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compared with 11.0% in the gp100 group. In addition, a higher
best overall response (BOR) rate was observed in the two
ipilimumab-based treatment groups compared with the gp100
group (5.7% and 10.9% versus 1.5%).
Over 95% of patients in each treatment group experienced at

least one adverse event (AE) during the trial. As expected, the
incidence of grade 3 or 4 drug-related AEs was higher in the
two ipilimumab-based treatment groups (17.4% and 22.9%)
than in the gp100 group (11.4%). Drug-related deaths occurred
in 2.1%, 3.1% and 1.5% of patients in the combination therapy,
ipilimumab-alone and gp100-alone treatment groups,
respectively. The most common immune-related adverse events
(irAEs) were tissue-specific inflammation, and these were most
frequently reported in the ipilimumab-based treatment groups.
The majority of irAEs were dermatological and gastrointestinal.
With regard to severity, most grade 3 and 4 irAEs were
reported in the ipilimumab-based treatment groups. Deaths
associated with irAEs were reported in 1.3%, 1.5% and 0% of

patients in the combination therapy, ipilimumab-alone and
gp100 treatment groups, respectively [3].

CA184-024
Trial CA184-024 evaluated the efficacy and safety of ipilimumab
plus DTIC 850 mg/m2 compared with the DTIC alone group in
502 patients with previously untreated stage IIIC or stage IV
melanoma [5]. The primary end point of the trial was OS, with
response-based and safety secondary end points. The mean ages
of patients were similar between the two treatment groups (57.5
years and 56.4 years, respectively) and the majority of patients
had a poor prognosis, with over 50% of patients in both the
treatment groups having stage M1c disease.
OS (Figure 4B) in the ipilimumab plus DTIC group was

significantly longer than in the DTIC alone group: 11.2 months
versus 9.1 months, P = 0.00009, with a 28% reduction in the risk
of death. The estimated 1-year, 2-year and 3-year survival rates
were 47.3%, 28.5% and 20.8% in the ipilimumab plus DTIC
group compared with 36.3%, 17.9% and 12.2% in the DTIC
alone group. PFS was also statistically significantly improved by
the addition of ipilimumab to DTIC, with a 24% reduction in
the risk of disease progression (P = 0.006). The disease control
rates were similar across both the treatment groups (33.2% and
30.2%). The rates of CR and partial responses (PR) were higher
in the ipilimumab plus DTIC group than in the DTIC group,
while the rates of stable and progressive disease were lower. The
durability of response was higher in the ipilimumab plus DTIC
group than in the DTIC group (duration of response: 19.3
months versus 8.1 months, respectively).
The overall AE rates in this trial were similar across both the

treatment groups, although the rate of grade 3 or 4 AEs and
grade 3 or 4 irAEs was higher in the ipilimumab plus DTIC
group. There were no deaths reported in the combination
group and one death in the DTIC group (due to
gastrointestinal haemorrhage). In terms of body systems
affected, the rate of dermatological and gastrointestinal irAEs
was higher in the ipilimumab plus DTIC group than in the
DTIC alone group, although these were mainly low-grade in
severity. The incidence of grade 3 or 4 diarrhoea and colitis
was lower than expected in the ipilimumab plus DTIC
treatment group. However, the incidence of hepatic events, i.e.
increased alanine aminotransferase and aspartate
aminotransferase, was higher than anticipated; this may have
been due to the addition of DTIC to ipilimumab, which has
been associated with hepatotoxic effects [19–21].

using ipilimumab in the clinic
When using ipilimumab in the clinic, some important
considerations include the early diagnosis and management of
irAEs and the accurate assessment of response to treatment.

IrAEs
Guidelines for the management of common AEs were
established during the clinical development of ipilimumab
[22–24]. Because the irAEs associated with ipilimumab are

Figure 4. Kaplan–Meier analysis of overall survival (OS) from (A)
MDX010-20 and (B) CA184-024. Reprinted in part from Hodi et al. [3]
©2010 and Robert et al. [5] ©2011 with permission from The Publishing
Division of the Massachusetts Medical Society; publishers of The New
England Journal of Medicine.
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What Prevents This From Happening ? 
(How do tumor evade immune elimination) 
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or from damaged tissues (such as hyaluronan
fragments) as solid tumors begin to grow in-
vasively (30). A third potential mechanism may
involve stress ligands such as RAE-1 and H60
(mouse) or MICA/B (human) that are frequently

expressed on the surface of tumor cells. Such lig-
ands bind to activating receptors on innate im-
mune cells, leading to release of pro-inflammatory
and immunomodulatory cytokines, which in turn
establish a microenvironment that facilitates the

development of a tumor-specific adaptive im-
mune response (31). Although in some experi-
mental systems, activation of innate immunity
can protect against tumor development, in most
systems effective cancer immunosurveillance re-
sponses require the additional expression of tu-
mor antigens capable of propagating the expansion
of effector CD4+ and CD8+ Tcells. Thus, coordi-
nated and balanced activation of both innate and
adaptive immunity is needed to protect the host
against a developing tumor. If tumor cell destruc-
tion goes to completion, the elimination phase
represents an endpoint of the cancer immunoedit-
ing process.

The elimination phase has not yet been di-
rectly observed in vivo, but its existence has been
inferred from the earlier onset or greater pene-
trance of neoplasia in mice lacking certain im-
mune cell subsets, recognition molecules, effector
pathways, or cytokines and by studies comparing
tumor initiation, growth, and metastases in wild-
type versus immunodeficient mice [reviewed in
(18)]. These studies have revealed that the im-
mune components required for effective elimina-
tion of any given tumor are dependent on specific
characteristics of the tumor, such as how it orig-
inated (spontaneous versus carcinogen-induced),
its anatomic location, and its rate of growth.

Equilibrium. Rare tumor cell variants may
survive the elimination phase and enter the equi-
librium phase, in which the adaptive immune
system prevents tumor cell outgrowth and also
sculpts the immunogenicity of the tumor cells.
We envisage equilibrium to be the longest phase
of the cancer immunoediting process—perhaps
extending throughout the life of the host. As
such, it may represent a second stable endpoint
of cancer immunoediting. In equilibrium, the im-
mune system maintains residual tumor cells in
a functional state of dormancy, a term used to
describe latent tumor cells that may reside in
patients for decades before eventually resuming
growth as either recurrent primary tumors or dis-
tant metastases (32). Equilibrium thus represents
a type of tumor dormancy in which outgrowth
of occult tumors is specifically controlled by
immunity.

An early suggestion that the immune system
couldmaintain tumor cells in a dormant/equilibrium
state came from tumor transplantation experi-
ments in which mice were primed with a trans-
plantable tumor and then rechallenged with the
same tumor in order to induce tumor latency (33).
However, stronger evidence for the existence of
an immunologically mediated equilibrium phase
came from primary tumorigenesis experiments
showing that immunocompetent mice treated
with low-dose carcinogen [3′-methylcholanthrene
(MCA)] harbored occult cancer cells for an ex-
tended time period even when the mice did not
develop any apparent tumors (34). When the
immune system of these mice was ablated [by
administeringmonoclonal antibodies (mAbs) that
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Fig. 3. The cancer immunoediting concept. Cancer immunoediting is an extrinsic tumor suppressor
mechanism that engages only after cellular transformation has occurred and intrinsic tumor suppressor
mechanisms have failed. In its most complex form, cancer immunoediting consists of three sequential
phases: elimination, equilibrium, and escape. In the elimination phase, innate and adaptive immunity
work together to destroy developing tumors long before they become clinically apparent. Many of the
immunemolecules and cells that participate in the elimination phase have been identified, but more work
is needed to determine their exact sequence of action. If this phase goes to completion, then the host
remains free of cancer, and elimination thus represents the full extent of the process. If, however, a rare
cancer cell variant is not destroyed in the elimination phase, it may then enter the equilibrium phase, in
which its outgrowth is prevented by immunologic mechanisms. T cells, IL-12, and IFN-g are required to
maintain tumor cells in a state of functional dormancy, whereas NK cells and molecules that participate in
the recognition or effector function of cells of innate immunity are not required; this indicates that
equilibrium is a function of adaptive immunity only. Editing of tumor immunogenicity occurs in the
equilibrium phase. Equilibriummay also represent an end stage of the cancer immunoediting process and
may restrain outgrowth of occult cancers for the lifetime of the host. However, as a consequence of
constant immune selection pressure placed on genetically unstable tumor cells held in equilibrium, tumor
cell variants may emerge that (i) are no longer recognized by adaptive immunity (antigen loss variants or
tumors cells that develop defects in antigen processing or presentation), (ii) become insensitive to
immune effector mechanisms, or (iii) induce an immunosuppressive state within the tumor microenvi-
ronment. These tumor cells may then enter the escape phase, in which their outgrowth is no longer blocked
by immunity. These tumor cells emerge to cause clinically apparent disease. [Figure adapted from (18)]
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How Tumors Evade Immune 
Elimination ? 

Regulatory T cells

Identification of tumour-specific tolerance without gen-
eralized immunodeficiency or immunosuppression has
been demonstrated in a number of models, thus defining
tumours as sites of immune privilege [8–11]. This is driven
by both tumour-intrinsic and -extrinsic mechanisms (sum-
marized in Fig. 1 [2]). Because most TAAs are modified or
aberrantly expressed self-antigens, it is conceivable that
regulatory T cells (Tregs) play a critical role in this process
[12]. Indeed, accumulating evidence implicates Tregs as one
of the principal cell types suppressing TAA-specific lym-
phocyte activity and tumour eradication, and thus one of
the major obstacles to effective anti-tumour immuno-
therapy [2,12–17].

