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Abstract

Many cancer immunotherapies developed in experimental animals have been tested in clinical trials.
Although some have shown modest clinical effects, most have not been effective. Recent studies
have identified myeloid-origin cells that are potent suppressors of tumor immunity and therefore a
significant impediment to cancer immunotherapy. “Myeloid-derived suppressor cells” (MDSC)
accumulate in the blood, lymph nodes, and bone marrow and at tumor sites in most patients and
experimental animals with cancer and inhibit both adaptive and innate immunity. MDSC are induced
by tumor-secreted and host-secreted factors, many of which are proinflammatory molecules. The
induction of MDSC by proinflammatory mediators led to the hypothesis that inflammation promotes
the accumulation of MDSC that down-regulate immune surveillance and antitumor immunity,
thereby facilitating tumor growth. This article reviews the characterization and suppressive
mechanisms used by MDSC to block tumor immunity and describes the mechanisms by which
inflammation promotes tumor progression through the induction of MDSC.

The concept that chronic inflammation contributes to tumor initiation and progression was
proposed by the German pathologist Rudolf Virchow over 140 years ago (1). Although his
hypothesis was overlooked for many years, abundant epidemiological data show a strong
correlation between inflammation and cancer incidence. For example, mesothelioma, lung,
prostate, bladder, pancreatic, cervical, esophageal, melanoma, and head and neck cancers are
frequently associated with long-term inflammation, whereas gall bladder, liver, ovarian,
colorectal, and bladder cancers are associated with specific infectious agents (2—4). Additional
evidence linking inflammation and cancer comes from studies demonstrating that long-term
users of nonsteroidal anti-inflammatory drugs, including aspirin, are at a significantly lower
risk of developing colorectal (5), lung, stomach, esophageal (6), and breast (4) cancers. There
is also experimental data supporting a causative relationship between chronic inflammation
and cancer onset and progression. For example, blocking inflammatory mediators or signaling
pathways regulating inflammation reduces tumor incidence and delays tumor growth, while
heightened levels of proinflammatory mediators or adoptive transfer of inflammatory cells
increases tumor development (4). These findings have renewed interest in Virchow’s
hypothesis and have led to studies aimed at clarifying the mechanisms responsible for the
association.

Chronic inflammation promotes tumor onset and development through nonimmune and
immune mechanisms. The nonimmune mechanisms include the following: 1) the production
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of reactive oxygen species (ROS)3 such as peroxynitrites, which cause DNA mutations that
contribute to genetic instability and the proliferation of malignant cells (2); 2) the production
of proangiogenic factors such as vascular endothelial growth factor (VEGF), which promote
tumor neovascularization (7); and 3) the production of matrix metalloproteases, which facilitate
invasion and metastasis (8). The predominant immune mechanism is the perturbation of
myelopoiesis and hemopoiesis, which causes a deficiency in Ag-presenting dendritic cells
(DC) and dysfunctional cell-mediated antitumor immunity (9). A major culprit in this latter
deficiency is the production of myeloid-derived suppressor cells (MDSC), an immature
population of myeloid cells that is present in most cancer patients and mice with transplanted
or spontaneous tumors. Because MDSC inhibit both innate and adaptive immunity, they are
likely to subvert immune surveillance and prevent an individual’s immune system from
eliminating newly transformed cells. In individuals with established cancer, they are likely to
be a major factor in preventing the efficacy of immunotherapies, such as cancer vaccines, that
require an immunocompetent host (10).

MDSC are present in most patients and experimental animals with cancer

Nonlymphoid hematopoietic suppressor cells were first identified >20 years ago and were
called “natural suppressor” cells (11). However, their etiology as myeloid cells and their
accumulation and suppressive function in individuals with cancer was not recognized until 10
years later, when excessive numbers of CD34* myeloid cells were noted in the blood of patients
with head and neck squamous cell carcinoma (12,13) and in mice with lung tumors (14).
Subsequent studies characterized MDSC as immature myeloid cells that are precursors of DC,
macrophages, and/or granulocytes. Their accumulation has been documented in most patients
(15,16) and mice (17) with cancer, where they are induced by various factors produced by
tumor cells and/or by host cells in the tumor microenvironment (9,18). They also accumulate
in response to bacterial (19,20) and parasitic infection (21), chemotherapy (22), experimentally
induced autoimmunity (23,24), and stress (25). MDSC are considered a major contributor to
the profound immune dysfunction of most patients with sizable tumor burdens (26).

