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Summary

Myeloid-derived suppressor cells (MDSC) and regulatory T (Treg) cells

are major components of the immune suppressive tumour microenviron-

ment (TME). Both cell types expand systematically in preclinical tumour

models and promote T-cell dysfunction that in turn favours tumour pro-

gression. Clinical reports show a positive correlation between elevated

levels of both suppressors and tumour burden. Recent studies further

revealed that MDSCs can modulate the de novo development and induc-

tion of Treg cells. The overlapping target cell population of Treg cells and

MDSCs is indicative for the importance and flexibility of immune sup-

pression under pathological conditions. It also suggests the existence of

common pathways that can be used for clinical interventions aiming to

manipulate the TME. Elimination or reprogramming of the immune sup-

pressive TME is one of the major current challenges in immunotherapy

of cancer. Interestingly, recent findings suggest that natural killer T

(NKT) cells can acquire the ability to convert immunosuppressive MDSCs

into immunity-promoting antigen-presenting cells. Here we will review

the cross-talk between MDSCs and other immune cells, focusing on Treg

cells and NKT cells. We will consider its impact on basic and applied

cancer research and discuss how targeting MDSCs may pave the way for

future immunocombination therapies.

Keywords: immunocombination therapy; myeloid-derived suppressor cell;

natural killer T cell; regulatory T cell; tumour microenvironment.

Introduction

Immunotherapy is a promising treatment modality for

many different types of cancer.1 Several tumour-associ-

ated antigens recognized by specific monoclonal antibod-

ies (mAb) and T cells have been identified, providing

essential tools for the development of immunotherapies,

including dendritic cell (DC) -based vaccination and

adoptive T-cell transfer. Sipuleucel-T is the first US Food

and Drug Administration-approved vaccine immunother-

apeutic for prostate cancer, consisting of an autologous

DC-enriched fraction loaded with tumour antigen.2 Such

studies stimulate the entire field to sustain current efforts

for identifying the optimal antigen-presenting cell (APC),

antigens, format, dose, route and adjuvants.3,4 The pres-

ence of vaccine-induced immune effector cells with anti-

tumour reactivity, however, does not always correlate

with clinical benefit. Indeed, many different local and sys-

temic mechanisms and regulatory pathways exist that can

antagonize cancer-directed immune responses.5 Tumours

have evolved mechanisms to create an immunosuppres-

sive network enriched for soluble mediators, receptors

and cells that negatively influence immunotherapy

(Fig 1).5 Although tumour-infiltrating T cells (TIL) are

present in many cancers, often their lytic machinery is

impaired or they are unable to effectively attack tumour

cells. This is a result of the presence of co-inhibitory mol-

ecules or the down-regulation of either tumour antigens

or MHC.6 As the absolute reduction of MHC class I

(MHCI) would favour tumour recognition by natural

killer (NK) cells,7 tumours adjust MCH levels as well as

the expression of NK receptors to minimize TIL and NK

cell recognition.6–8 Furthermore, proper effector functions

of effector T (Teff) cells are counteracted by immunosup-

pressive lymphocytes. CD4+ CD25hi FoxP+ Treg cells,9,10

CD8+ CD25+ Treg cells,11 CD19+ CD25hi regulatory

B cells12 and interleukin-13 (IL-13) -producing NKT

cells13 have all been documented in the tumour
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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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tumour-bearing mice two main MDSC subtypes have

been reported, granulocytic (G-MDSC) and monocytic

(M-MDSC). The G-MDSC are defined by the combina-

tory expression of CD11b+ Gr-1hi Ly-6G+ Ly-6Clo CD49d�,
whereas the M-MDSC are characterized by the phenotype

CD11b+ Gr-1hi Ly-6G� Ly-6Chi CD49d+.19 In humans

the situation is even more complex (Table 1), but

M-MDSC are predominantly CD14+ and G-MDSC are

CD15+, both being CD33+ HLA-DR�.22–28 In both mice

and humans the G-MDSC represent the major subset of

circulating and expanding MDSC.19 Almost all patients

and animal models with cancer reveal approximately 75%

G-MDSC compared with approximately 25% M-MDSC.25,29

–31 Increased production of intra-tumoral granulocyte

(G-CSF) or granulocyte–macrophage (GM-CSF) colony-

stimulating factors may account for the difference seen in

G-MDSC and M-MDSC levels.20,32 Inappropriate levels of

G-CSF have been reported for many different human

tumours, including pancreatic, oesophageal, gastric and

glioma.33,34 Waight et al.35 identified tumour-derived

G-CSF as a key driver of G-MDSC accumulation in mice.

