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Abstract Myeloid-derived suppressor cells (MDSC)
accumulate in most cancer patients and experimental
animals with cancer. They accumulate in response to
pro-inflammatory mediators and they use a variety of mech-
anisms to block both innate and adaptive antitumor immu-
nity. Because of their critical role in obstructing immune
responses, MDSC are a strategic obstacle to immunothera-
pies that require activation of the host’s cell-mediated and
innate immune responses. Following a brief description of
the factors that induce MDSC accumulation, this article
reviews two newly discovered mechanisms that MDSC use
to suppress the activation of CD4% and CD8™ T cells. The
first mechanism is MDSC sequestration of cysteine, an
amino acid that T cells are unable to synthesize de novo and
that they require for activation. The second mechanism is
MDSC-mediated down-regulation of L-selectin. T cells must
have an L-selectin™&" phenotype to home to lymph nodes
and inflammatory sites where they encounter antigen and are
activated. By down-regulating L-selectin on T cells, MDSC
perturb T cell trafficking patterns and thereby inhibit T cell
activation. Given the complexity of conditions that regulate
MDSC accumulation and the variety of suppressive mech-
anisms used by MDSC, it is essential to understand which
conditions and mechanisms are dominant so MDSC accu-
mulation and/or activity can be targeted in individual
patients to minimize MDSC-induced immune suppression.
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Tumor-induced immune suppression

Most patients with advanced cancer are immune suppressed.
As a result, immunotherapies based on activation of a
patient’s immune system are unlikely to be effective unless
the immune suppression is attenuated. A variety of different
cells of hemopoietic origin contribute to tumor-induced
immune suppression, including T regulatory cells [1], tumor-
associated macrophages [2], type 2 NKT cells [3], mast cells
[4], and myeloid-derived suppressor cells (MDSC). One or
more of these suppressive cell populations are present in
cancer patients; however, MDSC are present in most patients
and therefore are a fundamental and virtually universal
obstacle to generating antitumor immunity. Because of their
widespread presence in most cancer patients, many avenues
are being explored to minimize or eliminate immune sup-
pression caused by MDSC. Some of these strategies are
aimed at preventing the accumulation of MDSC, while
others are focused on inhibiting the mechanisms by which
MDSC mediate their effects. Both of these therapeutic
approaches are challenging because MDSC are a heteroge-
neous population of cells that are induced by multiple fac-
tors. Likewise, MDSC mediate suppression via multiple
mechanisms so that obstructing MDSC activity will require
interfering with a diverse spectrum of effector molecules and
pathways. Studies conducted during the past decade have
identified several conditions that induce the accumulation of
MDSC and have documented varied mechanisms used by
MDSC to block antitumor immunity. As MDSC continue to
be intensively studied, new suppressive mechanisms are
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being identified. This article will provide a concise back-
ground on MDSC biology, briefly review MDSC suppressive
mechanisms that have been previously described (and
reviewed), and then focus on recently identified suppressive
mechanisms employed by MDSC.

MDSC suppress adaptive and innate immunity

Before MDSC were defined as a specific suppressor cell
population, studies of tolerance in mice documented a
population of so-called “natural suppressor” cells in the
spleen [5]. Similar cells were subsequently found in the
tumors and lymph nodes of patients with head and neck
cancer [6] and in the bone marrow of mice with lung
tumors [7]. These cells were characterized as suppressor
cells based on their ability to block the activation of T cells
and to promote tumor growth. Extensive subsequent stud-
ies demonstrated that these suppressor cells were of mye-
loid origin and the term “MDSC” was coined to refer to
this diverse family of cells [8].

The role of MDSC as critical regulatory cells that down-
regulate antitumor immunity has been well established by
both in vitro and in vivo studies. In vitro, MDSC are potent
inhibitors of both antigen-specific and non-specific T cell
activation as shown by co-culture experiments of MDSC
with peptide-activated transgenic T cells (mouse MDSC)
or anti-CD3-activated T cells (mouse and human MDSC),
respectively [9-11]. CD4" and CD8" T cells are equally
suppressed and the suppression requires cell to cell contact;
however, suppression can be either MHC restricted [12] or
unrestricted [13]. In vivo treatment of tumor-bearing mice
with antibodies to Grl [14], the chemotherapeutic drug
gemcitabine [15, 16], or retinoic acid [17] reduces MDSC
levels and leads to improved T cell activation and delayed
tumor progression. Retinoic acid has a similar effect in
cancer patients [18]. In contrast, adoptive transfer of
tumor-induced MDSC into tumor-free mice promotes
tumor growth and inhibits T cell activation [19].