Tregs, first identified by Sakaguchi et al. [18], are the
mediators of peripheral tolerance to self- and innocuous
environmental antigens [12,19]. Originally characterized as
CD4+CD25+ lymphocytes, they were also found to express
the forkhead/winged helix family transcription factor
FoxP3. This is critical for both the development of Tregs and
for their suppressive capacity, and to an extent has also

enabled improved characterization of these cells [12,20].
Two major subsets of Tregs exist: natural Treg (nT) cells,
generated during T cell development in the thymus upon
high-avidity interactions with peptide/class II major histo-
compatibility complex, and adaptive or inducible Treg (iTreg)
cells that arise in the periphery upon naive CD4+ T cell
interaction with tolerogenic antigen-presenting cells (APCs)
[2]. While the nTreg population is considered to have rela-
tively stable FoxP3 expression [21], plasticity within the iTreg

compartment has been identified. In some models, loss
of FoxP3 expression and acquisition of effector lineage-
defining cytokines occurs [22], although in other experi-
mental settings such instability has not been observed [23].
As FoxP3 can be expressed transiently in both human acti-
vated CD4+ cells [24,25] and murine T cells [26] with no
demonstrable suppressive capacity, plasticity of FoxP3
expression may be a function of uncommitted cells that
express this transcription factor transiently rather than a
property of committed Tregs [26]. Therefore, while it appears
that Tregs represent a stable subset, there may still be poten-
tial for Treg induction from effector T cells (Teff) upon expo-
sure to certain stimuli present such as in the tumour
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Fig. 1. Down-modulation of anti-tumour immune responses. Mechanisms for down-regulating anti-tumour immune responses can be categorized
into tumour-intrinsic (left panel) and tumour-extrinsic (right panel). The first includes secretion of immunosuppressive cytokines or other soluble
factors, alteration of immunogenicity and deletion or manipulation of tumour-associated antigen-specific effector cell function by the tumour cells
or surrounding parenchyma. Tumour-intrinsic immunosuppressive mechanisms include secretion of immunosuppressive cytokines [interleukin
(IL)-10 and transforming growth factor (TGF)-b], growth factors [vascular endothelial growth factor (VEGF)], or enzymes [indoleamine
2,3-dioxygenase (IDO)] and expression of inhibitory cell-surface molecules such as programmed cell death ligand (PD-L), Fas ligand (Fas-L), the
co-inhibitory receptor B7 homologue 3 (B7-H3) and non-classical human leucocyte antigen (HLA) molecules (HLA-E/G). Tumour-intrinsic
mechanisms promote a microenvironment that enhances regulatory T cell (Treg) function. Extrinsic mechanisms involve a range of suppressive cells
including suppressive T cells (inducible and natural Tregs and Tr1 T cells) and a heterogeneous population of myeloid-derived suppressor cells
(MDSCs), alternatively activated M2-like tumour-associated macrophages (TAMs), immature antigen-presenting cells (APCs) and plasmacytoid
dendritic cells (pDCs). The cells exert their effects via both interaction with infiltrating anti-tumour inflammatory cells and contribution to the
suppressive tumour microenvironment.

Regulatory T cells in cancer progression
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into tumour-intrinsic (left panel) and tumour-extrinsic (right panel). The first includes secretion of immunosuppressive cytokines or other soluble
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microenvironment (TME) of pre-clinical models and in
cancer patients. Additionally, the TME conditions the
local myeloid cells to become immunosuppressive, as evi-
denced by the presence of Tie2-expressing monocytes,14

tolerogenic DC,15 tumour-associated macrophages (TAM)
and tumour-associated neutrophils (TAN).16,17 More
recently, another prominent effect of growing tumours
has been elucidated: the aberrant activation of myelopoie-
sis resulting in the expansion and recruitment of imma-
ture myeloid cells.18,19 During the early phase of
infection, trauma or stress these immature myeloid cells
are believed to play an important role in replenishing
DC, macrophages or neutrophils, whereas in the later
phase they can prevent immune pathology.18 In tumour-
bearing patients this development process appears to be
defective and results in the accumulation and retention of
highly immunosuppressive myeloid-derived suppressor
cells (MDSC).19 Their proliferation, aberrant activation
and persistence is induced by chronic inflammation in
the TME.20 They are further characterized by the

continuous production of inflammatory mediators,
including IL-1, IL-6, reactive oxygen species (ROS) and
nitric oxide (NO).18,19 Furthermore the cells and factors
present in the tumour create a microenvironment that is
characterized by hypoxia, lactic acid build-up and adeno-
sine accumulation, which in sum prevents APC matura-
tion.5,19,21 Hence, the TME is highly effective in
counteracting the tumoricidal function of activated
immune effector cells attempting to eradicate the tumour.
In this review we will focus on the immunosuppressive
function of MDSC and their cross-talk with Treg cells
and NKT cells. Furthermore, we will discuss new develop-
ments that could potentially be used to reprogramme the
hostile TME into an immune potentiating environment.

Myeloid-derived suppressor cells

The MDSC consist of immature myeloid cells and have
a bewildering diversity of phenotypes, which provides
both opportunities and frustrations for scientists. In

Figure 1. In the tumour network, several different immune and non-immune cells respond to tumour stimuli and exhibit complex regulatory or

immunosuppressive functions, either in a cell–cell contact-dependent manner or through the secretion of soluble mediators. ARG-1, arginase-1;

Breg, regulatory B cell; DC, dendritic cell; G-MDSC and M-MDSC, granulocytic and myeloid-derived suppressor cells; IFN, interferon; IL, inter-

leukin; NKT cells, natural killer T cells; NOS, nitric oxide species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; TAN,

tumour-associated neutrophil; TGF, transforming growth factor; TNF, tumour necrosis factor; Treg, regulatory T cell; TSC, tumour stromal cell;

VEGF, vascular endothelial growth factor.
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and inflammatory conditions [42]. In addition, two studies
demonstrated the presence of a minor population of un-
committed nonregulatory T cells that exhibit transient,
promiscuous Foxp3 expression [40,43], suggesting that the
instability of Foxp3+ Tregs observed by other groups may
in fact reflect the presence of this nonregulatory Foxp3-
expressing population. Given the conflicting findings in the
field, the stability and plasticity of Treg populations re-
main active areas of investigation. Further work will be
needed to define the factors regulating promiscuous ex-
pression of Foxp3 by nonregulatory T cells, and to deter-
mine whether the concepts of Treg instability and
reprogramming are relevant in the context of cancer.

Treg trafficking to tumors
In recent years, there has been considerable interest in
understanding the inflammatory signals that drive Treg
recruitment into tumors, in an effort to develop strategies
for the selective blockade of Treg trafficking. An early
study implicated the chemokine CCL22 and its receptor
CCR4 as important factors driving Treg trafficking to
human ovarian cancers [44]. In this study, it was shown
that tumor ascites contained high amounts of CCL22, and

that CCL22 induced Treg migration in vitro. Furthermore,
in a xenotransplant tumor model, administration of anti-
CCL22 antibody reduced the trafficking of adoptively
transferred human Tregs to the transplanted tumor. Fol-
lowing this initial report, a growing number of chemokine
ligand–receptor pairs, often referred to as chemokine-re-
ceptor axes, have been implicated in the trafficking of
Tregs to different types of cancer (for recent review, see
[45]).

The importance of chemokine-driven Treg trafficking to
tumor lesions raises the possibility of therapeutic interven-
tion based on the blockade of this process. In this regard,
several considerations may influence the feasibility and
efficacy of such approaches. First, although many studies
have demonstrated that a particular chemokine is sufficient
to induce Treg trafficking, due to the redundancy and pro-
miscuity of many chemokine ligand–receptor pairs [46], it
will be important to determine whether the chemokine–
receptor axis in question is essential for Treg trafficking
(Box 2). If Tregs are able to use alternate chemokine–
receptor axes, blockade of a specific axis is unlikely to be
effective. In this regard, a recent study demonstrated that
treatment of mice bearing established pancreatic tumors
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Figure 1. Conceptual model describing the biology of tumor-associated Tregs. Tumor-associated Tregs are thought to follow one of two developmental pathways in order
to enter the forkhead box (Fox)p3+ Treg lineage. First, a developing thymocyte may recognize self antigen presented within the thymus during T cell maturation [Pathway 1,
referred to as natural Tregs (nTregs)]. Alternatively, a conventional CD4+ T cell may encounter a tumor-associated (self) or tumor-specific (‘neo’) antigen in the tumor
environment, become activated, and under the influence of an immunosuppressive tumor microenvironment, differentiate into a Foxp3+ Treg [Pathway 2, referred to as
induced Tregs (iTregs)]. Next, within the tumor environment, Tregs may respond to context-dependent inflammatory signals [e.g., T helper (Th)1, Th2, or Th17
inflammation], the tissue or organ type (e.g., colon, breast, or prostate) and even the immediate proximal microenvironment (e.g., stroma, tumor bed, or lymphoid cluster).
From these environmental cues, Tregs are capable of mediating distinct functions, which may include promotion of angiogenesis or metastasis, regulation of inflammation,
and suppression of antitumor adaptive immune responses.
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Due to the critical role of forkhead box (Fox)p3+ regula-
tory T cells (Tregs) in the regulation of immunity and the
enrichment of Tregs within many human tumors, several
emerging therapeutic strategies for cancer involve the
depletion or modulation of Tregs, with the aim of elicit-
ing enhanced antitumor immune responses. Here, we
review recent advances in understanding of the funda-
mental biology of Tregs, and discuss the implications of
these findings for current models of tumor-associated
Treg biology. In particular, we discuss the context-de-
pendent functional diversity of Tregs, the developmental
origins of these cells, and the nature of the antigens that
they recognize within the tumor environment. In addi-
tion, we highlight critical areas of focus for future re-
search.

