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Summary
Myeloid-derived suppressor cells (MDSC) play an important role in the cellular network
regulating immune responses in cancer, chronic infectious diseases, autoimmunity, and in other
pathologic conditions. Morphological, phenotypic and functional heterogeneity is a hallmark of
MDSC. This heterogeneity demonstrates the plasticity of this immune suppressive myeloid
compartment, and shows how various tumors and infectious agents can have similar biological
effects on myeloid cells despite the differences in the factors that they produce to influence the
immune system; however, such heterogeneity creates ambiguity in the definition of MDSC as well
as confusion regarding the origin and fate of these cells. In this review we will discuss recent
findings that help to better clarify these issues and to determine the place of MDSC within the
myeloid cell lineage.
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Introduction
Myeloid-derived suppressor cells (MDSC) have become the focus of intense study in recent
years. MDSC accumulate in large numbers during many pathologic conditions, including
cancer, infectious diseases, trauma, sepsis, etc. They are characterized by their myeloid
origin, immature state, and most importantly by their potent ability to suppress different
aspects of immune responses, especially T-cell proliferation and cytokine production. Early
studies implicated up-regulation of arginase, nitric oxide (NO), and reactive oxygen species
(ROS) as the major factors responsible for the immune suppressive activity of MDSC. Since
then the important role of these molecules has been convincingly demonstrated and was
described in detail in a number of reviews [1–3]. More recently several other mechanisms
were added to the mix, including up-regulation of cyclooxigenase-2 and prostaglandin E2
[4], induction of regulatory T cells [5–7], production of TGF-β [8, 9], depletion of cystein
[10], and down-regulation of L-selectin expression of T cells [11]. It became apparent that
the immune suppressive activity of MDSC is highly pleiotropic and the specific mechanisms
used by these cells are dependent on the context of the microenvironment. We will discuss
in this review how the variety of immune suppressive mechanisms employed by MDSC is
closely connected with heterogeneity of these cells.

Cancer is the predominant pathological condition in which MDSC play an important role.
Expansion of MDSC has been detected in practically all studied tumor models and in
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patients with most tested types of cancer. Elimination of MDSC dramatically improved
immune responses in tumor-bearing mice and in cancer patients and in some models it
resulted in a direct antitumor effect (see recent reviews [12–14]). In addition, MDSC have
been implicated in a whole array of non-immunological functions, such as the promotion of
angiogenesis, tumor cell invasion, and metastases [8, 15–17].

Although many underlying mechanisms of MDSC activity and their specific contribution to
the pathological processes associated with cancer, infectious diseases and autoimmune
abnormalities remain to be elucidated, the overall biological role of MDSC is now widely
appreciated. It is clear that MDSC are an important element of a cellular network regulating
immune responses; however, the nature of these cells remains controversial. This
controversy arises from the fact that MDSC is not a homogenous cell type. The
morphological, phenotypic, and functional heterogeneity of MDSC is a hallmark of these
cells. This heterogeneity provides MDSC with broad appeal to researchers and clinicians as
a potential universal tool developed by nature to control immune responses under various
pathological conditions. It has been demonstrated that various tumors and infectious agents
can cause similar biological effects on myeloid cells despite the apparent differences in the
profile of cytokines and other factors that they produce or employ. However, such a research
“blessing” comes at a price. This heterogeneity creates ambiguity in the definition of
MDSC, as well as confusion regarding the origin and fate of these cells. Different
investigators have contrasting views on the biology of MDSC vis-à-vis monocytes and
neutrophils. The biology of MDSC is very complex, and we are under no illusion that in this
mini-review we can completely clarify this issue. However, we will try to present our point
of view on the functional heterogeneity of MDSC and their place in the hierarchy of myeloid
cells.