In addition to inhibiting T cell activation, MDSC also
impact antitumor immunity by perturbing innate immunity
through their interactions with macrophages, natural killer
(NK) cells, and NKT cells. M1 or classically activated
macrophages promote tumor regression; however, in the
presence of MDSC, macrophages are converted to an M2
or alternatively activated phenotype which enhance tumor
progression [13]. This re-polarization is the result of cross-
talk between MDSC and macrophages which increases
MDSC production of IL-10 and decreases macrophage
production of IL-12 [15]. MDSC have shown mixed effects
on NK cells. Some NK subpopulations suppress NK
cytotoxicity by blocking NK production of IFN ([16, 20];
however, other subpopulations activated NK cells which in
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turn eliminated MDSC [21]; whether NKT cells promote or
deter the accumulation of MDSC depends on the type of
NKT cell. Type II NKT cells produce IL-13 which drives
the accumulation of MDSC and M2 macrophages, thereby
facilitating tumor progression [13, 22]. In contrast, type I or
iNKT cells reduce MDSC accumulation [23].

MDSC are a heterogeneous population of immature
myeloid cells

In addition to cancer, MDSC are also induced by bacterial
[24, 25], viral [23], and parasitic infection [26], chemother-
apy [27], traumatic stress [28], and autoimmunity [29, 30]. In
all situations, MDSC arise from myeloid progenitor cells that
do not terminally differentiate into mature macrophages,
dendritic cells, or granulocytes. They are a heterogeneous
population of cells that are characterized by their functional
ability to suppress T cell activation and by their expression of
particular cell surface markers. Two major classes of MDSC
have been described: granulocytic and monocytic MDSC.
Granulocytic MDSC are polymorphonuclear and contain
high levels of arginase, while monocytic MDSC are mono-
nuclear and contain both arginase and iNOS [31, 32]. In
mouse, both populations universally express the granulocyte
marker Grl and the macrophage/dendritic cell marker
CD11b, while monocytic MDSC tend to have high levels of
ICAM-1 (CD54), F4/80, and Ly6C, and granulocytic MDSC
express high levels of Ly6G. Both subpopulations in the
mouse can also express CD115 (c-fms), CD16/32 (FcR),
IL-4Ro (CD124), and low levels of CD80. Both granulocytic
and monocytic human MDSC express CD33, CD11b, and
IL-4Ra, and low levels of CD15, while monocytic MDSC are
characterized by their additional expression of CD14 and
less CD15 (reviewed in [33, 34]).

The variation in cell surface markers between MDSC
isolated from individuals with different tumors indicates
there is also heterogeneity within the monocytic and gran-
ulocytic subpopulations. The existence of distinct and varied
subpopulations is not surprising, since MDSC are induced
by multiple environmental conditions and factors. In the
case of tumor-induced MDSC, the factors driving MDSC
accumulation originate from tumor cells. Therefore, a given
tumor producing a particular set of inducer molecules will
produce MDSC of a particular phenotype, while a tumor
producing a different set of inducer molecules may induce
MDSC with a somewhat different phenotype.

MDSC are induced by inflammation

Compelling epidemiological and biological data support the
concept that chronic inflammation increases cancer risk by
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causing genetic alterations, promoting neoangiogenesis,
altering responses to hormonal signals, and inducing cell
proliferation accompanied by altered cell trafficking [35].
Recent studies have also suggested that chronic inflammation
promotes tumor progression by down-regulating adaptive
tumor immunity. These findings have led us to hypothesize
that chronic inflammation induces MDSC which in turn
down-regulate antitumor immunity, thereby allowing the
outgrowth and sustained presence of MDSC. Studies by
ourselves and others have confirmed this hypothesis.