Tregs and immunotherapy of cancer
Recent trials demonstrating the efficacy of cancer immu-
notherapies, including antibody blockade of inhibitory
molecules [1], adoptive T cell transfer [2], and autologous
cell-based vaccines [3], have provided strong evidence that
the immune system can be manipulated for clinical benefit
in human cancer patients. In this regard, several emerging
therapies for cancer involve the ablation or modulation of
CD4+Foxp3+ Tregs, concomitant with the administration
of cancer vaccines or adoptive cell therapy, in an effort to
induce robust antitumor immune responses capable of
mediating cancer regression [4,5]. Tregs, characterized
by expression of the transcription factor Foxp3 (Box 1),
are critical for the prevention of autoimmunity, the main-
tenance of immune homeostasis, and the regulation of
immune responses to foreign and self antigens in mice
and humans [6,7]. Mice with a loss-of-function mutation in
Foxp3 lack functional Tregs, and die of organ-specific
autoimmunity and lymphoproliferative disease at an early
age [8–11]. Likewise, human patients harboring hypo-
morphic mutations in FOXP3 succumb to immune dysre-
gulation, polyendocrinopathy, enteropathy, X-linked
syndrome (IPEX) [12,13]. Tregs are often found at elevated
frequencies in the peripheral blood and tumors of human
patients, and for many cancers, a high density of Tregs
correlates with poor disease outcome [14]. Therefore, de-
spite their essential role in maintaining the integrity of the
host, Tregs may also play an insidious role in the promo-
tion of cancer development and progression in some types
of malignancies. An improved understanding of the funda-
mentals and complexities of regulatory T cell biology may

enable the selective modulation of Tregs for the treatment
of cancer.

In this review, we highlight recent progress in the field
of Treg biology, and discuss the potential implications of
these findings on our understanding of tumor-associated
Tregs. Strategies for the therapeutic targeting of Tregs
have been reviewed extensively elsewhere [15–17], and are
not discussed in depth here. In addition, although many T
cell subsets exhibiting regulatory activity have been de-
scribed [18], we focus exclusively on CD4+Foxp3+ Tregs,
due to their prominent role in immune regulation.

Tregs in human cancers: correlative or causal?
Many studies indicate that a high density of tumor-infil-
trating Tregs correlates with disease outcome in a variety
of human cancers (for recent review, see [14]). For example,
multiple reports have demonstrated that, in human hepa-
tocellular cancer, high Treg density is correlated with poor
prognosis, whereas in human colorectal carcinoma, high
Treg density is associated with improved outcome. Given
these associations, it is important to determine whether
Tregs play a direct, causal role in either promoting or
suppressing disease progression in different types of can-
cer, as well as the biology underlying these distinct out-
comes. For example, Tregs are commonly hypothesized to
play a causal role in promoting cancer development via the
suppression of antitumor immune responses. However,
depending on the context, it is also possible that Tregs
suppress tumor development by dampening inflammation,
which is thought to promote tumor progression in many
cancers [19]. Here, we consider three possible scenarios to
explain an association between Treg density and disease
outcome. First, Tregs may play a causal role in modulating
tumorigenesis. Second, Treg density may correlate with
that of another cell type or factor that plays a causal role in
tumor development. Third, it is possible that high Treg
density is associated with cancers of a particular stage and
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Induced Treg (iTreg): a Foxp3+ Treg that differentiates into the Foxp3+ lineage
extrathymically.
Natural Treg (nTreg): a Foxp3+ Treg that develops in the thymus.
Naturally occurring Treg: any Foxp3+ Treg that exists naturally, in the absence of
experimental manipulation (likely a mixture of nTregs and iTregs).
Tumor-associated antigen: a nonmutated self antigen that is aberrantly
expressed or overexpressed by tumor cells, but is also expressed by some
normal cells [73].
Tumor-specific (neo-)antigen: a unique antigen that is exclusively expressed by
tumor cells, usually generated by mutation or changes in post-translational
modification [73].
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microenvironment. Both the stability of Tregs and potential
Teff conversion within the tumour context may have impor-
tant implications on therapeutic strategies.

It is likely that tumour-specific tolerance relies on both
nTreg and iTreg populations, and independent contributions
of these two populations have been shown in a murine
tumour-induced tolerance model [14]. However, others
[27] have shown that the Treg population in renal cell carci-
noma patients co-expresses FoxP3 and Helios, an Ikaros
family transcription factor expressed by nTregs, but not iTregs

[28,29]. Furthermore, it was the FoxP3+Helios+ population
that expanded after interleukin (IL)-2 administration [27].
Therefore, it may be that the nTreg population is more
important in tumour progression, at least in some tumours.
This suggests that previous studies correlating increased Treg

presence with disease progression require re-evaluation to
determine whether the expanded population represents
nTregs. While the implications for expanded nTreg over iTreg

populations remain to be elucidated, inhibition of Helios

expression has been shown to attenuate the suppressive
capacity of nTregs [28], and as such could be employed
therapeutically.

Classical CD4+CD25+FoxP3+ T cells can down-modulate
anti-tumour responses by both release of soluble factors
and direct cell–cell contact [12]. The suppressive mecha-
nisms employed by these cells, reviewed extensively
elsewhere, are outlined in Fig. 2 [12,19]. The relative contri-
butions of each of these mechanisms remain to be eluci-
dated, particularly in the tumour context [19]. In addition,
there are several other subsets of T cells with regulatory
capacity, but these are beyond the scope of this review.

Mechanisms driving regulatory T cell accumulation
within tumours

It is critical that the processes that contribute to Treg

accumulation in tumours are understood, as this underpins
successful treatment strategies. Three different, but not
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Fig. 2. Mechanisms of regulatory T cell-mediated suppression. Regulatory T cells (Tregs) can mediate suppression through their effects on dendritic
cells (DCs), such as physical inhibition of interaction between DCs and conventional T cells (Tconv) or deprivation of co-stimulation or soluble
factors. Cytotoxic T lymphocyte-associated antigen (CTLA)-4 on Tregs interacts with CD80 and CD86 on DC with high affinity. In addition to
inhibiting co-stimulation via CD28 on Tconv, this can lead to down-regulation of CD80 and CD86 expression on the DC (either through
transendocytosis or transcriptional regulation), thereby further reducing their co-stimulatory capacity and Tconv activation and proliferation. It can
also lead to up-regulation of indolamine 2,3-dioxygenase (IDO) in DC, which can mediate suppression of Tconv by tryptophan depletion and
apoptosis through tryptophan catabolites. Perforin and granzyme B from Tregs induces apoptosis and cytolysis of both Tconv and DC. Deprivation of
interleukin (IL)-2 via the high-affinity IL-2 receptor (haIL-2R, consisting of a CD25, CD122, CD132 complex) and adenosine triphosphate (ATP)
through CD39 and CD73 can lead to the inhibition of Tconv activation or T cell apoptosis. The cytokines IL-10 and IL-35 can mediate suppression,
and IL-35 can also act as an autocrine Treg growth factor. While secreted TGF-b induces IDO in DCs, how much the cytokine contributes to
Treg-mediated suppression is under debate. Cyclic adenosine monophosphate (cAMP) transferred to Tconv via gap junctions inhibits their IL-2
production and subsequent proliferation. A number of other suppression mechanisms have been proposed. The relative contributions of these
processes remain to be determined. Generally, spatiotemporal context may determine which of these mechanisms dominate. CD39: nucleoside
triphosphate diphosphohydrolase; CD73: ecto-5′-nucleotidase.
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antitumor immune responses. In advanced-stage disease or
for poorly immunogenic cancers, the number of Tregs is
increased systemically, and there is an absence of concom-
itant antitumor immunity (7). Although a correlation
between increased Treg number and survival, either negative
or positive, remains equivocal, the ratio of Treg to effector
T cells (Teffector) in the tumor mass seems to have greater
prognostic significance (8).

Tregs can be classified into a number of subtypes (8), includ-
ing natural CD4þ Tregs (nTreg), which originate in the thymus,
express CD25, FOXP3, CTLA-4, LAG3, and GITR, and suppress
innate and adaptive immune cells. Induced CD4þ Tregs (iTreg)
control immune responses to tissue antigens, including tumor
antigens, and include CD4þ nTreg–like, Tr1, and Th3 cells that
suppress through production of interleukin (IL)–10 andTGF-b.
The iTregs develop in the periphery following engagement of the
T-cell receptor (TCR) of na€"ve T cells and under the influence of

innate IL-10 and TGF-b. Their cell-surface markers are often
indistinguishable from those of nTregs, and they differ princi-
pally in their mechanism of suppression. Although less well
characterized, there are also populations of natural and
induced CD8þ Tregs.

