biology and Biotech-
nology (Heraklion Crete, Greece).

PD-1"/" mice bred on a B6 background were a kind gift of Dr. Zhang
(Department of Orthopedic Surgery, University of Chicago, Chicago, IL).
PD-L1~’~ mice bred on a B6 background (34) were provided by Prof. A.
Sharpe (Department of Pathology, Harvard Medical School, Brigham &
Women’s Hospital). All procedures were in accordance to institutional
guidelines and were approved by the Greek Federal Veterinary Office.

Reagents

The following fluorescent-conjugated mAbs were used for analysis of
mouse cells. Ly6C (1G7.G10) was from Miltenyi Biotec, and Gr-1 (RB6-
8C5), CD80 (16-10A1), CD86 (PO3.1), CD40 (1C10), CD273 (PD-L2,
122), Foxp3 (FIK-16s), and IgG1k isotype control (P3) were from eBio-
science. CD11b (M1/70), CD3e (145-2C11), CD19 (1D3), CD274 (PD-L1,
M1HS), CD45R/B220 (RA3-6B2), CD4 (RM4-5), Ly6G (1A8), CD44
(Pgp-1, Ly24), I-A® (AF6-120.1), and CD25 (PC61) were from BD
Pharmingen.

The following mAbs were used for human cell phenotypes. CD15 (80OHS),
CD33 (D3HL60.251), CD14 (RM052), and CD25 (B1.49.9) were from
Beckman Coulter. HLA-DR (L.243, G46-6) and CD4 (RPA-T4) were from
BD Pharmingen. B7-H1 (PD-L1) (MIH1) was from eBioscience. Anti-human
PD-L1 mAb (IgG2b, 29E.2A3) was kindly provided by Prof. G. Freeman
(Department of Medicine, Harvard Medical School and Dana Farber Cancer
Institute, Boston, MA). Mouse I%GZb isotype control was from Sigma.

PE-conjugated MOGg3g_40/IA° (MHC class II)-specific tetramer and
hCLIP/IA” control tetramer were obtained from the National Institutes of
Heath tetramer facility.

Cell cultures were performed in DMEM or RPMI 1640, both supple-
mented with 10% FBS, penicillin (100 U/ml), streptomycin (100 wg/ml),
and 2-ME (5 X 107> M) all from Life Technologies (Carlsbad, CA).
Recombinant mouse IFN-y and IL-4 were purchased from PeproTech,
Escherichia coli LPS was from InvivoGen, and PMA was from Sigma-
Aldrich.

MOGs;s_ 55 peptide [MEVGWYRSPESRVVHLYRNGK] was synthe-
sized by the Department of Chemistry, University of Patras, and was pu-
rified to >95% by HPLC.

EAE induction and adoptive-transfer experiments

EAE was induced in mice by immunization with 100 wg MOGs;s_ss peptide
emulsified in CFA (Sigma) s.c. at the base of the tail and i.p. injections of
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200 ng pertussis toxin (Sigma) at the time of immunization and 48 h later.
For adoptive-transfer experiments, 7-aminoactinomycin D (7AAD) CD3~
CD19~ CD11b"MLy6G* (G-MDSCs) or Ly6G~ CD11b* (JAAD CD3~
CD197) cells were sorted (purity > 95%) from spleens of MOG/CFA-
immunized mice and transferred (2 X 10° cells) i.v. into syngeneic hosts
(two donors/one recipient), as indicated. In some experiments, sorted G-
MDSCs from PD-L1~/~ MOG/CFA-immunized mice were used. Mice
were monitored daily for clinical signs of disease. Clinical scores of EAE
were assessed as follows: 0, no disease; 1, limp tail; 2, hind limp weakness;
3, hind limb paralysis; 4, hind limb and forelimb paralysis; and 5, mori-
bund state.

Immunofluorescence and histology

Mice were deeply anesthetized with sodium pentobarbital (Dolethal, 0.7 ml/
kg, i.p.), perfused transcardially with heparinized saline solution for ~15
min, and then perfused with 4% paraformaldehyde, 15% picric acid, and
0.05% glutaraldehyde in phosphate buffer 0.1 M. Spinal cords of perfused
mice were collected and maintained in the same fixative overnight at 4°C.
Spinal cords were embedded in 2.5% agarose and stored at 4°C in 0.1 M
phosphate buffer. The samples were sectioned (45 pwm, longitudinally) in
a vibratome, and free-floating sections were processed for immunostaining
with anti-MBP 1:500 (ab980; Chemicon), anti-CD11b 1:100 (BD 55330),
or anti-Ly-6G 1:100 (BD 551459), followed by incubation with secondary
Abs (Alexa Fluor 488, 546, and 633; 1:1000 in TBST 0.1%). Then samples
were coverslipped with VECTASHIELD (Vector, H-1400) and visualized
using a confocal microscope. For MBP staining, sections were also
counterstained with Hoechst fluorescent dye. For histology, mice were
perfused with 10% neutral-buffered formalin. The spinal cords were dis-
sected out, fixed in the same fixative, and embedded in paraffin. Transverse
sections (67 wm) from cervical, thoracic, and lumbar regions were stained
with H&E for histological analysis using a Nikon Eclipse E800 micro-
scope.