Numerous tumor-secreted factors are inducers of
MDSC. Most of these factors are directly or indirectly
pro-inflammatory. For example, the pro-inflammatory
cytokines IL-6 and IL-1f, which are present in the
microenvironment of many tumors, dramatically increase
the rate of accumulation and T cell suppressive activity of
MDSC [36, 37]. IL-1f-driven inflammation also increases
MDSC suppression of innate immunity by facilitating
cross-talk between MDSC and macrophages [38]. The
bioactive lipid prostaglandin E2, which is commonly found
in inflammatory environments, induces the differentiation
of MDSC from c-kit™ hemopoietic stem cells and drives
the T cell suppressive activity of mature MDSC [39, 40].
Similarly, the pro-inflammatory S100A8/A9 proteins [19,
41] and the complement component C5a [42] induce
MDSC accumulation. Conversely, reducing inflammation
within the tumor microenvironment, either by treatment
with PGE2 receptor antagonists [40], or by deletion of the
receptors for IL-1 [43] or PGE2 [44] on host cells, mini-
mizes MDSC accumulation. GM-CSF, a cytokine that
drives myeloid, and specifically dendritic cell differentia-
tion, and VEGF, which drives angiogenesis, are also
inflammation-associated molecules and also induce the
accumulation of MDSC [44]. Most of these factors directly
activate MDSC, while some activate MDSC indirectly via
host cells in the tumor microenvironment. Because differ-
ent tumors produce different quantities and ratios of these
pro-inflammatory molecules, tumor microenvironments
differ from individual to individual, and therefore give rise
to MDSC populations with varied phenotypes.

In addition to responding to inflammatory signals,
MDSC also contribute to the inflammatory tumor micro-
environment by secreting pro-inflammatory mediators,
such as IL-6 and S100A8/A9 [41] producing an autocrine
feedback loop that induces and sustains MDSC in the
tumor microenvironment.

MDSC use multiple mechanisms to suppress antitumor
immunity

Myeloid-derived suppressor cells use a variety of mech-
anisms to suppress tumor immunity. Monocytic and

granulocytic MDSC both use a mechanism in which
arginase catabolizes L-arginine. This mechanism has been
comprehensively reviewed [45, 46] and, therefore, will
only be briefly described here. Like other cells, MDSC
and T cells require L-arginine for protein synthesis.
MDSC produce high levels of intracellular arginase
requiring them to import excess arginine through their
CAT-2B transporter. As a result, they deplete their
environment of L-arginine and limit L-arginine availability
to T cells. T cells deprived of L-arginine are deficient for
CD3{ chain [47, 48] and are arrested in the G,—G; phase
of the cell cycle [49]. Granulocytic MDSC also suppress
through their high levels of reactive oxygen species which
are caused by increased activation of STAT3 and
NADPH. Reactive oxygen species including peroxynitrite
and hydrogen peroxide induce apoptosis of T cells, and
also nitrate T cell receptors which are then unable to bind
peptide/MHC complexes. Hence, T cell activation is
blocked [12]. In contrast, monocytic MDSC have acti-
vated STAT1 which elevates iNOS and in turn generates
NO. MDSC also perturb T cell activation by inducing
Foxp3*-regulatory T cells (Tyegs)- Different studies dis-
agree on the requirement for MDSC production of TGFpf
in the induction of T,egs [50, 51], suggesting that different
MDSC subpopulations may activate T,ees through dispa-
rate mechanisms.

MDSC sequester cystine and prevent T cells
from obtaining cysteine

We have recently described another mechanism involving
the amino acid cysteine by which MDSC inhibit T cell
activation. Cysteine is required by all cells for protein
synthesis. Typically, cells synthesize cysteine from their
intracellular pool of methionine using the enzyme cysta-
thionase [52, 53]. Alternatively, cells import cystine, the
oxidized form of cysteine from the oxidizing extracellular
environment, through their plasma membrane x; cystine/
glutamate antiporter [54]. The imported cystine is reduced
to cysteine in the intracellular reducing environment [55].
T lymphocytes cannot generate cysteine through either of
these mechanisms because they do not express cystathi-
onase and they lack the XCT chain of the x. cystine
transporter [56]. As a result, cysteine is an essential amino
acid for T cells and T cells are completely dependent on
exogenous sources of cysteine which they import via their
ASC neutral amino acid transporter (Fig. 1). Although
resting T cells must take up extracellular cysteine to sur-
vive, T cells have their greatest requirement for cysteine
when they become antigen activated, proliferate, and dif-
ferentiate. Conveniently, cysteine is provided by antigen-
presenting cells (APC) such as dendritic cells (DC) and
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Fig. 1 Mammalian cells, but not T cells, generate cysteine from
methionine and/or cystine. a Cells that contain the enzyme cystathi-
onase convert intracellular methionine to cysteine. Cells that contain
the x. plasma membrane transporter, which is a heterodimer of the
4F2 and xCT chains, import oxidized cystine from the extracellular
environment and reduce it to cysteine in their intracellular reducing
environment. Cells can also obtain cysteine by importing it through
their ASC neutral amino acid plasma membrane transporter. Thio-
redoxin reduces extracellular cystine to cysteine; however, extracel-
lular cysteine is rapidly oxidized back to cystine if it is not quickly
taken up by cells. b T cells do not synthesize cystathionase and lack
the XCT chain of the X, transporter so they cannot convert methionine
to cysteine and they cannot import cystine. Therefore, cysteine is an
essential amino acid for T cells and they must import it through their
ASC transporter