Although the field is still in its infancy, evidence is emerging
that inhibition of Tregs may help in tumor containment, espe-
cially when combined with appropriate immunotherapies that
activate effector T cells. Systemic Treg depletion in patients
induced regression of melanoma metastases (9), and in mice,
when combined with immunogene stimulation of intratu-
moral immune effector cells, resulted in cure of 90% of animals
who had large and weakly immunogenic sarcomas (10). The
clinical objective will be to provide sustained reduction of Treg

function, particularly in the tumor environment, allowing
enhancement of antitumor effector functions and with min-
imal risk of developing systemic autoimmune diseases.

A B

C D
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Figure 1. Targeting Tregs in cancer. The main events involved in mounting an immune response to a tumor. Cells of both the innate and adaptive systems
contribute (further details provided in the text). Tregs offer substantial resistance to this immune assault and, thus, 4 different approaches for
reducing their immunosuppressive contribution are proposed. A, depletion; B, inhibition of function; C, blockade of trafficking; and D, modulation of
T-cell plasticity. Within each approach, numerous existing and novel options for therapeutic manipulation are proposed. Ab, antibody; MDSC, myeloid-
derived suppressor cell.
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Anti-CTLA-4 Antibodies of IgG2a Isotype Enhance Antitumor
Activity through Reduction of Intratumoral Regulatory T Cells

Mark J. Selby, John J. Engelhardt, Michael Quigley, Karla A. Henning, Timothy Chen,
Mohan Srinivasan, and Alan J. Korman

Abstract
Antitumor activity of CTLA-4 antibody blockade is thought to be mediated by interfering with the negative

regulation of T-effector cell (Teff) function resulting from CTLA-4 engagement by B7-ligands. In addition, a role
for CTLA-4 on regulatory T cells (Treg), wherein CTLA-4 loss or inhibition results in reduced Treg function, may
also contribute to antitumor responses by anti-CTLA-4 treatment. We have examined the role of the immu-
noglobulin constant region on the antitumor activity of anti-CTLA-4 to analyze in greater detail themechanismof
action of anti-CTLA-4 antibodies. Anti-CTLA-4 antibody containing the murine immunoglobulin G (IgG)2a
constant region exhibits enhanced antitumor activity in subcutaneous established MC38 and CT26 colon
adenocarcinoma tumormodels compared with anti-CTLA-4 containing the IgG2b constant region. Interestingly,
anti-CTLA-4 antibodies containing mouse IgG1 or a mutated mouse IgG1-D265A, which eliminates binding to
all Fcg receptors (FcgR), do not show antitumor activity in thesemodels. Assessment of Teff and Treg populations
at the tumor and in the periphery showed that anti-CTLA-4-IgG2a mediated a rapid and dramatic reduction
of Tregs at the tumor site, whereas treatment with each of the isotypes expanded Tregs in the periphery.
Expansion of CD8þ Teffs is observed with both the IgG2a and IgG2b anti-CTLA-4 isotypes, resulting in a superior
Teff to Treg ratio for the IgG2a isotype. These data suggest that anti-CTLA-4 promotes antitumor activity by
a selective reduction of intratumoral Tregs along with concomitant activation of Teffs. Cancer Immunol Res; 1(1);
32–42. !2013 AACR.

Introduction
The immune system is capable of controlling tumor devel-

opment and mediating tumor regression. This requires the
generation and activation of tumor-antigen–specific T cells.
Multiple T-cell costimulatory receptors and T-cell negative
regulators, or coinhibitory receptors, act in concert to control
T-cell activation, proliferation, and gain or loss of effector
function. Among the earliest and best-characterized T-cell
costimulatory and coinhibitory molecules are CD28 and
CTLA-4 (1). CD28 provides costimulatory signals to T-cell
receptor engagement by binding to B7-1 and B7-2 ligands on
antigen-presenting cells, whereas CTLA-4 provides a negative
signal downregulating T-cell proliferation and function. CTLA-
4, which also binds the B7-1 and B7-2 ligands but with higher
affinity than CD28, acts as a negative regulator of T-cell
function through both cell autonomous (or intrinsic) and cell

nonautonomous (or extrinsic) pathways. Intrinsic control of
CD8 and CD4 T-effector (Teff) function is mediated by the
inducible surface expression of CTLA-4 as a result of T-cell
activation, and inhibition of T-cell proliferation and cytokine
proliferation by multivalent engagement of B7 ligands on
opposing cells (2). Anti-CTLA-4 antibodies, when cross-linked,
suppress T-cell function in vitro (3–6).

Regulatory T cells (Treg), which express CTLA-4 consti-
tutively, control Teff function in a non–cell autonomous
fashion. Tregs that are deficient for CTLA-4 have impaired
suppressive ability (7), and antibodies that block CTLA-4
interaction with B7 can inhibit Treg function (8, 9). More
recently, Teffs have also been shown to control T-cell
function through extrinsic pathways (10, 11). Extrinsic con-
trol of T-cell function by Tregs and Teffs occurs through the
ability of CTLA-4–positive cells to remove B7 ligands on
antigen-presenting cells, thereby limiting their costimula-
tory potential (12, 13).

Antibody blockade of CTLA-4/B7 interactions is thought to
promote Teff activation by interfering with negative signals
transmitted by CTLA-4 engagement; this intrinsic control of T-
cell activation and proliferation can promote both Teff and
Treg proliferation (3, 9). In early studies with animal models,
antibody blockade of CTLA-4 was shown to exacerbate auto-
immunity (14, 15). By extension to tumor immunity, the ability
of anti-CTLA-4 to cause regression of established tumors
provided a dramatic example of the therapeutic potential of
CTLA-4 blockade (16).
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The fully human anti-cytotoxic T lymphocyte–
associated antigen 4 (CTLA-4) monoclonal  
antibody Ipilimumab represents the !rst of a 
new class of cancer therapies that function  
by enhancing immunological antitumor activity. 
Two pivotal phase III clinical trials demon-
strated signi!cant increases in survival in pa-
tients with melanoma treated with Ipilimumab 
(Hodi et al., 2010; Robert et al., 2011), which 
led to its recent approval by the FDA. Despite 
intensive investigation, however, the mecha-
nism of action remains unclear. Although the 
initial premise was that anti–CTLA-4 antibodies 
( –CTLA-4) function by blocking inhibitory 

signals into e"ector T cells (T e" cell; Krummel 
and Allison, 1996; Sutmuller et al., 2001), the 
demonstration that CD4+Foxp3+ regulatory  
T cells (T reg cell) express high levels of CTLA-4 
led to the suggestion that –CTLA-4 directly 
impacts the T reg cell compartment, either  
by mediating depletion, or by a"ecting their 
suppressive activity (Read et al., 2000, 2006;  
Takahashi et al., 2000; Wing et al., 2008).  
In this regard, we recently demonstrated that 

–CTLA-4 needs to bind both T e" and T reg cells 
to elicit full tumor protection (Peggs et al., 2009). 
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Treatment with monoclonal antibody speci!c for cytotoxic T lymphocyte–associated anti-
gen 4 (CTLA-4), an inhibitory receptor expressed by T lymphocytes, has emerged as an 
effective therapy for the treatment of metastatic melanoma. Although subject to debate, 
current models favor a mechanism of activity involving blockade of the inhibitory activity 
of CTLA-4 on both effector (T eff) and regulatory (T reg) T cells, resulting in enhanced 
antitumor effector T cell activity capable of inducing tumor regression. We demonstrate, 
however, that the activity of anti–CTLA-4 antibody on the T reg cell compartment is mediated 
via selective depletion of T reg cells within tumor lesions. Importantly, T reg cell depletion 
is dependent on the presence of Fc  receptor–expressing macrophages within the  
tumor microenvironment, indicating that T reg cells are depleted in trans in a context- 
dependent manner. Our results reveal further mechanistic insight into the activity of  
anti-CTLA-4–based cancer immunotherapy, and illustrate the importance of speci!c  
features of the local tumor environment on the !nal outcome of antibody-based immuno-
modulatory therapies.

© 2013 Simpson et al. This article is distributed under the terms of an Attribution– 
Noncommercial–Share Alike–No Mirror Sites license for the !rst six months 
after the publication date (see http://www.rupress.org/terms). After six months 
it is available under a Creative Commons License (Attribution–Noncommercial– 
Share Alike 3.0 Unported license, as described at http://creativecommons.org/ 
licenses/by-nc-sa/3.0/).
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microenvironment (TME) of pre-clinical models and in
cancer patients. Additionally, the TME conditions the
local myeloid cells to become immunosuppressive, as evi-
denced by the presence of Tie2-expressing monocytes,14

tolerogenic DC,15 tumour-associated macrophages (TAM)
and tumour-associated neutrophils (TAN).16,17 More
recently, another prominent effect of growing tumours
has been elucidated: the aberrant activation of myelopoie-
sis resulting in the expansion and recruitment of imma-
ture myeloid cells.18,19 During the early phase of
infection, trauma or stress these immature myeloid cells
are believed to play an important role in replenishing
DC, macrophages or neutrophils, whereas in the later
phase they can prevent immune pathology.18 In tumour-
bearing patients this development process appears to be
defective and results in the accumulation and retention of
highly immunosuppressive myeloid-derived suppressor
cells (MDSC).19 Their proliferation, aberrant activation
and persistence is induced by chronic inflammation in
the TME.20 They are further characterized by the

continuous production of inflammatory mediators,
including IL-1, IL-6, reactive oxygen species (ROS) and
nitric oxide (NO).18,19 Furthermore the cells and factors
present in the tumour create a microenvironment that is
characterized by hypoxia, lactic acid build-up and adeno-
sine accumulation, which in sum prevents APC matura-
tion.5,19,21 Hence, the TME is highly effective in
counteracting the tumoricidal function of activated
immune effector cells attempting to eradicate the tumour.
In this review we will focus on the immunosuppressive
function of MDSC and their cross-talk with Treg cells
and NKT cells. Furthermore, we will discuss new develop-
ments that could potentially be used to reprogramme the
hostile TME into an immune potentiating environment.

