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INTRODUCTION
Over the last decade, a novel heteroge-

neous population of immature myeloid
cells with immunosuppressive properties
has been described, and these cells have
recently been coined myeloid-derived
suppressor cells (MDSCs) (1–3). Much of
the early work on the origins and func-
tions of these cells has been in experi-
mental and human cancer, in which
these populations are known to be im-
munosuppressive and to result in both
reduced immune surveillance and antitu-
mor cytotoxicity (2). However, more re-
cent findings suggest that expansion of
these immature myeloid cell populations
may not be limited to cancer, and that
they are linked to most if not all chronic

and acute inflammatory processes (3).
Therefore, should MDSCs be viewed
solely from the context of an anomalous
and pathologic response to cancer or
could the expansion of these cell popula-
tions be considered an integral compo-
nent of the host response to any inflam-
matory stimuli? Rather than an adverse
immunosuppressive response, the expan-
sion of this cell population(s) more than
likely represents a complex balance be-
tween increased immune surveillance
and dampened adaptive immune re-
sponses common to many inflammatory
responses.

In this review we explore the origins of
these cell populations during inflamma-
tion, focusing on their role in acute in-

flammatory processes such those that
occur during trauma and sepsis. We pro-
pose that the overall role of MDSCs in-
volves much more than simply being an
immunosuppressive population unique
to some cancers. Rather, MDSC expan-
sion is a common response to all inflam-
matory processes, and the functions of
MDSCs are highly dependent on the cir-
cumstances in which their expansion oc-
curs. Like much of the host response to
inflammation, the expansion of the
MDSC population poses both beneficial
opportunities as well as potential dam-
aging costs to the host. MDSCs have po-
tent innate immune effector cell function,
and during periods of systemic insult
(that is, cancer growth, sepsis) may actu-
ally serve to protect the host from oppor-
tunistic infectious insults. Manipulation
of MDSC expansion and function offers
unique opportunities, but also poses
risks and uncertainties.
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MDSCs: HETEROGENOUS AND POORLY
DESCRIBED

MDSCs have been known for several
decades under a number of different
monikers, ranging from “natural sup-
pressor cells” to “immature myeloid
cells” to “suppressor macrophages” (4,5).
These cells have been defined predomi-
nantly by their functional properties, and
little is known about the specific identity
of these cell populations. In mice, MDSCs
have been characterized as an inducible
cell population that expresses cell-surface
CD11b and GR-1 antigens, does not or
only weakly expresses other markers of
mature myeloid cells (such as CD14 and
MHC class II antigens), has increased ex-
pression of arginase (ARG) and inducible
nitric oxide synthetase (iNOS), and pro-
duces large quantities of reactive oxygen
species (ROS) and reactive nitrogen
species (RNS) (6). These cells have the ca-
pacity to suppress predominantly anti-
gen-specific CD8+ and CD4+ T-cell re-
sponses. Although these criteria are well
accepted in the cancer literature, they are
by no means highly specific or inclusive,
and this ambiguity has often led to con-
flicting descriptions of their population
and the argument that MDSCs originat-
ing in cancer may be different from those
expanding during other acute and
chronic inflammatory diseases, such as in
trauma, burns, sepsis and autoimmune
diseases (7).

Other markers and phenotypes have
been used to further classify these cell

populations, as well as to discriminate
them from other myeloid cells with sup-
pressor cell function, such as tumor-
 associated macrophages (8). As shown in
Table 1, many investigators have at-
tempted to further classify MDSCs on
the basis of several strategies: their rela-
tive expressions of CD11b+ and the Ly6
superfamily (Ly6G and Ly6C), which is
recognized by the GR-1 antibody (RB6-
8C5); their overall immaturity; and their
suppressive activity (6,9). In terms of
their immaturity, most investigators use
expression of the adhesion molecule
PECAM-1 (CD31), because this marker is
present on progenitor and blast myeloid
cells, in addition to poor expression of
MHC II and costimulatory molecules
CD80/86 (10,11). For example, we have
reported that after sepsis, approximately
30% of the CD11b+GR-1+ splenocyte pop-
ulation expresses CD31, and less than 3%
of the population expresses MHC II (12).
The suppressor activity within MDSC
populations has also been associated
with multiple markers including
macrophage colony-stimulating factor
(M-CSF) receptor (CD115) and inter-
leukin 4 (IL-4) receptor-α (CD124) (9). To
add to this heterogeneity, MDSC popula-
tions from a variety of inflammatory
states also have varying numbers of ma-
ture myeloid cells, such as CD11c+ and
F4/80+ populations, depending on the
experimental model.

Within the CD11b+GR-1+ MDSC popu-
lation, there have been several efforts by

investigators to identify more highly en-
riched MDSC subpopulations that pos-
sess the immunosuppressive phenotype.
Although the results have often been
conflicting and remain controversial, sev-
eral investigators have subdivided
murine MDSCs into two subpopulations,
termed polymorphonuclear (PMN)-
MDSCs and mononuclear (MO)-MDSCs,
on the basis of their relative expression
of CD11b, Ly6G and Ly6C (13). MO-
MDSCs are generally classified as
CD11b+Gr-1intLy6G-Ly6Chigh cells, and
they frequently express higher levels of
F4/80, CD115 and CCR2 compared with
PMN-MDSCs (13,14). These MDSCs are
potently immunosuppressive, blocking
antigen-specific CD8+ T-lymphocyte pro-
liferation through an iNOS–mediated
mechanism. In contrast, the PMN-
MDSCs, classified as being CD11b+GR-
1highLy6Cl°wLy6G+, are also immunosup-
pressive, but their mechanism(s) of
action are thought to be more dependent
on arginase and interferon-γ (6). Along
the same lines, other investigators have
subdivided MDSCs predominantly on
the basis of the intensity of their GR-1
staining. For example, CD11b+GR-
1high/bright subpopulations of MDSCs are
primarily composed of Ly6G+Ly6C– pop-
ulations and are the most mildly im-
munosuppressive, producing low levels
of both iNOS and arginase (13,14).
 Conversely, the CD11b+GR-1intermed/dim