macrophages during antigen processing and presentation.
These APC import cystine through their x. transporter,
reduce it to cysteine and then export the cysteine through
their ASC neutral amino acid transporter [57]. In addition,
DC and macrophages secrete thioredoxin which reduces
extracellular cystine to cysteine, which is then available for
the uptake by T cells through their ASC transporter [58, 59]
(Fig. 1). Because extracellular spaces are oxidizing envi-
ronments, cysteine released by APC would normally be
oxidized to cystine and therefore not useful to T cells.
However, during antigen presentation T cells and APC are
in very close proximity so cysteine exported by APC can
be directly imported by T cells (Fig. 2). Therefore, the
process of antigen presentation not only delivers antigen
specific and co-stimulation signals to activate T cells, but
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also provides the cysteine necessary for T cell activation
and subsequent proliferation and differentiation.

Because cysteine is an essential amino acid for T cell
activation, we hypothesized that MDSC may perturb T cell
activation by inhibiting cysteine uptake. To determine if
this hypothesis was correct, we increased extracellular
cysteine in cultures containing MDSC, transgenic peptide-
specific CD4" or CD8" T cells, and cognate peptide.
Cysteine was increased by addition of the reducing agent
f-mercaptoethanol (reduces cystine to cysteine) or
N-acetyl cysteine (NAC), a form of cysteine that is stable
in the extracellular oxidizing environment. Inclusion of either
NAC or f-mercaptoethanol partially reversed MDSC-
induced suppression, consistent with the hypothesis that
MDSC suppress by perturbing cysteine availability [60].

To decipher the mechanism by which MDSC perturb
cysteine uptake, we examined expression of xCT and 4F2
(CD98), the two polypeptide chains that make up the
heterodimeric x; cystine transporter, and ASC, the neutral
amino acid transporter for cysteine in MDSC, macro-
phages, and T cells. As expected, T cells, macrophages and
DC contained the ASC transporter, and macrophages and
DC contained both chains of the x. transporter, while T
cells lacked the xCT chain. In contrast, MDSC expressed
xCT and 4F2 in their plasma membranes; however, they
did not contain the ASC transporter, suggesting that MDSC
could import cystine, but not export cysteine. This con-
clusion was confirmed by studies measuring cystine uptake
and cysteine export via the x; and ASC transporters,
respectively. MDSC import cysteine with approximately
the same kinetics as macrophages and DC; however, in
contrast to DC and macrophages, MDSC do not export
cysteine. Intracellular pools of cysteine in MDSC are
generated exclusively from imported cystine since MDSC,
like T cells, do not contain cystathionase and therefore
cannot convert methionine to cysteine. Despite their
inability to synthesize cysteine from methionine, MDSC
contain significantly larger intracellular pools of cysteine
as compared to macrophages and DC, consistent with the
concept that MDSC sequester cysteine [60] (Fig. 2).