Myeloid-derived suppressor cells

The MDSC consist of immature myeloid cells and have
a bewildering diversity of phenotypes, which provides
both opportunities and frustrations for scientists. In

Figure 1. In the tumour network, several different immune and non-immune cells respond to tumour stimuli and exhibit complex regulatory or

immunosuppressive functions, either in a cell–cell contact-dependent manner or through the secretion of soluble mediators. ARG-1, arginase-1;

Breg, regulatory B cell; DC, dendritic cell; G-MDSC and M-MDSC, granulocytic and myeloid-derived suppressor cells; IFN, interferon; IL, inter-

leukin; NKT cells, natural killer T cells; NOS, nitric oxide species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; TAN,

tumour-associated neutrophil; TGF, transforming growth factor; TNF, tumour necrosis factor; Treg, regulatory T cell; TSC, tumour stromal cell;

VEGF, vascular endothelial growth factor.

ª 2012 Nijmegen Centre for Molecular Life Sciences Immunology © 2012 Blackwell Publishing Ltd, 138, 105–115106
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Myeloid-Derived Suppressor Cells 
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during direct cell–cell contact which renders it unable to bind to antigen, thus blocking 
their activation [ 3 ]. 

 Further classifi cation of those cells in mice was based on the intensity of Gr-1 
expression [ 4 ] which is associated with specifi c functional traits [ 5 ]. Monocytic 
MDSCs have been described as CD11b+/Gr-1 int/low  and are capable of constantly 
suppressing the CD8 +  T-cell activation in tumor-bearing mice [ 6 ]. These cells show 
high expression of IL-4Rα when compared to granulocytic MDSCs, and their activity 
appears to be driven by tumor-secreted GM-CSF [ 6 ] and by IFN-γ released from 
T lymphocytes [ 7 ]. Granulocytic MDSCs have been described phenotypically as 
CD11b + /Gr-1 high  and exert limited immune suppression in some tumor models and 
only when present in high numbers [ 6 ]. Although they require GM-CSF secretion in 
order to expand, they do not appear to respond when GM-CSF is given externally [ 6 ] 
since GM-CSF is a required but not a suffi cient factor for their maturation [ 8 ].  

2.2     Expansion and Activation of MDSCs in Tumor Models 

 In tumor-bearing mice, expansion and activation of MDSCs are controlled by several 
factors released by tumor cells, the surrounding stroma, and/or the immune system. 
Factors released from the tumors mostly induce MDSC proliferation through the 
stimulation of myelopoiesis and inhibition of their differentiation, whereas factors 
released from the tumor stroma or the immune system directly impact on their 
activation. 

 The majority of these tumor-derived factors are growth factors, cytokines, or 
chemokines and trigger different signaling pathways on MDSCs that are mainly 
mediated through the signal transducer and activator of transcription (STAT) family 

  Fig. 1    Schematic of tumor-induced mobilization of MDSCs       
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Metastatic Melanoma Patients Have an 
Increased Quantity of MDSC 
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CD14+ Cells From Melanoma Patients 
Suppress T cell Proliferation 
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MDSC are increased in patients with poorer survival 
outcomes after treatment with ipilimumab 
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the percentage change in total ALC [(week 6! pretreatment)/
(pretreatment)] and pretreatment or week 6m-MDSC frequen-
cy. Data on CD4þ and CD8þT-cell subsets were available for 19

of the 40 patients treated with ipilimumab at 3 mg/kg.
We observed a statistically significant inverse correlation only
between percentage change in absolute CD8þ T-cell number

Figure 2. Functionally suppressive m-MDSCs are increased in patients with metastatic melanoma who are less likely to achieve prolonged OS following
ipilimumab. A, PBMCs from patients with advanced melanoma and from healthy donors analyzed for %m-MDSC based on CVHLA-DR. The frequency of m-
MDSC in healthy donors (n ¼ 20) and patients with melanoma analyzed at pretreatment baseline and week 6 (healthy donors vs. pretreatment, P ¼ 0.05;
healthy donors vs. week 6,P¼ 0.03). B, pretreatment values for subsets of patients treatedwith ipilimumab 10mg/kg (n¼ 28) or 3mg/kg (n¼40). C, OSbased
on m-MDSC quantity at pretreatment baseline. D, OS from 6 weeks after start of ipilimumab treatment. E, correlation between percentage change in CD8 T
cells and week 6 m-MDSC frequency (r ¼ !0.541; P ¼ 0.02). Percentage change in CD8 T cells ¼ [(wk 6 absolute CD8 ! baseline absolute CD8)/(baseline
absolute CD8)]. F, average SI graphed for 2 patients with melanoma with clinical benefit and 2 patients with melanoma with nonclinical benefit assessed
at week 24. SI ¼ (% proliferated CD3þ T cells in CD14-depleted PBMCs)/(% proliferated CD3þ T cells in CD14-PBMCs with CD14þ cells added back).

Uniform Method for Measuring m-MDSC Frequency
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Opportunities for Targeting MDSC? 

from the liver and spleen of tumor-bearing mice inhibit NK cell
cytotoxicity, NKG2D expression and IFN-F through membrane-
bound TGF-A in tumor bearers,58 or NKp30 receptor expression on
NK cells in patients with hepatocellular carcinoma.59 Interestingly,
a recent report has demonstrated that NK cells can be converted
to MDSCs in the presence of GM-CSF.60 However, this finding
has to be further confirmed because NK cells share a common
lymphoid progenitor with T and B cells but not myeloid cells.18

THERAPEUTIC TARGETING OF MDSCS
It is now being greatly highlighted that exploring immu-

nosuppressive regulation by MDSCs in the tumor microenvi-
ronment will bring a new paradigm in our understanding of
cancer as well as for devising novel immunotherapeutic ap-
proaches. In recent years, many approaches have been devel-
oped with the goal of abolishing their suppressive activity
in vivo as a therapeutic intervention in cancer. In the following,
we discuss different therapeutic strategies applied in the modula-
tion of MDSCs in tumor-bearing mice and cancer patients in-
cluding inhibition of MDSC suppressive function, expansion,
recruitment, and induction of MDSC differentiation (Fig. 1).

Inhibition of MDSC Suppressive Function
Inhibitor of Reactive Nitrogen Species (AT38)

Murine
Reactive nitrogen species produced by MDSCs and tumor

cells such as peroxynitrite anion induces the nitration of the
chemokine CCL2 preventing the migration of CTLs to the tu-
mor core. Targeting of reactive nitrogen species with AT38
([3-(aminocarbonyl) furoxan-4-yl] methyl salicylate) in mice bear-
ing subcutaneous colon carcinoma expressing GM-CSF (C26GM),
or thymoma expressing OVA (EG7-OVA), or spontaneous pros-
tate cancer (TRAMP mice), down-regulated Arg1, iNOS, and

peroxynitrite in MDSCs, enhanced survival, and improved the
efficacy of adoptive transferred tumor-specific CTLs.61

Nitroaspirin

Murine
Nitric oxideYdonating aspirin (NO aspirin) consists of an

aspirin molecule covalently linked to an NO donor group. The
effects of different NO-donating aspirins (NCX4060, NCX4016)
on MDSC suppressive activity in cancer were studied by de Santo
et al.62 In BALB/c mice inoculated with a colon adenocarci-
noma expressing GM-CSF (C26-GM), treatment with NCX4060
or NCX4016 restored T-lymphocyte proliferation in MLR re-
actions or T cells induced with anti-CD3 and anti-CD28 in the
presence of MDSCs, increased CTL activity, and reduced MDSC
Arg1 and NOS activity, in vitro and in vivo. Despite these effects
on MDSC suppressive function, treatment of tumor-bearing mice
with NCX4016 orally did not significantly decrease tumor burden
or prolonged survival except only when coupled to a recombinant
DNAvaccine in 2 vaccination models:

(a) vaccination of BALB/c mice with a plasmid encoding the
full-length env gene (pcDNA3-env), challenged with colon
carcinoma CT26 (gp70 positive) subcutaneously, and orally
treated with NXC4016

(b) immunization of BALB/c mice with a plasmid DNA
encoding p186 (extracellular and transmembrane portion
of HER-2/neu) before challenging with a mammary car-
cinoma cell line N2C.