population is comprised of mostly the
MO-MDSCs with Ly6CbrightLy6G- expres-

Table 1. Cell surface phenotyping of murine MDSC populations.a

Study Disease MDSC classification Additional markers used

Gabrilovich et al., J. Immunol. 2001 (57) Cancer Gr-1+, CD11b+ MHCII
Sinha et al., J. Immunol. 2005 (58) Cancer Gr-1+, CD11b+ MHC II, CD80/86, F4/80, CD11c,
Makarenkova et al., J. Immunol. 2006 (48) Trauma Gr-1+, CD11b+ MHC II, CD80/86, F4/80, CD11c, CD31
Delano et al., J. Exp. Med. 2007 (12) Sepsis Gr-1+, CD11b+ MHCII, CD31
Zhu et al., J. Immunol. 2007 (56) Experimental Ly6C+, Ly6G+, Gr-1+, CD11b+ MHCII, CD80/86, F4/80, CD11c, CD31

autoimmune
encephalomyelitis

Noel et al., Shock 2005 (31) Burn Gr-1+, CD11b+ F4/80, CD115, CD117
Youn et al., J. Immunol. 2008 (14) Cancer Ly6C+, Ly6G+, Gr-1+, CD11b+ CD80, CD115, CD124, PD-L1
Dolcetti et al., Eur. J. Immunol. 2010 (59) Cancer Ly6C+, Ly6G+, Gr-1+, CD11b+ F4/80, CD11c, CD31, CD124

aAll investigators use both CD11b and GR-1 or Ly6C/Ly6G staining to characterize their MDSC population. However, it is evident that the
populations may differ significantly in their expression of other cell surface markers.
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sion and potent immunosuppressive
 phenotypes.

A picture is often worth a thousand
words, and the heterogeneity of the
murine MDSC population is best re-
vealed in cytospin preparations from
GR-1+-enriched splenocytes from healthy,
septic, traumatized, tumor-bearing and
other inflamed mice (Figure 1). Enriched
for GR-1+ cells, these splenic MDSCs re-
flect the true heterogeneity of the popu-
lation, ranging from what appear to be
nearly mature PMNs to the classic ringed
MDSCs (thought to be CD11b+GR-
1+Ly6G+Ly6C–), to the more monocyte-
ringed (doughnut), to the more imma-
ture-appearing monocyte blast-like cell
population. What is noticeable, however,
is the vastly different appearance of simi-
lar GR-1+–enriched MDSC populations
obtained from tissues affected with dif-
ferent inflammatory conditions. Al-
though all are GR-1+ splenocytes, the
MDSC populations from tissues affected
by trauma, sepsis and advanced tumor
growth are very different in their physi-
cal appearance, with varying numbers of
the classic ringed MDSC and the more
immature-appearing blast cell popula-
tion. Even among the same inflammatory
processes, phenotypic differences in the
MDSC population appear over time. We
have observed in both septic mice and in
tumor-bearing animals that as the in-
flammatory process progresses, the num-
bers of more mature PMN-like and
ringed MDSCs appear to decline, and are
replaced by more immature cell popula-
tions (unpublished observations). This
observation is confirmed by increased
expression of CD31+ and decreased MHC
class II expression in GR-1+ splenocyte
populations associated with prolonged
sepsis or tumor growth. The implications
are considerable, suggesting that the
term MDSC may not reflect the same cell
populations with the same functionality
in different clinical conditions.

In humans, the problem of identifying
MDSCs is exponentially greater. The ab-
sence of GR-1 in humans has made the
identification of human MDSCs much
more challenging. In addition, reduced

access to secondary lymphoid organs
and reticuloendothelial tissues has
forced greater reliance on identifying

these homologous populations 
in human blood, not the ideal location.
Investigators have tried to recapitulate
the PMN-MDSC and MO-MDSC
 phenotypes in humans by identifying
CD11b+CD14–CD15+ cells with a PMN
granulocyte morphology as the former
(15). MO-MDSCs have been identified
from a peripheral blood mononuclear
cell fraction as being CD14+CD11b+HLA-
DRl°w/neg and secreting transforming
growth factor-β (16). Other investigators
have identified human MDSCs as
CD11b+CD14–CD15+CD33+ or as
 Lineagel°w/–HLA-DR-CD33+CD11b+ with
suppressor phenotypes (2,17,18). Yet, as
is obvious, these human criteria are even
less specific than those used in mice, and
the search for the elusive human MDSC
continues.

MDSCs ARE MORE THAN ADAPTIVE
IMMUNE SUPPRESSOR CELLS

Both human and murine tumor studies
have demonstrated that MDSCs produce
increased levels of iNOS, arginase (ARG),
and ROS, all of which have been associ-
ated with antigen- specific T-cell suppres-
sion (19–21) (Table 2). The first two en-
zymes are linked via L-arginine, which is
not only the substrate for both enzymes,
but is also a conditionally essential
amino acid that must be exogenously
provided to an organism during times of
stress for proper T-cell function (22) (that
is, during advanced cancer, trauma or
sepsis). Multiple in vitro and in vivo ex-
periments have shown that MDSCs con-
sume L-arginine from the microenviron-
ment, more than likely as a result of
increased ARG and iNOS expression
(8,23,24). L-arginine depletion has been
shown to induce dysregulation of T-cell
receptor (TCR)-mediated signaling as
well as cell-cycle arrest (24). This mecha-
nism has been described in both human
and murine studies (17,18,21,24). In addi-
tion, Nagaraj and colleagues have
demonstrated that exaggerated produc-
tion of peroxynitrates, but not necessarily
NO or ROS, leads to direct nitrosylation
of MHC molecules, thereby preventing
the interaction with CD8 TCRs and sub-

