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Abstract Myeloid-derived suppressor cells (MDSCs) are
a heterogeneous population of cells involved in immune
regulation. This population subdivides into granulocytic
MDSCs and monocytic MDSCs, which regulate immune
responses via the production of various molecules includ-
ing reactive oxygen species, nitric oxide, arginase-1,
interleukin-10, and transforming growth factor-B. Most
studies of MDSCs focused on their role in tumors. MDSCs
protect tumor cells from immune responses, and thus the
frequency of MDSCs associates with poor prognosis. Many
recent studies reported an important role for MDSCs in
inflammatory diseases via the regulation of immune cells.
In addition, the utilization of MDSCs by infectious
pathogens suggests an immune evasion mechanism. Thus,
MDSCs are important immune regulators in inflammatory
diseases, as well as in tumors. This review focuses on the
role of MDSCs in the regulation of inflammation in non-
tumor settings.
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Introduction

Since myeloid-derived suppressor cells (MDSCs) were first
described in 1987 in a mouse model of lung cancer (Young
et al. 1987), they have been reported in almost all types of
murine tumor models and cancer patients. In recent years,
MDSCs have been implicated in a variety of inflammatory
immune responses, such as viral infections (Goh et al.
2013), non-neoplastic inflammation (Enioutina et al. 2011),
and autoimmunity (Cripps and Gorham 2011). MDSCs
elicit strong immunosuppressive effects by inhibiting T
cell-mediated inflammation and may therefore be a
therapeutic target for autoimmunity and transplantation.
MDSCs are a heterogeneous population of cells consisting
of myeloid lineage progenitors and immature myeloid
cells. In healthy individuals, these progenitors rapidly dif-
ferentiate into mature and functional granulocytes,
macrophages, and dendritic cells (DCs). In pathological
conditions, such as cancer, certain autoimmune diseases,
various infectious diseases, and bone marrow transplanta-
tion (BMT), MDSCs accumulate and are activated, which
suppresses innate and adaptive immune responses (Youn
and Gabrilovich 2010).

Most knowledge of MDSCs stems from cancer studies,
and this has already been addressed in several reviews
(Jiang et al. 2014; Markowitz et al. 2013; Ostrand-Rosen-
berg et al. 2012). Interest in the roles of MDSCs in
inflammatory diseases dramatically increased recently, and
this new information needs to be reviewed. This review
describes recent studies of MDSCs in non-neoplastic in-
flammatory conditions, such as autoimmunity, infection,
and transplantation, paying particular attention to the dis-
tributions of subpopulations of MDSCs in each condition.
This review also discusses the mechanisms underlying the
expansion and immunosuppressive functions of MDSCs as
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well as the therapeutic benefits for inflammatory diseases
and transplantation.

MDSCs
Phenotypes

MDSCs are broadly classified into two subgroups with
granulocytic and monocytic phenotypes. As the name
suggests, monocytic MDSCs (Mo-MDSCs) have a similar
appearance to that of monocytes in that they have a single,
large, spherical nucleus, while granulocytic MDSCs (Gr-
MDSCs) have multi-lobed nuclei resembling those of
polymorphonuclear (PMN) cells (Ostrand-Rosenberg
2010). These two types of MDSCs are distinguished by the
expression of surface markers and their distinct mechan-
isms of immunosuppression. In mice, Gr-MDSCs are
CD11b"Ly-6GLy6C" MDSCs, while Mo-MDSCs are
CD11b"Ly-6G~Ly6C"e" MDSCs (Youn and Gabrilovich
2010). In contrast to murine MDSCs, which are defined by
their expression of Gr-1 and CD11b, human MDSCs are
inadequately characterized owing to the lack of uniform
markers. CD34" MDSCs were first reported in patients
with head and neck cancer in 1995 (Pak et al. 1995);
however, the lack of clearly defined cell surface markers
for human MDSCs makes the study of such cells par-
ticularly challenging. Nevertheless, a well-organized
review of various subtypes of human MDSCs was pub-
lished (Wang et al. 2012). The surface markers of human
Mo-MDSCs and Gr-MDSCs are CD33"CDI11b*HLA-
DR"~CDI14*CD15Y~ and CD33"CDI11b"HLA-
DRY~CD14~CD15"CD66b™, respectively (Gantt et al.
2014). Gr-MDSCs appear to be predominant in cancer.
However, the relative importance of Mo-MDSCs and Gr-
MDSCs in other chronic diseases, including viral infections
and inflammatory diseases, is unclear (Gantt et al. 2014).

Immunosuppressive Mechanisms

MDSCs suppress immune responses through various me-
diators, including arginase-1, inducible nitric oxide synthase
(iNOS), and reactive oxygen species (ROS), and through the
manipulation of immune cell functions (Youn and Gabrilo-
vich 2010). These mediators function independently of, or
cooperatively with, each other and play a pivotal role in
suppressing host immune responses. This section describes
the immunosuppressive mechanism of MDSCs.

Arginase-1 and iNOS

Control of the L-arginine level by arginase-1 and iNOS is
an important mechanism underlying MDSC-mediated
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immune suppression. Arginase-1 and iNOS metabolize L-
arginine. Arginine starvation inhibits T cell proliferation
via decreasing CD3(-chain expression (Rodriguez et al.
2004) and preventing the expression of cell cycle regula-
tors such as cyclin D3 and Cdk4 (Rodriguez et al. 2007).
Gantt et al. (2014) reported that MDSCs might contribute
to feto-maternal tolerance and ineffective immune re-
sponses to various infections and vaccines during early
postnatal life. Arginase-mediated suppression of maternal
T cell responses significantly increases during human
pregnancy (Kropf et al. 2007). Of the MDSC subpopula-
tions, Gr-MDSCs, which produce a large amount of
arginase in humans (Popovic et al. 2007), are present in
large numbers in pregnant women and cord blood, and their
number decreases rapidly during infancy (Gervassi et al.
2014; Rieber et al. 2013).

During its metabolism by iNOS, L-arginine is converted
into citrulline and nitric oxide (NO), and the produced NO
suppresses T cell function via inhibiting Janus kinase and
signal transducer and activator of transcription (STAT) 3
signaling (Bingisser et al. 1998), reducing major histo-
compatibility complex (MHC) class I expression, and
inducing T cell apoptosis (Harari and Liao 2004). The
detailed mechanisms underlying these effects were previ-
ously reviewed (Gabrilovich and Nagaraj 2009).

