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Tumors	require	a	constant	influx	of	myelomonocytic	cells	to	support	the	angiogenesis	and	stroma	remodeling	
needed	for	their	growth.	This	is	mediated	by	tumor-derived	factors,	which	cause	sustained	myelopoiesis	and	the	
accumulation	and	functional	differentiation	of	myelomonocytic	cells,	most	of	which	are	macrophages,	at	the	tumor	
site.	An	important	side	effect	of	the	accumulation	and	functional	differentiation	of	these	cells	is	that	they	can	induce	
lymphocyte	dysfunction.	A	complete	understanding	of	the	complex	interplay	between	neoplastic	and	myelomono-
cytic	cells	might	offer	novel	targets	for	therapeutic	intervention	aimed	at	depriving	tumor	cells	of	important	growth	
support	and	enhancing	the	antitumor	immune	response.

Although clinical trials evaluating the effectiveness of novel cancer 
vaccines indicate that in cancer patients they can induce robust 
immune responses against tumor antigens, the clinical benefits of 
these vaccines have been limited (1, 2). The reasons behind these 
limited clinical responses are not known but might be related, 
in part, to the immunosuppressive effects of tumors. Immune 
dysregulation and suppression in cancer patients is a composite 
event in which tumor-derived factors condition not only periph-
eral  immune niches,  in which dysfunction and even death of 
tumor-specific T cells can occur, but also the bone marrow and 
other hematopoietic organs (such as the mouse spleen), leading to 
abnormal myelopoiesis and the accumulation of immunosuppres-
sive myelomonocytic cells at the tumor site (3, 4). Dysregulation 
and/or suppression of tumor-specific T cell function(s) is there-
fore likely to occur at 2 separate sites: locally, at the tumor-host 
interface, where cancer cells directly condition the tumor stroma; 
and systemically, where an expanded pool of immature and immu-
nosuppressive myeloid cells are free to circulate and mediate sup-
pression in the blood and lymphoid organs. This Review attempts 
to analyze the main myeloid cell populations that restrain antitu-
mor immune responses.

Immunosuppression and cancer:  
history and nomenclature
Although a population of not very well defined cells called natural 
suppressors was associated in the early 1980s with immune suppres-
sion and tumor development (5), the first description indicating 
that increased numbers of myeloid cells in tumor-bearing hosts 
might alter antitumor immune reactivity was provided by Hans 
Schreiber’s group (6, 7). In one key experiment, the administra-
tion of a Gr-1–specific antibody that recognizes both Ly6C and 
Ly6G to immunocompetent mice reduced the growth of a vari-
ant of a UV light–induced tumor able to progress more aggres-
sively than its parental tumor cell line (6). This variant was known 

to attract more leukocytes than the parental cell line, a property 
attributed to the release of a noncharacterized chemotactic factor, 
and its growth in vivo was known to be restrained mainly by CD8+  
T cells. Interestingly, elimination of Gr-1+ cells in athymic nude mice 
(which lack most T cells) also slowed the growth of this aggressive 
variant, suggesting that Gr-1+ leukocytes in tumor-bearing hosts 
might also promote tumor growth and development (7). The effect 
of in vivo treatment with this Gr-1–specific antibody was originally 
attributed to the elimination of granulocytes (which are known to 
express high levels of Ly6G but low levels of Ly6C), but successive 
reports from several groups indicated that the Gr-1–specific anti-
body could bind and eliminate other cells in the blood.	Gr-1+ cells 
in tumor-bearing hosts were, in fact, mostly CD11b+ and com-
prised both polymorphonuclear and mononuclear cells, including 
cells at different stages of maturation along the myelomonocytic 
differentiation pathway,  thereby  revealing a profound altera-
tion in myelopoiesis during tumor progression (4, 8) (Figure 1).  
Myelopoiesis, in fact, is not only increased in the bone marrow and 
spleen of tumor-bearing mice but is also altered, since the myelo-
monocytic cells cannot properly differentiate into professional 
APCs, such as DCs (reviewed in ref. 9).

Heterogeneity of myeloid-derived suppressor cells
The heterogeneity of the CD11b+Gr-1+ cells has generated some 
confusion, in particular because of the nomenclature used pre-
viously to define them (i.e., immature myeloid cells or myeloid 
suppressor cells). Recently, a panel of leading investigators in the 
field agreed to use the common term myeloid-derived suppressor cells 
(MDSCs) (10). The MDSC definition involves a synthesis of the 
functional and phenotypic properties of the cells. MDSCs can be 
defined as a population of myelomonocytic cells normally lack-
ing the markers of mature myeloid cells and commonly expressing 
both Gr-1 and CD11b in mice, with a high potential to suppress 
immune responses in vitro and in vivo. The exact nature of the 
MDSC population depends on various factors described below, 
the most important of which is probably the tumor type.

Even though numerous findings suggest that the monocytic, 
rather than the granulocytic, fraction of mouse CD11b+Gr-1+ cells 
is responsible for the immune dysfunctions induced by this cell 
population, both in vitro and in vivo, in antigen-specific CD8+ 
T cells  (11–13),  the use of  the term myeloid  is  justified by the 
incomplete understanding of the relationship between the two 
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main progeny of the enhanced myelopoiesis observed in tumor-
bearing hosts (i.e., granulocytes and monocytes; Figure 1). Both 
MDSCs and tumor-associated macrophages (TAMs) have a phe-
notype similar to that of alternatively activated macrophages (also 
known as M2 macrophages) in the mouse, as discussed below, and 
tumor-conditioned granulocytes might have a role in influenc-
ing this activation process. It must be pointed out, in fact, that in 
mice, three different neutrophil subsets have been isolated that 
can condition monocyte/macrophage differentiation toward the 
classic or alternative activation pathway by releasing different 
cytokines and chemokines (14). Furthermore, human granulocyte 
subpopulations in patients with renal cell cancer have been shown 
to function as MDSCs (15, 16).

