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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, mmunohistological 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*
MDSCs from active MS patients (purity > 95%) were cocultured with autologous CD4"CD25™ T cells (purity > 98%) with plate-bound anti-CD3 (1 pg/
ml) and anti-CD28 (1 pg/ml) for 72 h. Dot plots show CD4 versus CD25 on gated viable CD4" T cells. Representative results are shown of at least three
independent experiments. B, CFSE dilution of CD4* T cells, cultured as in A, in the absence (top panel) or presence (bottom panel) of MDSCs after 5 d of
coculture. Numbers indicate cell divisions. C, CD4" T cell counts after 5 d of stimulation in the presence or absence of MDSCs. The p value was calculated
using the 7 test. D, Culture supernatants were collected after 48 h and assessed for the presence of IL-2 by ELISA (mean = SD). **p = 0.0018, ¢ test. E,
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

added, as indicated. CD4" T cells were enumerated after 5 d of stimulation.

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,

The p values were calculated using the 7 test.

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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In Fig. 1B, there is no legend for the x-axis on the FACS plots. The legend for the x-axis is CD11b.
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