Major subsets of MDSC: Appearances matter
Initially, MDSC in mice were defined as cells expressing a Gr-1+CD11b+ phenotype and
lacking the expression of markers typical of mature macrophages (MΦ) and dendritic cells
(DC) [18, 19]. In humans, MDSC were defined as cells that co-purified with mononuclear
cells, lacked markers of lymphocytes, natural killer cells, monocytes, and DC, and expressed
the myeloid cell markers CD33 and CD11b, as well as, in some studies, granulocyte markers
[20–22]. Morphologically MDSC consists of a mixture of monocytic and granulocytic cells.
Recently, specific markers that identify two major subsets of MDSC were described, and
currently MDSC in mice and men can be subdivided into two major groups: granulocytic
MDSC (G-MDSC) and monocytic MDSC (M-MDSC). As can be discerned from their
names G-MDSC have a morphology similar to that of granulocytes, and M-MDSC have a
morphology similar to that of monocytes. In mice G-MDSC have a phenotype of
CD11b+Ly6G+Ly6Clow, whereas M-MDSC have a phenotype of CD11b+Ly6G−Ly6Chigh

[23, 24]. The Ly6G molecule is known to be expressed primarily on granulocytes [25],
whereas Ly6C is typically highly expressed on monocytes [26]. Gr-1 antibody (RB6-8C5)
can detect both Ly6G and Ly6C epitopes. Interestingly, when Gr-1 antibody is used for the
first step of staining for MDSC, subsequent labeling with Ly6G, but not with Ly6C-specific
antibody, is significantly decreased [27, 28].

In humans, the phenotype of these cells is less clearly defined, although recent studies have
implicated CD15 and CD66b as additional markers allowing for detection of G-MDSC and
M-MDSC [29, 30]. G-MDSC and M-MDSC differ not only in morphology and phenotype,
but also in the mechanisms by which they suppress immune function.

More information about these differences can be found in recent excellent reviews [31, 32].
To summarize, G-MDSC primarily use ROS as the mechanism of immune suppression. In
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contrast, M-MDSC primarily use up-regulation of inducible nitric oxide synthase (iNOS),
arginase and an array of immune suppressive cytokines to suppress various immune
functions (Figure 1).

Early studies of MDSC demonstrated the heterogeneous nature of MDSC and suggested the
existence of a small subset of cells within this larger group that could be more suppressive
than others. This prompted the search for markers that could be used to identify such a
population. Several potential candidates were suggested, such as CD115 (M-CSFR), CD124
(IL-4Rα), CD40, and CD80 [6, 7, 33, 34]. However, further studies indicated that although
these markers are undoubtedly expressed on MDSC, they do not define specific immune
suppressive populations of MDSC in various tumor models [24]. Two major subsets of
MDSC apparently have an important role in the antigen-specific vs. non-specific nature of
immune suppression. G-MDSC, which use ROS for their suppressive function, require close
cell-cell contact with T cells, which manifests in strong reliance on antigen-specific
interaction between MDSC and T cells [35]. M-MDSC, which use up-regulation of NO and
arginase, production of immune suppressive cytokines, and other mechanisms, effectively
suppress antigen-independent T-cell responses without requiring direct cell-cell contact
(Figure 1). Evidence from various laboratories suggests that on a per cell basis M-MDSC are
more potent than G-MDSC [16, 23, 28, 36]. However, in most tumor models the vast
majority of MDSC in peripheral lymphoid organs are composed of G-MDSC [24].

This may explain why in many tumor models antigen-specific tolerance of T cells in
peripheral lymphoid organs was detected, although T cells retained the ability to respond to
non-specific stimuli [37, 38]. However, the proportion of G-MDSC to M-MDSC in different
tumor models is highly variable and depends on factors that are not yet well understood.
This may also explain some inconsistent results from different laboratories regarding the
antigen-specificity of MDSC-mediated suppression, which further contributes to the
complex role of these cells in cancer. In addition, in tumor site the ratio between G-MDSC
and M-MDSC is much lower than in lymphoid organs, which may influence the nature of
immune suppression observed in tumor site. The mechanism of preferential accumulation of
M-MDSC in tumor site is currently not clear. It is possible that the nature of chemokines
produced by tumor cells is responsible for preferential migration of M-MDSC to the tumor
site. Alternatively, tumor microenvironment due to hypoxia, low pH, etc may not support
survival of G-MDSC. It is important to point out that it is likely that the morphological and
functional heterogeneity of MDSC is not limited to these two major subsets. There are likely
other intermediate groups of cells with distinct phenotype reflecting different stages of cell
differentiation. Some of them have been recently described [39] but more subsets will
probably be described in the future.