CD11b+Gr-1+ cells are normally present in the bone marrow of 
healthy mice and accumulate in the spleen and blood of tumor-
bearing mice (17–20). CD11b+Gr-1+ cells present in steady-state 
conditions are not able to induce suppression of antigen-stimulated 
T cells, at least not to the same extent as the cells that accumulate	
in tumor-bearing mice, and recent data support the possibility 

that exogenously provided IL-13 might confer on them suppres-
sive activity (21, 22). Berzofsky and colleagues have shown that a 
subset of NKT cells recognizing tumor-derived glycolipids present-
ed by the MHC-like molecule CD1 releases IL-13. This IL-13 can 
then activate CD11b+GR-1+ cells to suppress tumor-specific CTLs 
through a STAT6 pathway initiated by the IL-4 receptor α-chain 
(IL-4Rα), which is common to the receptors for IL-4 and IL-13	(21, 
22). This circuit is activated very early after tumor implantation in 
mice, before any increase in the number of CD11b+Gr-1+ cells is 
detected. In several experimental models, however, systemic accu-
mulation of CD11b+Gr-1+ cells, probably resulting from both dif-
ferentiation of precursors and recruitment to particular anatomi-
cal sites, precedes and is important for mediating suppression of  
T cells, not only in cancer but also during infections (Table 1).

MDSC suppression of T cell function
The biology and properties of MDSCs in tumor-bearing hosts have 
been extensively described in recent reviews (4, 8, 23) and are sum-
marized here in Properties of MDSCs. The mechanisms underlying 

Figure 1
Current view of TAM and MDSC differentiation. HSCs give rise to common myeloid precursors (CMPs), which subsequently originate at least 
three subsets of cells circulating in tumor-bearing hosts that can be identified by specific markers: monocytes (CD11b+Gr-1+F4/80+), granulocytes 
(CD11b+Gr-1highF4/80–IL-4Rα–), and MDSCs (CD11b+Gr-1medF4/80low/–IL-4Rα+). Circulating monocytes are recruited by tumors and differentiate 
into TAMs, acquiring protumoral functions. During tumor progression, MDSCs accumulating in blood and in lymphoid organs such as the spleen 
may also be recruited to the tumor microenvironment, where they become F4/80+. This latter pathway of MDSC-TAM phenotype transition 
(dashed arrow) was recently proposed (13, 27). Finally, it has been hypothesized that immature forms of granulocytes might differentiate into 
MDSCs or condition their function and/or further differentiation (red arrows), as suggested by some studies (14).
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the inhibitory activity of MDSCs are probably various, ranging 
from those requiring direct cell-cell contact to others indirectly 
mediated by modification of the microenvironment. MDSCs fresh-
ly isolated from the spleens of tumor-bearing mice were originally 
shown to suppress the functional activity of CD8+ T cells, but not 
CD4+ T cells, by interfering with their ability to secrete IFN-γ when 
stimulated with specific antigens (19, 24). This effect was thought 
to be related to the fact that MDSCs expressed MHC class I but 
not MHC class II and was mediated by cell-cell contact and the 
production of ROS such as hydrogen peroxide (H2O2), triggered 
by MDSC expression of the enzyme arginase 1 (ARG1) (19). The 
role of H2O2 as a mediator of T cell dysfunction seems to correlate, 
at least in some studies, with decreased expression of the ζ chain 
of the CD3 component of the TCR complex (CD3ζ) (25). Other 
studies have shown that circulating MDSCs have to be activated by 
antigen-experienced T cells to execute their suppressive program 
and that they can suppress, in an MHC-independent fashion, both 
antigen-activated CD4+ and CD8+ T cells (11, 13, 20). Moreover, a 
subset of MDSCs (expressing CD11b, Gr-1, CD115, and F4/80) 
isolated from the bone marrow and spleens of tumor-bearing 
mice can induce the development of FOXP3+CD4+ (FOXP3, fork-
head box p3) Tregs in vivo by a pathway requiring IFN-γ and IL-10 
(26). Interestingly, production of NO was not required for MDSC 

induction of Tregs whereas NO, released by NOS, has been shown 
to be extensively involved in the T cell dysfunction induced by 
MDSCs (Table 1), suggesting that the different biological activities 
of MDSCs might be separated at the molecular level and perhaps 
targeted by distinct therapeutic approaches.

Some issues must be considered when analyzing the partially 
conflicting results on the mechanism of MDSC-dependent sup-
pression of T cells. The in vitro assays evaluating the inhibitory 
properties of MDSCs are not standardized, so in different studies 
they might differ both in the type of stimuli and source of T cells. 
When T cells are stimulated in vitro in the presence of supraphysi-
ologic numbers of MDSCs, the mechanisms governing suppres-
sion might differ from those activated in in vitro assays where the 
ratio of MDSCs to T cells is the same as found in the lymphoid 
organs of mice, where MDSCs are recruited in pathological situ-
ations. In contrast to the in vitro assays, the ability of MDSCs to 
induce tumor-specific CD8+ T cells to become nonfunctional in 
vivo has been repeatedly confirmed, although many studies are 
based on the use of either small molecules affecting MDSC inhibi-
tory pathways or antibodies depleting Gr-1+ cells (11, 22, 27–29). 
It must be emphasized that the interpretation of in vivo experi-
ments with inhibitors is complicated by the possibility that these 
molecules affect cells other than MDSCs.