The relative abundance of the G-MDSC does, however,

not necessarily mean that they are more important for

suppression as M-MDSC have been proposed to be more

immunosuppressive than G-MDSC on a per cell

basis.30,32,36 It has been previously proposed that MDSC

entering the TME can differentiate into TAM or TAN in

mice.16,17,19,21,37 However, as no definitive marker set has

been established, it remains difficult to discriminate

whether TAN are G-MDSC recruited from the spleen or

the bone marrow, or rather represent mature neutrophils

polarized to a pro-tumorigenic N2 phenotype through

high intra-tumoral concentrations of transforming growth

factor-b (TGF-b).17 New transcriptomic data by Fridlender

et al.37 revealed that the expression signature of blood-

derived neutrophils and CD11b+ Ly-6G+ G-MDSC in

mice is more closely related to each other than to the

TAN. Many immune-related genes such as MHC II,

tumour necrosis factor and IL-1 were highly expressed in

G-MDSC, and further up-regulated in TAN compared

with neutrophils. Angiogenic factors, matrix-degrading

enzymes and genes related to cell cytoxicity, including

ROS production, were down-regulated in TAN compared

with neutrophils.37 In parallel, Ly-6Chi CX3CR1
hi mono-

cytes have been proposed as precursors of two, molecu-

larly and functionally distinct Ly-6Cint TAM subsets in

three different tumour models.38 Of these, MHCIIlo TAM

were enriched in hypoxic regions of the TME and showed

a superior pro-angiogenic activity in vivo, whereas

MHCIIhi TAM were mainly normoxic, but both subsets

equally efficiently suppressed Teff cells.38 Indeed, hypoxia

and hypoxia-inducible factor-1a within the TME seem

to be responsible for the up-regulation of arginase-1

(ARG-1) and NOS in CD11b+ Gr-1+ MDSC and their

differentiation into TAM.21 Collectively, these findings

indicate that myeloid cells may have the plasticity to

interconvert between different phenotypes, and that the

TME can have a major effect on their phenotype and

function.16,19 However, the exact nature of the combina-

tion of tumour-derived factors that induce the mobiliza-

tion and abnormal activation and expansion of MDSC is

far from complete. Therefore, direct ex vivo studies are

important but are limited because human MDSC appear

to rapidly lose their suppressive capacity after cryopreser-

vation.39 Especially the conditions determining the differ-

ences in MDSC phenotypes, how they are affected by

intra-tumoral inflammation and the presence of TIL

should ultimately be answered using sophisticated in vivo

strategies. The definition of specific markers for MDSC

subsets, especially in humans, remains another important

issue. So far, expression of the transcription factor

CCAAT enhancer-binding protein b (C/EBPb) in mouse

G-MDSC and M-MDSC,40 and the signal transducer and

activator of transcription 3 (STAT3) -mediated up-regula-

tion of the myeloid-related protein S100A9 on human

CD14+ HLA-DR�/lo M-MDSC41 have been proposed.

Although these results provide important clues, it is still

an open question how these molecular MDSC markers

relate to their suppressive function, and whether they are

common to MDSC from different tumours. The most

definitive identification of MDSC still remains their

immunosuppressive function.

Immunosuppressive mechanisms of MDSC

Both M-MDSC and G-MDSC apply antigen-specific and

antigen non-specific mechanisms to regulate immune

responses (Fig. 2). Interestingly, G-MDSC and M-MDSC

can inhibit Teff cells through different modes of action,

although these mechanisms are not exclusively used by

one of the two subtypes.18,19 Production of ROS has been

predominantly established for G-MDSC, whereas the gen-

eration of NO and secretion of ARG-1 is mainly used by

M-MDSC.30,32,36 Production of ROS by MDSC is medi-

ated through the increased activity of NADPH oxidase

(NOX) 2. This membrane-bound enzyme complex is

assembled during a respiratory burst to catalyse the one-

electron reduction of oxygen to superoxide anion using

electrons provided by NADPH. Corzo et al.42 identified

up-regulation of ROS by Gr-1+ CD11b+ MDSC isolated

from seven different tumour models and by CD11b+

CD14� CD33+ MDSC in patients with head and neck

cancer. These MDSC showed significantly higher expres-

sion of the NOX2 subunits p47phox and gp91phox com-

pared with immature myeloid cells from tumour-free

mice.42 In the absence of NOX2 activity, MDSC lost the

ability to control T-cell hyporesponsiveness and differen-

tiated into mature DC.42 Indeed, MDSC from gp91�/�

mice are not able to induce T-cell tolerance,43 confirming

the role of ROS in T-cell suppression. The cooperative
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Table 1. Phenotypes used to characterise MDSCs in human tumors