Subsets of MDSC and the Gr-1 molecule: A new role for an old molecule or
an identity crisis

Recently, several studies pointed out the possibility that the immune suppressive functions
of MDSC can be identified by the level of expression of Gr-1. In the spleens of healthy mice
Gr-1lowCD11bhighLy-6ChighSSClow M-MDSC and Gr-1highCD11blow G-MDSC were
described as having potent suppressive activity, whereas Gr-1highCD11bhigh and
Gr-1lowCD11bhighSSClow cells were not suppressive [40]. Dolcetty et al. separated Gr-1high

and Gr-1int from spleens of tumor-bearing mice by means of immunomagnetic sorting,
optimized in a multistep separation protocol [28]. CD11b+Gr-1int cells, mainly comprised
M-MDSC and myeloid precursors, had potent suppressive activity against CD8+ T-cells.
However, CD11b+Gr-1high cells, represented mostly by G-MDSC, exerted appreciable
suppression only in some tumor models and when present in high numbers. The
CD11b+Gr-1int but not CD11b+Gr-1high cells were also immunosuppressive in vivo
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following adoptive transfer [28]. Freshly isolated splenic Gr-1int but not Gr-1high MDSC
from tumor-bearing mice reduced production of IFN-γ in CD8+ T cells. In addition, splenic
Gr-1int MDSC from tumor-bearing mice differentiated into CD11c+F4/80+ cells in the
presence of GM-CSF [41].

These results make a case in favor of Gr-1 as an important marker of immune suppressive
activity. However, it has been known that expression of the Gr-1 molecule is increased with
granulocyte maturation, whereas expression is transient on cells in the monocytic lineage.
Gr-1high cells were enriched for end-stage neutrophils, whereas Gr-1low cells contained more
immature myeloid cells and myelocytes [42]. As was noted in the studies referenced above
and from our own experience, at least in tumor models Gr-1high and Gr-1int cells closely
corresponded to G-MDSC and M-MDSC subsets. In support of this view, inhibition of M-
CSFR, which is highly expressed on M-MDSC, strongly reduced the recruitment of
Gr-1lowLy6Chigh M-MDSC but had no effect on Gr-1high Ly6Clow G-MDSC in the tumor
[16]. As we discussed above, M-MDSC had more potent suppressive activity than G-
MDSC, which may explain the difference in suppressive activity between Gr-1high and
Gr-1int MDSC. The data regarding potential signaling via Gr-1 raises an interesting paradox
regarding the possible role of this molecule in MDSC function.

Ribechini et al. [27] recently demonstrated that in bone marrow cells Gr-1-specific antibody
induced signaling via STAT-1, STAT-3 and STAT-5, similar to the effect of GM-CSF. Gr-1
antibody induced myeloid cell expansion and upregulation of macrophage markers.
Suppressive activity of both Gr-1high and Gr-1low MDSC was transiently ablated by Gr-1
antibody injection. These results suggest a functional role of the Gr-1 molecule in both
MDSC function and differentiation. However, they also imply that if the Gr-1 receptor has a
natural ligand (which is likely), then Gr-1high MDSC should have more prominent immune
suppressive activity. This further suggests that the differences in functional activity between
MDSC with different levels of Gr-1 expression could be a reflection of differences in the
abundance of this molecule on G-MDSC and M-MDSC, rather than an indication that Gr-1
acts as a direct marker of cells with immune suppressive activity.

It is important to point out that separation protocols used in referenced above studies did not
allow for complete distinction between Ly6G positive and Gr-1int cells. Therefore, some
Ly6G+ cells had intermediate level of Gr-1 expression, which may contribute to some
discrepancies in functional activity of these cells observed by different groups. This issue
could probably be resolved using direct experiments with regulated Gr-1 expression on
different MDSC subsets. It is likely that more specific markers of cell populations are
needed to narrow down the more potently suppressive sub-population of cells. In a recent
study a novel marker of MDSC, CD49d, was suggested to be such a marker [43]. The
CD49d+ subset of MDSC was mainly monocytic and strongly suppressed antigen-specific
T-cell proliferation in an NO-dependent mechanism similarly to Gr-1dull/int MDSC.
CD11b+CD49d+Gr-1+ MDSC were more potent suppressors of antigen-specific T-cell
responses than CD11b+CD49d−Gr1+ MDSC [43]. It is likely that in the next few years more
markers of suppressive subsets of MDSC will be determined, which would help to clarify
the biology of MDSC in pathologic conditions.