Table 1
Myeloid cell–dependent suppression of T cells in mice

Pathology	 Suppressor	cells	 Phenotype	 Mouse	strain	 Mechanism	of	T	cell	inhibition	 References	
	 	isolated	from:

Cancer

Colon carcinomas  Spleen and tumor CD11b+Gr-1+ BALB/c ARG and NO dependent (11, 17, 
 (CT26 and C26)     44, 115)
Melanoma (B16) Spleen CD11b+Gr-1+ C57BL/6 NOS dependent (45)
Lymphoma (EL-4) Tumor CD11b+Gr-1+F4/80+ C57BL/6 ARG and NO dependent (13)
Colon adenocarcinoma  Tumor F4/80+ C57BL/6 NO and cell-associated form  (116)
 (MCA-38)    of TNF-α
Mammary carcinoma (4T1) Spleen CD11b+Gr-1+CD11c+ BALB/c ARG dependent (20)
Lewis lung carcinoma Tumor CD11b+Gr-1–F4/80–CD80+ C57BL/6 ARG dependent (47)
Lewis lung carcinoma Tumor CD31+ C57BL/6 NO and TGF-β dependent (117)
T cell lymphoma (BW-Sp3) Spleen CD11b+Gr-1intLy6G–CD115int AKR ARG and NO independent;  (12, 118)
    partially dependent on PPARγ
Fibrosarcoma (C3) Spleen CD11b+Gr-1+ C57BL/6 ARG and H2O2 (19)
Transformed fibroblasts Spleen CD11b+Gr-1+ BALB/c NKT cells, IL-13, STAT6, TGF-β;  (21, 22)
 (15–12RM)    NOS independent; ARG not tested

Infection

Candida albicans Blood, spleen CD11b+Gr-1+CD80+  BALB/c IFN-γ/NO and CD80 (119)
  polymorphonuclear cells
Trypanosoma cruzi Spleen CD11b+Gr-1+ C57BL/6 and Sv129 IFN-γ/NOS (120)
Schistosoma mansoni Spleen CD11b+Gr-1+CD16+ BALB/c and B10.D2 Unidentified soluble factor  (121)
    (not IL-4, IL-10, or TGF-β)
Taenia crassiceps Peritoneum CD11b+Gr-1+ BALB/c 12/15-Lipoxygenase, NO and ARG (122)
Porphyromonas  Spleen, BM but  CD11b+Gr-1+ BALB/c IFN-γ (52)
 gingivalis not lymph nodes
Schistosome  Peritoneum CD11b+Gr-1+F4/80+ BALB/c and C57BL/6 IFN-γ/NO; partly IL-10 dependent (123)
 oligosaccharide
 (Lacto-N-neotetraose)
Cruzipain antigen  Spleen  CD11b+Gr-1+ BALB/c Not investigated; ARG and NOS  (124)
 from T. cruzi (extramedullary    activity increased in macrophages
 hematopoiesis)
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General properties of MDSCs and their relationship  
with M2 macrophages
The suppressive program of MDSCs can be triggered by their inter-
action with antigen-activated CD8+ T cells both in vitro and in vivo, 
through an IFN-γ– and cell-contact–dependent step that might 
require the expression of CD80 and CD11b on the surface of the 
MDSCs (11, 19, 30). Interestingly, simple in vitro culture of MDSCs 
alone can activate this program. The reason behind the common 
finding that cells  isolated either with Gr-1–specific or CD11b-
specific antibodies and cultured in vitro (with or without GM-
CSF) become macrophage-like cells (i.e., they gain a CD11b+Gr-1– 

F4/80+CD80+MHC class II–/low phenotype) with enhanced immuno-
suppressive activity (11–13) has not been fully investigated.

The inhibitory properties of MDSCs are probably mediated by 
the expression of inducible forms of NOS (i.e., NOS2) and ARG (i.e., 
ARG1). Both NOS2 and ARG1 are involved in the metabolism of 
the amino acid l-Arg (Figure 2). NOS2, a heme-containing enzyme 
that catalyzes the synthesis of NO and citrulline from l-Arg, is 
expressed by various cells of the immune system, and its activa-
tion is considered a hallmark of classically activated macrophages 
(also known as M1 macrophages), a macrophage subset that pro-
duces proinflammatory cytokines and acts as the effector cell in 
the killing of invading pathogens (31–33). In M1 macrophages, 
expression of the gene encoding NOS2 depends on the activa-
tion of transcription factors, such as NF-κB, JAK3, and STAT1 as 
well as JNK (34), and it can be transcriptionally upregulated by 
proinflammatory cytokines (e.g., IFNs, IL-1, IL-2, and TNF-α), bac-
terial LPS, and hypoxia (35, 36). By contrast, ARG1 (also known as 
liver-type ARG because it is found predominantly in hepatocytes) 
is a manganese metalloenzyme that catalyzes the hydrolysis of 
l-Arg to l-ornithine and urea (Figure 2). However, ARG1 is also 
induced in cells of the innate immune system by several cytokines 

including TGF-β (37), the macrophage-stimulating protein (MSP) 
acting on the receptor RON (38), GM-CSF (39), and either IL-4 or 
IL-13, both of which activate a STAT6 signaling pathway (40). In 
contrast to NOS2, whose activation is considered a hallmark of 
M1 macrophages, ARG1 activation has been regarded as one of 
the most specific markers of M2 macrophages, which act as impor-
tant mediators of allergic responses, control parasitic infections, 
mediate wound repair and fibrosis, and have been found in the 
leukocyte infiltrates of various human and mouse tumors, where 
they have been suspected of promoting tumorigenesis (31, 32), as 
further discussed below. Despite this distinct expression of NOS2 
and ARG1 in M1 and M2 macrophages, respectively, MDSCs have 
been shown to express NOS2 and/or ARG1, and recent studies 
indicate that MDSCs have characteristics of both M1 and M2 
macrophages. Indeed, we recently described in tumor-bearing mice 
a population of circulating CD11b+Gr-1+ inflammatory monocytes 
expressing IL-4Rα and able to release both IL-13 and IFN-γ (11), 
characteristics that are compatible with a function intermediate 
between those of M1 and M2 macrophages. To suppress CD8+  
T cells, these circulating inflammatory monocytes had to be acti-
vated by IFN-γ produced by antigen-stimulated T cells, release 
their own IFN-γ and IL-13, and be responsive to IL-13 by express-
ing a functional IL-13 receptor, including the IL-4Rα subunit (11). 
IL-4Rα is therefore a useful marker for discriminating between 
populations of immunosuppressive MDSCs (IL-4Rα+) and non-
suppressive granulocytes (IL-4Rα–), both of which are increased in 
the blood and spleens of tumor-bearing mice (Figure 1). Coopera-
tion between IL-13 and IFN-γ led to sustained activation of both 
ARG1 and NOS2 in MDSC populations, causing dysfunctional  
T cell responses (11). Importantly, CD11b+ TAMs also require the 
same combination of cytokines (IL-13 and IFN-γ) to mediate sup-
pression of CD8+ T cells (11). These results suggest that MDSCs 

Properties of MDSCs

Coexpression of the myeloid cell markers CD11b and Gr-1 must be associated with the functional ability to inhibit T cell activation.