MDSC phenotype MDSC data Cancer type References

CD11b+ CD33+ HLA-DR� Lin�/lo Circulating MDSC levels correlated

with cancer stage and chemotherapy

sensitivity

Breast cancer 97

CD124+ CD14+

CD124+ CD15+
IL-4Ra expression correlated with

immunosuppressive activity

Colon carcinoma 22

CD14+ HLA-DR�/lo S100A9+ TLR4L/IFN-c stimulation induced

NO synthase 2

Colon carcinoma 41

CD14+ HLA-DR�/lo ARG-1+ MDSC suppressed autologous

T cells and NK cells, induced Treg

cells in vitro

Hepatocellular 50

CD14+ HLA-DR�/lo Stathi CD80+

CD83+ DC-Sign+
Stathi MDSC produce ARG-1 to

suppress T cells, failed to induce

Treg cells in vitro

Melanoma 27

CD14+ HLA-DR�/lo Increased levels of MDSC and Treg

cells, decreased levels of DC

Melanoma 96

CD33+ Lin� HLA-DR� ATRA/IL-2 treatment improved

myeloid/DC ratio, DC function

and antigen-specific T-cell response

RCC 23

CD14+ HLA-DR� SSCint MDSC suppressed T cells via TGF-b Melanoma 24

CD14+ HLA-DR�/lo

CD11b+ CD14� CD15+
MDSC were shown to be negatively

associated with survival in patients

with renal cell carcinoma

Renal cell carcinoma 99

CD11b+ CD14� CD15+ Depletion of ARG-1+ G-MDSC

restored T-cell proliferation, CD3f
chain expression and IFN-c
production in vitro

Renal cell carcinoma 26

CD15+ FSClo SSChi MDSC levels correlated with elevated

plasma levels of ROS markers, low

levels of CD3f chain and Th1 cytokines

Adenocarcinoma of pancreas,

colon and breast

25

CD11b+ CD33+ HLA-DR� Low-risk patients have increased levels

of MDSC and higher serum titres of

IL-10, IL-1b and monocyte chemotactic

protein-1 compared with high-risk patients

Neuroblastoma 28

CD14+ CD33+ HLA-DR�/lo

CD15+ CD33+ HLA-DR�
MDSC suppressed IFN-c by T cells,

increased ARG-1 and G-CSF plasma

levels in patients, depletion of MDSC

significantly restored effector T cells

Glioma 34

CD11b+ CD33+ HLA-DR� Lin1�/lo MDSC levels correlated with ARG-1

and IL-13 production, increased Treg-cell

levels, and an increased risk of death

Gastric, pancreatic oesophageal,

carcinoma

CD11b+ CD14+ CD33+ HLA-DR�/lo

CD11b+ CD15+ CD33+ HLA-DR�
IL-6 correlated with CD15+ and IL-10

with CD15� MDSC, increased percentage

of CD14+ and CD15+ MDSC was

associated with increased risk of death.

MDSC led to reduced IFN-a responsiveness

of total PBMC and CD4+ T cells in vitro

Gastrointestinal malignancies 98

CD11b+ HLA-DR� Lin1�

CD14+ HLA-DR� Lin1�

CD15+ HLA-DR� Lin1�

CD33+ HLA-DR� Lin1�

CD11b+ and CD14+ HLA-DR� Lin1�

were resistant to cryopreservation; all subsets

lost their suppressive capacity.

Head and neck squamous cell

carcinoma, melanoma

39

ARG-1, arginase-1; DC, dendritic cell; G-CSF, granulocyte colony-stimulating factor; G-MDSC and M-MDSC, granulocytic and myeloid-derived

suppressor cells; IFN, interferon; IL, interleukin; NK cells, natural killer cells; NOS, nitric oxide species; PBMC, peripheral blood mononuclear

cells; ROS, reactive oxygen species; TGF, transforming growth factor; Th1, T helper type 1; TLR, Toll-like receptor; TNF, tumour necrosis factor;