These findings led us to propose that MDSC sequester
cystine and thereby prevent macrophages and DC from
importing cystine. In the absence of imported cystine,
macrophages and DC must generate the cysteine they
require from methionine. As a result, macrophages and DC
export significantly less cysteine, so T cells do not obtain
the cysteine they need for activation and proliferation. This
scenario was confirmed by measuring cysteine released
from macrophages co-cultured with increasing numbers of
MDSC. At ratios of greater than 1:1 macrophages to
MDSC, macrophage release of cysteine was reduced by
>75%, further demonstrating that MDSC limit the pool of
cysteine available for T cells. In addition to their failure to
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Fig. 2 MDSC prevent T cell activation by sequestering cystine and
limiting the availability of cysteine. As described in Fig. 1, cysteine is
an essential amino acid for T cells because T cells lack cystathionase,
and have a defective cystine transporter. As a result, T cells must
obtain their cysteine from extracellular sources. DC and macrophages
normally contain surplus cysteine because they import cystine and
reduce it to cysteine and they intracellularly synthesize cysteine from
cystine through the action of cystathionase. The surplus cysteine is
exported via their ASC transporter. DC and macrophages also
generate cysteine through their production of thioredoxin, which
reduces extracellular cystine to cysteine. During antigen presentation,
APC and T cells are in close proximity, so the cysteine released/
produced by APC is readily available for uptake by T cells. In
contrast to APC, MDSC do not contain cystathionase or the ASC
transporter so their cysteine must be generated from imported cystine.
As a result, MDSC deplete their environment of cystine and do not
export cysteine. Therefore, when MDSC are present during antigen
presentation, the local environment becomes cystine and cysteine-
deficient and T cells cannot proliferate and become activated

release cysteine, MDSC also limit the pool of extracellular
cysteine by perturbing thioredoxin production of cysteine
[60]. Because thioredoxin generates cysteine from cystine,
if the extracellular pool of cystine is small, thioredoxin will
not have sufficient substrate to produce cysteine.

The preceding experiments demonstrate that MDSC
dramatically limit cysteine availability in culture. To
determine if MDSC also limit cystine and cysteine avail-
ability in vivo, we measured the amount of cystine in the
serum of mice with mammary tumors. Consistent with the
in vitro findings, tumor-bearing mice had statistically sig-
nificantly less serum cystine relative to tumor-free indi-
viduals [60].

In addition to being essential for protein synthesis,
cysteine is a substrate for the generation of glutathione
(GSH) [61], a major intracellular redox molecule that
protects cells from oxidative stress. Oxidative stress is
frequent within solid tumors so that even if cysteine-
starved T cells are activated they are likely to die when
they traffic to tumor sites due to insufficient GSH.

If MDSC-mediated cystine sequestration is biologically
relevant in vivo, then provision of additional cysteine to

tumor-bearing individuals may delay tumor progression.
Epidemiological studies have shown that reduced risk of
breast cancer in women correlates with high levels of
serum cysteine [62] and NAC has been shown to delay
tumor progression in mice [63]. Tumor reduction in these
studies was attributed to a decrease in genetic instability
resulting from decreased oxidative stress. However, NAC
may also limit tumor progression by serving as a source of
cysteine and therefore facilitating the activation of tumor-
reactive T cells. Our unpublished in vivo studies in which
antigen-specific T cell activation was assessed in mice fed
NAC water support this conclusion and demonstrate that
provision of NAC to tumor-bearing mice partially
reverses MDSC-mediated T cell suppression (P. Sinha and
S. Ostrand-Rosenberg, unpublished). Therefore, although
increasing levels of MDSC impair the ability of T cells to
obtain the cysteine required for their activation, provision
of NAC, an already FDA-approved compound, may be a
useful adjunctive strategy to overcome MDSC suppression
in individuals being treated with active immunotherapy.

MDSC impair T cell homing to lymph nodes

We have also recently demonstrated that MDSC impair T
cell activation by preventing T cells from homing to sites
where they would otherwise become activated. Adaptive T
cell-mediated antitumor immunity requires the activation
of tumor-specific T cells. Naive T cells typically encounter
antigen and become activated in secondary lymph nodes
draining tumor sites or within solid tumors themselves [64,
65]. Antigen-naive T cells are directed to these locations
because they express high levels of L-selectin (CD62L), a
selectin family member that facilitates the extravasation of
leukocytes from the blood and lymphatics to lymph nodes
and inflammatory locales, such as tumor microenviron-
ments [66, 67].