Normally found in the bone marrow (in the spleen of normal mice they normally account for less than 5% of nucleated cells), 
MDSCs can be increased in numbers in spleen and blood under pathological conditions. An increase in MDSC numbers in 
lymph nodes has been reported by some studies under pathological situations (27, 105).

MDSCs present at the tumor site and a fraction of cells present in the spleen of mice bearing tumors are CD11b+F4/80+Gr-1–; these 
cells can arise in vivo and in vitro from CD11b+Gr-1+ precursors and retain their suppressive properties (12, 13, 17, 28).

In vitro effects: MDSCs inhibit T cell activation (CD8+ T cells more than CD4+ T cells) induced by either antigens or polyclonal 
stimuli through an MHC-independent mechanism requiring cell-cell contact.

Even though direct antigen presentation to the T cells by MDSCs is not required for in vitro suppression, MDSCs can take up and 
cross-present tumor-associated antigens in the context of MHC class I molecules in vivo (27). In this case, selective impairment 
of tumor-specific immunity has been shown, indicating that MHC-dependent responses might be relevant in vivo.

Human MDSC equivalents are not entirely known, but granulocyte subpopulations might be involved in mediating some human 
MDSC inhibitory activities (15, 16).

VEGF, GM-CSF, IL-3, M-CSF, and IL-6 have been shown to be involved in the alteration of normal myelopoiesis and recruitment 
of MDSCs to peripheral organs under pathological situations. Cytokines might be relevant for enhanced myelopoiesis, mobiliza-
tion of MDSCs, and conditioning the maturation of these cells (4, 9).
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and TAMs respond with an M2 macrophage–oriented program to 
classic signals driving macrophage activation (dependent on Th1 
cytokines) and reconcile conflicting data attributing a prevalence 
of either IFN-γ, NOS2, and STAT1 or IL-4/IL-13, ARG, and STAT6 
axes in the suppression of the immune response in tumor-bearing 
hosts (Table 1, Figure 2; also discussed further below).

Many questions, however, still await answers. It  is not clear, 
for example, whether all the MDSC precursors in a population 
respond similarly (and synchronously) to T cell–mediated acti-
vation or whether MDSC populations are heterogeneous, with 
some cells programmed to activate an M1 phenotype and others 
to activate an M2 phenotype. Alternatively, some plasticity might 
exist, i.e., MDSCs might be able to oscillate between M1 and M2 
phenotypes, depending upon the stimulation they receive. More-
over, with respect to the status of polarization, some differences 
have  been  reported  between  mice  and  humans.  For  example, 
ARG1 is expressed in mouse, but not human, M2 macrophages 
(41). In humans, ARG1 is constitutively expressed by granulocytes 

(42), and ARG1-expressing granulocytes have 
been reported to induce both decreased CD3ζ 
expression and attenuated activation in T cells 
from renal cell carcinoma patients (15). These 
discrepancies between humans and mice might 
reflect  our  incomplete  understanding  of  the 
highly dynamic process of myeloid differentia-
tion in cancer, and only the identification of the 
molecules released by tumors and the transcrip-
tion factors activated in hematopoietic precur-
sors can address these issues. We are currently 
evaluating the possibility of generating MDSCs 
from bone marrow precursors using defined in 
vitro culture systems in an attempt to address 
some of these issues.

l-Arg metabolism as the mechanism  
of MDSC immunosuppression
Increased l-Arg metabolism, either in myeloid 
cells infiltrating the tumor stroma or in tumor 

cells, can impair antigen responsiveness of T cells, both at the tumor-
host interface and systemically (23, 29, 43). Immune regulation by  
l-Arg metabolism is not antigen-specific, but to be susceptible to the 
inhibitory activity of the ARG- and NOS-dependent l-Arg metabo-
lism pathways, a T cell must be activated through its TCR. Activa-
tion through the TCR promotes T cell cycling, and many of the 
inhibitory effects of l-Arg–metabolizing enzymes require actively  
proliferating cells. NOS2 and ARG1 can function separately or 
synergistically to alter T cell function; activation of either enzyme 
alone in an APC inhibits its ability to induce T cell proliferation 
by interfering with intracellular T cell signal transduction path-
ways whereas induction of both enzymes generates highly reactive 
oxygen and nitrogen species, such as H2O2 and peroxynitrites, that 
might induce signaling defects in proximal immune cells and force 
antigen-activated T cells to undergo apoptosis (Figure 2 and ref. 
23). The relative levels of expression of the 2 enzymes seem to be 
related to the stimulus driving MDSC accumulation (Table 1). In 
the case of tumor-induced MDSCs, the main factors determining 

Figure 2
Inhibitory effects of MDSC l-Arg metabolism on 
antigen-activated T cells. l-Arg enters MDSCs 
through a cationic amino acid transporter (CAT-2B) 
and is mainly metabolized by the inducible forms 
of NOS and ARG (i.e., NOS2 and ARG1, respec-
tively) although the contribution of other isoforms 
cannot be ruled out. Depending on the balance 
between these enzymes, depletion of extracellular 
l-Arg concentration, NO release, and enhanced 
production of reactive oxygen and nitrogen species 
(for example, O2

– and H2O2, and ONOO–, respec-
tively) can ensue. T cells that are activated in the 
MDSC-conditioned environment stop proliferating 
and eventually die by apoptosis through pathways 
involving activation of general control nondere-
pressible 2 (GCN2) and soluble guanylate cyclase 
(sGC); tyrosine nitration and S-cysteine nitrosylation 
of various proteins; loss of CD3ζ; and interference 
with the IL-2R signaling pathway (reviewed in ref. 
23). cEBP-β, CCAAT enhancer–binding protein β;  
MSP, macrophage-stimulating protein.
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which l-Arg–metabolizing enzyme is expressed at the highest level 
are as follows: tumor histology, anatomical site from which the 
MDSCs are isolated (spleen, blood, or tumor), genetic background 
of mouse (which probably dictates the Th1 vs. Th2 orientation of 
the immune response), and type of stimulatory signal delivered to 
the activating T cells (Table 1 and refs. 44–46).