ROS and Peroxynitrite

ROS, particularly hydrogen peroxide (H,O,), can act on
immature myeloid cells to reduce their ability to differen-
tiate into macrophages and DCs (Kusmartsev and
Gabrilovich 2003). Murine Gr-MDSCs are generally
thought to exert their immunosuppressive effects via ROS,
usually generated by NADPH oxidase, and Mo-MDSCs
produce NO via iNOS (Dietlin et al. 2007). It is expected
that murine Mo-MDSCs use iNOS and arginase-1, while
Gr-MDSCs use ROS and arginase-1. Unlike their mouse
counterparts, human Mo-MDSCs and Gr-MDSCs share the
same mechanism of suppression because they both sup-
press T cell proliferation and interferon (IFN)-y production
via ROS generated by NADPH oxidase (Corzo et al. 2009).
The generated ROS can modify proteins directly or in
combination with NO to generate peroxynitrite (Nagaraj
et al. 2007). Peroxynitrite is another important mediator of
MDSC-mediated suppression of T cell function (Gabrilo-
vich and Nagaraj 2009; Lu et al. 2011). NO induces the
free radical peroxynitrite, the most powerful oxidant in the
human body. Peroxynitrite induces nitration and nitrosy-
lation of the amino acids cysteine, methionine, tryptophan,
and tyrosine (Vickers et al. 1999). Peroxynitrite drives
apoptosis of antigen-specific T cells by nitrotyrosylating
key proteins, thereby preventing tyrosine phosphorylation
of proteins necessary for T cell activation (Brito et al.
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1999). Production of peroxynitrite by MDSCs via their
direct contact with T cells results in the nitration of T cell
receptor (TCR) and CD8 (Nagaraj et al. 2007). As a result,
structural changes in the TCR-CD3 complex reduce the
physical interaction between CD8 and TCR. Thereafter,
TCRs lose the ability to recognize specific antigens, and T
cell signaling is disturbed (Nagaraj et al. 2010). In addition,
high levels of peroxynitrite are associated with the pro-
gression of many types of cancer (Ekmekcioglu et al. 2000;
Kinnula et al. 2004; Nakamura et al. 2006), and this effect
is linked with T cell unresponsiveness.

Induction of Regulatory T Cells

MDSCs can induce forkhead box P3" T cells in vivo. In
mice bearing 1D8 ovarian tumors, MDSCs mediate the
expansion of regulatory T (Treg) cells through CD152, also
known as cytotoxic lymphocyte antigen 4, expressed on
Treg cells (Yang et al. 2006). In addition to the direct
interaction between MDSCs and Treg cells, MDSCs also
can induce the expansion of Treg cells through the pro-
duction of cytokines. Huang et al. (2006) reported that the
induction of Treg cells by MDSCs required the activation
of tumor-specific T cells and the presence of IFN-y and
interleukin (IL)-10, but was independent of NO production.
In a mouse model of lymphoma, MDSCs induced Treg cell
expansion via a mechanism that involved arginase-1 and
the capture, processing, and presentation of tumor-associ-
ated antigens, but which was independent of transforming
growth factor (TGF)-B (Serafini et al. 2008). By contrast,
Movahedi et al. (2008) showed that the Treg cell popula-
tion was maintained at a high level and was not related to
the kinetics of MDSC population expansion during tumor
growth. Thus, they could not find a significant correlation
between the frequencies of Treg cells and MDSCs in their
system (Movahedi et al. 2008). Furthermore, Dugast et al.
(2008) showed that MDSCs co-express CD80 and CD86
and that such cells slightly inhibit Treg cell expansion in a
rat kidney allograft tolerance model, although this inhibi-
tion is not as effective as MDSC inhibition of effector T
cells. Thus, MDSCs from different experimental systems
and disease conditions can have different effects on Treg
expansion. This is possibly due to the heterogeneity of
MDSC populations.

Regulation of T cell Activation

MDSCs can take up soluble antigens and process and
present these to T cells. Down-regulation of the TCR{
chain is critical for the inhibition of normal T cell function,
including their proliferation and IFN-y production
(Baniyash 2004). The blockade of MDSC-T cell interac-
tions using a specific anti-MHC-I antibody abrogates

MDSC-mediated inhibition of T cell responses in vitro and
in vivo (Gabrilovich et al. 2001; Kusmartsev et al. 2005).
MDSCs constitutively express ADAMI17 at their surface
and cleave L-selectin from T cells. As a result, T cells
cannot move to tumor-draining lymph nodes, where they
normally detect tumor antigens, and therefore cannot be
activated (Ostrand-Rosenberg 2010). Kim et al. (2011)
suggested a potential mechanism for IL-10- and IFN-y-
dependent regulation of CD8"' T cell function by MDSCs
via the interaction between programmed cell death-1 and
its ligand.

MDSCs can impair tumor immunity not only by sup-
pressing T cell activation but also by interacting with
macrophages to increase IL-10 production and decrease IL-
12 production, thereby promoting a tumor-promoting type
2 response (Sinha et al. 2007). Delano et al. (2007)
demonstrated that expansion of MDSCs in vivo contributed
to the induced Th2 polarization of antibody responses after
sepsis. Turnquist et al. reported that IL-33 administration
greatly increases the population of splenic MDSCs in
normal and transplanted mice and suggested that IL.-33
prolongs cardiac allograft survival by promoting Th2 re-
sponses (Turnquist et al. 2011).

Th17 cells are a distinct subset of CD4™ T cells, play an
important role in host defense against specific pathogens,
and potently induce autoimmunity and tissue inflammation
(Dong 2008). Similar to other T cells, there are contro-
versial findings regarding the effects of MDSCs on Th17
cells. Wang et al. (2015) reported that Th17 cell differen-
tiation was suppressed when CD4" T cells were co-
cultured with MDSCs in vitro and following adoptive
transfer of MDSCs into collagen-induced arthritis (CIA)
mice. By contrast, in the experimental autoimmune en-
cephalomyelitis (EAE) disease model, MDSCs promote
Th17 cell differentiation (Yi et al. 2012). These differing
effects of MDSCs on Th17 cells can be explained by the
fact that Mo-MDSCs were adoptively transferred into the
EAE disease model in the study by Yi et al. (2012),
whereas Gr-MDSCs were adoptively transferred into the
CIA disease model in the study by Wang et al. (2015).
Different subsets of MDSCs, such as Gr-MDSCs and Mo-
MDSCs, may inhibit inflammation via different mechan-
isms. Furthermore, the inflammatory responses differ
between EAE and CIA. However, evidence supporting
these hypotheses is lacking, and each subtype of MDSCs
must be further characterized.

Regulation of Natural Killer Cells and DCs
Natural killer (NK) cells are involved in the first line of
immune defense and play critical roles in antitumor im-

munity. MDSCs suppress NK cell function (Li et al. 2009;
Suzuki et al. 2005); therefore, it is important to understand
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NK cell-MDSC interactions. Li et al. (2009) showed that
down-regulation of NK cell function inversely correlated
with a marked increase in the population of MDSCs in the
liver and spleen of orthotopic liver cancer-bearing mice.
MDSCs inhibit cytotoxicity, NKG2D expression, and IFN-
v production of NK cells in vitro and in vivo via mem-
brane-bound TGF-B1 (Li et al. 2009). In another study, the
absence of invariant natural killer T (NKT) cells in mice
during influenza A virus (IAV) infection resulted in the
expansion of MDSCs, leading to a high TAV titer and in-
creased mortality (De Santo et al. 2008). However, there
are conflicting findings regarding the effect of MDSCs on
NK cell function in murine tumor models. Ko et al. (2009)
suggested that murine NKT cells facilitate the conversion
of immunosuppressive MDSCs into immunogenic antigen-
presenting cells (APCs), eliciting antitumor immunity and
providing the basis for alternative cell-based vaccines,
which indicates that MDSCs can be converted into in-
flammation-inducing cells under certain conditions.
Nausch et al. (2008) reported an unexpected activating role
of MDSCs on NK cells, which is possibly regulated
through STAT1 (Liu et al. 2007). To understand the effects
of MDSCs on NK cells and to apply this to the treatment of
various diseases, further work is required in humans. Only
one study examined NK cell-MDSC crosstalk in humans.
Hoechst et al. (2009) showed that NK cell function was
impaired in patients with hepatocellular carcinoma (HCC).
In an in vitro study, MDSCs impaired NK cell function,
and depletion of MDSCs from peripheral blood mononu-
clear cells (PBMCs) improved NK cell cytotoxic activity.
The increased population of MDSCs in HCC patients might
be one reason for their impaired NK cell function. Inter-
estingly, arginase-1, iNOS, and ROS do not mediate the
suppression of NK cells; rather, blockade of NKp30 can
partially reverse the inhibitory function of human MDSCs
on NK cells in vitro (Hoechst et al. 2009).