The origin of MDSC: A new tale for old cells or an old tale for new cells
Since the first characterization of MDSC, the nature of these cells has been a subject of
debate. MDSC are very similar to monocytes and granulocytes and share common
morphologic features. The CD11b+Ly6G+Ly6Clow phenotype of G-MDSC is identical to
that of neutrophils, and the CD11b+Ly6G−Ly6Chigh phenotype of M-MDSC is the same as
that of the so-called inflammatory monocytes [44, 45]. What then sets these cells apart?
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Why even use the term MDSC instead of granulocytes and monocytes? We believe these
questions are at the core of the unique biological role of these cells.

MDSC are not simply the result of myeloid precursor cells expanding under pathological
conditions. MDSC is a functional definition of immature myeloid cells that have acquired
potent immune suppressive activity and other non-immunological functions. They also have
impaired ability to differentiate into mature myeloid cells, and as a result accumulate in
peripheral lymphoid organs. It became apparent that these cells do not really exist in healthy
individuals or control mice. Precursors of mature myeloid cells with the same phenotype
present in physiologic conditions do not share the functional characteristics of MDSC, and
probably should not be called as such. Moreover, acute bacterial infection or stress does not
necessarily result in the generation of MDSC. These cells accumulate only during long-term
unresolved pathological conditions such as chronic infection, inflammation, or cancer. Large
numbers of factors are involved in the expansion of MDSC, including different cytokines,
complement, toll-like receptor agonists, etc. and have been reviewed in detail elsewhere [2,
12, 46]. These factors not only cause the expansion of cells with MDSC phenotype, but
more importantly also result in their activation, which manifests in the up-regulation of
many intermediates with potential immune suppressive activity, such as ROS, iNOS, COX2,
and arginase. These two processes (cell expansion and activation) are closely connected, co-
dependent, and are regulated by the same set of transcription factors i.e. STAT3, STAT1,
STAT6, NF-κB [2, 12, 46]. This may provide an explanation of some unique biological
activities of these cells. M-MDSC can persist without differentiating into mature
macrophages or DC in vitro and in vivo and have high levels of both iNOS and arginase, two
proteins that are not usually up-regulated together, and separately are often considered to be
hallmarks of different subsets of polarized classical (M1) and alternatively activated (M2)
MΦ, respectively [47]. G-MDSC retain high levels of ROS for an extended period of time,
whereas neutrophils die within hours after the induction of respiratory burst by various
stimuli [48]. The question remains, however, are there any markers that would allow for
distinguishing MDSC from monocytes and neutrophils? Based on recent developments in
the field we believe that the identification of such markers is just a matter of time. This
would represent a major advance in our ability to better characterize these cells.

Can MDSC be generated ex vivo from normal myeloid progenitors? This question is
important not only for better comprehension of the biology of these cells, but also for
potential therapeutic use as cell therapy in autoimmune diseases and transplantation.
Recently several groups have reported interesting observations addressing this possibility.
Marigo et al. [49] have shown that the combination of GM-CSF and IL-6 allowed for a rapid
generation of MDSC from precursors present in mouse and human bone marrow. In mice
these cells were able to impair the priming of CD8+ T cells, and enabled long term
acceptance of pancreatic islet allografts [49]. Consistent with these data Lechner et al [50]
reported that GM-CSF and IL-6 were able to generate suppressive human CD33+ myeloid
cells ex vivo. Zhou et al [39] reported generation of MDSC from mouse embryonic stem
cells and bone marrow hematopoietic progenitor cells. Adoptive transfer of these MDSC
prevented alloreactive T-cell-mediated graft-versus-host disease [39]. Bone marrow
progenitor cells could be induced by LPS to develop into CD11b+Gr1intF4/80+ cells that
when adoptively transferred suppressed allergen-induced airway inflammation in recipient
mice [51]. Altogether these encouraging results suggest that MDSC-based therapy is
feasible and needs to be further developed.