Interestingly, as discussed above, activation of ARG1 can lead 
to loss of cell surface expression of CD3ζ in antigen-activated  
T cells by consumption of  l-Arg and activation of  the amino 
acid–deficiency sensor general control nonderepressible 2 (GCN2) 
(47, 48), a sensor that is also triggered by another amino acid–
metabolizing enzyme causing immune suppression, indoleamine  
2,3-dioxygenase  (49, 50). The  loss of CD3ζ  seems to be more 
important for inhibition of CD4+ T cell function than of CD8+  
T cell function (51). Indeed, splenic MDSCs were shown to induce 
the CD3ζ chain downregulation in antigen-stimulated CD4+ but 
not CD8+ T cells (51). Moreover, CD3ζ loss might not be relat-
ed exclusively to tumor MDSCs, since MDSCs expanded during 
chronic  inflammation  induced by  infection with Porphyromo-
nas gingivalis can also induce its downregulation (52). It has been 
proposed that the functional role of MDSCs is to limit chronic 
stimulation of the immune response and prevent unmitigated  
T cell activation, which can be dangerous (53). Downregulation of 
CD3ζ expression and the unresponsiveness of T cells that ensues 
contribute to the inflammatory response being attenuated; i.e., the 
release of proinflammatory cytokines and other mediators that 
might be detrimental to the body when produced in excess or for 
a prolonged period is attenuated.

Loss of CD3ζ T cells is not the only mechanism by which height-
ened l-Arg metabolism mediates T cell suppression. For example, 
CD8+ tumor-infiltrating lymphocytes (TILs) present in individuals 
with prostate cancer are inhibited by a pathway dependent on the 
intratumoral activation of ARG2 and NOS2 (expressed by the can-
cer cells), but these TILs do not show altered expression of CD3ζ 

or other profound defects in the TCR signaling pathway (54). We 
therefore think that it is probable that CD3ζ downregulation is a 
late event in tumor progression, associated with a deeper altera-
tion in host myelopoiesis.

Origin and molecular basis of TAM functions
TAMs are the second well-described population of myeloid cells 
that have been shown to exert a negative effect on antitumor 
immune responses. The relationship between TAMs and MDSCs 
is not completely defined, but data discussed below suggest TAMs 
might, in part, be derived from or related to MDSCs (Figure 1 and 
Properties of TAMs).

For decades, solid tumors have been known to be strongly 
infiltrated by inflammatory leukocytes, and accumulating evi-
dence has clearly demonstrated, in various mouse and human 
malignancies, including colon, breast, lung, and prostate can-
cer (32, 55–57), a strict correlation between increased numbers 
and/or density of macrophages and poor prognosis. Based on 
this, both the recruitment and activation of TAMs are regarded 
as pivotal to tumor progression, and TAMs are putative targets 
for therapeutic intervention.

As originally described by Alberto Mantovani and colleagues in 
the early 1980s (57), circulating monocytes (Figure 1) are recruit-
ed to the tumor, where they differentiate into TAMs, by a tumor-
derived chemotactic factor, originally identified as CC chemokine 
ligand 2 (CCL2; also known as MCP-1) (32).	Following this obser-
vation, other chemokines able to recruit monocytes were detect-
ed in neoplastic tissues as products of either the tumor cells or 
host stromal elements (55). In addition to recruiting monocytes, 
these molecules play an important role in tumor progression by 
directly stimulating neoplastic growth, promoting inflamma-
tion, and inducing angiogenesis (58). Evidence supporting a piv-
otal role for chemokines,	in addition to CCL2,	in the recruitment 
of monocytes	to neoplastic tissues includes a direct correlation 

Properties of TAMs 

TAMs are derived from circulating monocytes that are recruited to tumors by chemotactic factors such as CCL2, VEGF, and  
M-CSF (32, 106).

TAMs preferentially localize in hypoxic areas of tumors (64, 107).

M2 macrophage polarization: TAMs express high levels of M2 macrophage markers (IL-10, TGF-β, ARG1, and the mannose recep-
tor) and low levels of mediators of M1 macrophage–mediated inflammation (IL-12, TNF-α, and IL-6) (32, 75, 81).

TAMs exhibit defective NF-κB activity and functional IRF-3/STAT1 pathway activity in response to TLR4 ligands (75).

TAMs exhibit the following protumoral functions:
  (a) Induction of angiogenesis through expression of tissue factors, VEGF, CCL2, FGF2, CXCL8, CXCL1, and CXCL2  

  (32, 85, 108, 109)
  (b) Production of growth factors (e.g., PDGF, EGF, and VEGF) (85, 110, 111)
  (c) Induction of matrix remodeling through the production of TGF-β, CCL2, and MMPs such as MMP9 (32, 112)
  (d) Immune suppression, through the production of immunosuppressive cytokines (e.g., IL-10 and TGF-β) (32, 75, 76)  

  and the recruitment of Tregs through the secretion of CCL22 (113)
  (e) Skewing of adaptive immunity to a Th2-type immune response through the production of CCL17 (32), CCL18 (114),  

  and CCL22 (113).

Increased numbers of TAMs correlate with vessel density and poor prognosis (56).



review series

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 117      Number 5      May 2007  1161

between chemokine production and monocyte infiltration in 
mouse and human tumors (32).