Phosphodiesterase 5 Inhibitors (Sildenafil)

Murine
Inhibition of cyclic guanosine monophosphate (cGMP)

phosphodiesterase gene family 5 (PDE-5) induces apoptosis of

FIGURE 1 . The main therapeutic compounds targeting MDSC suppression, expansion, recruitment, and differentiation in cancer.
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microenvironment (TME) of pre-clinical models and in
cancer patients. Additionally, the TME conditions the
local myeloid cells to become immunosuppressive, as evi-
denced by the presence of Tie2-expressing monocytes,14

tolerogenic DC,15 tumour-associated macrophages (TAM)
and tumour-associated neutrophils (TAN).16,17 More
recently, another prominent effect of growing tumours
has been elucidated: the aberrant activation of myelopoie-
sis resulting in the expansion and recruitment of imma-
ture myeloid cells.18,19 During the early phase of
infection, trauma or stress these immature myeloid cells
are believed to play an important role in replenishing
DC, macrophages or neutrophils, whereas in the later
phase they can prevent immune pathology.18 In tumour-
bearing patients this development process appears to be
defective and results in the accumulation and retention of
highly immunosuppressive myeloid-derived suppressor
cells (MDSC).19 Their proliferation, aberrant activation
and persistence is induced by chronic inflammation in
the TME.20 They are further characterized by the

continuous production of inflammatory mediators,
including IL-1, IL-6, reactive oxygen species (ROS) and
nitric oxide (NO).18,19 Furthermore the cells and factors
present in the tumour create a microenvironment that is
characterized by hypoxia, lactic acid build-up and adeno-
sine accumulation, which in sum prevents APC matura-
tion.5,19,21 Hence, the TME is highly effective in
counteracting the tumoricidal function of activated
immune effector cells attempting to eradicate the tumour.
In this review we will focus on the immunosuppressive
function of MDSC and their cross-talk with Treg cells
and NKT cells. Furthermore, we will discuss new develop-
ments that could potentially be used to reprogramme the
hostile TME into an immune potentiating environment.

Myeloid-derived suppressor cells

The MDSC consist of immature myeloid cells and have
a bewildering diversity of phenotypes, which provides
both opportunities and frustrations for scientists. In

Figure 1. In the tumour network, several different immune and non-immune cells respond to tumour stimuli and exhibit complex regulatory or

immunosuppressive functions, either in a cell–cell contact-dependent manner or through the secretion of soluble mediators. ARG-1, arginase-1;

Breg, regulatory B cell; DC, dendritic cell; G-MDSC and M-MDSC, granulocytic and myeloid-derived suppressor cells; IFN, interferon; IL, inter-

leukin; NKT cells, natural killer T cells; NOS, nitric oxide species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; TAN,

tumour-associated neutrophil; TGF, transforming growth factor; TNF, tumour necrosis factor; Treg, regulatory T cell; TSC, tumour stromal cell;

VEGF, vascular endothelial growth factor.
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been shown to reduce tumour vasculature representing a
potential new strategy for vasculature targeting in cancer
[27,28]. We will next discuss the most recent advances in
the area of macrophage characterisation.

Tumour associated macrophage
characterisation
A recent meta-analysis, taking into account recent exploi-
table data from 55 studies, summarised the current prog-
nostic value of macrophage presence in cancer.
Macrophage presence was associated with decreased sur-
vival in endometrial, prostate, urothelial bladder, ovary,
gastric and oral carcinomas. The most striking effects
were seen in breast cancer where the detrimental effects
of TAM presence were found on clinical staging, vascular
invasion, tumour volume, lymph node metastasis and
HER-2 status [29!,12,30]. Interestingly, there was an
improved overall survival with TAM infiltration and

colorectal cancer patients [24]. Ratios of macrophages
to other infiltrating immune cells (CD4 or CD8 T
lymphocytes, for example) within the stromal compart-
ment have been used to define ‘leukocyte signatures’ as
independent prognostic indicators; however, these also
often rely upon increased macrophage infiltration
[29!,31,32].

Presently there is no single unique marker for TAMs, a
combination of markers have been recognised to charac-
terise the cells (as shown in Figure 1). Many of the early
studies taken into account use CD68 alone, a pan-macro-
phage marker expression in immunohistochemical
analysis to examine macrophage infiltrate [33,34,31].
However, CD68 has also been shown to be expressed
on some non-myeloid cell types [35], and was shown by
Ruffell et al., in human breast cancer tissues to identify a
population of CD68 positive cells that were not positive
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TAM roles in the tumour microenvironment. In humans, monocytes are recruited to the tumour microenvironment by, for example, CSF1 and CCL2.
Cytokines secreted by the tumour including IL-4 and IL-13 have the potential to polarise recruited monocytes. TAMs have been shown to play vital
roles in tissue remodelling due to their ability to express matrix metalloproteases that can restructure the extracellular membrane, facilitating invasion
and metastasis. TAMs accumulate in hypoxic areas of the tumour where they adapt to the environment by activation of hypoxia inducible factors (HIF)
1 and 2. These induce pro-angiogenic vascular endothelial growth factor (VEGF) and platelet derived growth factor (PDGF), which aid
neovascularisation, promoting tumour growth and invasion. TAMs secrete IL-10, which induces over expression immune checkpoint inhibitory markers
including PD-L1 (B7H1) on recruited monocytes to prevent co-stimulation of T cells therefore downregulating adaptive immunity. Suppression of T cell
response and supporting Th17 expansion repurposes the inflammatory response towards wound healing and away from anti-tumour responses. A
combination of markers are currently used in the identification of human TAM as there is no unique marker presently.
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Necrosis
A form of cell death that 
frequently results from toxic 
injury, hypoxia or stress. 
Necrosis involves the loss of 
cell integrity and the release  
of cell contents into the 
interstitium. This form of cell 
death usually occurs together 
with inflammation. Depending 
on the context, the self 
antigens that are released by 
necrotic cells could become 
immunogenic.

Extracellular matrix
Secreted products of many cell 
types that form an organized 
scaffold for cell support.

Classically activated 
macrophage
A macrophage that is activated 
through Toll-like receptors and 
interferon- . These cells exhibit 
enhanced killing of intracellular 
microorganisms, increased 
secretion of cytokines and 
mediators, and higher 
expression of co-stimulatory 
molecules.

Alternatively activated 
macrophage
A macrophage that is activated 
by interleukin-4 (IL-4) or IL-13 
and expresses arginase-1, 
mannose receptor (CD206) 
and IL-4 receptor- . 
Pathogen-associated molecular 
patterns that are expressed by 
helminths may also drive the 
alternative activation of 
macrophages.

The response of macrophages to endogenous dan-
ger signals is only one example of the many different 
stimuli that trigger macrophage activation in tissues. 
Macrophages have remarkable plasticity that allows 
them to efficiently respond to environmental signals 
and change their phenotype, and their physiology can be 
markedly altered by both innate and adaptive immune 
responses. Indeed, since the work of Mackaness in the 
1970s7 we have learned that changes in the physiology of 
macrophages in response to some environmental signals 
can provide them with enhanced antimicrobial activity. 
However, environmental signals do not always induce 
changes that increase macrophage immune function. 
In fact, both innate and adaptive immune responses 
can give rise to macrophages that are more susceptible 
to pathogenic infections and less equipped to produce 
cytokines that enhance the immune response.

In an effort to emulate the T-cell literature, macro-
phages have been classified along what could be viewed 
as a linear scale, on which M1 macrophages represent one 
extreme and M2 macrophages represent the other (FIG. 1). 
In this classification, the M1 designation was reserved for 
classically activated macrophages and the M2 designation 
for alternatively activated macrophages8. However, the M2 
designation has rapidly expanded to include essentially 
all other types of macrophage9. This classification persists 
despite a growing body of evidence indicating that the M2 
designation encompasses cells with dramatic differences 
in their biochemistry and physiology10. We suggest that a 
more informative foundation for macrophage classifica-
tion should be based on the fundamental macrophage 
functions that are involved in maintaining homeostasis. 
We propose three such functions: host defence, wound 
healing and immune regulation. Classifying macrophages 
according to these functions provides three basic macro-
phage populations, analogous to the three primary colours 
in a colour wheel (FIG. 1). This classification also helps to 
illustrate how macrophages can evolve to exhibit charac-
teristics that are shared by more than one macrophage 
population, analogous to secondary colours in a colour 
wheel. Furthermore, it brings the classically activated (or 
host defence) macrophages closer to the other two cell 
types, allowing for the development of macrophages that 
share characteristics of two populations. In fact, we think 
that there may be many different shades of activation 
that have yet to be identified, resulting in a ‘spectrum’ of  
macrophage populations based on their function.

In this Review we describe some of the physiological 
alterations that occur in macrophages in response to 
environmental cues, and the mechanisms by which these 
changes can be exploited by pathogens or pathological 
processes to the detriment of the host. In addition, we 
discuss how the characterization and manipulation  
of specific macrophage populations can be used for 
therapeutic purposes.

The origin and maintenance of macrophages
Macrophages are present in virtually all tissues. They 
differentiate from circulating peripheral-blood mono-
nuclear cells (PBMCs), which migrate into tissue in the 
steady state or in response to inflammation11. These 

PBMCs develop from a common myeloid progenitor 
cell in the bone marrow that is the precursor of many 
different cell types, including neutrophils, eosinophils, 
basophils, macro phages, dendritic cells (DCs) and mast 
cells. During monocyte development, myeloid progenitor 
cells (termed granulocyte/macrophage colony-forming 
units) sequentially give rise to monoblasts, pro-mono-
cytes and finally monocytes, which are released from the 
bone marrow into the bloodstream11 (FIG. 2). Monocytes 
migrate from the blood into tissue to replenish long-lived 
tissue-specific macrophages of the bone (osteoclasts),  
alveoli, central nervous system (microglial cells),  
connective tissue (histiocytes), gastrointestinal tract, liver 
(Kupffer cells), spleen and peritoneum11.