In tumor-bearing mice MDSC accumulate in the bone marrow, spleen, and peripheral blood,
within primary and meta-static solid tumors, and to a lesser extent in lymph nodes (18,19,27-
29). In cancer patients they are present in the blood (15,16,30-33), and it is not known whether
they are present in other sites. In both patients and experimental animals MDSC levels are
driven by tumor burden and by the diversity of factors produced by the tumor and by host cells
in the tumor microenvironment.

MDSC are a heterogeneous family of myeloid cells

MDSC have been identified in most patients and experimental mice with tumors based on their
ability to suppress T cell activation. In mice, MDSC are uniformly characterized by the
expression of the cell surface molecules detected by Abs to Grl and CD11b. Grl includes the
macrophage and neutrophil markers Ly6C and Ly6G, respectively, whereas CD11b is
characteristic of macrophages. The a-chain of the receptor for IL-4 and 1L-13 (IL-4Ra) (34,
35), another macrophage marker (F4/80) (34,36,37), M-CSF-1R or c-fms (CD115) (37), and
the costimulatory molecule CD80 (B7.1) (38) have also been described on some subsets of
MDSC. Similarly, Ly6C and Ly6G have individually been ascribed to MDSC (36,39,40).
Because the expression of these later markers is restricted to Gr1*CD11b* suppressive cells
induced by only a subset of tumors, aside from Grl and CD11b, there are no unambiguous cell
surface markers that define all mouse MDSC populations.

3Abbreviations used in this paper: ROS, reactive oxygen species; COX, cyclooxygenase; DC, dendritic cell; iNKT, invariant NKT;
MDSC, myeloid-derived suppressor cell; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.
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The nuclear morphology and content of immunosuppressive substances have also been used
to characterize mouse MDSC. MDSC that are mononuclear are considered “monocytic” and
typically are CD11b*Ly6G*/~Ly6Ch3h whereas those with multilobed nuclei are
“granulocytic/neutrophil-like” and have a CD11b*Ly6G*Ly6C'°W phenotype (39-41). MDSC
also vary in their content of immunosuppressive substances, with different populations
containing arginase (42—44), inducible NO synthase (45), and/or additional ROS (45,46).

In cancer patients MDSC are typically CD11b*CD33*CD34*CD14 HLA-DR™ and can vary
in their expression of CD15 and other markers (30,33,47,48). A new population of MDSC was
recently identified in melanoma and hepatocarcinoma patients that is CD14*HLA-DR/low,
suggesting that, similarly as tumors in mice, different human tumors are likely to induce
different subtypes of MDSC (30,49).

The variation in MDSC phenotype is consistent with the concept that MDSC are a diverse
family of cells that are in various intermediate stages of myeloid cell differentiation. MDSC
are driven by tumor-secreted factors, and different tumors secrete different combinations of
molecules. Therefore, MDSC phenotype will depend on the specific combination of factors
within the tumor host. Because the myeloid population contains many different cell types and
myeloid cell differentiation is a continuum of processes, MDSC may display diverse
phenotypic markers that reflect the spectrum of immature to mature myeloid cells. This
heterogeneity suggests that there may be no unique marker or combination of phenotypic
markers that precisely defines MDSC, and that suppressive activity is the ultimate defining
characteristic. It is also likely that, as this population of cells is further studied, additional
subpopulations and markers will be identified.

Whether tumor-induced MDSC are normal cells halted in the intermediate stages of
differentiation or whether they have diverged from the normal myeloid differentiation pathway
and accumulated mutations is unclear. Direct comparisons of in vitro suppressive activity of
splenic Gr1*CD11b* cells from tumor-free mice vs tumor-bearing mice are not consistent.
Most reports indicate that Gr1*CD11b* cells from tumor-free mice are not suppressive (21,
38,41,42,50), although one study demonstrated that, on a per cell basis, Gr1*CD11b* cells
from tumor-bearing mice and tumor-free mice were equally suppressive (51). These studies
used Gr1*CD11b* cells from tumor-free mice from different locales (blood, spleen, and the
peritoneal cavity) and from different mouse strains, so the contradictory findings could be due
to heterogeneity in the Gr1*CD11b* population or to differences between mouse strains.
Experiments demonstrating that treatment with all-trans retinoic acid converts MDSC from
tumor-bearing mice to DC (47,52) supports the concept that MDSC are normal intermediaries.
If this is the case, then MDSC may play a role in normal homeostasis and the maintenance of
tolerance to self-Ags. Additional experiments are clearly needed to clarify this point.