Molecules other than chemokines can also promote mono-
cyte recruitment. In particular, tumor-derived cytokines such 
as VEGF and M-CSF promote monocyte recruitment as well as 
macrophage survival and proliferation, and their expression cor-
relates with tumor growth (59). Some of these factors, expressed 
in the tumor microenvironment, also inhibit the differentiation 
of monocytes into DCs by activating STAT3-dependent signaling 
(9), thereby impairing the induction of DC-induced antigen-spe-
cific immune responses (60).

Several lines of evidence suggest that some circulating MDSCs 
reach the tumor site and become part of the tumor stroma, indi-
cating that, in addition to peripheral monocytes, CD11b+Gr-1+ 
MDSCs might also be precursors of F4/80+ TAMs. Indeed, it has 
been shown that Gr-1+ cells isolated from the spleens of tumor-
bearing mice can reach the tumor and become F4/80+ TAMs char-
acterized by increased STAT1 phosphorylation and constitutive 
expression of ARG1 and NOS2 (13, 27) (Figure 1). In tumor-bear-
ing hosts, increased bioavailability of VEGF and release of soluble 
KIT ligand in the bone marrow are promoted through the high 
expression of MMP9 by splenic CD11b+Gr+ cells, which indirectly 
promote tumor vascularization and regulate the mobilization of 
more CD11b+Gr+ cells. These CD11b+Gr-1+ cells were also found 
to directly incorporate into the tumor endothelium (61), where 
they contribute to tumor growth and vascularization by produc-
ing MMP9 and differentiating into endothelial cells. Moreover, the 
concept of a shared differentiation pathway between circulating 
MDSCs and TAMs (Figure 1) is reinforced by the common molec-
ular pathways (activated by IFN-γ and IL-13) necessary for their 
immunosuppressive activity, as previously described (11).

TAMs preferentially localize to poorly vascularized regions of 
tumors (62, 63). This environment promotes the metabolic adap-
tation of TAMs to hypoxia through the activation of hypoxia-
inducible factor 1 (HIF-1) and HIF-2 (63). We recently have shown 
that HIF-1α activated in TAMs by hypoxia influences the posi-
tioning and function of tumor cells, stromal cells, and TAMs	by 
selectively upregulating their expression of CXC chemokine recep-
tor 4 (CXCR4) (64).	Moreover, HIF-1 activation can have a role 
in the induction of the CXCR4 ligand, CXC chemokine ligand 12 
(CXCL12) (65), a chemokine involved in cancer metastasis (66). 
Together, these data suggest that oxygen availability has a role in 
guiding the microanatomical localization and function of TAMs. 
Moreover, hypoxia can also have important consequences on l-Arg 
metabolism in TAMs and thereby on the suppression of adaptive 
immunity, since it can induce NOS2 and ARG expression (in this 
case with a certain variability in terms of ARG1 and ARG2) in vari-
ous cell types (67–69).

In addition to HIF-1α, analysis of the molecular basis of the 
TAM phenotype has identified NF-κB as the master regulator of 
TAM transcriptional programs, and some evidence suggests that 
modulation of NF-κB activity in these cells is an important mecha-
nism by which their protumoral functions can be controlled (32).

Although  in  inf lammatory  leukocytes,  in  particular 
macrophages, NF-κB is an essential transcription factor guid-
ing the inflammatory response, this factor is also recognized as a 
major effector of cancer cell proliferation and survival (70). In can-
cer, NF-κB induces more aggressive tumor phenotypes by promot-
ing cells to grow independently of growth signals; by increasing 
their insensitivity to growth inhibition; by increasing their resis-

tance to apoptotic signals; by immortalizing the cells; by enhanc-
ing angiogenesis; and by enhancing tissue invasion and metastasis 
(71). The constitutive NF-κB activation often observed in tumor 
cells might be promoted by either signals from the microenviron-
ment, including cytokines, hypoxia, and ROS, or by genetic altera-
tions (71). In particular, proinflammatory cytokines (e.g., IL-1 and 
TNF-α) expressed by different subsets of tumor-infiltrating leuko-
cytes (72) can activate NF-κB in cancer cells and contribute to their 
proliferation and survival (71). Strikingly, the proliferative role of 
TNF-α was recently confirmed in primary and in vitro–established 
human renal carcinoma cells (73). The peculiar ability of tumors to 
promote leukocyte recruitment largely relies on their constitutive 
expression of the genes that encode inflammatory chemokines, 
whose expression is controlled by NF-κB (74). These data under-
pin the central role of NF-κB in the functional crosstalk between 
tumors and the immune system and suggest a causal relationship 
between NF-κB–mediated inflammation and tumorigenesis (70).

Differences are emerging about the effects of NF-κB in cancer 
cells and TAMs. In contrast with cancer cells, in fact, TAMs from 
advanced tumors show defective NF-κB activation in response 
to different proinflammatory signals (55, 75, 76). This defective 
NF-κB activation in TAMs correlates with impaired expression of 
NF-κB–dependent inflammatory functions (e.g., the expression of 
cytotoxic mediators such as TNF-α, IL-1, and IL-12) (32).	These 
observations are in apparent contrast with a protumor function 
of inflammatory reactions observed in models of spontaneous or 
chemically induced carcinogenesis (77, 78). Although in these latter 
models, NF-κB inhibition resulted in tumor growth delay (77, 78), 
in tumors at a more advanced stage of progression, a therapeutic 
effect was achieved through the reactivation of NF-κB–dependent 
inflammation in the myeloid cell compartment (75, 79, 80). This 
discrepancy might reflect a dynamic change in the tumor micro-
environment during the transition from early neoplastic events to 
advanced tumor stages, which would result in progressive modula-
tion of the NF-κB activity expressed by infiltrating inflammatory 
cells and progressive conversion of the TAMs from an M1 to an M2 
macrophage phenotype.	Importantly, restoration of NF-κB activ-
ity in TAMs from advanced tumors results in increased expression 
of inflammatory cytokines (e.g., TNF-α) and is associated with 
a delay in tumor growth (75). So far, NF-κB pathways have been 
characterized, in part, in TAMs, and similar studies should be rep-
licated in MDSCs.