Figure 1. Appearance of MDSCs obtained
by cytospin from different clinical condi-
tions. (A) Murine control; (B) murine can-
cer; (C) human cancer; (D) murine sepsis;
(E) murine trauma; (F) murine autoimmu-
nity. GR-1+ splenocytes were obtained
from a variety of experimental conditions,
including healthy controls (Left, unpub-
lished data; Right [48]), animals with trans-
plantable tumors (Left and Right, unpub-
lished data), human cancer (18), after
trauma (48), sepsis (Left [12] and Right
[28]) and experimental autoimmune dis-
ease (56). Although the photomicrographs
were obtained under different experimen-
tal conditions, the populations of GR-1+

cells differ dramatically not only within the
same condition, but also between condi-
tions. MDSCs phenotypically vary from
more mature-appearing neutrophils, to
ringed cells, to more immature blast-
like–appearing cells. Arrows indicate differ-
ent subsets of MDSCs: granulocytic
(black), ringlike (red), monocytic (orange)
and blast-like (green).
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sequent T-cell anergy (25). The same
group has also demonstrated that MDSC
contact with T cells causes dissociation of
the TCR-signaling complex, specifically
CD3ζ and the TCR, further impairing 
T-cell responses (25).

Although the expansion of MDSCs in
tumor-bearing hosts ultimately leads to
T-cell inhibition, MDSCs possess machin-
ery that would enhance their innate im-
mune effector function. Corzo et al. have
demonstrated that MDSCs from tumor-
bearing mice have upregulated p47phox

and p91phox compared with their tumor-
free counterparts, thereby increasing
their ROS production versus non–tumor-
bearing or naïve animals (20). In addi-
tion, there is evidence that increasing the
inflammatory milieu in tumor-bearing

mice further augments ROS production
from MDSCs (26). Pande and colleagues
have also shown that CD11b+GR-1+ cells
isolated from tumor-bearing hosts pro-
duce increased myeloperoxidase and
eosinophil peroxidase (27). These obser-
vations, coupled with the fact that both
iNOS and ROS are vital components of
innate immune effector-cell function and
the massive expansion of these cells dur-
ing tumor growth, sepsis and burns
(12,28–32), indicate that MDSCs are
poised to be excellent sentinels against
infection in the face of systemic stress.

MDSCs obtained from tumor-bearing
animals and patients produce increased
amounts of the antiinflammatory and
immunosuppressive cytokine IL-10
(33,34). This finding has led to the specu-

lation that MDSCs may potentiate
IL-10–dependent immune suppression
and polarization of the T-helper 2 (Th2)
adaptive immune response, as well as
stimulate the development of regulatory
T cells. However, we noted that MDSCs
obtained from septic mice not only pro-
duced increased amounts of IL-10, but
also produced increased amounts of the
proinflammatory cytokine tumor necro-
sis factor α (TNFα), as well as the
chemokines RANTES (regulated on acti-
vation normal T cell expressed and se-
creted) and MIP1α (macrophage inflam-
matory protein 1α) (12). Noel and Ogle
also demonstrated that MDSCs isolated
from the spleens of burned mice exhib-
ited elevated production of TNFα, mono-
cyte chemotactic protein-1 and stromal

Table 2. Functional properties of MDSCs.a

Pathologic 
process Mechanism/function Reference(s)

Upregulated MDSC function
Arginase (ARG) Cancer L-arginine depletion and NO scavenging (2,24)
Inducible nitric oxide synthetase Cancer L-arginine depletion and bactericidal (2,24)
NADPH oxidase Cancer ROS/RNS production, nitrosylation of TCR, and (20,25)

bactericidal
M-CSF R (CD115) Cancer Associated with suppressive activity (23,60)
IL-4rα (CD124) Cancer Th2 skewing and associated with suppressive activity (9,14,23)

Proinflammatory cytokines
IL-1β Cancer Inflammation (61)
TNF-α Cancer, Sepsis Inflammation (12,27,61)
LTA4H Cancer Inflammation (27)
MIP-1β Sepsis Inflammation; chemokine (12)
CXCL10 Cancer Inflammation; chemokine (61)
RANTES Sepsis Inflammation; chemokine (12)

T-helper cell 2 skewing/antiinflammatory cytokines
IL-10 Sepsis Antiinflammatory; inhibits T-cell responses; causes (12)

TRC expansion
IL-13 Cancer Th2-polarizing cytokine (9)

Immunosuppression
Direct antigen-specific CD8+ T-cell anergy Cancer MHC restricted dissociation of CD3ζ/TCR signaling (25)
Indirect antigen-specific CD8+ T-cell anergy Cancer ARG, ROS, iNOS (2,14,26)
Indirect antigen-specific CD4+ T-cell anergy Cancer ARG (2,26)
TRC expansion Cancer CD40, IL-10 (62)
Suppression of graft-versus-host disease Cancer IL-10 and TCR activation (63)

Protection against infection
Protection against primary infection Sepsis Regulation of innate inflammation (28)
Protection against secondary infection Burn Increases PMNs and inflammatory monocytes (30)

aMDSCs are known to be pluripotent, affecting both innate and adaptive immunity through direct contact and the secretion of various
soluble factors (including iNOS, ROS and cytokines). These properties are responsible for both the immunosuppressive function of MDSCs as
well as their protective role against primary and secondary infection.
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cell-derived factor 1 (SDF-1) (32). Thus,
these MDSCs are eminently capable of
producing a wide variety of inflamma-
tory mediators, as well as the antiinflam-
matory IL-10.