Despite their naive status, CD4™" and CD8™ T cells in
the peripheral blood of tumor-bearing mice and cancer
patients frequently have an L-selectin low (L-selectin'®")
phenotype, suggesting that they may not be able to home to
secondary lymphoid tissue and become activated. L-selec-
tin levels inversely correlate with MDSC levels, since
CD4" and CD8' T cells from mice with the largest
quantities of MDSC have the least L-selectin. In addition,
surgical removal of primary tumor, which reduces MDSC
levels, resulted in increased expression of L-selectin on
circulating T cells [68]. These results were consistent with
the hypothesis that MDSC drive L-selectin levels; however,
they did not eliminate the possibility that tumor-derived
factors, rather than MDSC, regulate L-selectin levels. To
distinguish these alternatives, tumor-bearing mice were
treated with gemcitabine, a chemotherapeutic drug that
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reduces the accumulation of MDSC, but does not affect
tumor growth [15]. T cells from >8-month-old mice were
also studied because MDSC levels in tumor-free mice
increase with age. In both of these scenarios, T cell
expression of L-selectin and quantities of MDSC in blood
were inversely correlated. Furthermore, CD4" or CD8" T
cells co-cultured with MDSC had an L-selectin'®" pheno-
type demonstrating that MDSC directly down-regulate T
cell expression of L-selectin [68].

During standard T cell activation conditions, L-selectin
is down-regulated so that once activated, T cells exit
peripheral lymph nodes and migrate to their target sites.
The down-regulation is mediated by proteolytic cleavage
and shedding of the L-selectin ectodomain. The primary
“sheddase” is ADAM 17 (a disintegrin and metalopro-
teinase domain 17) or TACE (TNFa-converting enzyme).
ADAM 17 is commonly present in the cytoplasm of many
cells, including T cells, and becomes active when it is
translocated to the plasma membrane, where it has
access to membrane-bound L-selectin [69]. MDSC cleave
L-selectin because they constitutively express ADAMI17 at
their cell surface. Interestingly, GrlTCD11b™ cells from
tumor-free mice also contain plasma membrane ADAM17,
suggesting that ADAM17 activity is an inherent property of
Gr1*CD11b™" cells and not induced by tumor.

Collectively, these findings suggest that naive T cells in
tumor-bearing individuals cannot efficiently traffic to
lymph nodes or tumor sites. Therefore, potentially tumor-
reactive CD4" and CD8" T cells may be present in the
periphery, however, because they cannot properly traffic
they will not have access to tumor antigens and will not be
activated.

Conclusions

Activation of the host’s immune system against endoge-
nous cancer cells was first proposed by Paul Ehrlich over
100 years ago, and continues to be a goal for cancer
immunologists. Many innovative and creative cancer
immunotherapy strategies have shown promising results in
experimental systems. However, their translation to the
clinic and for the treatment of established cancer has been
disappointing. It is becoming increasingly apparent that
active immunotherapy is attenuated by immune suppres-
sive mechanisms present in cancer patients. As one of the
major contributors to tumor-induced immune suppression,
MDSC are a major obstacle to active immunotherapy.
MDSC heterogeneity combined with the varied conditions
that activate these cells and the multiple suppressive
mechanisms employed by MDSC make it unlikely that a
single approach will control MDSC. However, under-
standing the conditions that induce MDSC and the
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mechanisms used by MDSC to suppress antitumor immu-
nity is essential for minimizing MDSC-mediated suppres-
sion and developing effective immunotherapies. Major
questions that remain to be addressed are (1) Are all of the
known inducers of MDSC equally responsible for MDSC
accumulation or are certain inducers dominant? (2) What is
the relative contribution of the various suppressive mech-
anisms to the overall suppressive activity of MDSC? (3)
Are certain suppressive mechanisms dominant and does
dominance vary depending on the type of tumor? (4) Is
there convergence in the signaling pathways and/or medi-
ators used by the various suppressive mechanisms so one
therapy could simultaneously target multiple mechanisms?
Tumors are dynamic, complex and heterogeneous mixtures
of malignant and host components that vary with tumor
progression, so the answers to these questions may be
tumor specific, stage specific, and perhaps governed by the
genetic make-up of the individual, making it challenging to
decipher the relative roles of the various suppressive
mechanisms. Regardless of the complexity, in vivo models
with deletion of specific genes are essential to parse out the
relative contribution of each mechanism. Obtaining this
information is essential so we can preferentially target in
individual patients the dominant factors that drive MDSC
accumulation and suppressive activity and delete or inac-
tivate this detrimental cell population.
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