TAMs mediate an M2 macrophage–oriented  
persistent inflammation
Characterization of the transcriptome of TAMs isolated from a 
mouse	fibrosarcoma confirmed that these cells mainly have an 
M2 macrophage phenotype but also express IFN-inducible che-
mokines (a characteristic of M1 macrophages)  (81).	A similar 
mixture of gene profiles (mostly an M2 profile with M1 traits) 
was also recently found in mouse MDSCs (11). The mainly M2 
macrophage–like phenotype of TAMs is associated with them hav-
ing protumoral function. Evidence for this comes from a number 
of studies. First, pharmacological skewing of TAM polarization 
from an M2 macrophage–like phenotype to a full M1 macro-
phage phenotype sustains antitumor immunity (79, 82). Indeed, 
a combination of CpG oligodeoxynucleotides and an IL-10 recep-
tor–specific antibody switched TAMs from an M2 to an M1 mac-
rophage–like phenotype and triggered an innate response that 
was able to debulk large tumors within 16 hours (82). Second, 
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recent results suggest that SRC homology 2 domain–containing 
inositol-5-phosphatase (SHIP) functions in vivo to repress skew-
ing to an M2 macrophage–like phenotype. Peritoneal and alveolar 
macrophages isolated from Ship–/– mice constitutively express high 
levels of ARG1 and show impaired LPS-induced NO production. 
Consistent with this, transplanted tumors grow more rapidly in 
Ship–/– mice than in wild-type mice (83, 84). Third, a DNA vac-
cine against the M2 macrophage–associated molecule legumain, 
which is highly expressed by TAMs, induced a robust CD8+ T cell 

response against TAMs, reducing their density in tumor tissues 
and leading to the suppression of angiogenesis, tumor growth, and 
metastasis (85). Finally, we have recently demonstrated that TAMs 
are characterized by nuclear localization of the inhibitory p50  
NF-κB homodimer, a phenotype associated with tumor progres-
sion and a lack of M1 macrophage–like function (75). Interest-
ingly,  the M2 macrophage–inducing signals PGE2,  IL-10, and 
TGF-β were shown to promote increased nuclear localization of 
the p50 NF-κB homodimer (75). Moreover, mice lacking expres-

Figure 3
Molecular pathways of macrophage polarization and their role in tumor progression. The major pathways of macrophage polarization and cur-
rent evidence linking their activation with either tumor progression (+) or regression (–) are outlined. The overall view suggests that M2 macro-
phage–polarizing signals (such as IL-10, IL-4, and IL-13) are mainly associated with tumor progression. Contrasting evidence associates M1 
macrophage–polarizing pathways (such as IFN-γ and TLR ligation) with either tumor progression or regression. The crosstalk between the M1 
and M2 macrophage–polarizing pathways, which results in reciprocal modulation, are also indicated. As shown, IL-10–mediated induction of 
the p50 NF-κB homodimer interferes with NF-κB activation and M1 macrophage–induced inflammation. The balance between activation of M1 
macrophage–associated STAT1 and M2 macrophage–associated STAT3 and STAT6 finely regulates macrophage polarization and activity. A 
predominance of NF-κB and STAT1 activation results in M1 macrophage polarization, which promotes cytotoxic and inflammatory functions. In 
contrast, a predominance of STAT3 and STAT6 activation results in M2 macrophage polarization, which is associated with immune suppression 
and tumor progression. As discussed in the text, IL-23 might also contribute to the polarization decision as it activates different STATs, includ-
ing STAT1 and STAT3, in TAMs, but direct evidence is missing. CC, colorectal carcinoma; HCC, hepatocarcinoma; Fibr, fibrosarcoma; Mel, 
melanoma; BC, breast carcinoma; SCC, squamous cell carcinoma; Bl. Carc, bladder carcinoma.
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sion of p50 also lack expression of the M2 macrophage–polarizing 
cytokines IL-4, IL-5, and IL-13 (86), and in tumor-bearing mice 
lacking expression of p50, TAMs express cytokines characteristic 
of M1 macrophages, and splenocytes produce Th1 cytokines, both 
of which are associated with a delay in tumor growth (75).

All these findings together suggest that M2 macrophage–like 
inflammation fuels cancer progression and lead to the sugges-
tion that NF-κB inhibition in TAMs is associated with M2 macro-
phage–like inflammatory functions. It is probable that, although 
full activation of NF-κB in macrophages resident in preneoplas-
tic sites might exacerbate local M1 macrophage–like inflamma-
tion and favor tumorigenesis (77, 78, 87), tumor growth results 
in progressive inhibition of NF-κB in infiltrating leukocytes, as 
observed in both myeloid (75, 88) and lymphoid (89) cells from 
individuals with tumors, and in the progressive skewing to M2 
macrophage–like inflammation. If so, the therapeutic efficacy of 
strategies targeting NF-κB for the treatment of cancers might be 
determined by both the tumor stage and polarization status of 
the infiltrating leukocytes.

STATs in TAM and MDSC function
A central role in the polarization of myeloid cell functions as well 
as in tumor progression and the altered immune response to can-
cer is emerging for selected members of the STAT family of tran-
scription factors. In particular, STAT1, STAT3, and STAT6 have 
been shown to have a major role in transmitting polarizing sig-
nals to the nucleus (90) and to have distinct roles in macrophage 
polarization (Figure 3). STAT1 is activated in response to M1 mac-
rophage–polarizing signals (e.g., IFN-γ and LPS) whereas STAT3 
and STAT6 are selectively activated by M2 macrophage–polarizing 
cytokines (e.g., IL-10, IL-4, and IL-13) (91). Activation of specific 
STATs, central inducers of macrophage polarization programs, is 
expected to parallel either the antitumoral or protumoral role of 
M1 and M2 macrophage–mediated inflammation, respectively.