The fate of MDSC in tumor-bearing hosts: How bad may become worse
What happens with MDSC in the body? Do they die as immature cells or differentiate into
other cells? Early studies showed that if tumor-derived MDSC were placed in culture
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conditions without tumor-derived factors or transferred into tumor-free recipients they
differentiated into mature functionally competent MΦ and DC (rev. in [2]). Consistent with
those observations were data demonstrating that surgical removal of tumors resulted in
elimination of MDSC, although the fate of those MDSC was not clear. A combination of
different cytokines allowed for the generation of functionally competent DC from MDSC in
vitro [52, 53]. These data further underscore the fact that MDSC include precursors of MΦ
and DC, and in vitro manipulation in the absence of tumor-derived factors can successfully
differentiate these cells into mature myeloid cells. The situation in the presence of tumor-
derived factors and in tumor-bearing hosts is quite different, however. MDSC isolated from
the spleens of tumor-bearing mice differentiated in the presence of tumor-derived factors
into immune suppressive MΦ [53]. After adoptive transfer into tumor-bearing recipients,
MDSC freshly isolated from the spleens of tumor-bearing mice differentiated into tumor-
associated MΦ with potent immune suppressive activity [54]. Recently we have studied the
fate of spleen MDSC from tumor-bearing mice after adoptive transfer directly into the tumor
site, using the model of ascitis. Within several hours after transfer, donor MDSC had up-
regulated expression of iNOS and arginase and were able to suppress non-specific T-cell
activation. Within 48 hr these cells acquired the morphology and phenotype of MΦ. Very
few donor CD11c+ DC were observed in the tumor site. This was in sharp contrast with the
spleen, where donor MDSC persisted for much longer after adoptive transfer, and
differentiated equally into MΦ and DC [55]. This effect was recapitulated in vitro by
hypoxia, suggesting that hypoxia could be involved in MDSC differentiation into tumor-
associated MΦ. Interestingly, MΦ differentiated from MDSC in hypoxic conditions did not
show preferential polarization to either the M1 or M2 type; although these MDSC expressed
high levels of genes associated with both types [55]. This was consistent with the reportfrom
Umemura et al. [56] that immune suppressive CD11b+F4/80+ monocytes/macrophages that
infiltrated murine colon carcinoma and glioma simultaneously expressed CXCL10 and
CD206 proteins, which are typical M1 and M2 MΦ activation markers, respectively. In our
study [55], HIF-1α apparently was one of the major factors regulating differentiation of
MDSC to MΦ in the tumor microenvironment, since HIF-1α-deficient MDSC had
substantially reduced ability to differentiate into MΦ. Although data on the fate of MDSC
requires further development, it appears that in tumor-bearing hosts MDSC may
differentiate preferentially into immune suppressive tumor-associated MΦ, thus forming the
immune suppressive axis focused on inhibition of antitumor immune responses (Figure 1).

When a conclusion is simply the place where you got tired of thinking
Recent years have witnessed high interest for MDSC. Their biological role has become
evident. Their contribution to pathological processes goes far beyond immune suppression.
In this review we focused on only one aspect of MDSC biology: their heterogenic nature and
its functional significance. Heterogeneity is a key characteristic of these cells. In the long
run this is a blessing for researchers and physicians, for it opens opportunities to better
understand the complex nature of myeloid cell involvement in regulation of immune
responses. It also provides a conceptual bridge linking hematopoietic progenitor cells and
suppressive myeloid cells in many pathologic conditions. However, in the short run MDSC
heterogeneity is a curse, since it complicates comprehension of the place occupied by these
cells in the hierarchy of myeloid cells. We believe that evidence accumulated so far
indicates that MDSC are not just activated inflammatory monocytes or neutrophils.
However, the molecular mechanisms directly responsible for abnormal differentiation and
function of myeloid cell precursors that convert them into MDSC remain to be elucidated.
Identification of markers allowing for discrimination between MDSC and classic neutrophils
or monocytes in tissues would help to advance our understanding of the biological role of
MDSC in various pathologic conditions. MDSC heterogeneity suggests that it would indeed
be possible to find phenotypic markers allowing for better identification of specific immune
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suppressive subsets of these cells. Finally, identification of factors that would allow stable
conversion of monocytes into MDSC for the purpose of cell therapy would open exciting
new therapeutic opportunities.
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Figure 1. Schematic of possible pathway of MDSC differentiation in cancer
Blue dashed lines denote myeloid cell differentiation under physiologic conditions. Black
solid line shows proposed development of MDSC in tumor-bearing host. HSC –
hematopoietic stem cells, CMOP – common myeloid progenitor, MΦ – macrophages, DC –
dendritic cells, T – T cells. See detailed explanation in the text.
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