Flow cytometry and cell sorting

Cells were stained for extracellular markers for 20 min at 4°C in PBS/5%
FCS. Intracellular Foxp3 staining was performed using the anti-mouse
Foxp3 staining set, according to the manufacturer’s protocol (eBio-
science). Dead cells were identified and excluded from all analyses by
7AAD (BD Pharmingen). For tetramer staining, lymph node (LN) cells
(2 X 10° cells) were incubated for 5 min with 10% mouse and rat sera
(Jackson ImmunoResearch Laboratories), followed by a 45-min staining
with 10 pg/ml tetramer at room temperature. mAbs and viability dyes were
subsequently added for 20 min on ice. Cells were acquired on a FACS-
Calibur (BD Biosciences) and analyzed using FlowJo software (Tree Star).
Cell sorting was performed using the high-speed cell sorter MoFlo (Dako).

T cell-proliferation assays and cytokine assessment

Draining inguinal LNs were harvested 9—10 d after immunization and
were cultured (6 X 10° cells/200 pl/well) in the presence or absence of
MOGs;s_ss peptide for 72 h. Cells were then pulsed with 1 wCi 3[H] thy-
midine (TRK120; Amersham Biosciences) for 18 h, and incorporated ra-
dioactivity was measured using a Beckman [ counter. Results are
expressed as stimulation index, which is defined as cpm in the presence of
Ag/cpm in the absence of Ag. Cytokines were assessed in culture super-
natants collected after 48 h of stimulation. Detection of IL-2, IFN-y (BD
OptEIA; BD Biosciences), and IL-17 (R&D Systems) was performed by
ELISA, following the manufacturer’s recommendations. Light absorbance
at 450 nm was measured using a Vmax plate reader (Bio-Rad). In other
experiments, inguinal LNs were dissected and analyzed by flow cytometry,
as indicated in the figure legends.

MS subjects

MS patients were recruited through the Neurology Department, University
Hospital of Heraklion (Crete, Greece). The disease’s diagnosis and clas-
sification were established by the clinical and magnetic resonance imag-
ing criteria of the International Panel on MS. Other autoimmune and/or
immune-mediated or infectious diseases of the CNS were sought out and
excluded by appropriate clinical and diagnostic evaluations. MS subjects
with active disease were those with acute or subacute neurologic symptoms
either due to the initial MS episode (disease onset) or to a subsequent
relapse, followed by improvement. In contrast, patients with relapsing-
remitting MS who were clinically stable and who had experienced no
clinical exacerbation for =6 mo prior to the time of the study were con-
sidered to be in remission. The Clinical Research Ethics Board at the
University Hospital of Crete (Heraklion, Crete) approved this study. In-
formed consent was obtained from all patients prior to sample collection.
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Human cell isolation from peripheral blood

Heparinized blood was collected from healthy subjects and MS patients,
and PBMCs were isolated on Histopaque-1077 (Sigma) density gradient.
MDSCs and CD4" T cells were analyzed by flow cytometry and sorted as
described. The Clinical Research Ethics Board at the University Hospital
of Crete (Heraklion, Crete) approved this study.

In vitro-suppression assay

Naive mouse CD4*CD25~ T cells (from B6 or PD1 ™/~ mice) were sorted
(purity > 99%) and were stimulated with 10 pg/ml plate-bound anti-CD3
(145-2C11; BD Pharmingen) and 1 pg/ml anti-CD28 (37.51; BD Phar-
mingen). Purified CD11b*Ly6G*" MDSCs (purity > 95%) were activated
with recombinant mouse IFN-y for 24 h and then added to the culture at
a 1:1 ratio. Proliferation was assessed by [*H]thymidine uptake.

Human CD4*CD25™ T cells were sorted (purity > 99%) from PBMCs,
labeled with CFSE (1 pM for 10 min at 37°C in labeling buffer-PBS/0.1%
BSA), and cocultured (2 X 10* cells/well) with sorted MDSCs (purity >
95%), at a 1:1 ratio, in the presence of 2 wg/ml plate bound anti-CD3
(OKT3; e-Bioscience) and 1 pg/ml anti-CD28 (CD28.2; e-Bioscience).
Proliferation of T cells was determined based on CFSE dilution by flow
cytometry. The levels of IL-2 in culture supernatants were measured after
48 h using a human cytokine ELISA kit (eBioscience).

Phenotypic analysis

Sorted G-MDSCs or Ly6G CD11b* (JAAD CD3 CD197) cells were
cultured (1.5 X 10° cells/ml) in the presence of recombinant mouse IFN-y
(20 ng/ml), LPS (1 pg/ml), or IL-4 (20 ng/ml) for 18-20 h. Cell surface
markers were assessed by flow cytometry. Nitrite quantification was assayed
using the Greiss reagent system (Promega), following the manufacturer’s
instructions. Bone marrow-derived macrophages generated in the presence
of L929 cell-conditioned medium containing M-CSF and activated with
LPS (1 pg/ml) for 12 h were used as a positive control. Cultured super-
natants were assessed for production of IL-10 and IL-12 by ELISA (BD
OptEIA; BD Biosciences). Arginase I production was determined by
Western blot analysis. Briefly, whole-cell lysates (40 g protein) were
subjected to SDS-PAGE electrophoresis on 10% gels and then transferred to
nitrocellulose membranes (Protran; Whatman). Membranes were blocked
with 5% milk in TBST and then incubated with anti-arginase I Ab (1:1000;
BD Biosciences), as well as anti—3-tubulin (1:2000; Sigma) as a loading
control. Detection was performed using HRP-conjugated anti-Ig (Sigma)
and chemiluminescent reagents (Supersignal Substrate; Pierce). Reactive
oxygen species (ROS) production was determined using the oxidation-
sensitive dye aminophenyl fluorescein (Cell Technology) by flow cytometry.