Fig. 1 shows the heterogeneity of mouse and human MDSC with respect to cell surface and
internal markers and morphology.

MDSC suppress multiple immune effectors

MDSC suppress immunity by perturbing both innate and adaptive immune responses. Initial
reports demonstrated that MDSC from head and neck cancer patients blocked IL-2 production
of anti-CD3-activated intratumoral T cells. These results have been confirmed in patients with
a variety of cancers (15,16). Subsequent studies with mouse MDSC demonstrated that MDSC
also block the activation and proliferation of transgenic CD8" (51,53-55) and CD4* (51,56)
T cells cocultured with their cognate Ag. The suppressive activity of MDSC for T cells requires
cell-to-cell contact and can be Ag-specific or non-specific and may depend on the MDSC
subpopulation. Mouse MDSC suppression of CD8" T cells has been shown to be MHC
restricted and Ag specific (57). However, mouse MDSC also suppress MHC allogeneic, Ag-
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activated CD4™ T cells, indicating that suppression is also nonspecific (51,58). Because studies
with human MDSC use the blocking of anti-CD3 activation as a measure of suppressive
activity, it is not clear whether human MDSC mediate Ag-specific suppression.

Multiple lines of evidence indicate that MDSC are potent inhibitors of antitumor immunity in
vivo. Treatments that reduce MDSC levels such as Ab depletion of Gr1* cells (59), treatment
with the chemotherapeutic drug gemcitabine (60,61) or retinoic acid (47,52), or the debulking
of tumors (51,58) restore immune surveillance (59), activate T (62) and NK cells (63), and
improve the efficacy of cancer vaccines or other immunotherapies in vivo (47,52,60,64). In
vivo inactivation of genes that govern MDSC accumulation, such as the STAT3 and STAT6
genes (51,59,64,65) and the nonclassical MHC class | CD1d gene (58,66), also restores T cell
activation and promotes tumor regression and/or resistance to metastatic disease. Heightened
cancer risk associated with aging is also attributed to the increasing levels of endogenous
MDSC with advancing age, as is the increased growth rate of transplanted tumors in old vs
young mice (67). Collectively, these findings identify MDSC as a key cell population that
prevents a host’s immune system from responding to malignant cells.

MDSC also indirectly effect T cell activation by inducing T regulatory cells (Tregs), which in
turn down-regulate cell-mediated immunity. Depending on the subpopulation of MDSC, Treg
induction requires MDSC production of IL-10 and TGFp (37) or arginase and is independent
of TGFp (68).

MDSC also perturb tumor immunity by skewing it toward a tumor-promoting type 2 phenotype.
They do this by producing the type 2 cytokine IL-10 and by down-regulating macrophage
production of the type 1 cytokine IL-12. This effect is amplified by macrophages that increase
the MDSC production of I1L-10 (61).

The role of MDSC in regulating NK cells is controversial. Several studies have demonstrated
that MDSC inhibit NK cell cytotoxicity against tumor cells and block NK production of IFN-
y and that these activities require cell contact between the MDSC and target cells (60,63,69).
This suppression is mediated by blocking expression of NKG2D, a receptor on NK cells that
is required for NK activation (63). However, another study demonstrated that MDSC, which
suppressed T cell activation, expressed Rae-1, the ligand for NKG2D, and as a result activated
NK cells (70). Activated NK cells, in turn, eliminated MDSC. The discrepancy between these
studies is most likely due to differences in MDSC subpopulations and further supports the
concept that MDSC are a heterogeneous family of immature myeloid cells with diverse
functions.

Tumor immunity in mice is also impacted by interactions between NKT cells and MDSC. Type
I (invariant or INKT) NKT cells facilitate tumor rejection (71), whereas type Il NKT cells
promote tumor progression (66). Type Il NKT cells facilitate tumor progression by producing
IL-13, which induces the accumulation of MDSC and/or by polarizing macrophages toward a
tumor-promoting M2-like phenotype (58,59,66). NKT cells also regulate MDSC accumulation
in virally infected mice. Influenza-infected mice have elevated levels of MDSC that are
significant inhibitors of antiviral immunity; however, activation of iINKT cells blocks MDSC
accumulation and restores antiviral immunity (72). Therefore, INKT and type 11 NK cells are
similar to M1 and M2 (or classically activated and alternatively activated) macrophages (73)
in that one population promotes tumor progression while the other population enhances tumor
growth by suppressing antitumor immunity.