These observations highlight several
properties of MDSCs that have not re-
ceived as much attention as their im-
munosuppressive properties on CD8+

and CD4+ T cells, which are of primary
interest in the cancer literature. The bio-
logical role of MDSCs has only recently
been explicitly associated with pathogen-
surveillance or septic shock, although
this tumor-induced myelopoietic expan-
sion is in part regulated by inflammation
and by the release of proinflammatory
proteins such as S100A8/9 proteins and
IL-1β (26,35). This hematopoietic link
(described below) is critical to the host
stress response because inflammation
serves as a beacon for the primary innate
immune response. Therefore, in settings
of an uncontrolled systemic insult, such
as metastatic tumor growth and sepsis,
MDSCs and their unique properties may
ultimately serve a role in protecting the
host from infection through the produc-
tion of increased antimicrobial products
and by reducing the magnitude of the
septic response (28).

ORIGINS OF MDSCs ARE IN
“EMERGENCY MYELOPOIESIS”

Our evolving understanding of the
role that MDSCs play in chronic and
acute inflammatory processes suggests
that MDSC expansion is not simply a
pathologic response to a growing tumor,
but rather is a programmed response to
inflammation, regardless of its source.
Mature myeloid cells are a relatively di-
verse population with half-lives ranging
from a few hours for blood neutrophils
to months and years for terminally dif-
ferentiated macrophages and dendritic
cells. However, during infection and in-
flammation, the requirements for and the
consumption of these cells increases dra-
matically as the host responds to both ex-
ogenous microbial products, the presence
of non-self, and endogenous danger sig-
nals, alarmins, and DAMPs (damage-as-

sociated molecular patterns) with a reor-
ganization of myelopoiesis (36,37).
Myeloid cells are vital to this process as
both direct effectors of innate immunity,
involved in the phagocytosis and/or
killing of microbial products or trans-
formed cells, and through the release of
inflammatory mediators and communi-
cation with adaptive immunity (38). Nor-
mally, physiologic numbers of mature
neutrophils and monocytes are main-
tained by a steady-state myelopoietic
pathway, whereas either acute infection
or an endogenous inflammatory process
triggers the mobilization of mature neu-
trophils and more immature populations
from the bone marrow and blood to in-
flammatory sites (36,37). The result of
this mobilization is an early depletion of
bone marrow reserves, creation of niche
space, and the release of local mediators,
which will drive accelerated or emer-
gency myelopoiesis in the bone marrow
(Figure 2).

MDSCs, like all other leukocytes, origi-
nate from self-renewing, long-term
hematopoietic stem cells (HSCs). We pre-

viously found that polymicrobial sepsis
causes myeloid cell expansion in the
bone marrow, spleen, and lymph nodes
(39). Because HSCs are the precursors for
MDSCs, it was not surprising that we ob-
served a tripling in the percentage and a
doubling in the absolute number of the
total HSC population within 36 hours of
sepsis, and both the percentage and ab-
solute number of HSCs remained ele-
vated for at least 7 days. We also ob-
served an increase in both the long-term
and short-term HSC subpopulations by
36 hours post sepsis.

This expansion of HSCs in sepsis did
not appear to be driven by traditional in-
nate immune-signaling pathways. Mice
deficient in toll-like receptor 4 (TLR4),
type I interferon signaling, MyD88 and
TRIF (TIR-domain-containing adaptor
protein producing IFN [interferon] type I)
signaling all had a perfectly normal ex-
pansion of their HSC populations in re-
sponse to sepsis (39). Rather, the signals
for HSC expansion appeared to originate
at least partly in the bone marrow itself.
Associated with the creation of niche

Figure 2. Emergency myelopoiesis and the expansion of the MDSC population in sepsis.
The figure demonstrates the changes in the early populations of HSCs and multipotent
progenitors, which are the progenitors for MDSCs. Although expansion of the MDSC popu-
lation can be explained in part through increased myelopoiesis, defects in the maturation
and differentiation of these populations also contributes to their expansion and their im-
mature phenotype.
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space, there was a marked increased ex-
pression of c-kit, and passive immuniza-
tion of mice with a blocking antibody to
the c-kit receptor, prevented this expan-
sion of HSCs and ultimately, MDSCs
(manuscript in review, Scumpia and
Kelly-Scumpia).

By asymmetrical division, long-term
HSC give rise to short-term HSC that
possess a limited capacity for self-
 renewal and finally develop into multi-
potent progenitors and then further into
common myeloid progenitors that differ-
entiate into megakaryocyte/erythroid
progenitors or granulocyte/macrophage
progenitors. We have also shown that
during sepsis, there is a marked expan-
sion (4- to 10-fold) in the numbers of
these multipotent progenitor populations
(manuscript in review).

Ostrand-Rosenberg and colleagues
have recently argued that the inflamma-
tory mediators IL-1, IL-6, prostaglandins
and proinflammatory S100 proteins all
drive this accumulation of MDSCs (3).
Sander and Trautwein have demon-
strated that MDSC expansion was de-
pendent on IL-1R, IL-6 and gp130 (IL-6
superfamily signaling unit) signaling in
sepsis (28). We also showed dependence
on nuclear kB (factor NF-kB) signaling
for a complete MDSC expansion (12).
Such complexity and redundancy are not
surprising given that the increased ex-
pression of these pathways is common to
most if not all inflammatory processes.

Thus, it is not surprising that these
MDSCs, which arise from intermediates
between myeloid progenitors and ma-
ture myeloid cell populations, would in-
crease in chronic inflammatory condi-
tions. It is an oversimplification to
suggest, however, that MDSCs are sim-
ply immature myeloid cells whose num-
bers expand during increased
myelopoiesis. The dramatic increases in
MDSC numbers cannot be simply ex-
plained by increased emergency
myelopoiesis. Furthermore, it is not clear
whether MDSCs in the spleen, liver and
peripheral lymph nodes originate strictly
from the bone marrow, but may also ex-
pand directly in organs owing to extra-

medullary hematopoiesis. Extramedul-
lary hematopoiesis is frequently seen in
both chronic inflammatory diseases and
in cancer, and has also been reported in
experimental sepsis (12). Thus, the ori-
gins of these MDSCs may not necessarily
be bone marrow per se, and this has sig-
nificant importance when it comes to
therapeutic approaches intended to block
the expansion of these populations in tu-
mors or secondary lymphoid organs.