PBMC:s from healthy individuals or active MS patients were cultured in
the presence of recombinant human IFN-y (20 ng/ml; PeproTech) and
analyzed for PD-L1 expression.

Morphologic analysis

G-MDSCs or monocytic MDSCs (M-MDSCs), sorted from spleens of
MOG/CFA-immunized mice, or HLA-DR °“CD14-CD15*CD33" cells,
sorted from PBMCs of active MS patients, were collected on precoated
(poly-L-lysine) coverslips, fixed with methanol, and stained with May—
Grunwald and Giemsa dye for 5 and 10 min, respectively. Images were
obtained using the Nikon Eclipse ES800 microscope.

Preparation of CNS mononuclear cells

Spinal cords dissected from PBS-perfused mice and mononuclear cells were
isolated by passing the tissue through a cell strainer (70 pwm), followed by
a Percoll-gradient (70%/30%) centrifugation. Mononuclear cells were re-
moved from the interphase, washed, and resuspended in culture medium
for further analysis.

Statistics

The p values were derived using two-tailed Student ¢ tests, when indicated.
The Mann—Whitney U test was used for the statistical analysis of human
MDSC frequency. The nonparametric Wilcoxon signed-rank test was used
in the longitudinal analysis of MDSCs in MS patients. All analyses were
performed using Prism (GraphPad Software).

Results
Increased accumulation of G-MDSCs at the peripheral
lymphoid compartments of mice with EAE

We first determined the kinetics of CD11b*Gr1* MDSC expansion
and/or accumulation in the peripheral lymphoid organs during the

GRANULOCYTIC MDSCs REGULATE AUTOIMMUNITY

different phases of MOGs;s_ss-induced EAE (Fig. 1A). The fre-
quency of CD11b*Gr1* MDSCs (7TAAD CD3™ CD19 ") increased
during the asymptomatic phase and even more so at the onset of
disease, reached the maximum at the peak of EAE, prior to disease
remission, and contracted upon resolution of disease (Fig. 1B).
Among the two subsets of MDSCs, only granulocytic-like cells
(7AAD~CD3~CD19~ CD11bMLy6G Ly6C~ cells) closely fol-
lowed the kinetics of EAE, because their frequency (Fig. 1C) and
absolute numbers (Fig. 1D) gradually increased until disease peak
and declined at the recovery phase, reaching basal levels at disease
resolution. In contrast, the frequency (Fig. 1C) and absolute num-
bers (Fig. 1D) of 7AAD CD3 CD19 CD11b™Ly6C™ MDSCs
were not significantly altered during the course of EAE. Mor-
phological analysis of sorted JAAD CD3~CD19~CD11b™Ly6G*
MDSCs (G-MDSCs) from spleens of MOG/CFA-immunized
mice revealed ring-shaped multilobed nuclei, consistent with the
granulocytic origin of this MDSC subset, whereas 7AAD CD3 ™
CD19~CD11bMLy6C* MDSCs showed a monocytic morphology,
indicating that they were M-MDSCs (Fig. 1E). Notably, flow
cytometry analysis revealed increased frequency of G-MDSCs in
the spinal cord infiltrates isolated from mice during the peak of
EAE (Fig. 1F), as well as the draining cervical LNs (Supplemental
Fig. 1). Consistent with the flow cytometry data, immunofluo-
rescent analysis of spinal cords demonstrated specific localization
of CD11b"Ly6G* MDSCs among the inflammatory infiltrates
(Fig. 1G). Collectively, our data showed an increased accumula-
tion of G-MDSCs in CNS and enhanced recruitment of this subset
at lymphoid organs peaking prior to resolution of EAE. Together,
these findings raised the possibility of an MDSC-mediated role in
the resolution of the autoimmune response.

Adoptive transfer of G-MDSCs ameliorates MOG3s_ss-induced
EAE

To examine the ability of G-MDSCs to mediate disease remission,
we adoptively transferred purified G-MDSCs isolated from spleens
of MOG/CFA-immunized mice into recipient mice during the
course of EAE (Fig. 24). Ly6G~ CD11b" myeloid cells isolated
from the same mice were used as controls. Adoptive transfer of G-
MDSCs decreased the severity of EAE (Fig. 2B) compared with
either untreated group (**p = 0.0056 at day 14 after the antigenic
challenge) or Ly6G~ CD11b*-treated mice (**p = 0.0047 at day
14 after the antigenic challenge), as well as significantly delayed
disease onset (Fig. 2B, 2C). Disease amelioration in G-MDSC-
treated mice was accompanied with reduced inflammatory lesions
in the spinal cords (Fig. 2D) and diminished demyelination (Fig.
2E) compared with control groups. The few inflammatory foci
detected in G-MDSC-treated mice were mostly located at the
meningeal regions, with little or no parenchymal infiltration. Im-
portantly, immunofluorescent analysis showed increased accu-
mulation of CD11b*Ly6G*™ MDSCs at the inflammatory lesion in
the meningeal area of spinal cord of G-MDSC-treated mice,
whereas this was not the case in the other two groups of mice (Fig.
2F). Collectively, these results indicated that G-MDSCs potently
suppress the clinical and pathologic features of EAE.