MDSC use a diversity of mechanisms to suppress T cells

MDSC suppress T cell activation by multiple mechanisms. They suppress CD4* and CD8* T
cells by their uptake of arginine and high intracellular level of arginase that depletes their
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surroundings of arginine, an essential amino acid for T cell activation (42,45,74). MDSC-
produced ROS and peroxynitrite inhibit CD8* T cells by catalyzing the nitration of the TCR
and thereby preventing T cell-peptide-MHC interactions (57).

The development and function of most MDSC require IFN-y. Both monocytic MDSC
(CD11b* Ly6G~ Ly6CN9M) and granulocytic MDSC were reported to be IFN-y dependent;
however, monocytic MDSC suppress via NO (ROS undetectable), whereas granulocytic
MDSC suppress via ROS (NO undetectable) (39,41). Earlier studies also demonstrated that
NO (56) and ROS production are IFN-y dependent (75). However, IFN-y may not be essential
for all MDSC, because MDSC from IFN-y receptor- deficient and -sufficient mice are equally
suppressive for T cell activation (51), (P. Sinha and S. Ostrand-Rosenberg, unpublished
observations).

The immunosuppressive molecule TGF-4 has also been implicated in MDSC function. MDSC
with the phenotype CD11b*Gr-1'"t (where “int” is “intermediate”) and induced by a mouse
fibrosarcoma or colon carcinoma when stimulated with IL-13 through the IL-13Ra« are
activated to produce TGF-4 (59,76). In the same report, CD11b*Gr-1N9" MDSC did not
produce suppressive TGF-f. Experiments with a transplanted and spontaneous mammary
carcinoma demonstrated increased levels of TGF-£ in the tumor microenvironment if the tumor
cells were deficient for the type Il TGF-p receptor. These authors demonstrated that a
deficiency in the receptor resulted in an increase in CXCL5 in the tumor microenvironment.
CXCLS5, in turn, chemoattracted CXCR2-expressing Gr1*CD11b* MDSC. Because
Gr1*CD11b* cells from tumor-bearing but not tumor-free mice produced high levels of TGF-
B, tumor-infiltrating MDSC were the likely source of the heightened TGF-4 in the tumor
microenvironment. In addition to demonstrating that some MDSC use TGF-fto suppress, these
reports indicate that at least some tumor-driven Gr1*CD11b* cells are distinct from normally
differentiating myeloid cells (8).

MDSC also suppress by down-regulating the TCR-associated ¢-chain (58,77,78), a
phenomenon that occurs in most cancer patients (77) and is caused by inflammation (78). In
the absence of the -chain, CD4* and CD8" T cells are unable to transmit the required signals
for activation.

Two additional suppressive mechanisms have been recently identified. MDSC down-regulate
L-selectin (CD62L), a plasma membrane molecule necessary for the homing of naive T cells
to lymph nodes. As a result, activation of CD4" and CD8* T cells is reduced because they are
unable to migrate to lymph nodes where they would normally be activated by tumor Ags (E.
M. Hanson, V. K. Clements, P. Sinha, D. llkovitch, and S. Ostrand-Rosenberg. Myeloid-
derived suppressor cells down-regulate L-selectin expression on CD4* and CD8* T cells.
Submitted for publication).

Recent work demonstrates that MDSC also block T cell activation by depriving the
environment of cysteine, an amino acid that is essential for T cell activation. T cells lack the
enzyme to convert methionine to cysteine and the membrane transporter to import cystine,
which could be reduced intracellularly to cysteine, and therefore must obtain their cysteine
from extracellular sources. Under healthy conditions, APCs (i.e., DC and macrophages)
synthesize cysteine from methionine and import extracellular cystine and convert it to cysteine.
Surplus cysteine is then exported during Ag presentation and imported by T cells. MDSC are
also unable to convert methionine to cysteine, so they are fully dependent on importing cystine
for conversion to cysteine. When MDSC are present in high concentrations they import most
of the available cystine, depriving DC and macrophages of cystine. Because MDSC do not
export cysteine, their immediate environment is cysteine deficient and T cells are unable to
synthesize the necessary proteins for activation (M. Srivastava, P. Sinha, and S. Ostrand-
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Rosenberg. Myeloid-derived suppressor cells inhibit T cell activation by sequestering cystine
and cysteine. Submitted for publication).