In the blood, monocytes are not a homogeneous 
population of cells, and there is substantial debate about 
whether specific monocyte populations give rise to spe-
cific tissue macrophages12. Although monocyte hetero-
geneity is not fully understood, one theory suggests that 
monocytes continue to develop and mature in the blood 
and they can be recruited to the tissue at various points 
during this maturation continuum13. The point at which 
they leave the blood may in fact define their function. 
In mice, two populations of monocytes from either end 
of this maturation continuum have been identified and 
termed as ‘inflammatory’ and ‘resident’ monocytes, 
based primarily on the amount of time they spend in the 
blood before migrating into tissues14. These two mouse 
monocyte populations can be differentiated based on 
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Figure 1 | Colour wheel of macrophage activation.  
a | A monochromatic depiction of the previous 
nomenclature showing the linear scale of the two 
macrophage designations, M1 and M2.  b | The three 
populations of macrophages that are discussed in this 
article are arranged according to the three primary colours, 
with red designating classically activated macrophages, 
yellow designating wound-healing macrophages and blue 
designating regulatory macrophages. Secondary colours, 
such as green, may represent tumour-associated 
macrophages, which have many characteristics of 
regulatory macrophages but also share some characteristics 
of wound-healing macrophages. In obese individuals, 
wound-healing macrophages may transit towards a 
classically activated-macrophage phenotype.
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poor efficacy in chemotherapy,11,12 and radiotherapy-
induced macrophage aggregation is paralleled by decreased
radiocurability.13–15

Clinical studies also revealed connections between the
state of TAMs and poor outcomes of human tumours.
The density, activation and histological location of TAMs
can be used to predict patients’ survival time in different
types of cancer.16–20 For instance, an increased number of
TAMs was correlated with a shortened progress-free sur-
vival in classical Hodgkin lymphoma.16 Besides, Kurahara
et al.18 observed that a larger number of M2-polarized
TAMs correlated with increased density of lymphatic ves-
sels, high incidence of lymph node metastasis and a poor
prognosis in patients with pancreatic cancer.
Therefore, TAMs are now considered as a promising

target for tumour therapy, and reduction of their
tumour-promoting activities has become a hot study
area.21 Generally, the approaches to targeting TAMs are
by following two routes: decreasing the quantity of TAMs
in tumour tissue or shifting TAMs from tumour-promot-
ing to tumoricidal status. Although the clinical applica-
tion of a TAM-targeted approach is still far from clear, a

number of experimental studies have collectively shown
the effect of this approach on faster tumour rejection and
better therapeutic outcome,22–26 which sheds inspirational
light on further clinical studies. In this review, we will
discuss current TAM-targeted strategies for anti-tumour
therapy.

TAM-targeted anti-tumour strategies

Since the functions of TAMs largely depend on their
accumulation and activation in tumour tissues, TAM-tar-
geted anti-tumour approaches are principally based on:
(i) inhibiting macrophage recruitment; (ii) suppressing
TAM survival; (iii) enhancing M1 tumoricidal activity of
TAMs; and (iv) blocking M2 tumour-promoting activity
of TAMs. These strategies are summarized in Fig. 1.

Inhibiting macrophage recruitment

Some tumour-released and stroma-released cytokines and
chemokines facilitate the recruitment of macrophages
to tumour tissues. Therefore, inhibiting macrophage

Inhibiting macrophage recruitment

Inhibitors of CCL2/CCR2 (e.g. Yondeli and 
RS102895)
Inhibitors of M-CSF/M-CSFR (e.g. anti-M-CSF
mAb,JNJ-28312141 and GW2580)

Inhibitors of other chemoattractants (e.g. CCL5,
CXCL-12 and VEGF) and their receptors

Inhibitors of the pathways for recruitment (e.g.
inhibitors of HIFs)

TAM-targeted
anti-tumour

strategy

Suppressing TAM survival 

Chemical drugs (e.g. bisphosphonates,
dasatinib) that deplete macrophages directly
Immunotoxin-conjugated mAbs (e.g. anti-FRβ
mAb) targeting membrane molecules of TAMs
Attenuated bacteria (e.g. Shigella flexneri) that
induce apoptosis of macrophages
Agents that induce macrophages to express
molecules (e.g. legumain and CD1d) that
can be targeted by cytotoxic T lymphocytes

Blocking M2 tumour-promoting activity of TAMs

Inhibitors of STAT3 (e.g. sunitinib, sorafenib,
WP1066, corosolic acid and oleanolic acid)

Inhibitors of STAT6

Inhibitors of other M2 pathways (e.g. c-Myc,
PPAR-α/γ, PI3K, KLF4, HIFs, Ets2, DcR3,
mTOR)

Other agents (e.g. HRG, CuNG, MDXAA,
silibinin and PPZ)

Enhancing M1 tumoricidal activity of TAMs

Agonists of NF-κB (e.g. TLR agonists,
anti-CD40 mAb and anti-IL-10R mAb)

Agonists of STAT1 (e.g. interferon)

Agonists of other M1 pathways (e.g. SHIP)

Other agents (e.g. GM-CSF, IL-12 and
thymosin α1)

Figure 1. Tumour-associated macrophage (TAM) -targeted anti-tumour strategy. Since the functions of TAMs depend on their accumulation

and activation, present TAM-targeted approaches mainly concentrate on four aspects: (i) inhibiting macrophage recruitment; (ii) suppressing

TAM survival; (iii) enhancing M1 tumoricidal activity; and (iv) blocking M2 tumour-promoting activity. CCL, C-C motif chemokine ligand; M-

CSF, macrophage-colony-stimulating factor; CXCL12, C-X-C motif chemokine ligand 12; VEGF, vascular endothelial growth factor; HIF,

hypoxia-inducible factor; FRb, folate receptor b; NF-jB, nuclear factor jB; TLR, Toll-like receptor; STAT, signal transducers and activators of

transcription; SHIP, Src homology 2-containing inositol-5’-phosphatase; GM-CSF, granulocyte–macrophage colony-stimulating factor; PPAR, per-

oxisome proliferator-activated receptor; PI3K, phosphatidylinositol 3-kinase; KLF4, Kr€uppel-like factor 4; Ets2, E26 transcription-specific sequence

2; DcR3, Decoy receptor 3; TSC2-mTOR, tuberous sclerosis complex 2-mammalian target of rapamycin; HRG, histidine-rich glycoprotein;

MDXAA, 5,6-dimethylxanthenone-4-acetic acid; PPZ, proton pump inhibitor pantoprazole.
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What Prevents This From Happening ? 
(How do tumor evade immune elimination) 

1.  Tumor adaptations that allow immune evasion (antigen 
loss, PD-L1) 

2.  Tumor microenvironment, trafficking, physical barriers 
3.  Suppressive/Regulatory cell populations 
4.  Regulation of anti-tumor immune cells 
 

 
 
 



dacarbazine, approximately 20% showed significant elevations in liver
function tests. However, toxicity does not accurately predict positive
therapeutic outcome, indicating that many patients will experience
inflammatory pathology without benefiting from an antitumour effect.
These toxicities might be expected given that the removal of CTLA4 from
mice leads to virulent inflammatory disease, as mentioned earlier. The
different spectrum of toxicities with ipilimumab compared with standard
cancer treatments means that practising oncologists will need to acquire
additional expertise in the management of inflammatory disorders.

A second clinical challenge with ipilimumab relates to the kinetics of the
antitumour response. In contrast to conventional cytotoxic therapies that
may trigger rapid tumour shrinkage due to direct killing of cancer cells, the
stimulation of T-cell response with ipilimumab may take several months
to occur. Tumours may increase in size during this period, and some
component of this growth may be a result of the evolving inflammatory
reaction. Indeed, as many as 10% of patients treated with ipilimumab, who
were scored with progressive disease using the modified WHO (World
Health Organization) criteria for tumour size, were shown to achieve
disease stabilization and prolonged survival44,60. This unusual pattern of
treatment response has led to the proposal of new immune-related criteria
that may aid clinical decision making regarding continuation of therapy62

(Box 3).
The rationale for ipilimumab monotherapy is that its use so far

assumes that tumour-protective T cells exist in the patient before therapy,
and that these cells will exert antitumour activity if CTLA4 is blocked.
The previously mentioned clinical studies were carried out without
concomitant effective immunization. An uncoupled peptide to the
melanoma differentiation antigen epitope was included in some arms,
but dosed without adjuvant or a dendritic cell maturation agent.
Although it would be expected for CTLA4 to be induced in tumour-
reactive T cells only after immunization, the clinical response observed
in the absence of prior exogenous vaccination indicates that tumour-
reactive TILs expressing CTLA4 are responsive to checkpoint blockade

and acquire effective tumour-rejecting functions. The notion of exogenous
versus endogenous vaccination is discussed later.