DCs are key initiators and regulators of immune re-
sponses. Interestingly, DCs and MDSCs have opposing
roles in the immune system (Torres-Aguilar et al. 2010).
Whereas activation of endogenous DC function suppresses
cancer progression, suppression of DC function is benefi-
cial in mouse models of autoimmunity and transplantation
(Pulendran et al. 2010). In contrast to DCs, MDSCs can
contribute to the expansion of cancer cells and help to
control autoimmune phenomena and transplantation re-
jection (Gabrilovich and Nagaraj 2009). The establishment
of a positive feedback loop between prostaglandin E2
(PGE2) and cyclooxygenase 2 in differentiating monocytes
is necessary and sufficient for the differentiation of DCs
toward Mo-MDSCs (Obermajer et al. 2011). In addition,
recent data showed that MDSCs can differentiate into
regulatory DCs in lung cancer (Zhong et al. 2014). Most
studies reported MDSC-NK <cell or MDSC-DC

@ Springer

interactions in cancer conditions, and the mechanism un-
derlying these interactions in inflammatory disease
conditions needs to be confirmed. It is suggested that hu-
man NK cells can be divided into tolerant NK cells,
cytotoxic NK cells, and regulatory NK cells based on their
function (Fu et al. 2014). Thus, the effects of MDSCs on
specific NK cell populations also need to be tested.

MDSCs in Autoimmunity

MDSC expansion is associated with autoimmunity and
inflammation. Given the immunosuppressive function of
MDSC:s, it is not surprising that recent studies identified an
important role for MDSCs in inflammatory diseases. In
in vitro experiments, MDSCs can inhibit T cells, typically
through the increased production of NO and induction of T
cell apoptosis. However, in vivo data are inconclusive. For
example, endogenous MDSCs appear to be ineffective at
mitigating autoimmune diseases and may even exacerbate
such diseases (King et al. 2009). By contrast, exogenous
MDSCs can limit autoimmunity in mouse models of in-
flammatory bowel disease (IBD) (Westendorf et al. 2006),
alopecia areata (Marhaba et al. 2007), and type 1 diabetes
(Yin et al. 2010). This section describes the latest studies
concerning MDSC functions in autoimmunity, both in
humans and mouse disease model systems, and discusses
their therapeutic benefits (Table 1).

MDSCs in Autoimmune Hepatitis

Autoimmune hepatitis (AIH) is a liver-specific autoim-
mune disease in which T cells expressing IFN-y
accumulate in liver portal tracts and liver parenchyma and
cause hepatocellular damage and liver necrosis (Krawitt
2006). Cripps et al. (2010) showed that Th1 cell accumu-
lation in BALB/c Tgfb! '~ mouse liver is accompanied by
the accumulation of MDSCs. TGF-B1-deficient mice
spontaneously develop an acute CD4% T cell-mediated
autoimmune liver disease (Rudner et al. 2003) that is de-
pendent on IFN-y (Gorham et al. 2001). MDSCs from
Tgfbl~'~ livers readily suppressed CD4" T cell prolif-
eration via NO, IFN-vy, and cell-cell contact. Moreover,
this inhibition was specifically associated with Mo-
MDSCs, and IFN-y had an important role in the develop-
ment of the Mo-MDSC population (Cripps et al. 2010).
The authors suggested that Thl cells, via their release of
IFN-vy, drive the accumulation of a regulatory myeloid cell
population to the site of inflammation. Although the exis-
tence of MDSCs in AIH patients has yet to be
demonstrated, CD11b" cells are accumulated in liver
biopsies of such patients (Senaldi et al. 1992).
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Table 1 Summary of suppressive mediators and cellular targets of MDSCs in inflammatory diseases

Human disease

Origin (model)

Suppressive mediators and cellular targets References

(major subtype in this disease)

Autoimmune hepatitis

Rheumatoid arthritis

Asthma

Inflammatory bowel disease

Multiple sclerosis

AA

Intraocular inflammatory
disease

Type I diabetes

Systemic lupus erythematosus
HCV infection

HIV infection

Adenovirus infection
LPS and IFN-y

Burn injury

Human (liver biopsy)
Mouse (BALB/c Tgfbl~'™)

Mouse (CIA and AIA)

Mouse (CIA)

Human (blood)

Mouse (proteoglycan-induced
arthritis)

Human (synovial fluid)
Mouse (SKG)

Mouse (CIA)

Human and mouse
Mouse (OVA-induced)
Mouse (AIA)

Mouse (MyD88~'7)

Mouse (VILLIN-HA)
Mouse (VILLIN-HA)
Mouse (TNBS)
Mouse (DSS)

Mouse (TNBS)

Mouse (IL-107/7)
Mouse (EAE)

Mouse (EAE)

Mouse (EAE)

Mouse (TMEYV infection)
Mouse (AA)

Mouse (EAU)

Mouse (T1D)

Mouse (T1D)

Mouse (MRL-Fas lpr)
Human

Mouse

Human
Human
Human
Mouse (C57BL/6)
Mouse (C57BL/6)

Mouse

Undetermined (CD11b*)

NO, IFN-v, and cell—cell contact T

(Mo-MDSCs)

Pro-inflammatory cytokines (TNF-a,
IL-6, IL-17, and IL-10) | Th17 cells
and macrophages | (CD11b*Gr-17)

IFN-y, IL-2, TNF-0, and IL-6 | IL-10

(CD11b*Gr-11)
Arg-1 1 Th17 cells |

NO and ROS 1 DCs | (Gr-MDSCs)

Undetermined (Gr-MDSCs)
NO T (Mo-MDSCs)

Thl and Th17 cells | (Gr-MDSCs)

IL-10 1 IL-12 |

IL-4 and OVA-specific IgE | TGF-B1 1

Arg-1 via EP4/cAMP/PKA/CREB
pathway T (Gr-MDSCs)

Arg-1 and IL-10 T DCs and Th2 cells |

(CD11b*Gr1™™F4/80™)
NO and Arg-1 1
NO and ROS 1 (Mo-MDSCs)

MPO activity 1 IL-6 | (Gr-MDSCs)

Undetermined

Pro-inflammatory cytokines (TNF, IL-17,

and IFN-y) |
IFN-y |
NO 7 (Mo-MDSCs)
CCR2-dependent (Mo-MDSCs)
NO 7 (Mo-MDSCs)

IFN-y and IL-17 | IL-10 7 (Mo-MDSCs)

NO 1

TNF receptor-dependent (Mo-MDSCs)

Undetermined

Undetermined

CCL2/CCR2-dependent Arg-1 1

Arg-11

IL-1pB-dependent NK cells |
(Mo-MDSCs)

Undetermined

Arg-1 (Mo-MDSCs) 1
Undetermined (Gr-MDSCs)
ROS 1 NK cells | (Gr-MDSCs)
NO 1 DCs |