The other unresolved question is not
what drives the myelopoiesis that pro-
vides the MDSC precursors during sepsis,
cancer and chronic inflammatory events,
but rather, what prevents the further dif-
ferentiation and terminal disposition of
these immature myeloid populations, and
their resulting dramatic accumulation.
Why are MDSCs accumulating in the
spleen while the numbers of terminally
differentiated macrophages, and dendritic
cells either constant or declining? Further-
more, these cells possess an immunosup-
pressive phenotype not seen by similar
GR-1+CD11b+ cells obtained from healthy
animals (12,28). We have shown that if
GR-1+ cells are removed from the spleens
of septic mice and cultured in vitro with
growth factors present in sepsis, they will
readily differentiate into dendritic cells
and macrophages (12). More importantly,
Kusmartsev et al. harvested GR-1+ MDSCs
from tumor-bearing animals and injected
them into healthy hosts and observed that
the injected cells rapidly lost their MDSC
phenotype and could not be distin-
guished from endogenous, terminally dif-
ferentiated macrophages and dendritic
cells (40). Such data suggest that MDSCs
retain the potential to further differentiate
and mature, but in the host during
chronic inflammation, associated with ei-
ther an actively growing tumor or sepsis,
the environmental milieu has ‘trapped’
these cells in an MDSC phenotype. Such
cells are remarkably resistant to matura-
tion signals. Although Gabrilovich and
Kusmartsev et al. have shown that they
can drive maturation of MDSCs from
tumor bearing mice with all trans-retinoic
acid (40,41), we were unable to do so in
the presence of sepsis (unpublished obser-

vations). There have been a number of
proposed mechanisms that can explain
the failure of these cell populations to fur-
ther mature and terminally differentiate.
Lutz and colleagues have argued that the
same factors involved in promoting the
increased production of MDSC precursors
are also responsible for their inability to
differentiate into dendritic cells (42). One
suggestion has been that elevated levels
of vascular endothelial growth factor
(VEGF) can prevent MDSCs from differ-
entiating further into dendritic cells (43).
It has been shown that administration of
recombinant VEGF to healthy animals re-
sulted in suppressed dendritic cell devel-
opment associated with accumulation of
GR-1+ immature MDSCs (44). Along the
same lines, treatment of tumor-bearing
animals and cancer patients with suni-
tinib, a tyrosine kinase inhibitor that tar-
gets the VEGF receptor among others, sig-
nificantly reduces the numbers of MDSCs,
although it does not appear to affect their
maturation in vitro (45,46). Interestingly,
sunitinib treatment also appears to reduce
the immunosuppressive phenotype of
MDSCs, by reducing the expression of the
negative costimulatory molecule PDL-1
on MDSC (46). Whether this phenotypic
change is associated with merely a greater
differentiation of the cell population or a
specific target of the tyrosine kinase in-
hibitor is still unknown.

Another circulating mediator, heat
shock protein (HSP) 27, is associated
with tumor progression and increased
post-injury infection. Laudanski et al.
have reported that elevated levels of
HSP27 blocked the differentiation of
myeloid precursors to dendritic cells and
macrophages through a p38 MAP
 kinase–dependent pathway (47). These
findings suggest that there are a number
of inflammatory mediators that regulate
the maturation of MDSCs, suggesting
that therapeutic interventions may be
possible but challenging.

MDSCs IN TRAUMA AND SEPSIS:
PATHOPHYSIOLOGIC OR BENEFICIAL?

Not surprisingly, MDSCs have been re-
ported in the trauma and sepsis litera-
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ture for several years. In 2004, Sherwood
and colleagues reported on the presence
of a “suppressor macrophage” popula-
tion in the spleens of mice after burn
 injury (4). But the real breakthrough in
linking MDSCs to trauma and sepsis
came from the laboratory of Juan Ochoa
and his colleagues at the University of
Pittsburgh and Louisiana State Univer-
sity (48). These investigators observed a
marked increase in a CD11b+GR-1+ pop-
ulation in the spleens of mice 24 hours
after a traumatic injury. The investigators
classified these cells as being MDSCs on
the basis of their ability to suppress CD4+

T-cell proliferation, TCRζ chain and IL-2
expression, as well as their ability to pro-
duce large quantities of arginase. How-
ever, there were a number of physical
characteristics of these cells that sug-
gested that they differed at least qualita-
tively from MDSCs found in cancer and
sepsis. These MDSCs had markedly
higher MHC class II expression and
lower class I expression, and very few
cells expressed the immaturity marker,
CD31. As shown in Figure 1, cytospins of
this population revealed a predomi-
nantly “ringed-cell” phenotype consis-
tent with a more mature PMN-MDSC
phenotype.

We stumbled onto MDSCs in murine
sepsis models fortuitously. Most sepsis
models based on the cecal ligation and
puncture method are designed to pro-
duce early, high mortality, and to use
pharmacologic attempts to mitigate out-
comes (49,50). We were interested not so
much in the initial host response to sep-
sis, but in whether the septic animal had
altered innate and adaptive immune
processes that could explain their in-
creased susceptibility to secondary infec-
tious challenges: the theoretical basis be-
hind the “second-hit phenomenon.”
Investigation of this required that we de-
velop a sepsis model that more accu-
rately recapitulated outcomes to human
sepsis that are on the order of 20–30%
mortality and develop over several days.
Developing a less lethal cecal ligation
and puncture model, we observed, in an-
imals surviving more than 3 days, a mas-

sive expansion of the CD11b+GR-1+ pop-
ulation not only in the spleen, but also in
the peripheral lymph nodes and in the
bone marrow (12). By 7 to 10 days after
sepsis, almost 40% of the spleen was
CD11b+GR-1+; in the bone marrow, the
percentages increased to close to 90%,
and in peripheral lymph nodes, the per-
centage increased to 3–5%. More dramat-
ically, as the sepsis continued,
splenomegaly developed, and the total
numbers of these cells in the spleen in-
creased more than 50-fold from healthy
control animals.