Despite these limitations, ipilimumab provides realistic hope for
melanoma patients, particularly those with late stage disease who otherwise
had little chance of survival. More broadly, it provides clear clinical
validation for cancer immunotherapy in general. The results will also
intensify the search for predictive biomarkers for positive responders.
Other applications of ipilimumab are already being vigorously pursued,
and the door has been opened for the development and investigation of a
host of other potential immunotherapeutic strategies, some of which may
prove safer and more effective than targeting CTLA4. At long last, there is
the prospect of combining this treatment with other immunotherapeutic
regimens, such as effective vaccination, which, arguably, should have
been considered much earlier in the clinical study history of anti-CTLA4.

The next generation T-cell immunomodulators
The success of anti-CTLA4 in melanoma should create interest in evalu-
ating other antibodies that can be used to activate T-cell responses.
There are a number of known receptors that could serve as targets for
agonist antibodies, including 4-1BB, OX40, GITR, CD27 and CD28
(Fig. 3). The latter, however, introduces a cautionary note owing to an
early clinical trial of an agonist anti-CD28 (TGN1412) in which severe
toxicities and even death resulted from unexpected cytokine release63.
These serious events emphasize the power of the immune system and
the need for extreme care and a conservative trial design when using any
immune activator. The use of agents that clear more rapidly from the
circulation than intact IgGs may help mitigate the potential for such
toxicities, or at least enable the more rapid removal of the inducing drug.
The same consideration may apply to anti-CTLA4 therapy, where
alternative dosing strategies may serve to increase its therapeutic index.

LAG-3 is another T-cell receptor that, like CTLA4, is largely suppressive.
Not as well studied as CTLA4, LAG-3 appears similar in that it acts to limit
the activity of CD41 and CD81 T cells, and augment the activity of Treg

cells64,65. In the same way as CTLA4, there is also a significant intracellular
pool of LAG-3 (ref. 66). However, the functional consequences of its
deletion are far less dramatic because it may work alongside other regula-
tory molecules (for example, PD-L1)67. This situation suggests, however,
that antagonizing LAG-3 may provide an alternative to antagonizing
CTLA4, and perhaps have a better safety profile.

BOX 3

Clinical assessment of
immunotherapy
Oncologists traditionally evaluate the activity of cancer therapies
through measurements of tumour area or volume. These standard
metrics include the RECIST and modified WHO criteria. Clinical
responses to cytotoxic treatments, such as chemotherapy, radiation
therapy and some targeted agents usually occur quickly (within a few
weeks to months) because their presumed mechanism of action
involves a direct effect on tumour cells. Moreover, these treatments
generally result in a reduction in tumour size because cancer cells
undergo apoptosis or other modes of programmed cell death.
Although tumour regression indicates the therapy is beneficial , this
may not always translate into improvements in survival due to the
potential emergence of lethal drug-resistant cells. Immunotherapy-
induced tumour destruction, in contrast, may be delayed or even
preceded by a period of apparent tumour growth. In clinical trials of
ipilimumab, 10–20% of patients showed an increase in tumour size
when evaluated 3 months after starting treatment, but subsequently
achieved prolonged tumour control or regression without any
additional intervention. These patients demonstrated long-term
survival comparable with patients who had more rapid tumour
regression. The mechanisms underlying the delayed response are not
yetwell understood,butmight include theeffectsof immune infiltrates
in tumours or just the long period of time required to generate
sufficient T cells to accomplish tumour killing. This distinctive biology
has led to the proposal of immune-related response criteria40, which
allow for greater flexibility in following the increase in tumour size
during immunotherapy before declaring treatment failure.
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Figure 3 | T cell targets for immunoregulatory antibody therapy. In
addition to specific antigen recognition through the TCR, T-cell activation is
regulated through a balance of positive and negative signals provided by
co-stimulatory receptors. These surface proteins are typically members of
either the TNF receptor or B7 superfamilies. Agonistic antibodies directed
against activating co-stimulatory molecules and blocking antibodies against
negative co-stimulatory molecules may enhance T-cell stimulation to promote
tumour destruction.
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microenvironment (TME) of pre-clinical models and in
cancer patients. Additionally, the TME conditions the
local myeloid cells to become immunosuppressive, as evi-
denced by the presence of Tie2-expressing monocytes,14

tolerogenic DC,15 tumour-associated macrophages (TAM)
and tumour-associated neutrophils (TAN).16,17 More
recently, another prominent effect of growing tumours
has been elucidated: the aberrant activation of myelopoie-
sis resulting in the expansion and recruitment of imma-
ture myeloid cells.18,19 During the early phase of
infection, trauma or stress these immature myeloid cells
are believed to play an important role in replenishing
DC, macrophages or neutrophils, whereas in the later
phase they can prevent immune pathology.18 In tumour-
bearing patients this development process appears to be
defective and results in the accumulation and retention of
highly immunosuppressive myeloid-derived suppressor
cells (MDSC).19 Their proliferation, aberrant activation
and persistence is induced by chronic inflammation in
the TME.20 They are further characterized by the

continuous production of inflammatory mediators,
including IL-1, IL-6, reactive oxygen species (ROS) and
nitric oxide (NO).18,19 Furthermore the cells and factors
present in the tumour create a microenvironment that is
characterized by hypoxia, lactic acid build-up and adeno-
sine accumulation, which in sum prevents APC matura-
tion.5,19,21 Hence, the TME is highly effective in
counteracting the tumoricidal function of activated
immune effector cells attempting to eradicate the tumour.
In this review we will focus on the immunosuppressive
function of MDSC and their cross-talk with Treg cells
and NKT cells. Furthermore, we will discuss new develop-
ments that could potentially be used to reprogramme the
hostile TME into an immune potentiating environment.

Myeloid-derived suppressor cells

The MDSC consist of immature myeloid cells and have
a bewildering diversity of phenotypes, which provides
both opportunities and frustrations for scientists. In

Figure 1. In the tumour network, several different immune and non-immune cells respond to tumour stimuli and exhibit complex regulatory or

immunosuppressive functions, either in a cell–cell contact-dependent manner or through the secretion of soluble mediators. ARG-1, arginase-1;

Breg, regulatory B cell; DC, dendritic cell; G-MDSC and M-MDSC, granulocytic and myeloid-derived suppressor cells; IFN, interferon; IL, inter-

leukin; NKT cells, natural killer T cells; NOS, nitric oxide species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; TAN,

tumour-associated neutrophil; TGF, transforming growth factor; TNF, tumour necrosis factor; Treg, regulatory T cell; TSC, tumour stromal cell;

VEGF, vascular endothelial growth factor.
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microenvironment (TME) of pre-clinical models and in
cancer patients. Additionally, the TME conditions the
local myeloid cells to become immunosuppressive, as evi-
denced by the presence of Tie2-expressing monocytes,14
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and tumour-associated neutrophils (TAN).16,17 More
recently, another prominent effect of growing tumours
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sis resulting in the expansion and recruitment of imma-
ture myeloid cells.18,19 During the early phase of
infection, trauma or stress these immature myeloid cells
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DC, macrophages or neutrophils, whereas in the later
phase they can prevent immune pathology.18 In tumour-
bearing patients this development process appears to be
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and persistence is induced by chronic inflammation in
the TME.20 They are further characterized by the
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nitric oxide (NO).18,19 Furthermore the cells and factors
present in the tumour create a microenvironment that is
characterized by hypoxia, lactic acid build-up and adeno-
sine accumulation, which in sum prevents APC matura-
tion.5,19,21 Hence, the TME is highly effective in
counteracting the tumoricidal function of activated
immune effector cells attempting to eradicate the tumour.
In this review we will focus on the immunosuppressive
function of MDSC and their cross-talk with Treg cells
and NKT cells. Furthermore, we will discuss new develop-
ments that could potentially be used to reprogramme the
hostile TME into an immune potentiating environment.

Myeloid-derived suppressor cells

The MDSC consist of immature myeloid cells and have
a bewildering diversity of phenotypes, which provides
both opportunities and frustrations for scientists. In

Figure 1. In the tumour network, several different immune and non-immune cells respond to tumour stimuli and exhibit complex regulatory or

immunosuppressive functions, either in a cell–cell contact-dependent manner or through the secretion of soluble mediators. ARG-1, arginase-1;

Breg, regulatory B cell; DC, dendritic cell; G-MDSC and M-MDSC, granulocytic and myeloid-derived suppressor cells; IFN, interferon; IL, inter-

leukin; NKT cells, natural killer T cells; NOS, nitric oxide species; ROS, reactive oxygen species; TAM, tumour-associated macrophage; TAN,

tumour-associated neutrophil; TGF, transforming growth factor; TNF, tumour necrosis factor; Treg, regulatory T cell; TSC, tumour stromal cell;
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Thank you ! 



Question 1. Cancer Immunoediting describes a 
process by which: 
 
A. All tumors are destroyed by the immune 

system 
B. All tumors escape detection by the immune 

system 
C. Oncologists detects typos 
D. The immune system interacts with and exerts 

selective pressure on tumors in a dynamic 
process that may result in tumor elimination, 
equilibrium, or escape. 



Question 2. The following cells may prevent 
an effective anti-tumor immune response : 
 
A. Myeloid-derived suppressor Cells 
B. M1 Macrophages 
C. M2 Macrophages 
D. Regulatory T cells 
E.  All of the Above 
F.  A, B, C 
G. A, C, D 



Question 3. Tumor cells may avoid immune 
elimination by: 
 
A. Upregulating MHC molecules 
B.  Expressing higher levels of tumor antigens 
C.  Expression of PD-L1  
D. Production of soluble factors like 

Interferon-γ	