Treg, regulatory T cell; TSC, tumour stromal cell; VEGF, vascular endothelial growth factor.
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activity of ROS with NO forms peroxynitrite.18,19,29 Per-

oxynitrite leads to the nitration of tyrosines in the T-cell

receptor (TCR)–CD8 complex.43 This reaction might

affect the conformational flexibility of TCR-CD8 and its

interaction with peptide-loaded MHCI, rendering the

CD8+ T cells (cytotoxic T lymphocytes; CTL) unrespon-

sive to antigen-specific stimulation.43 Indeed, nitration

inhibits the binding of processed peptides to tumour cell-

associated MHC, and as a result, tumour cells become

resistant to antigen-specific TIL.44 Peroxynitrite can dam-

age proteins in a wide array of different processes in both

tumour and immune cells including those regulating

MHCII expression and T-cell apoptosis.18,19 Furthermore,

peroxynitrite leads to the nitration of CCL2 chemokines

thereby inhibiting TIL trafficking into the tumour, result-

ing in trapping of antigen-specific CTL in the tumour-

surrounding stroma.45 Another mechanism by which

MDSC can interfere with T-cell trafficking is the expres-

sion of the disintegrin and metalloproteinase domain

(ADAM) 17, which decreases CD62 ligand expression and

renders T cells immobile.19 The suppressive activity of

ARG-1 is based on its fundamental role in the hepatic

urea cycle, metabolizing L-arginine to L-ornithine. Expres-

sion of ARG-1 has been reported to down-regulate TCR

cell surface expression by decreasing CD3 f-chain biosyn-

thesis.46 This effect is not a result of apoptosis, instead

the diminished expression of CD3f protein is paralleled

by a decrease in CD3f mRNA caused by a significantly

shorter CD3f mRNA half-life. This provokes an arrest of

T cells in the G0–G1 phase of the cell cycle, associated

with a deficiency of protein kinase complexes that are

important for G1 phase progression.31 In vitro, this phe-

nomenon is completely reversed by the replenishment of

L-arginine but not other amino acids.46 In vivo, the deple-

tion of CD14� CD15+ G-MDSC re-established CD3f-
chain biosynthesis and T-cell growth; further emphasizing

the detrimental role that these MDSC play in cancer.26

Cancer-expanded MDSC can also induce anergy in NK

cells through membrane bound TGF-b, STAT5 activity,

ARG-1 or via the NKp30 receptor.47–50 The MDSC can

suppress NK cell cytotoxicity by inhibiting NKG2D and

interferon-c (IFN-c) production in models of glioma.51

Another type of immunosuppression modulated by

MDSC is the activation and expansion of Treg cells,

Figure 2. Schematic representation of the different suppressive mechanisms employed by myeloid-derived suppressor cells (MDSC). ADAM, dis-

integrin and metalloproteinase domain; ARG-1, arginase-1; IL, interleukin; iNOS, inducible nitric oxide synthase; MDSC, myeloid derived sup-

pressor cell; NO, nitric oxide; PD, programmed death receptor; PD-L, programmed death receptor ligand; ROS, reactive oxygen species; S100A8/

9, heterodimer S100A8/9 protein; STAT, signal transducers and activators of transcription; TGF, transforming growth factor; TLR, toll-like

receptor.
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which will be described in detail in the next section. Col-

lectively, the data show that MDSC can employ a diverse

set of distinct mechanisms to affect tumour cells, endo-

thelial cells and immune cells to create a local environ-

ment that sustains tumour growth and survival while

suppressing anti-tumour immune responses.

MDSC and Treg-cell subsets

In addition to infiltrating myeloid cells, tumours harbour

immunosuppressive CD4+ CD25hi FoxP3+ Treg cells.

They include both thymus-derived natural Treg (nTreg)

and locally induced Treg (iTreg) cells. Both subsets incor-

porate contact-dependent and contact-independent mech-

anisms to constrain the activation of effector T cells, and

have been reviewed elsewhere.9 Naive CD4+ CD25�

T cells can be converted into iTreg cells as a consequence

of exposure to antigen in the presence of immunosup-

pressive conditions, including the presence of TGF-b or

IL-10.52–54 Although they express distinct TCR reper-

toires, potentially use different suppressive mechanisms

and show different survival and proliferation properties,

phenotypical discrimination of these two Treg-cell subsets

remains a major challenge.55 It will be extremely impor-

tant to investigate the role of different myeloid cells,

including MDSC, in the attraction and activation of

Treg-cell subsets in general, and the induction of iTreg

cells in particular. Mouse studies in vivo suggested that

MDSC support the de novo development of Treg cells

through TGF-b-dependent56,57 and -independent

pathways.58 Yang et al.56 reported that suppression of

Gr-1+ CD11b+ MDSC isolated from ovarian-carcinoma-

bearing mice was dependent on the presence of CD80 on

the MDSC and involved CD4+ CD25+ Treg cells and

CD152, suggesting a relationship between MDSC and

Treg cells. In a mouse colon carcinoma model, IFN-c
activated Gr-1+ CD115+ M-MDSC were shown to up-reg-