Fig. 2 diagrams the target cells impacted by MDSC and the suppressive mechanisms used by
MDSC and illustrates the wide-ranging impact that these cells have on the immune system.

Inflammation drives the accumulation and suppressive activity of MDSC

MDSC accumulation and activation are driven by multiple factors, many of which are identified
with chronic inflammation. Early studies demonstrated that the inflammation-associated
molecules VEGF and GM-CSF were associated with the accumulation of MDSC (14,15) and
suggested that inflammation might facilitate immune suppression (77). However, it was not
until the proinflammatory cytokines IL-14 (79,80) and I1L-6 (81) and the bioactive lipid
PGE, (44) were shown to induce MDSC that the significance of the association with
inflammation was appreciated. These later studies suggested that another mechanism by which
inflammation promotes tumor progression is through the induction of MDSC that block
immune surveillance and antitumor immunity, thereby removing barriers that could eliminate
premalignant and malignant cells. Fig. 3 shows the proinflammatory mediators that induce
MDSC and are discussed in the following sections.

IL-1B8 and IL-6 induce MDSC

The ability of IL-14 to induce MDSC was demonstrated in mice with transplanted mammary
carcinoma or fibrosarcoma tumors. Mice inoculated with wild-type tumor cells secreting
IL-1p developed significantly higher levels of Gr*CD11b* MDSC as compared with mice
carrying the same tumors but not secreting IL-15 (79,80). A later study using mouse mammary
carcinoma cells transfected with a secreted form of IL-6 showed the same effect (81). The
effect of secreted IL-14 was confirmed by another report in which IL-14 was driven by a
stomach-specific promoter and the resulting transgenic mice developed elevated levels of
MDSC and stomach cancer (82). IL-1-induced accumulation of MDSC was independent of
host T cells, B cells, and NK cells, and the MDSC had increased levels of ROS and enhanced
suppressive activity against CD4* and CD8*T cells relative to MDSC induced in less
inflammatory environments. IL-14-induced MDSC were also longer lived in vivo than MDSC
induced in less inflammatory environments (79). Consistent with the down-regulation of
antitumor immunity by MDSC, IL-14-secreting tumors were more invasive and progressed
more rapidly than non-1L-14-producing tumors (80,83). Similarly, mice treated with IL-1R
antagonist, the naturally occurring inhibitor of IL-14 (80), or mice deficient for the IL-1R had
slower growing tumors, whereas mice deficient for the IL-1Ra had higher MDSC levels (81).
MDSC levels in tumor-bearing mice correlated with response to IL-1/ in that IL-1R-deficient
and IL-1Ra-deficient mice had reduced and elevated levels of MDSC, respectively, relative to
wild-type mice. Although MDSC do not express IL-1R (79), they do express IL-6R (81),
suggesting that IL-15 does not directly interact with MDSC. Because IL-6 is downstream of
IL-14 in inflammatory responses, the observed effects of IL-14 could be due to IL-6.

In addition to increasing the levels of MDSC, IL-1p heightens the cross-talk between MDSC
and macrophages and vice versa. MDSC from mice with IL-1/-secreting tumors produce more
IL-10 than MDSC generated in an I1L-15-deficient environment. Similarly, MDSC from an
IL-1/-enriched tumor microenvironment are more potent down-regulators of macrophage-
produced IL-12. Experiments with TLR4-deficient mice demonstrated that these effects are
mediated by signaling through the LPS-TLR4 pathway. However, TLR4 knockout mice with
bacterially induced sepsis still accumulate high levels of MDSC, indicating that MDSC are
also activated through TLR4-independent pathways. This alternative pathway is likely to be
mediated by other TLR ligands, because mice deleted for MyD88, an adaptor protein in the
signaling pathway of most TLRs, do not accumulate high levels of MDSC in response to sepsis
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(20). Therefore, TLRs differentially regulate MDSC accumulation, and activation through
TLR4 is critical for MDSC-mediated exacerbation of a tumor-promoting type 2 phenotype that
favors tumor progression (84).

Collectively, these findings indicate that limiting inflammation by reducing IL-15 levels or by
preventing IL-14 binding to its receptor reduces MDSC accumulation and suppressive activity,
delays tumor growth, enhances antitumor immunity, and is a potential strategy for limiting
immune suppression and favoring antitumor immunity.