Original evidence indicates that STAT1 activation is essential 
for immune surveillance against tumors (92). In particular, mice 
deficient for either the IFN-γ receptor (signaling through which 
activates STAT1; ref. 93) or STAT1 displayed enhanced resistance 
to the induction of tumors by methylcholanthrene (94). Over the 
years, the STAT1-mediated antitumoral effect has been confirmed 
in preclinical tumor models (95, 96). However, recent reports argue 
against this simple view and suggest that the IFN-γ/STAT1 pathway 
might have a protumoral role, at least in certain tumors. For exam-
ple, STAT1 was recently described as responsible for TAM-mediated 
suppressive activity and tumor progression, and it was shown that 
TAMs isolated from STAT1-deficient mice failed to suppress T cell 
responses (13). In addition, in a mouse squamous cell carcinoma, 
STAT1 deficiency enhanced IL-12–mediated tumor regression by 
a T cell–dependent mechanism (97). In agreement with the role of 
STAT1 as the central mediator of the biological activities of IFN-γ, 
administration of neutralizing antibodies specific for IFN-γ inhib-
ited tumor growth in IL-12–treated Stat1+/+ mice (97). More recent-
ly, it has also been shown that activation of the CD8+ T cell suppres-
sive activity of tumor-induced MDSCs requires the action of IFN-γ, 
though in combination with IL-13 (11). In line with this picture, 
mice lacking SOCS1, which are characterized by hyperactivation 
of STAT1, display spontaneous development of colorectal carcino-
mas (98), supporting the idea that persistent activation of STAT1-
dependent signaling might be associated with tumor progression. 
Interestingly, molecular analysis of the transcriptome of TAMs 

showed that these cells express high levels of IFN-inducible chemo-
kines and STAT1 activity (81). Together, these results suggest that, 
along with a predominant expression of M2 macrophage–polarized 
functions in TAMs and MDSCs, the parallel activation of STAT1 in 
these cells might enhance immune dysfunctions, further favoring 
tumor progression. This contrasting evidence on the influence of 
STAT1 might be explained by differences among the tumor models 
investigated, the state of tumor progression, and the number and 
type of infiltrating leukocytes.

STAT3 and STAT6 activation are associated with M2 macrophage 
polarization (32, 91). It has been shown that STAT3 is constitu-
tively activated in tumor cells (99) and in diverse tumor-infiltrat-
ing immune cells, including TAMs (80), leading to inhibition of 
proinflammatory cytokine and chemokine production and to the 
release of factors that suppress DC maturation. Ablating STAT3 in 
hematopoietic cells triggers an intrinsic immune surveillance system 
that inhibits tumor growth and metastasis and is associated with 
enhanced functional activity of DCs, T cells, NK cells, and neutro-
phils (80). STAT3/JAK2 activation in myeloid cells by tumor-derived 
factors can lead to the accumulation of CD11b+Gr-1+ MDSCs, pre-
venting their differentiation into mature DCs, whereas interfering 
with STAT3 signaling reverses these inhibitory effects (100, 101). 
TAMs from Stat6–/– tumor-bearing mice display an M1 macrophage 
phenotype, with low levels of expression of ARG1 and high levels 
of expression of NOS2, which promotes tumor cell death through 
the cytotoxic activity of the high levels of NO that are produced. 
As a result, these mice rejected spontaneous mammary carcinomas 
in an immune system–dependent manner (20, 102). Therefore, 
although current literature strongly suggests a crucial role for polar-
ized inflammation in cancer progression, additional studies should 
clarify whether accumulating and contrasting evidence might be 
ascribed to specific microenvironmental conditions or related to 
tumor type and/or stage of disease.

The recent observation that the cytokine IL-23, a member of 
the  IL-12 cytokine  family,  is expressed  in human and mouse 
tumors has unveiled another potential player in TAM-depen-
dent immunosuppression. In mouse tumor models, expression 
of the mRNA encoding the IL-23p19 subunit was increased in 
CD11b+ and CD11c+ cells (probably TAMs and DCs) present in 
tumor stroma. Similarly to IL-12, IL-23 promotes  inflamma-
tory responses, but the net effect of the cytokine is deleterious 
for antitumor immunity. IL-23, in fact, promotes upregulation 
of MMP9 and increases tumor angiogenesis but reduces CD8+ T 
cell infiltration (103). Importantly, genetic deletion studies and 
antibody-mediated neutralization of IL-23 have demonstrated a 
direct negative effect of the cytokine on tumor immune surveil-
lance (103). Furthermore, IL-23 stimulation can activate STAT1, 
STAT3, STAT4, and STAT5 and lead to enhanced production of 
IL-6 (104); it therefore might have an important role in influenc-
ing the TAM transcriptome and function.

For the future: therapeutic perspectives
MDSCs and TAMs probably represent a continuum of a unique 
myeloid cell–differentiation program induced by tumor-derived 
factors to support an incessant  influx of cells that aid tumor 
invasion of nearby tissues, stroma remodeling, and cell prolifera-
tion and that inhibit the innate and adaptive antitumor immune 
response. Targeting this dynamic process might offer interesting 
perspectives for new therapies for the treatment of cancer (4, 79). 
In applying novel approaches to relieving the immunosuppression 
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induced by MDSCs and TAMs, one aspect must be considered: the 
relative contribution of MDSCs and TAMs to the overall impair-
ment of antitumor T cell responses has not been clearly estimated. 
It is probable that inhibition of CD8+ T cell antitumor immunity 
by MDSCs and TAMs in tumor-bearing hosts might occur in dif-
ferent places, primarily the tumor site and the draining lymph 
nodes but also distant sites of the immune system. MDSCs and 
TAMs might also affect differently the subsets of circulating CD8+ 
T cells in relation to the spread of malignant tumors in different 
patients. We think that combining protocols that interfere with 
MDSC- and/or TAM-mediated immune suppression with either 
cancer vaccination (active immunotherapy) or the adoptive trans-
fer of ex vivo–expanded tumor-infiltrating T cells (passive immu-
notherapy) might provide therapeutic benefit for the treatment 

of cancer. However, the benefit of such combination approaches 
is likely to differ in every patient according to the state of impair-
ment of the antitumor immune response.
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