G-MDSCs suppress the priming of MOG3;s_ss-specific Thl and
Thi7 cells in vivo

Because EAE is initiated and perpetuated by autoreactive Th1 and
Th17 cells, we further assessed whether in vivo transfer of G-
MDSCs could influence the priming of MOG-specific T cells in
the peripheral LNs. To address this, mice were adoptively trans-
ferred with G-MDSCs as described in Fig 2A; 9 d after the anti-
genic challenge, inguinal draining LNs (dLNs) were assessed for
MOGg;s_ss-specific T cell responses. We noted that G-MDSC
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FIGURE 1. Recruitment of granulocytic Ly6G* MDSCs in the peripheral lymphoid organs correlates with disease activity in EAE. A, MOG3s_ss-induced
EAE in C57BL/6 mice. Mean clinical score is shown (n = 7). Kinetics of CD11b*Gr1* MDSC (B) and G-MDSC (C) accumulation in the spleen of mice
during the different phases of EAE. Representative flow cytometric analysis indicates percentages of MDSCs. Gates were set on 7JAAD CD3 CD19 or
7AAD CD3~CDI19~CD11b" cells for B and C, respectively. D, Relative numbers of Ly6G* MDSCs and Ly6C* MDSCs/10° splenocytes during the
different phases of EAE (mean = SD of four mice/time point). E, Morphological analysis of G-MDSCs and M-MDSCs, sorted from spleens of MOG/CFA-
primed mice, using May—Grunwald—Giemsa staining. F, Frequency of G-MDSCs in the spinal cords of mice at the peak of EAE. Gates were set on 7AAD ™
CD3 CDI19" cells. Data are representative of four or five separate experiments. G, Immunofluorescence staining for CD11b (green) and Ly6G (red) in
spinal cord sections at disease peak (score 3, 5). Arrows show CD11b"Ly6G* infiltrating cells. Original magnification X40 and X60 1,65. Sections are

representative of three mice analyzed individually.

transfer resulted in decreased frequency (Fig. 3A) and significantly
reduced numbers (Fig. 3B) of MOGsg_4/IA®*CD3*CD4* T cells
compared with control untreated mice, indicating that G-MDSCs
suppressed the expansion of autoreactive T cells. This was con-
firmed upon ex vivo stimulation of dLLNs with MOG peptide; LNs
from G-MDSC-treated mice showed markedly reduced cell pro-
liferation and significant suppression of Th1- and Th-17-secreting
cytokines compared with the untreated control group (Fig. 3C).
Suppression of MOG-specific Thl and Th17 responses was ac-
companied by increased accumulation of G-MDSCs in the dLNs
of G-MDSC-injected mice compared with the control group (Fig.
3D). In contrast, no significant difference in the frequency of
CD4*Foxp3* regulatory T cells was observed (Fig. 3E). Collec-
tively, these results demonstrated the suppressogenic potential of
G-MDSCs against MOG-specific autoreactive T cells in vivo.

Phenotypic characterization of G-MDSCs in
MOG/CFA-immunized mice

Several mechanisms of suppression have been assigned to MDSCs
during cancer and infection (11, 35). However, it remains to be
determined how G-MDSCs exert their function in an autoimmune
setting. To address this, G-MDSCs were sorted from MOG/CFA-
immunized mice and treated for 24 h with LPS or IFN-y, two
well-known proinflammatory stimuli. Assessment of cytokines in
culture supernatants showed increased secretion of IL-10 upon
LPS or LPS/IFN-vy stimulation (Fig. 4A), whereas IL-12 was not
detected (Fig. 4B). In addition, neither NO (Fig. 4C) nor Arg-1
(Fig. 4D) could be detected in stimulated G-MDSCs, whereas
intracellular ROS accumulation was only observed upon PMA
treatment (Fig. 4E). In contrast, detailed cell surface phenotypic
analysis of untreated G-MDSCs revealed an increased expression
of the inhibitory molecule PD-L1 (Fig. 4F). Interestingly, treat-
ment with LPS caused a significant up-regulation of PD-L1 ex-
pression, which was even more robust in [IFN-y—treated G-MDSCs

(Fig. 4F). Enhanced expression of PD-L1 on G-MDSCs upon
treatment with IFN-y was specific, because expression of other
costimulatory/inhibitory markers, such as CD80, CD86, CD40,
and PD-L2, was not altered (Fig. 4F).