Clearly, these cells were heterogenous
(Figure 1), and included both immature
and mature myeloid populations, as
well as the putative MO-MDSC and
PMN-MDSC subpopulations. The cells
were clearly immunosuppressive and
could both block a CD8+ T-cell prolifer-
ation as well as promote a Th1/Th2
shift in CD4+ T-cell cytokine production
in vivo (12). Although less than 3% of
the cells expressed MHC class II, almost
40% expressed CD31. More importantly,
when GR-1+ splenocytes were har-
vested from septic mice and cultured ex
vivo with growth factors  (granulocyte-
macrophage–colony stimulating factor
and IL-4), they rapidly expanded into
CD11c+ (dendritic) and F4/80+

(macrophage) populations. Surpris-
ingly, when similar GR-1+ splenocytes
were harvested from healthy control
mice, these populations could not be
encouraged to proliferate or differenti-
ate into terminal cell populations.

What surprised us most were the rela-
tive kinetics of MDSC appearance after
sepsis. Results of the studies of
Makarenkova and Ochoa in trauma sug-
gested that within 24 hours of trauma,
there should be an expansion of the
MDSC population (48). In sepsis, we saw
a very different response (Figure 3).
Twenty-four hours after sepsis, there
were no changes in either splenocyte or
peripheral lymph node CD11b+GR-1+

numbers, and there was a significant de-
crease in the bone marrow CD11b+ GR-1+

populations. It is generally assumed that
the loss of these cells early after sepsis

represents the mobilization of predomi-
nantly mature and immature neutrophils
from the bone marrow in response to 
the microbial challenge. Surprisingly, it
took 3 to 5 days for the numbers of
CD11b+GR-1+ cells to expand in the
spleen and peripheral lymph nodes, and
concentrations did not start to plateau for
10–14 days. Expansion of these cells was
not dependent on either TLR4 or IFN-α/
IFN-β signaling, but was modestly de-
pendent on MyD88 (12). We followed
septic animals out for periods exceeding
12 weeks and saw no real diminution in
the numbers and proportions of MDSCs.
There was a trend towards increased im-
maturity of these cell populations as time
progressed. In a very recently reported
study, Sander and Trautwein confirmed

Figure 3. Kinetics of MDSC appearance in
the spleen relative to the changes in regu-
latory T cells and myeloid dendritic cells
during sepsis. During sepsis, there are dra-
matic dynamic changes in the numbers of
different regulatory cell populations. In the
spleen of mice that survive a polymicro-
bial sepsis (cecal ligation and puncture),
there is a rapid and transient increase in
both the relative and absolute numbers of
regulatory T cells (CD4+CD25+FoxP3+), with
a simultaneous loss of myeloid dendritic
cells (CD11b+CD11c+). The response is
transient, unlike the increases in both rela-
tive and absolute numbers of MDSCs
(CD11b+GR-1+) which occur later and are
much more sustained.
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these findings and demonstrated the re-
quirement for gp130-dependent JAK-
STAT signaling for their expansion (28).

Expansion of this cell population is
not limited strictly to trauma and sepsis,
but is also seen in other acute inflamma-
tory conditions. We showed that a very
modest endotoxin administration pro-
duced a significant but transient in-
crease in MDSC numbers in the spleen
and lymph nodes (12). Endotoxin and
IFN-γ administration produce even
greater expansions (42). Noel and Ogle
have reported that after a burn injury,
MDSC numbers expand dramatically,
and these splenic CD11b+GR-1+ cells are
metabolically active, secreting large
quantities of proinflammatory cytokines
when stimulated ex vivo (29,31,32). We
have looked at splenic and lymph node
expansion of the MDSC populations
after a 10–20% body surface area scald
burn, Pseudomonas infection, or a
Pseudomonas infection superimposed on
a scald burn. The latter tends to be
lethal when the surface area of the burn
is 40%. As shown in Figure 4, both a
burn and Pseudomonas infection were as-
sociated with an increase in the MDSC
populations in both the spleens and
lymph nodes at 7 days. Not surpris-
ingly, combining the Pseudomonas infec-
tion with the burn injury resulted in
marked increased expansion of this
population.

We have asked whether the increased
expansion of MDSCs is beneficial or ad-
verse to the septic host. When we origi-
nally observed that blocking the expan-
sion of MDSCs with a GR-1+ antibody
prevented the Th2 polarization of the
immune response and reversed the sup-
pression of CD4+ and CD8+ T cells, we
assumed that those components of the
MDSC response were generally detri-
mental to the septic host (12). But it has
been difficult to translate those immuno-
logical changes into differences in out-
come to severe sepsis. As shown in Fig-
ure 5, we have attempted several
approaches to prevent the expansion of
MDSCs in sepsis, using gemcitabine and
GR-1+ antibodies, as well as blocking

SDF-1 (unpublished observations). In
every case, we could prevent or attenu-
ate the expansion of MDSCs, but none of
the approaches improved outcome as
would be expected if these cells were net
immunosuppressive. Rather, in most
cases, failure to expand the MDSC popu-
lation was generally associated with dra-
matically worsened outcomes. Many of
the adverse effects could be explained
by the lack of specificity of the ap-
proaches: gemcitabine kills all actively
replicating cell populations, and in addi-
tion to preventing MDSC expansion,
kills rapidly—dividing epithelial cells
and bone marrow progenitors. GR-1+

 antibodies are effective at depleting

MDSCs, but also deplete mature neu-
trophils, which are known to be required
for a successful sepsis response (51). The
studies with gemcitabine have been re-
peated by Ogle and colleagues in burned
mice, and although it is extremely effec-
tive at preventing the expansion of
MDSCs in burns, the animals are more
susceptible to a secondary Pseudomonas
pneumonia (30).