Undetermined

Senaldi et al. (1992)
Cripps et al. (2010)

Zhang et al. (2014)

Fujii et al. (2013)

Jiao et al. (2013)
Egelston et al. (2012)

Kurko et al. (2014)
Charles et al. (2012)
Wang et al. (2015)
Zhang et al. (2013)
Song et al. (2014)
Shi et al. (2014)

Arora et al. (2010, 2011)

Haile et al. (2008)
Haile et al. (2010)

Su et al. (2013)

Zhang et al. (2011a, b)
Guan et al. (2013)

Singh et al. (2012)

Zhu et al. (2007)
Mildner et al. (2009)
King et al. (2009)
Bowen and Olson (2009)
Marhaba et al. (2007)
Kerr et al. (2008)

Yin et al. (2010)
Drujont et al. (2014)
Iwata et al. (2010)
Cai et al. (2013)
Elkabets et al. (2010)

Macatangay et al. (2012)
Qin et al. (2013)
Vollbrecht et al. (2012)
Zhu et al. (2012)
Greifenberg et al. (2009)

Noel et al. (2005, 2007);
Schwacha et al. (2010)
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Table 1 continued

Human disease Origin (model)

Suppressive mediators and cellular targets References
(major subtype in this disease)

Bacterial and fungal infection Mouse (pneumonia)

Mouse (burn wound)
Mouse (Candida albicans)

STATI-dependent (CD11b"Gr1™™F4/

Undetermined
IFN-y | (Gr-MDSCs)

(Poe et al. (2013)

80™)

Kobayashi et al. (2008)
Mencacci et al. (2002)

AA alopecia areata, AIA antigen-induced arthritis, APC antigen-presenting cell, Arg-/ arginase-1, CIA collagen-induced arthritis, DC dendritic
cell, EAE experimental autoimmune encephalomyelitis, Gr-MDSC granulocytic myeloid-derived suppressor cells, HCV hepatitis C virus, HIV
human immunodeficiency virus, IFN interferon, IL interleukin, LPS lipopolysaccharide, MDSC myeloid-derived suppressor cells, Mo-MDSC
monocytic myeloid-derived suppressor cells, NK natural killer, NO nitric oxide, OVA ovalbumin, ROS reactive oxygen species, STAT] signal
transducer and activator of transcription 1, TCR T cell receptor, TGF transforming growth factor, TMEV Theiler’s murine encephalomyelitis
virus, TNBS trinitrobenzene sulfonic acid, TNF tumor necrosis factor, 71D type I diabetes

MDSCs in Arthritis

Rheumatoid arthritis (RA) is a common systemic autoim-
mune disease that is mainly characterized by inflammation
of the joints (Smolen and Aletaha 2015). Recent evidence
supports a role for MDSCs in RA (Zhang et al. 2014).
MDSCs block joint inflammation and histological damage
in CIA and antigen-induced arthritis models. In these
models, MDSCs significantly reduce the clinical score of
arthritis and alleviate joint inflammation and histological
damage compared with levels in PBS-treated control
groups. The transfer of MDSCs down-regulated the levels
of pro-inflammatory cytokines (tumor necrosis factor
(TNF)-a, IL-6, IL-17, and IL-10) in serum and joints, ac-
companied by significant reductions in Thl7 cells and
macrophages in draining lymph nodes and joint tissues
(Zhang et al. 2014). Fujii et al. (2013) clarified that MDSCs
play crucial roles in the regulation of the pro-inflammatory
immune response in the CIA mouse model. MDSCs ac-
cumulated in the spleen when the arthritis severity peaked
and inhibited the proliferation of CD4™ T cells and their
differentiation into Th17 cells in vitro. Moreover, intra-
venous transfer of spleen-derived MDSCs was followed by
a decrease in the number of CD4" T cells and a reduction
in the arthritis severity in recipient mice. Conversely,
in vivo depletion of MDSCs prevented the spontaneous
resolution of joint inflammation (Fujii et al. 2013). While
observations of MDSCs in human arthritis are lacking, Jiao
et al. (2013) reported that an increased level of circulating
MDSCs negatively correlated with the number of Th17
cells in patients with RA. Unfortunately, in that study,
MDSC-like cells were only defined by surface marker
expression, and the suppressor activity of these cells to-
ward T cells was not tested.

Egelston et al. (2012) identified a MDSC-like population
among synovial fluid (SF) cells from the joints of mice
with proteoglycan-induced arthritis. SF cells from
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proteoglycan-induced arthritis mice significantly sup-
pressed the maturation of DCs upon co-culture. These SF
cells exhibited all the characteristics of MDSCs and ex-
erted suppression primarily through the production of NO
and ROS, which are usually produced by Gr-MDSCs.
Importantly, SF cells also exhibited a profound suppressive
effect on the DC- and antigen-dependent proliferation of
proteoglycan-specific T cells, and this effect was main-
tained after the depletion of monocytic cells from the SF
cell population. Gr-MDSCs-defined cells in the SF cell
population have the potential to limit the expansion of
autoreactive T cells, thereby breaking the vicious cycle of
autoimmunity and inflammation (Egelston et al. 2012). A
pilot study revealed that MDSCs are also present in the SF
of RA patients (Kurko et al. 2014). Similar to SF cells
collected from mice, SF cells from RA patients sig-
nificantly suppressed anti-CD3/CD28 antibody-induced
proliferation of autologous T cells. However, unlike mouse
SF cells, human SF MDSCs can also significantly inhibit
the vigorous proliferation of anti-CD3/CD28 antibody-s-
timulated T cells. These observations suggest that SF
MDSCs are non-selective suppressors of T cell expansion
and that they can limit the expansion of joint-infiltrating T
cells in RA. Although further studies are needed to inves-
tigate the suppressive mechanism of SF cells in RA, the
concentration of nitrite (formed from NO) is reportedly
elevated in the SF of RA patients (Farrell et al. 1992). This
strongly suggests that NO production is one mechanism via
which SF MDSCs suppress T cell proliferation. SKG mice
are BALB/c mice with a spontaneously arising point mu-
tation in ZAP-70, leading to abnormal T cell selection and
function (Sakaguchi et al. 2003). Charles et al. (2012)
identified a Mo-MDSC-like bone marrow population with
osteoclast precursor (OCP) activity in this mouse model.
These cells diminished inflammatory arthritis in vivo and
suppressed CD4" and CD8" T cell proliferation in vitro
through the production of NO, similar to Mo-MDSCs
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(Charles et al. 2012). The authors discussed that the OCP
population could suppress T cell proliferation in vitro, but
these cells did not show osteoclastogenic potential. Thus,
while the OCP population has a MDSC function, not all
MDSCs are OCPs. These studies show that it is important
to precisely characterize each MDSC subpopulation (Gr-
MDSCs and Mo-MDSCs) and understand their immuno-
suppressive mechanism. Recently, the role of MDSC
subpopulations in the pathogenesis of autoimmune arthritis
was characterized in the CIA mouse model. During CIA,
the population of mononuclear MDSCs increased in asso-
ciation with the severity of joint inflammation, while the
population of PMN-MDSCs (identical to Gr-MDSCs ac-
cording to the defined markers used in this study)
decreased (Charles et al. 2012). Interestingly, PMN-
MDSCs suppressed polyclonal T cell proliferation more
potently than mononuclear MDSCs in vitro. Moreover, the
adoptive transfer of PMN-MDSCs, but not of mononuclear
MDSCs, decreased joint inflammation, accompanied by
reduced serum cytokine secretion and reduced frequencies
of Thl and Th17 cells in draining lymph nodes. Based on
their data, Wang et al. (2015) suggested that the shift be-
tween PMN-MDSCs and mononuclear MDSCs during the
induction of CIA could influence the severity of joint in-
flammation. To apply MDSCs in clinical practice, the
functional features of both subpopulations need to be elu-
cidated, and the migration and plasticity of these cells need
to be characterized.