PD-L1 is required for G-MDSC-mediated suppression of EAE

PD-L1/PD-1 interactions were reported to deliver coinhibitory
signals leading to attenuation of T cell responses both in vitro and
in vivo (34, 36). To test the functional significance of the increased
PD-L1 expression observed in G-MDSCs, we first compared the
activation and proliferation of naive CD4*CD25 ™ T cells isolated
from wild-type (WT) versus PD-1 knockout (PD-1""") mice in
the presence or absence of IFN-y—treated G-MDSCs (Fig. 5A). To
this end, the presence of G-MDSCs significantly reduced the
frequency of CD4"CD44™ activated WT T cells, whereas the
activation of PD-1"/" T cells was not affected (Fig. 5B). More-
over, G-MDSCs significantly inhibited WT T cell proliferation,
whereas PD-1"'" T cells were resistant to G-MDSC-mediated
suppression (Fig. 5C). Overall, these data indicated that IFN-y—
exposed G-MDSCs suppressed T cell responses via the PD-1/PD-
L1 inhibitory pathway in vitro. To examine whether PD-L1 ex-
pression by G-MDSCs confers a dominant mechanism of EAE
suppression, we adoptively transferred G-MDSCs isolated from
MOG/CFA-immunized PD-L1~/~ mice into syngeneic recipients
during the course of EAE, as described in Fig. 2A. Deficiency of
PD-L1 on G-MDSCs abrogated their suppressive ability, because
the disease onset and severity were not significantly different
between treated and control mice (Fig. 5D). This finding corre-
lated with immunohistological analysis of the spinal cords of the
two groups of mice, for which a comparable degree of demye-
lination was observed (Fig. SE). Moreover, analysis of the dL.Ns of
PD-L1~'~ G-MDSC-treated mice showed a comparable fre-
quency of MOGsg_4o/IA®*CD3*CD4" effector T cells as in un-
treated mice (Fig. 5F). Collectively, these data provided direct
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FIGURE 2. Adoptive transfer of G-MDSCs suppresses the clinical course of EAE. A, G-MDSCs or Ly6G~CD11b"* cells were sorted from spleens of
MOG/CFA-immunized mice (purity > 95%) and adoptively transferred (2 X 10%mouse) into syngeneic MOG/CFA-treated recipients on days 4 and 7 after
antigenic challenge. B, Mean clinical score of EAE (= SD) in treated or control mice (n = 7 mice/group). C, EAE onset in indicated groups of mice (mean =
SD; p values were calculated using the ¢ test). D—F, Immunohistological analysis of spinal cords isolated from the indicated groups of mice 12-14 d after
antigenic challenge. D, H&E staining. E, MBP (green) and Hoechst (blue). F, CD11b (green), Ly6G (red), and two-color overlay (original magnification

X60). Results are representative of two or three independent experiments.

evidence for a PD-L1-dependent G-MDSC-mediated suppression
of the autoimmune response.

Human G-MDSCs from MS patients potently suppress the
activation and proliferation of autologous T cells in vitro

We next examined the presence of MDSCs in MS subjects in the
active phase of disease or during remission. Human MDSCs have
mainly been studied in cancer patients and are characterized as
HLA-DR "°“CD14~CD33*CD15" (37, 38). Flow cytometry
analysis revealed significantly increased frequency (Fig. 6A) and
numbers (Fig. 6B) of HLA-DR °“CD14~CD33*CD15* MDSCs
in the peripheral blood of patients with active MS compared with
patients in remission or healthy controls. A significant decrease in
MDSC numbers was also observed upon longitudinal analysis of
CD33*CD15" cells in seven active MS patients who achieved
remission (Fig. 6C). Similar to mouse G-MDSCs, morphologic
analysis of sorted HLA-DR™"*YCD14~CD33"CD15" cells from
active MS patients showed cells with a multilobed nucleus con-
sistent with a granulocytic phenotype (Fig. 6D). We next assessed
the ability of CD33"CD15* MDSCs to suppress the activation and
proliferation of stimulated autologous CD4*CD25™ cells. To this
end, sorted highly pure human MDSCs (CD33*CD15*HLA-DR "
CD14 ", purity > 95%) from active MS patients were cocultured
with autologous sorted CFSE-labeled CD4*CD25~ responder
T cells (purity > 98%) stimulated with anti-CD3/CD28. After
5 d of coculture, human MDSCs potently inhibited the activation
of responder T cells, as indicated by CD25 expression (Fig. 7A).

Importantly, although responder T cells underwent at least three
or four cell divisions (1st, 24.4%; 2nd, 7.52%; 3rd, 3.06), as
traced by the dilution of CFSE, the presence of MDSCs in the
culture caused a proliferation arrest of responder T cells to only
one or two cell divisions (1st, 15.4%; 2nd, 5.82%) after 5 d of
culture (Fig. 7B). MDSC-mediated suppression of T cell prolif-
eration was significant, as extrapolated by enumeration of the
CD4" T cells following the 5-d coculture (Fig. 7C). This was
further supported by a significant reduction in IL-2 secretion in
supernatants of MDSCs/CD4*CD25™ cocultures compared with
control cultures (Fig. 7D). The reduced CD25 expression and
T cell proliferation was not due to unspecific blocking effects of
the CD33"CD15" cells, because culture of T cells with autologous
CD14" monocytes increased T cell proliferation and CD25 ex-
pression (Supplemental Fig. 2). To examine whether PD-L1 was
expressed by the CD33"CD15* MDSCs, we performed flow cy-
tometry analysis on freshly purified PBMCs. Our data demon-
strated an increased expression of PD-L1 in CD33*CD15" cells
from MS patients compared with cells from healthy individuals
(Fig. 7E, left panel). Moreover, treatment of PBMCs from active
MS patients for 24 h resulted in up-regulation of PD-L1 (Fig. 7E,
right panel), suggesting that PD-L1 might be involved in MDSC-
mediated suppression. To address this, we set up coculture exper-
iments, as described above, in the presence or absence of blocking
anti-human PD-L1 mAb. A shown in Fig. 7F, blocking of PD-L1
was able to partially block the inhibitory potential of CD33"
CD15" cells but not completely restore the proliferative ability of
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FIGURE 3. G-MDSCs suppress myelin-specific Thl- and Th17-mediated immune responses in the draining LNs. A, MOG/CFA-immunized mice were
adoptively transferred with G-MDSCs, as in Fig. 2A. Inguinal LNs were isolated 9 d after the antigenic challenge and assayed for tetramer binding on