PGE, induces MDSC

PGE, and/or cyclooxygenase (COX)-2, which is required for the conversion of arachidonic
acid to PGE,, are potent inflammatory mediators. They are produced by many tumors and are
major contributors to the inflammatory tumor milieu (85,86). Tumor-infiltrating macrophages
also produce PGE,, further amplifying inflammation at the tumor site (87). PGE, facilitates
tumor growth through several nonimmune mechanisms, including promoting angiogenesis,
protecting against apoptosis, and stimulating tumor cell proliferation and metastasis (88).
Because COX-2 and PGE, had been shown to increase arginase levels in mouse CD11b*
macrophages (89), the role of PG in MDSC induction was examined. PGE, was identified as
an inducer of MDSC because coculture of E prostanoid agonists, but not antagonists, induced
mouse lineage-depleted, c-kit* bone marrow precursor cells to differentiate into suppressive
Gr*CD11b*MDSC. Mouse MDSC express all four PGE, receptors (EP1-4). However, tumor-
bearing mice deficient for a single receptor (EP-2) displayed reduced tumor growth and their
MDSC were less suppressive as compared with MDSC from wild-type mice. Treatment of
tumor-bearing mice with a COX-2 inhibitor (SC58236) reduced MDSC levels and delayed
tumor progression (44). Using arginase levels as a measure of suppressive activity, PGE, was
also shown to up-regulate CD11b*CD14~CD15* MDSC in patients with renal cancer (90).
Therefore, elevated levels of PGE, promote tumor progression through nonimmune
mechanisms and by limiting antitumor immunity through the induction of higher levels and
more suppressive MDSC.

Proinflammatory S100 proteins regulate MDSC accumulation

The S100A8 and S100A9 proteins are members of a large family of proteins that includes
inflammatory and noninflammatory molecules. Heterodimeric S100A8/A9 complexes are
calcium-binding proteins that are released by neutrophils and activated monocytes (91). They
are elevated in patients with a variety of inflammatory diseases (92,93) where they amplify
inflammation by chemoattracting leukocytes that produce additional proinflammatory
mediators (94). Several lines of evidence demonstrate that SI00A8/A9 proteins regulate
MDSC accumulation and suppressive activity. MDSC expressing S100A8/A9 accumulate in
all regions of dysplasia and adenoma in a colitis-associated colon cancer model (95). MDSC
from mice with a mammary carcinoma have receptors for SI00A8/A9 complexes and secrete
S100A8/A9 themselves (29). Ab blocking of the receptors in tumor-bearing mice reduces the
quantity of MDSC in tumors and secondary lymphoid organs (29). Mice genetically deficient
for S100A9 are resistant to challenge with a colon carcinoma but become susceptible if
adoptively transferred with MDSC from wild-type mice (96). SI00A8/A9 heterodimers
mediate these effects through at least two mechanisms: 1) they block the differentiation of
myeloid precursors into differentiated DC and macrophages through a STAT3-dependent
mechanism (96); and 2) they chemoattract MDSC to tumor sites through a NF-xB-dependent
pathway (29). Therefore, similarly as IL-1, IL-6, and PGE,, SI00A8/A9 proteins facilitate
the accumulation of MDSC. However, unlike the other mediators, MDSC also produce
S100A8/A9 proteins, providing for an autocrine feedback loop that sustains the accumulation
and retention of MDSC while concomitantly chemoattracting additional proinflammatory

J Immunol. Author manuscript; available in PMC 2010 January 24.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ostrand-Rosenberg and Sinha Page 8

mediators. As a result, SI00A8/A9 proteins control a network of inflammatory mediators and
are therefore also a promising target for reducing/eliminating MDSC (29,96).