Asthma

Asthma is caused by an imbalance of Th1/Th2 cells, and
Th2 cells recruit other immune cells to the lungs and in-
duce allergic airway inflammation (Hamid and Tulic 2009).
Th2 cells induce reversible airway obstruction and airway
hyper-responsiveness (Djukanovic et al. 1990), and
MDSCs have a suppressive function in Th2-dominant al-
lergic inflammation (Deshane et al. 2011). Th2 cytokine
production by helper T lymphocytes plays important roles
in the pathogenesis of asthma (Barnes 2001). MDSCs
produce large amounts of IL-10 and thereby reduce the
level of IL-12 during severe inflammation (Bunt et al.
2009). Zhang et al. (2013) examined the levels of MDSCs,
IL-10, and IL-12 in children and mice, and reported that
MDSC accumulation positively correlates with the level of
IL-10 and negatively correlates with that of IL-12 during
the onset and development of asthma. They suggested that
the interaction between MDSCs and macrophages sig-
nificantly increases the level of IL-10 and significantly
decreases the level of IL-12, which promotes the devel-
opment of chronic inflammation seen in asthma. However,
the underlying mechanisms are unknown. TGF-B1 may be
critical to understanding the mechanism via which MDSCs

act in asthma. Song et al. (2014) reported that tumor-
derived MDSC:s shift the balance back to normal in a Th2-
dominant asthmatic environment. In an ovalbumin (OVA)-
induced asthma mouse model, injected tumor-derived
MDSCs were recruited to the lungs and suppressed the
infiltration of inflammatory cells, and levels of the Th2
cytokine IL-4 and OV A-specific IgE. However, the level of
TGF-B1 increased, and anti-TGF-f1 antibody treatment
abolished the inhibitory effects of MDSCs. This suggests
that tumor-derived MDSCs inhibit the Th2 cell-mediated
response to allergens in a TGF-B1-dependent manner
(Song et al. 2014). TGF-B1 appears to suppress a wide
variety of inflammatory responses in vivo (Christ et al.
1994; Shull et al. 1992).

Similar to arthritis, a MDSC subpopulation can regulate
inflammatory responses to asthma via known mechanisms.
Shi et al. (2014) showed that the population of PMN-
MDSCs dramatically reduces in aspirin-treated/COX-1-
deficient mice and in patients with asthma, which corre-
lates with the arginase activity in PMN-MDSCs. They
further demonstrated that COX-1-derived PGE2 governs
arginase-1 expression predominantly through an EP4/
cAMP/PKA/CREB pathway in bone marrow-derived
PMN-MDSCs (Shi et al. 2014), which are analogous to
bone marrow-derived macrophages (Modolell et al. 1995).
Lipopolysaccharide (LPS) was recently shown to induce
the expansion of CD11b"Gr1™F4/80" immature myeloid
cells in patients with allergic airway inflammation (Arora
et al. 2011). This is extremely interesting because LPS
associates with protection from allergic diseases, such as
asthma, in humans (Rodriguez et al. 2003). These cells
alleviate asthma by suppressing the DC-mediated reaction
of primed Th2 cells (Arora et al. 2010), suggesting a po-
tential protective effect of MDSCs in the development of
asthma.

MDSCs in IBD

IBD encompasses several diseases, including Crohn’s dis-
ease and ulcerative colitis, and many studies reported a
relationship between MDSCs and IBD in humans and ex-
perimental mouse model systems (Ostanin and
Bhattacharya 2013). IBD can be induced in transgenic mice
harboring enterocyte-specific expression of hemagglutinin
(HA) after a single adoptive transfer of HA-specific CD8"
T cells (CL4-TCR) (Fagundes et al. 2007). Haile et al.
(2008) described the development of an MDSC population
in this model. Interestingly, two transfers of CL4-TCR
cells, separated by an interval of 12 days, rendered mice
tolerant to enterocolitis at a third CL4-TCR cell adoptive
transfer. Three CL4-TCR transfers caused a substantial
induction of MDSCs in both the spleen and intestine, and
these MDSCs suppressed CD8™ T cell proliferation ex vivo
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via NO production. Peripheral blood from IBD patients
exhibited an increased frequency of cell populations with a
surface phenotype (CD14THLA-DR %) suggestive of a
MDSC population (Haile et al. 2008). This research group
recently showed that the adhesion protein CD49d is ex-
pressed specifically on Mo-MDSCs in the mouse
enterocyte-HA model system and in murine cancer models
(Haile et al. 2010). While Haile et al. (2008) suggested that
Mo-MDSCs function as immune suppressors in IBD, Su
et al. (2013) recently evaluated the therapeutic efficacy of
Gr-MDSC subsets transplanted from normal mice into
mice with colitis. After this transplantation, recipient mice
showed an increased survival rate and decreased injury
scores, myeloperoxidase activities, and IL-6 levels (Su
et al. 2013).

Dextran sulfate sodium (DSS) is commonly used to
chemically induce acute intestinal inflammation in rodent
IBD models. DSS-induced colitis is characterized by
weight loss, bloody diarrhea, epithelial cell damage, and
immune cell infiltration. In this model, the population of
spleen MDSCs is significantly increased, and this corre-
lates with the severity of intestinal inflammation (Zhang
et al. 2011a). Adoptive transfer of MDSCs in such models
reduced inflammation and promoted efficient colonic mu-
cosal healing (Zhang et al. 2011b). Trinitrobenzene
sulfonic acid (TNBS) can also induce murine colitis as a
common animal model of human Crohn’s disease. Guan
et al. (2013) identified subsets of MDSCs and showed that
adoptive transfer of MDSCs isolated from mice with colitis
could significantly suppress TNBS-induced intestinal in-
flammation and down-regulate cytokine production (IL-17,
TNF, and IFN-y) in colon tissue.

As mentioned above, MDSCs are induced by strong
oxidizing agents such as H,O,, NO, and peroxynitrite.
Therefore, it is expected that antioxidants can control the
expansion of MDSCs. Resveratrol is a natural phenol and
exhibits strong anti-inflammatory properties in various
autoimmune diseases (Birrell et al. 2005; Elmali et al.
2005; Singh et al. 2007, 2010). Singh et al. (2012) showed
that resveratrol-induced immunosuppressive CD11b*Gr-
1" cells that express arginase-1, which correlated with
reduced colitis severity, reduced the percentage of acti-
vated T cells in colitis.