7AAD B220"CD8 CD3*CD4" cells. Staining with IAP-hCLIP tetramer on

LNs from MOG/CFA-immunized animals was performed and used as

a negative control. Numbers denotes frequency of CD4"CD3" cells (left panels) and MOG33,49/IAbJ'/CD4+ cells (right panel). B, Relative numbers of
MOGs5_40/IA*" cells/5 X 10> CD4* LNs (mean * SD; p value, ¢ test). C, LNs were restimulated in vitro with MOGss_ss (15 wg/ml) for 72 h, followed by

[*H]thymidine pulsing for 18 h. Incorporated thymidine was measured, and cell

proliferation is expressed as stimulation index (far left panel). Mean £ SD

of triplicate wells. ***p = 0.0002, ¢ test. Culture supernatants were collected after 48 h of culture and assessed for the presence of IL-2 (middle left panel),
IFN-y (middle right panel), and IL-17 (far right panel) by ELISA. *p = 0.01, **p = 0.002, ***p = 0.0003, ¢ test. D, Frequency of G-MDSCs in the dLNs of
treated and control mice. Gates were set as in Fig. 1C, and numbers represent percentages. E, Dot plots show percentages of CD4 Foxp3* (TAAD B220~

CD3") cells in the LNs of the two groups of mice. Data are derived from two
analyzed individually.

CD4"CD25™ autologous T cells. These results demonstrated that
PD-L1 expression by human CD33*CD15" MDSCs might be in-
volved in MDSC-mediated suppression and indicated that other
mediators have to participate, because blocking of PD-L.1 does not
fully restore human T cell proliferation. Overall, our results dem-
onstrated a significant enrichment of G-MDSCs in active MS patients
with a potent ability to suppress the activation and expansion of
autologous T cells.

Discussion

Resolution of inflammation during the course of an autoimmune
disease is governed by diverse and complex mechanisms likely
acting in concert. A comprehensive understanding of the cellular
and soluble mediators should facilitate the design of more spe-
cialized therapeutic protocols. In this article, we provide com-
pelling evidence for a pivotal role for granulocytic CD11b™Ly6G*
MDSCs (G-MDSCs) in the regulation of CNS autoimmune in-
flammation. Thus, in vivo transfer of highly purified G-MDSCs
ameliorated EAE, significantly reduced the expansion of autore-
active T cells in the dLNs, and constrained pathogenic Thl and
Th17 immune responses in a PD-L1/IFN-y—dependent fashion.
Importantly, our results demonstrate for the first time, to our
knowledge, an important role for G-MDSCs in patients with MS,

independent experiments with three or four mice/group. Each mouse was

because this subset was significantly increased in the periphery
during active disease and potently suppressed autologous T cell
proliferation in vitro. Together, these data highlight the potential
of G-MDSC:s to serve as a novel target for pharmacologic inter-
vention in autoimmune inflammatory diseases.

It is not clear whether the G-MDSCs described in this article
represent a subset of neutrophils or are undifferentiated myeloid
suppressor cells. G-MDSCs isolated from MOG/CFA-immunized
mice had a high side scatter profile and phenotypically displayed
features of neutrophils, such as multilobed nucleus and expression
of the typical marker Ly6G. Mounting evidence suggests that,
similar to macrophages, polymorphonuclear cells (PMNs) are
versatile cells and could acquire diverse functions depending upon
the microenvironment. Thus, in the malignancy setting, tumor-
associated neutrophils were polarized into either an antitumor-
igenic (N1) or a protumorigenic (N2) population, depending upon
the tumor milieu (39). Moreover, in a systemic inflammatory
model, two operationally different PMN populations were char-
acterized: PMN-I and PMN-II, which produced high levels of IL-
12 and IL-10, respectively (40). Similarly, in an infectious disease
setting, mycobacteria-exposed neutrophils secreted high levels of
IL-10, thus possessing anti-inflammatory properties (41). We
found that, in the autoimmune environment generated by the in-
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FIGURE 4. Phenotypic characterization of G-MDSCs isolated from MOG/CFA-immunized mice. Sorted G-MDSCs or Ly6G~ CD11b* cells from
spleens of MOG/CFA-primed mice were cultured in the presence of IFN-vy (20 ng/ml), LPS (1 pg/ml), or IL-4 (20 ng/ml) for 18-20 h, and supernatants
were assessed for IL-10 (A), IL-12 (B), and NO (C) production (mean = SD). When indicated, bone marrow-derived macrophages (BMDMs) were used as
positive controls. D, Western-blot analysis of arginase I (Arg I) expression in G-MDSCs isolated and treated as described above. Whole-cell lysate from
liver was used as a positive control. E, G-MDSCs, isolated as above, were stimulated for 1 h in the presence of IFN-y (20 ng/ml), LPS (1 pg/ml), or PMA (5
ng/ml), followed by addition of 10 wM aminophenyl fluorescein. Detection of intracellular ROS accumulation was determined by flow cytometry. Shaded,
solid, dashed, and dotted graphs represent untreated or IFN-y—, LPS-, or PMA-treated cells, respectively. Representative experiment from a total of three is
shown. F, Expression of the indicated cell surface molecules on G-MDSCs (JAAD CD3 CD19~CD11b", >95% purity) was performed by flow
cytometry. G-MDSCs were cultured for 24 h in the presence of IFN-y (20 ng/ml; solid line) or LPS (1 pg/ml; dashed line). Shaded graphs show isotype-
matched mAb-stained cells, and open graphs represent untreated cells. Data are representative of four independent experiments.