Sander and Trautwein have convinc-
ingly argued that in septic conditions in
which an exaggerated inflammatory re-
sponse is lethal, blocking the MDSC ex-
pansion may also worsen outcome by
promoting the inflammatory compo-
nent. They showed that mice lacking

Figure 4. Expansion of Gr-1+CD11b+ cells in spleen and lymph nodes of burned and infected
mice. (A), Flow cytometric scattergram showing populations of GR-1+CD11b+ cells in a
spleen from a control mouse. Details concerning the experimental methods are contained
in the Supplementary Methods. (B), Flow cytometric scattergram showing expansion of 
GR-1+CD11b+ cells in a spleen from a mouse that underwent a 10% burn and Pseudomonas
infection harvested on d 7. (C), Summary data of the effect of the burn and Pseudomonas
infection on splenic GR-1+CD11b+ cells. (D), Summary data of the effect of the burn and
Pseudomonas infection on lymph node GR-1+CD11b+ cells. In both lymphoid organs, there
was a significant increase in the expansion of GR-1+CD11b+ cells from the Pseudomonas in-
fection alone experimental group as well as the 10% burn + infection group as compared
with controls. Values represent the median and estimated quartiles of five animals per group,
using a box plot representation, since the values failed tests of normality and equal vari-
ance. * indicates that the control group differed only from the groups of mice receiving the
Pseudomonas infection, either alone or superimposed on the burn; P < 0.05.
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gp130 and unable to signal through IL-6
failed to expand their MDSC population
and had markedly higher mortalities to
sepsis associated with increased inflam-
matory cytokine production (28). Fur-
thermore, they showed that they could
improve survival to sepsis when they
reconstituted mice with CD11b+GR-1+

cells in their deficient animals. Thus, it
is by no means clear whether the expan-
sion in MDSCs contributes to sepsis im-
mune suppression or prevents it. The
answer is probably both, depending on
the conditions.

The subsequent question is whether
human trauma, burns and sepsis are also
associated with expansion of homologous
human MDSC populations. This is not
known, for several reasons. First, there is
little agreement about what constitutes
an MDSC population in humans, in
which the primary criterion of MDSC is a
myeloid cell with T-cell suppressor func-
tion. Humans do not express the GR-1
antigen, and ring-shaped cells are gener-
ally not observed outside of leukemic
conditions. Second, the blood compart-
ment is not the most sensitive compart-
ment to assess MDSC expansion, because
blood appears to be a transient interme-
diate from either bone marrow expansion
to secondary lymphoid and reticuloen-
dothelial organs where they accumulate,
or to where they are generated locally
from extramedullary hematopoiesis. The
processes of MDSC populations in organs
and tissues of trauma and septic patients
are technically challenging.

However, we have obtained formalin-
fixed, paraffin embedded spleen samples
from patients who have experienced ei-
ther traumatic injury or have died from
severe sepsis. These samples were origi-
nally analyzed for CD4+ and dendritic
cell apoptosis (52). The samples were
then restained with a novel antibody that
is expressed on activated myeloid cells:
myeloid DAP12-associating lectin-1
(MDL-1), a cell-surface receptor which
has been shown to regulate myeloid
cell–associated inflammatory responses
(53,54). Although this antibody is not
specific for MDSCs, Phillips and col-

leagues did find that human and mouse
bone marrow cells express the highest
levels of Mdl1 under normal physiologi-
cal conditions, and it is highly upregu-
lated on the cell surface of myeloid cells
during chronic inflammation (J. Philips,
personal communication). Correspond-
ingly, MDL-1 protein is expressed on
murine CD11b+Ly6G+ and CD11b+Ly6G–

from bone marrow and the peripheral
blood (54). As shown in Figure 6, the pat-
tern of MDL1 expression on human
spleens increased dramatically with
trauma and sepsis. In particular, patients
who died from sepsis had marked ex-
pansion of MDL1+ populations that re-
placed the dissolution of the lymphoid
follicles, which is characteristic of severe
sepsis. Although trauma itself was asso-
ciated with increased numbers of MDL1+

cells, the distribution was more normal,
with cells residing primarily in the
 mantel surrounding the follicles. Al-

though the data represent a limited num-
ber of patients and the staining suffers
from a general lack of specificity, the
data are consistent with human sepsis
being associated with a marked expan-
sion of myeloid cells in the spleen.

CAN MDSC EXPANSION AND
FUNCTION BE MANIPULATED, AND
SHOULD IT BE?

The mechanisms that control the ex-
pansion and activity of MDSCs are influ-
enced by multiple factors including
 cytokine/chemokine production from
tumor, tumor stroma, and infiltrating
T cells. NF-κB and JAK/STAT activation,
in particular STAT3, are associated with
both proliferation and survival of
MDSCs, as well as the production of the
S100 calcium-binding proteins,
S100A8/9. These proteins subsequently
bind and potentiate the NADPH com-
plex and have also been shown to bind

Figure 5. Effect of different approaches to blocking MDSC expansion on survival to sepsis.
Mice were pretreated with either gemcitabine or anti–GR-1 monoclonal antibodies, or
antibodies to SDF-1 and subjected to an LD30 cecal ligation and puncture, as described
in detail in the Supplemental Methods. Survival to CLP was dramatically reduced in mice
treated with either gemcitabine (A, n = 20 in each group) or anti–GR-1 antibodies (C, n =
20 in each group). In surviving animals, there was evidence that the expansion of the
MDSC population at 7 d was markedly suppressed (*P < 0.01).



2 9 0 |  C U E N C A E T  A L .  |  M O L  M E D  1 7 ( 3 - 4 ) 2 8 1 - 2 9 2 ,  M A R C H - A P R I L  2 0 1 1

M D S C s I N  T R A U M A  A N D  S E P S I S

RAGE receptors (receptor for advanced
glycosylation end-production) and TLR4.
The net effect of this signaling cascade
leads to the increased production of ROS
and proinflammatory cytokines.