MDSCs in Multiple Sclerosis

EAE is a commonly used mouse model of multiple scle-
rosis (MS), a T cell-mediated autoimmune inflammatory
disease of the central nervous system (CNS) (Roder and
Hickey 1996). Immunization of susceptible mice with
myelin proteins can induce EAE. Myelin-specific T cells
are activated in the periphery and migrate into the CNS,
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where they cause demyelination and CNS damage (Crox-
ford et al. 2011). T cell inflammation in the CNS is
accompanied by the recruitment of myeloid cells from the
periphery, and recent studies reported a role for MDSCs in
MS. Zhu et al. (2007) showed that CD11b" cells accu-
mulated in the blood, spleen, and CNS of mice following
the induction of EAE, and Mo-MDSCs isolated from the
spleen potently suppressed the proliferation of CD41 T
cells and CD8™ T cells ex vivo. Mo-MDSCs induced T cell
apoptosis via NO production. Although the kinetics of Mo-
MDSC accumulation positively correlated with the mouse
clinical score/disease severity of EAE in this study, they
did not directly address the specific role of Mo-MDSCs
in vivo (Zhu et al. 2007). Indeed, other studies suggest that
MDSCs contribute to CNS damage.

Mice deficient in CCR2 exhibit reduced accumulation of
myeloid cells in inflamed tissue and develop less severe
EAE (Gaupp et al. 2003). Mildner et al. (2009) demon-
strated that CCR2 expression in myeloid cells is
particularly important for maximum EAE pathology. In
this study, decreased pathology was associated with a re-
duction in the accumulation of CDIIb™Ly-6C™
monocytes, similar to Mo-MDSCs, in the CNS, suggesting
that these cells are pathologic effectors of MS (Mildner
et al. 2009). King et al. (2009) reported that CD11b*Ly-
6C" cells accumulate in blood and the CNS prior to and
during the onset of flares of EAE in a model of remitting/
relapsing murine EAE. An interesting finding of this study
that should not be overlooked is that the transit of the
MDSC subset from the blood into the CNS associated with
a 1000-fold increase in the expression of iNOS mRNA
(King et al. 2009). EAE can also be induced in susceptible
mouse strains at 3 weeks after infection of Theiler’s mur-
ine encephalomyelitis virus (TMEV), a natural mouse
pathogen that results in demyelinating disease (Olson et al.
2001). In this model system, MDSCs infiltrated the CNS at
an early stage of MS and treatment with an anti-Grl or
anti-Ly-6C monoclonal antibody reduced EAE pathology.
Interestingly, the depletion of CD11b*Ly-6C™ cells in-
creased expression of inflammatory cytokines in the CNS
and significantly increased TMEV-specific T cell re-
sponses. These observations indicate that MDSCs have
multiple roles as organ-specific effectors in EAE, per-
forming both pro-inflammatory and anti-inflammatory
functions.

Others

Interestingly, over 15 years ago, Mclntosh and Drachman
(1999) described a population of large suppressive mac-
rophages (LSMs) in a mouse model of myasthenia gravis, a
neuromuscular disorder in which antibodies specific for the
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acetylcholine receptor at neuromuscular junctions lead to
weakness and fatigability of skeletal muscle. Ex vivo,
LSMs induced apoptosis of activated T cells (McIntosh and
Drachman 1999). Marhaba et al. (2007) reported that
MDSCs can be induced in a mouse model of the autoim-
mune disease alopecia areata, in which inflammatory
immune pathology leads to hair loss. These MDSCs in-
hibited T cell proliferation in vitro and, following their
in vivo application, partially restored hair growth (Marhaba
et al. 2007). MDSCs were also described in a mouse model
of experimental autoimmune uveoretinitis (EAU), an au-
toimmune inflammatory disease of the eye induced in mice
by the injection of eye-specific proteins along with adju-
vant. These cells resembled Mo-MDSCs and accumulated
in the eye as inflammation in the eye progressed. Cells
derived from inflamed eyes inhibited the proliferation of
activated T cells ex vivo (Kerr et al. 2008). Subsequent
studies from this group showed that the suppressor function
of MDSCs in EAU requires an intact TNF response axis
(Raveney et al. 2009). A recent study in a mouse model of
type 1 diabetes demonstrated that MDSCs isolated from
tumor-bearing mice could abrogate CD4" T cell-mediated
pancreatic islet damage (Yin et al. 2010). Drujont et al.
(2014) evaluated the potential of adoptive transfer of
in vitro-derived MDSCs from bone marrow cells with GM-
CSF and IL-6. These cells strongly inhibited CD8" T cell
proliferation in vitro. However, adoptive transfer of these
cells did not alter antigen-specific CD8" T cell prolif-
eration and cytotoxicity in a stringent model of type 1
diabetes (Drujont et al. 2014). MRL-Fas lpr mice develop a
multi-organ inflammatory disorder that resembles human
systemic lupus erythematosus. A recent study identified
CD11b"Gr1'Y cells in these mice. These cells increased in
the kidney and blood during disease progression and sup-
pressed CD4" T cell proliferation ex vivo. Interestingly,
inclusion of the arginase-specific inhibitor Nor-NOHA
blocked this suppression, indicating that arginase, rather
than iNOS, is the principal enzyme mediating suppression
by MDSCs in this mouse model (Iwata et al. 2010).
Although the mechanism of suppression was not
specifically examined, MDSCs obviously play a critical
role in various autoimmune diseases.

MDSC:s in Infectious Diseases

Potent pro-inflammatory cytokines, such as TNF-o and IL-
1B, are elevated in chronic viral infections and promote the
survival and accumulation of MDSCs (Tu et al. 2008; Zhao
et al. 2012). Oncogenic viruses, such as hepatitis B virus
(Anthony et al. 2011; Chen et al. 2011; Kong et al. 2014)
and human papillomavirus (Sunthamala et al. 2014),

establish cancers in which levels of MDSCs are increased.
Several reviews described the relationship between
MDSCs and cancer-associated viruses (Khaled et al. 2013;
Ostrand-Rosenberg and Sinha 2009). This review focuses
on the latest studies of MDSCs in non-neoplastic infec-
tions. MDSCs were recently reported in a variety of non-
tumor pathologies, including bacterial (Poe et al. 2013),
parasitic (Van Ginderachter et al. 2010), fungal (Mencacci
et al. 2002), and viral (Goh et al. 2013) infections. Viral
infections utilize diverse pathways to induce the local and
peripheral accumulation of MDSCs. More than one subset
of MDSCs with different mechanisms of suppression can
be found in the same type of viral infections (Chen et al.
2011; Qin et al. 2013).

The hepatitis C virus (HCV) core protein plays a critical
role in the pathogenesis of hepatitis C because it can inhibit
T cell activation and proliferation (Yao et al. 2003, 2004),
IL-12 production by macrophages (Lee et al. 2001), and
apoptosis of infected hepatocytes (Nguyen et al. 2006).
This core protein can also activate the STAT3 pathway in
APCs (Tacke et al. 2011), and STAT3 stimulates the
generation of MDSCs (Cheng et al. 2008). STAT3 sig-
naling up-regulates the myeloid-related protein S100A9,
which not only prevents DC differentiation but also con-
tributes to the accumulation of MDSCs. Furthermore,
STAT3 enhances the immunosuppressive activity of
MDSCs by up-regulating NADPH oxidase, leading to in-
creased ROS production (Corzo et al. 2009). The addition
of the HCV core protein to healthy human PBMCs led to
the production of a distinct population of MDSCs, which
effectively suppressed CD4" and CD8™ T cell proliferation
and IFN-y production in a ROS-dependent manner (Tacke
et al. 2011). The population of MDSCs in the blood of
chronically infected HCV patients transiently decreases
during antiviral therapy (Cai et al. 2013). IL-1f is another
critical inflammatory mediator, and its level increases not
only upon infection with HCV in vitro (Burdette et al.
2012) but also in the blood and livers of HCV-infected
patients (Lapinski 2001), and it promotes the survival of
MDSCs in the tumor microenvironment (Elkabets et al.
2010). Therefore, the effect of IL-1 on MDSC differen-
tiation should be studied. However, Goh et al. (2013)
discussed that, given that IL-1f is present in nearly every
immune response, this effect is unlikely to be specific to
HCYV and may instead represent a more general mechanism
of MDSC generation.