jection of a self-Ag in adjuvant, G-MDSCs secreted elevated
levels of IL-10 but not IL-12, a profile consistent with the PMN-II
regulatory cells characterized above. Irrespective of the differen-
tiation status of G-MDSCs in the autoimmune setting, our data
undoubtedly established a regulatory role for granulocytic “neu-
trophil”’-like myeloid cells in the resolution of autoimmune in-
flammation. Further phenotypic characterization of the regulatory
granulocytic cells and development of genetic approaches for the
specific depletion of the polarized PMN subsets are needed to
reassess their potential in the regulation of immune responses.
Our work provides evidence for a G-MDSC regulation of EAE
at the target tissue. Thus, upon adoptive transfer of G-MDSCs
in MOG/CFA-immunized mice, we observed reduced inflamma-
tion and demyelination in the spinal cord. This, in turn, correlated
with delayed disease onset and amelioration of clinical symptoms.
Importantly, we also observed an increased accumulation of
G-MDSCs at the meningeal lesions of spinal cord, suggesting that
G-MDSCs could exert their function at the peripheral lymphoid
organs, as well as at the target tissue. This is in agreement with
recent data demonstrating that MDSCs suppress preferentially at
the inflammatory site in a mouse model of prostate cancer (42). It
remains to be determined whether G-MDSCs within the spinal
cord during the natural course of the disease possess an inflam-
matory or anti-inflammatory role. The mechanism involved in
G-MDSC trafficking, migration, and specific localization is un-
known. One possibility is that proinflammatory cytokines, such as
IL-1B (43-45), and chemokines produced during the early infil-
tration of immune cells into the tissue could direct the extrava-

sation of G-MDSCs. Alternatively, products of Th1l and/or Th17
cells infiltrated into the CNS could mediate such a process. For
example, IL-17 was implicated in granulocyte recruitment during
inflammatory responses (46). Finally, T cell Ig and mucin domain
3 expressed on Thl cells was recently reported to facilitate G-
MDSC recruitment through binding to galectin-9 (32). Further
investigation of the molecules and/or growth factors involved in
the specific trafficking of G-MDSCs at inflammatory sites is
needed.

Although the function of MDSCs in a malignant disease envi-
ronment has been addressed (24), the mechanisms underlying their
suppressive activity in an autoimmune setting have not been ex-
plored. In our experiments, G-MDSCs isolated from MOG/CFA-
immunized mice and exposed to IFN-vy in vitro failed to express
NO, Arginase I, or ROS, which have been closely linked to
MDSC-mediated suppression of antitumor immunity. These find-
ings suggested that the autoimmune environment might induce
a novel regulatory signature on G-MDSCs. Indeed, further char-
acterization revealed a significant IFN-y—mediated up-regulation
of the inhibitory molecule PD-L1. Thus, adoptive transfer of PD-
L1-deficient G-MDSCs during the course of EAE failed to sup-
press disease pathology and to limit the expansion of encephali-
togenic T cells in the dLNs. Published data established a pivotal
role for the PD-1/PD-L1 pathway in the regulation of an auto-
immune response (47). Thus, PD-L1-deficient mice develop
greatly exacerbated EAE compared with control littermates,
which was associated with enhanced autoantigen-specific T cell
responses (34, 48). Our data extend those findings, because they
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FIGURE 5. G-MDSCs suppress EAE in a PD-L1-dependent fashion both in vitro and in vivo. A, Schematic representation of the in vitro G-MDSC-
mediated suppression assay. CD4"CD25~ T cells were sorted (purity > 99%) from spleens of naive WT or PD-1"'" mice and cultured (4 X 10%/well) in the
presence of plate-bound anti-CD3 (10 wg/ml) and anti-CD28 (1 pg/ml). Sorted G-MDSCs (purity > 95%) from spleens of MOG/CFA-immunized mice
were treated with IFN-vy for 24 h and added to the cultures at a 1:1 ratio. B, Dot plots show CD44 expression on CD4" T cells from the indicated groups.
Cells were analyzed 72 h after culture, and gates show percentages of CD4*CD44" cells (TAAD Ly6G~CD4"). C, Cells were pulsed with 1 wCi *[H]thy-
midine after 72 h of culture, and incorporated thymine was measured 18 h later. Cell proliferation is expressed in cpm (mean * SD of triplicate wells).
Data in B and C are representative of three independent experiments. D, Mean clinical score (= SD) of EAE in mice that were adoptively transferred with
PD-L17/~ G-MDSCs or untreated MOG/CFA immunized (control) mice (n = 6 mice/group). Cell transfer was performed as indicated in Fig. 2A. E,
Representative spinal cord sections from PD-L1~/~ G-MDSC—treated or control mice stained with Hoechst (white areas). Original magnification X60. F,
LNs from PD-L1~'~ G-MDSC-treated and control mice were isolated, as described in Fig. 3A, and analyzed by flow cytometry for MOGg 40/IA® tetramer
binding. Numbers show the frequency of MOGsg_4o/IA*"CD4* cells. Gates were set as in Fig. 3A. Data are representative of two independent experiments.
**p = 0.003, ¢ test.