Because of the negative impact these
increases in proinflammatory and innate
immune responses have on T-cell immu-
nity and tumor immunotherapy, strate-
gies to modulate or inhibit the expan-
sion of these cells have been actively
pursued (2). One strategy that has been
tested in the clinical setting is ap-
proached through maturation of MDSCs
using the vitamin A metabolite, all-trans
retinoic acid (41). Other potential strate-
gies involve inhibiting the expansion of
these cells through targeting of the vas-
cular tumor stroma (anti-VEGF or suni-
tinib) (43) or hematopoiesis through tar-
geting stem cell factor (55). However, the
question remains: Is this expansion of
MDSCs deleterious?

Certainly, in our hands and in the hands
of others, these cells obtained from septic
hosts have immunosuppressive activities

on adaptive immunity, but if the expan-
sion of MDSCs are the host’s attempt to
correct and control the systemic insult,
will we sacrifice enhanced innate immune
responses at the expense of improved
tumor immunity? Perhaps. In the setting
of tumor growth, the net benefit of con-
trolling the expansion of these cells will
probably improve some aspects of clinical
outcome, as dysregulated activity and ex-
pansion of these cells contribute to nega-
tive effects on the host. However, such ac-
tions are not without some theoretical risk
of reducing immune surveillance. It is im-
portant to fully understand their role in
host immunity, because attempts to con-
trol and prevent MDSC expansion in burn
and sepsis preclinical models may actually
increase susceptibility to both primary and
secondary infection (Figure 4). As de-
scribed above, Ogle’s group has demon-
strated that after burn injury, mice are pro-
tected against secondary Pseudomonas
aeruginosa infection, and depletion of
MDSCs with gemcitabine blocks this effect
(30). In addition, immunoneutralization of

GR-1+ cells worsens survival to experi-
mental sepsis (Figure 4) (28). Regardless,
the goal of these therapies should be to
strike a balance between improving adap-
tive immune responses and preserving in-
nate immune function.

FUTURE DIRECTION AND GOALS
Though it is well accepted that a

myelopoietic response to inflammation,
infection and sepsis occurs, this response
may be misunderstood. As described
above, evidence from our laboratory and
others suggest that this expansion of
MDSCs may actually serve to protect the
host through increased innate immunity
and secondarily through suppression of
cytokine/inflammatory responses (28,30).
However, despite the demonstration of
adaptive immune suppression in some of
these studies, there is still significant con-
troversy as to whether or not the MDSCs
that arise in sepsis are truly MDSCs or a
myelopoietic variant with similar charac-
teristics (12). The greatest barrier to fully
describing these cells despite differences
between disease models and further, be-
tween species, lies in the lack of appropri-
ate mechanistic studies, phenotypic mark-
ers and/or genomic signatures that can
sufficiently unify scientific consensus.
How similar are the MDSCs described in
cancer to the MDSCs found to expand in
autoimmunity or infection? Do the neu-
trophils described in clinical studies as
CD11b+CD15+CD33+ have similar ge-
nomic/proteomic signatures as murine
MDSCs? Or more importantly, does the
expansion of MDSCs represent a con-
served hematopoietic/ myelopoietic re-
sponse to systemic stress that is shaped
by the disease process, but is driven to
create a similar, albeit heterogenous, cell
population? Mechanistic studies designed
to address these concerns are critically im-
portant to our understanding not only of
the biology of these cells but also the
myelopoietic response to systemic insult.

CONCLUSIONS AND CLINICAL
RELEVANCE

Though largely dismissed before this
decade, the MDSC has garnished

Figure 6. MDL1 expression in spleens of patients after trauma or who have died from sep-
sis. Paraffin-embedded sections from spleens of patients who had either died from sepsis
(C and D), or had suffered blunt trauma and undergone splenectomy (B), or had under-
gone splenectomy for nontrauma or sepsis indications (A) were stained with antibodies to
MDL-1. Details about the patient population can be found in (52). Sepsis was associated
with the dissolution of lymphoid follicles and the dramatic increase in MDL-1+ cells. Trauma
was also associated with more modest increases, although the pattern of MDL-1+ cell ex-
pression was markedly different. Staining protocol is provided in the Supplemental Meth-
ods. Magnification 100×.
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tremendous scrutiny, despite the inability
of investigators to identify a specific cell
population. This examination has forced
a reevaluation of the role that MDSCs
play in the primary immune response
and how they shape adaptive immunity.
If the expansion of MDSCs were ob-
served only as a solitary phenomenon in
tumor studies, it would be clear how the
interplay of the tumor and the normal in-
flammatory response would support the
dramatic observations that have been de-
scribed over the last decade. However,
given the increasing knowledge regard-
ing the myelopoioetic response to in-
flammation and the numerous patho-
logical conditions in which very similar
populations are expanding, the purpose
of these cells cannot be defined so nar-
rowly. Although T cells play undeniable
roles in tumor and pathogen immuno-
surveillance, we cannot discount the
 importance of the innate immune re-
sponse and the possible role that T cells
play in this process. Indeed, we and
others have shown that as the host is
compromised owing to some systemic
pathologic insult, be it tumor growth,
lupus or sepsis—the emergency
hematopoietic response shifts toward
myeloid lineages and expansion of
myeloid cell precursors. Moreover, there
are likely important differences in the
immunosuppressive, proinflammatory
mediators expressed and stored within
various MDSCs, depending on the na-
ture of the chronic inflammation. Some
of these mediators may even have the
potential to induce acute changes in he-
modynamic responses through modula-
tion of endothelial cells as shown by
Pande et al. (27). The expansion of
MDSCs is a critical component of this
response that can have obvious harmful
effects. Therefore, there remains a com-
pelling need to further understand the
role MDSCs play before we consider
manipulating them in the diverse clini-
cal settings in which they arise.
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