Human immunodeficiency virus (HIV) can generate
MDSCs to facilitate its propagation (Macatangay et al.
2012). Specifically, the transcriptional transactivator pro-
tein of HIV contributes to the immunosuppressive
environment by inhibiting MHC class II expression
(Kanazawa et al. 2000), which is characteristically low on
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human MDSCs. Qin et al. (2013) showed that HIV-1 ser-
opositive patients had increased numbers of Mo-MDSCs in
their peripheral blood, which suppressed T cell prolif-
eration via arginase-1. Treatment with highly active
antiretroviral therapy (HAART) significantly decreased the
level of MDSCs, which was matched by a steep drop in
viral load. Interestingly, they did not find a notable dif-
ference in Gr-MDSCs with HIV infection (Qin et al. 2013).
By contrast, Vollbrecht et al. (2012) reported that HIV
patients who did not receive HAART had higher levels of
Gr-MDSCs than healthy controls, which decreased upon
treatment with HAART. In the SIV vaccine model, MDSC
expansion inhibits protective cellular immunity (Sui et al.
2014). HIV gp120 is responsible for MDSC expansion, and
IL-6 is the key molecule for MDSC-mediated immune
suppression (Garg and Spector 2014).

A recent study reported an increase in splenic MDSCs in
C57BL/6 mice infected with vesicular stomatitis virus (Liu
et al. 2011). This is a negative-strand RNA virus that can
infect a variety of animals, including humans, and typically
causes an acute, mild, flu-like disease. Interestingly,
MDSCs were only generated during a relatively prolonged
infection of 5 days and were decreased when the infection
was limited to 1 day, suggesting that MDSCs are recruited
only during sustained immune responses. Adenoviruses can
induce Gr-MDSCs to suppress NK cell proliferation and
activation via H,O, (Zhu et al. 2012). C57BL/6 mice in-
travenously infected with an adenovirus generated a
substantial population of MDSCs, the depletion of which
enhanced NK cell activity and viral clearance. Remarkably,
infected mice displayed a dramatic increase in splenic Gr-
MDSCs as early as 4 h post-infection, which gradually
decreased to basal levels within 72 h. By contrast, the ki-
netics of Gr-MDSCs in bone was opposite to the influx of
MDSCs into the spleen. The authors of this study con-
cluded that these results are evidence of the migration of
MDSCs from bone marrow into the spleen. If this is true,
MDSCs not only elicit organ-specific immunosuppressive
effects in accordance with their subtype, but their precur-
sors can move to locations in which immune suppression is
required and generate MDSC subtypes suitable for the
environment. Although this is an extremely interesting
result, many additional studies are needed to better un-
derstand this mechanism.

Greifenberg et al. (2009) reported that IFN-y and LPS
boost the development and activation of MDSCs while
blocking the further differentiation of bone marrow pre-
cursors into DCs. They suggested that when pathogens
bring LPS into the host immune system during chronic
infection or sepsis, the adaptive immune response gener-
ates T cells that deliver IFN-vy into the microenvironment.
MDSC activation, both in vivo and in vitro, requires

@ Springer

signals provided by both LPS and IFN-vy, cannot be trig-
gered by either component alone, and likely results in NO
production by MDSCs (Greifenberg et al. 2009). Burn in-
juries in mouse models lead to massive myelopoiesis,
including MDSC production, which suppresses lymphocyte
proliferation (Noel et al. 2005, 2007). MDSCs at the burn
site prevent keratinocyte production of murine defensins,
which normally prevent infection, and thus augment sus-
ceptibility to infection with Pseudomonas aeruginosa
(Kobayashi et al. 2008). Additionally, MDSCs infiltrate the
burn wound itself, and these and other wound cells increase
the levels of various cytokines, such as IL-6, IL-10, ker-
atinocyte chemoattractant, and MCP-1 (Schwacha et al.
2010). Thus, although MDSCs and T cells likely expand to
limit tissue damage as a result of increased inflammation
following a burn injury, this may also lead to immuno-
suppression and increased susceptibility to infection.

MDSCs in Transplantation

The induction of immune tolerance continues to be an
important goal of clinical organ and tissue transplantation.
MDSCs are suggested to have clinical therapeutic appli-
cations for tolerance induction (Wu et al. 2014). In
transplantation, a complex immune reaction between
donor- and recipient-immune cells occurs, which can lead
to donor tissue rejection and/or graft-versus-host disease
(GVHD), leading to attack of the recipient’s tissues by
immune cells of the donor (Bhushan and Collins 2003;
Goker et al. 2001). It is thought that these immune reac-
tions can involve a direct pathway of activating allogeneic-
reactive T cells, which recognize foreign MHC molecules,
and an indirect pathway, in which APCs take up and pre-
sent foreign peptides to their syngeneic T cells (Lechler
et al. 2001). A protective role of MDSCs was also de-
scribed in murine allogenic transplantation models (De
Wilde et al. 2009; Dilek et al. 2012; Dugast et al. 2008;
Zhang et al. 2008). In humans, a recent report showed the
accumulation of MDSCs and T cells in patients who had
received a kidney transplant (Luan et al. 2013).

MDSCs accumulated in a rat model of kidney transplant
tolerance. These MDSCs suppressed T cell proliferation in
a contact- and iNOS-dependent manner, and selectively
suppressed activated effector T cells, whereas natural Treg
cells were largely resistant to this effect (Haspot et al.
2005). These data illustrate a novel immunoregulatory
mechanism associated with transplant tolerance (Dugast
et al. 2008). In addition to kidney transplantation, iNOS is
also involved in MDSC-mediated islet allograft survival
(Arakawa et al. 2014), and Smad3 is suggested to regulate
NO production in the skin and a heart graft mouse model
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(Wu et al. 2012). Complement component 3 is involved in
MDSC induction in a mouse liver transplantation model
(Hsieh et al. 2013). Dilek et al. (2012) used DNA mi-
croarrays to analyze gene expression in blood-derived
MDSCs from rat recipients of kidney allografts and found
that CCL5 (Rantes), a chemotactic C—C motif 5 chemo-
kine, was strongly down-regulated after treatment with a
tolerizing regimen. Given that CCLS is expressed in the
kidney and participates in the recruitment of leukocytes
and particularly T cells, MDSCs may contribute to the
establishment of a graft-to-periphery CCL5 gradient in
tolerant kidney allograft recipients, which controls the re-
cruitment of T cells to the graft, where they likely help to
maintain tolerance (Dilek et al. 2012).