Complement component C5a induces MDSC

In addition to its classical role in Ab-mediated cell lysis, the complement system is a key player
in innate immunity to infection and in inflammatory reactions (97). In both the classical and
lectin pathways, C5 convertase (which includes C3a) generates C5a from C5. C5a, also known
as anaphylatoxin, and C3a have inherent inflammatory activity, are chemoattractants, and
localize to endothelial cells within solid tumors (97,98). The first hint that complement
components regulate tumor growth came from the observation that a transplanted cervical
tumor grew more slowly in C3-deficient mice as compared with wild-type mice (99). Further
studies using C5a receptor-deficient mice indicated that C5a also facilitated tumor progression
and that it mediated its effects by binding to C5a receptors on MDSC. Tumor-bearing mice
contained both granulocytic/neutrophil-like and monocytic MDSC, and both MDSC sub-
populations expressed C5a receptors. However, C5a affected the two subpopulations
differently. C5a increased the migration of granulocytic/neutrophil-like MDSC, but not
monocytic MDSC, into solid tumors and peripheral lymphoid organs. It also increased the
expression of ROS and reactive nitrogen species in monocytic but not granulocytic/neutrophil-
like, MDSC. Both of these activities resulted in more potent MDSC that were more suppressive
for T cells (99). The direct induction of MDSC by these complement components identifies
additional proinflammatory mediators that could be targeted to eliminate MDSC.

Conclusions

MDSC cause immune suppression in most cancer patients, where they are an impediment to
all immunotherapies that require an active immune response by the host. They may also
facilitate the transformation of premalignant cells and promote tumor growth and metastasis
by suppressing innate and adaptive immune surveillance that would otherwise eliminate
abnormal cells. The induction of MDSC by proinflammatory factors identifies the immune
system as another contributing mechanism by which chronic inflammation contributes to the
onset and progression of cancer.

Elimination of MDSC is a priority for cancer patients who are candidates for active
immunotherapy. Likewise, limiting the accumulation and retention of MDSC during chronic
inflammation may reduce the risk of developing cancers. The proinflammatory mediators that
induce MDSC are particularly attractive targets for limiting this suppressor cell population,
although there are several unknowns that make it difficult to decide which mediators to target.
For example, it is not known whether the various proinflammatory factors induce MDSC
through independent or overlapping pathways. If the pathways are independent, then it will be
necessary to block individual pathways. In contrast, if the pathways merge, then a single drug
aimed at a common molecule may be effective. Future studies may identify additional
proinflammatory mediators or factors that independently or coordinately regulate the
accumulation of MDSC.

The heterogeneity of MDSC also complicates finding a single strategy for eliminating the cells.
Pathologically distinct tumors produce different arrays and quantities of proinflammatory
factors that induce MDSC. As a result, there is phenotypic heterogeneity between MDSC
induced by histologically distinct tumors. There is also phenotypic heterogeneity within the
MDSC population induced within a single individual. This heterogeneity may require
identifying and then specifically targeting the relevant proinflammatory mediator(s) for
individual patients or for the specific type of tumor.

J Immunol. Author manuscript; available in PMC 2010 January 24.
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Regardless of the complexity of MDSC induction, reduction of this inhibitory population is
essential, and a comprehensive understanding of the proinflammatory mediators that regulate
MDSC will provide valuable information for future drug design.
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MOUSE MDSC
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NO, Arginase,
Nitrotyrosine
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Nitrotyrosine
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Mouse and human MDSC are heterogeneous populations of immature myeloid cells.
Subpopulations of MDSC display different constellations of cell surface and intracellular
markers and suppress by different mechanisms. This diversity is likely due to different
combinations of factors produced by histologically distinct tumors that cause myeloid cells to
arrest at different stages of differentiation.
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FIGURE 2.

MDSC suppress antitumor immunity through a variety of diverse mechanisms. T cell activation
is suppressed by the production of arginase and ROS, the nitration of the TCR, cysteine
deprivation, and the induction of Tregs. Innate immunity is impaired by the down-regulation
of macrophage-produced IL-12, the increase in MDSC production of IL-10, and the
suppression of NK cell cytotoxicity. Ag presentation is limited by the expansion of MDSC at
the expense of DC.

J Immunol. Author manuscript; available in PMC 2010 January 24.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Ostrand-Rosenberg and Sinha Page 17

\INFLAMMAHON

Arachadonic
acid IL-6

\ *coxa IL-18 \

Classical and lectin ==
: complement pathways Cﬁu—’ CE

/ Increases MDSC accumulation

S100A8/A9 \ and potency: blocks anti-tumor
immunity; promotes tumor
growth

FIGURE 3.

MDSC are induced and/or activated by multiple proinflammatory mediators. MDSC
accumulate in the blood, bone marrow, lymph nodes, and at tumor sites in response to
proinflammatory molecules produced by tumor cells or by host cells in the tumor
microenvironment. These factors include PGEy, IL-15, IL-6, VEGF, S100A8/A9 proteins, and
the complement component C5a.
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