point to a PD-L1-dependent G-MDSC-mediated regulation of
EAE. Furthermore, we did not detect expression of the other B7
family inhibitory molecule PD-L2 by G-MDSCs, indicating that
this receptor is not involved in the G-MDSC-mediated inhibition
of disease. This finding could explain the increased susceptibility
of PD-L17/ ~, but not PD-L27/7, mice in MOG-induced EAE (34,
49). In line with our G-MDSC phenotypic data, another study

demonstrated increased expression of PD-L1 in MDSCs isolated
from tumor-bearing mice; however, in this report, MDSC-
mediated suppression was independent of PD-L1 (14). The dis-
parity in these results could be explained by the increased plas-
ticity of the MDSC population and is consistent with the concept
that MDSC phenotype and function would greatly depend on the
microenvironmental milieu. It should be noted that, apart from
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FIGURE 7. CD33*CD15" MDSCs from active MS patients potently suppress the proliferation of autologous T cells in vitro. A, Sorted CD33*CD15*
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Representative graphs for PD-L1 expression on CD33*CD15" MDSCs from healthy individuals (dashed line) and active MS patients (solid line) (left panel)
or untreated (dashed line) and recombinant human IFN-y-treated (solid line; 20 ng/ml) MDSCs isolated from active MS patients (right panel). Shaded
graph represents isotype control Ab. Data are representative of four independent experiments. F, Autologous CD4*CD25™ T cells from active MS patients
were cocultured with CD33*CD15% MDSCs, as described in A. Blocking anti-human PD-L1 (10 wg/ml) or isotype mouse IgG2b control (10 pg/ml) was

—_—
PD-L1 PD-L1

added, as indicated. CD4" T cells were enumerated after 5 d of stimulation. The p values were calculated using the ¢ test.

PD-L1, G-MDSCs from MOG/CFA-immunized mice secreted sig-
nificant amounts of the immunosuppressive cytokine IL-10, indicat-
ing that several nonmutually exclusive mechanisms might contrib-
ute to the G-MDSC-mediated resolution of autoimmunity.

Our findings regarding the IFN-y—dependent up-regulation of
PD-L1 are of interest. Although IFN-y levels are abundant both in
the periphery and the target organ during the course of EAE and in
MS patients, its role in the clinical outcome of the disease in both
human and mice remains controversial (50-52). Our results sup-
port a regulatory role for IFN-vy in the effector phase of disease,
because up-regulation of PD-L1 expression by G-MDSCs was
greatly dependent on IFN-y. This is in agreement with studies
demonstrating that IFN-y enhanced the MDSC suppressive func-
tion (53-55) and that blocking of IFN-v totally reversed the in-
hibitory activity of G-MDSCs in a tumor mouse model (53). Our
data reconcile findings that demonstrated exacerbation of EAE in
IFN-y /" and IFN-yR '~ mice or during neutralization of this
cytokine (56—60). In humans, a clinical trial using IFN-y to treat
MS patients led to disease exacerbations (61); however, it was
later demonstrated that IFN-y could induce apoptosis in human
oligodendrocytes, thus precipitating the autoimmune response (62,

63). In this context and based on our findings, it is worth postu-
lating that exposure of G-MDSCs to IFN-vy during the course of
the disease leads to up-regulation of PD-L1 expression, which
might subsequently serve as a regulatory mechanism in control-
ling pathology and facilitating disease remission.

Promoting and establishing immune modulation could be a
beneficial therapeutic strategy in patients with MS. Our data dem-
onstrated that granulocytic CD33"CD15" MDSCs were signifi-
cantly enriched in the periphery of MS patients with active disease,
and, importantly, they inhibited the activation and proliferation of
autologous effector T cell in vitro. Consistent with the mouse data,
PD-L1 expression by human CD33*CD15" MDSCs was up-reg-
ulated in the presence of IFN-y; however, blocking of PD-L1 ex-
pression partially restored the proliferation of autologous T cells.
Further analysis of human MDSCs is required to delineate the
molecules that secrete or express under autoimmune inflammatory
conditions and to examine whether these molecules are involved
in the MDSC potent suppressive activity. Although our study in-
volved a relatively limited sample of MS patients, the results
obtained suggested that MDSC mobilization in the peripheral
blood is particularly robust at disease onset, raising the possibility
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that such mobilization may contribute to clinical recovery. Of
note, disease remission is more often complete after the initial
attack of the disease (MS onset) than after subsequent clinical
events (relapses). Because available treatments in MS are only
partially effective, development of new therapies that specifically
target the inflammatory autoimmune response is mandatory (64,
65).

Overall, our findings establish a critical role for G-MDSCs in
the regulation of MS and provide novel insights into the mecha-
nisms that limit inflammation during autoimmune diseases. Under-
standing the mechanisms that are involved in disease recovery may
provide important insights into aberrant pathways that account for
the chronic and progressive form of MS. The tolerogenic and immu-
nosuppressive properties of G-MDSCs demonstrated in this study
could be exploited for the development of more cell-specific—based
therapies in patients with autoimmune inflammatory diseases.
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