HLA-G (a human immunosuppressive non-classical
MHC molecule) protects the fetus from attack by NK cells,
macrophages, DCs, monocytes, and T cells by interacting
with immune inhibitory receptors, such as immunoglobulin-
like transcript (ILT) 2 and ILT4, and modifying cell func-
tions (LeMaoult et al. 2004, 2005; Liang et al. 2008;
Rajagopalan and Long 2005; Ristich et al. 2005). MDSCs
can be induced by ILT?2 inhibitory receptor/HLA-G ligand
and may prevent rejection of highly immunogenic organs/
tissues in clinical transplantation (Zhang et al. 2008). LPS
was repeatedly injected to elicit the emergence of MDSCs
using a protocol that induces endotoxin tolerance (Vaknin
et al. 2008). These LPS-induced MDSCs suppressed allo-
geneic and polyclonal T cell responses in vitro and had the
potential to control skin allograft rejection. These MDSCs,
generated by endotoxin tolerance, produced large amounts
of IL-10 and expressed heme oxygenase-1 (HO-1) (De Wilde
et al. 2009). HO-1 is a stress-responsive enzyme with im-
munoregulatory and cytoprotective properties, and its
expression may be an additional mechanism by which
MDSCs regulate alloreactive T cells (De Wilde et al. 2009).
Indeed, HO-1 expression in allografts and xenografts asso-
ciates with improved graft survival and protection against
ischemia reperfusion injury, arteriosclerosis, and chronic
rejection, and HO-1 overexpression by gene transfer in heart
transplants facilitates tolerance induction (Braudeau et al.
2004; Chauveau et al. 2002; Soares et al. 1998; Tsuchihashi
et al. 2007; Yamashita et al. 2006). Recently, Zhu et al.
(2013) showed that exogenous administration of granulocyte
colony-stimulation-factor (G-CSF) to donor mice caused the
accumulation of MDSCs during stem cell mobilization and
could lead to the apoptosis of T lymphocytes. They sug-
gested that these data offer a new strategy to prevent and treat
GVHD. The effect of G-SCF on GVHD was also investi-
gated in human patients (Lv et al. 2015; Vendramin et al.
2014). Both studies suggested that G-CSF can modulate
MDSCs and thereby prevent GVHD after allogeneic trans-
plantation. MDSC subtypes appear to have different

functions in transplant models, as in disease models. Luan
et al. (2013) demonstrated that while levels of Mo-MDSCs
and Gr-MDSCs were increased and the number of circulating
Treg cells was elevated in kidney allograft recipients, Mo-
MDSCs and a subset of Gr-MDSCs could inhibit CD4* T
cell proliferation.

By contrast, Wang et al. (2013) reported that MDSCs
accumulated in the blood and spleens of allogeneic BMT
recipient mice, and gradually reduced to physiological
levels if GVHD did not occur. MDSC accumulation
positively correlated with the severity of GVHD and fur-
ther increased upon tumor release in BMT. Le Blanc et al.
(2013) highlighted that MDSCs can be a double-edged
sword in allogeneic hematopoietic stem cell transplanta-
tion. Thus, further studies of MDSCs in humans are
required to use these cells in transplantation.

Conclusions and Future Perspectives

This review focused on the latest findings regarding
MDSCs in non-neoplastic inflammatory diseases, rather
than in cancer-related inflammation. MDSCs have a strong
impact on almost all immune-related diseases. In par-
ticular, the strong immunosuppressive function of MDSCs
may make these cells a promising therapy for immune
disorders induced by autoimmune responses and some in-
fections, and for transplantation. However, there are
substantial gaps in the literature and regarding the clinical
utility of these cells. The markers of human MDSCs have
not been clearly determined, although human Mo-MDSCs
and Gr-MDSCs are currently defined as CD33"CD11b*"
HLA-DR'*Y~CD14*CD15""~ and CD33*CD11b"HLA-
DRY~CD14~CD15"CD66b™, respectively (Gantt et al.
2014). By contrast, murine MDSCs have well-defined
markers, thereby ensuring consistency among studies and
research groups.

Adoptive transfer of self-MDSCs is an extremely
promising therapy with minimal side effects to cure hy-
persensitivity immune disorders against foreign antigens.
However, a serious problem limits the clinical application
of MDSCs, namely, adoptive transfer of MDSCs may
promote the immune response in some cases, and it is not
clear whether this is due to the transferred MDSCs or the
further differentiation of MDSCs. Moreover, immune re-
sponses appear to differ depending on the type of disease
and the individual. Thus, it must be elucidated whether
MDSCs, or a specific subset thereof, suppress or promote
the immune response in various conditions. This may help
to determine the optimal timing of the administration of a
specific subset of MDSCs to suppress T cells in each pa-
tient. In addition, MDSC populations need to be
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Fig. 1 The role of myeloid-derived suppressor cells (MDSCs) in
inflammatory diseases. The strong immunosuppressive function of
MDSCs may make these cells a promising therapy for immune
disorders induced by autoimmune responses and some infections, and
for transplantation. MDSCs not only vary in terms of their total
number according to disease progress, but also in terms of the

characterized in more detail with specific markers because
they comprise heterogeneous cells.

MDSCs not only vary in terms of their total number
according to disease progress, but also in terms of the dis-
tribution of subpopulations (Gr-MDSCs and Mo-MDSCs)
and their immunosuppressive function. As mentioned
above, several reports showed that the number of MDSCs
increases with the progress of autoimmune diseases.
Therefore, the introduction of MDSCs may have
therapeutic effects during early inflammation when MDSCs
have not fully developed; however, it is unlikely that this
would have such benefits in late inflammation when the
number of MDSCs has greatly increased. The distribution
of MDSC subpopulations varies according to disease pro-
gress, and this appears to influence the immune response of
MDSCs. In particular, this review describes studies of the
distributions of MDSC subpopulations because they may
provide new evidence to address the current paradoxical
analysis of MDSC functions in vivo. Investigation of
MDSC chemotaxis may also unravel this problem. Re-
cently, Katoh et al. (2013) showed that loss of CXCR2 in a
colitis mouse model dramatically suppresses chronic colo-
nic inflammation and tumorigenesis via inhibiting MDSCs
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distribution of subpopulations [granulocytic MDSCs (Gr-MDSCs)
and monocytic MDSCs (Mo-MDSCs)] and their immunosuppressive
function. MDSCs inhibit immunity by blocking T cells, natural killer
(NK) cells, and dendritic cells (DCs) via mediators such as nitric
oxide (NO), reactive oxygen species (ROS), arginase-1 (Arg-1), and
cytokines

in colonic mucosa and tumors. This proves that MDSC
chemotaxis plays an important role in inflammation and
cancer development. MDSCs can also be subject to epige-
netic regulation, and this can vary depending on the state of
inflammation and the microenvironment. In the future, the
number of patients with immune disorders will steadily
increase due to environmental factors, meaning an effective
immune therapy must be developed. To develop such a
therapy using MDSCs, although mechanistic studies are
important, the genetic etiology must be determined using
bioinformatics approaches such as microarrays, next-gen-
eration sequencing, and mass spectroscopy.

Through clinical and experimental results, it is clear that
MDSCs are involved in almost every pathway from T cell
proliferation to immune cell migration and infiltration, and
the immune evasion of cancer cells. Lack of understanding
of these pathways has hindered the cure of immune-related
diseases including cancer. Thus, if MDSCs can effectively
control such diseases, this would be a landmark point in
immune therapy. This review closes by emphasizing that
the distribution of MDSC subpopulations and how this
changes in immune disorders must be understood to treat
such diseases with cell therapies (Fig. 1).
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