ulate MHCII and produce IL-10 and TGF-b to mediate

the development of tumour-induced CD4+ CD25+ Treg

cells. The production of NO by Gr-1+ CD115+ M-MDSC

was required to suppress antigen-associated activation of

tumour-specific T cells but was dispensable for Treg-cell

induction.57 In this study, Gr-1+ CD115� G-MDSC did

not induce the activation of tumour-specific Foxp3+ Treg

cells.57 In a B-cell lymphoma model, MDSC were identi-

fied as tolerogenic APC capable of antigen uptake and

presentation to tumour-specific Treg cells. These

CD11b+ CD11clo MHCIIlo MDSC expressed ARG-1 to

mediate the expansion of nTreg cells.58 The Gr-1+ CD115+

M-MDSC from CD40-deficient mice were not able to

support tumour-specific Treg-cell expansion, implicating

CD40/CD40L interactions between the two immunosup-

pressors.59 These data exemplify the relationship between

MDSC and Treg cells. It will be important to further

dissect the relative contributions of nTreg and iTreg cells

in dampening T-cell immunity and the role that MDSC

play in this process Recently Helios, a member of the Ika-

ros transcription factor family, was identified as a poten-

tial marker to discriminate between nTreg cells (Helios+)

and iTreg cells (Helios�).60 However, its use to distin-

guish both lineages has been challenged because of the

inconsistent expression on iTreg cells in different disease

models.60–62 Two other studies reported that the cell

surface molecule Neuropilin-1 (Nrp-1) is present at high

levels on nTreg cells, whereas peripherally generated

FoxP3+ iTreg cells lack Nrp-1 expression.63,64 By tracing

nTreg and iTreg cells, Weiss et al.64 showed that intra-

peritoneal MCA38 colon adenocarcinomas are heavily

infiltrated with FoxP3+ Nrp-1lo Helioslo iTreg cells. A

subcutaneously growing 4T1 breast cancer cell line con-

tained significant amounts of both FoxP3+ Nrp-1� iTreg

cells and nTreg cells. These findings imply that different

tumours exhibit different nTreg : iTreg ratios. Analysing

both Treg-cell and MDSC subsets in different tumour set-

tings is therefore important to uncover the conditions

that determine the attraction and de novo generation of

Treg cells. It will be a major challenge to change or alter

the immunosuppressive MDSC and Treg cells that accu-

mulate in the presence of a tumour. Depletion of Treg

cells has been applied to enhance anti-cancer treatments

aiming to boost tumour immune responses in mice and

with some success in men.65–67 Other approaches that

directly or indirectly affect or modulate immunosuppres-

sive cells include ipilimumab and MDX-1106 mAb ther-

apy that antagonize CTLA-4 and Programmed Death 1

(PD-1), respectively.68,69 Blocking members of the B7

family inhibitory molecules and/or their ligands (PDL-1

and PDL-2) may be highly beneficial as they are

expressed not only on Treg cells but also on MDSC, tol-

erogenic DC and TIL.10,70–72 Recent multicentre phase 1

trials revealed durable tumour regression and prolonged

disease stabilization in cancer patients by modulation of

the PD-1–PD-L1 pathway.73,74 Likewise, strengthening the

response of DC-based vaccines or adoptive TIL therapy

could be dramatically enhanced by eliminating of MDSC

or by converting them into stimulatory APC. Ultimately,

effective immunocombination therapy may require the

induction of potent immunity and attacking both sup-

pressors simultaneously, as each subset may compensate

for the other.

MDSC and NKT cells

Immune cells that are activated in response to bacterial

and viral antigens presented by the MHCI-like molecule

CD1d have been classified as type I and type II NKT

cells.7 Type I NKT cells express a semi-invariant TCR-ab
encoded by the Va14 (Va24 in humans) and Ja18 gene

segments, and therefore are also known as invariant NKT

(iNKT) cells. In contrast, type II NKT (non-iNKT) cells
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express variable non-Va14Ja18 TCR, are distinct from the

Va14+ iNKT cells, and potentially recognize a wider pro-

file of glycolipid ligands.75,76 In mice and humans, iNKT

cells have been identified using CD1d tetramers loaded

with a-galactosyl ceramide (GalCer). Non-iNKT cells are

less well characterized and have only been indirectly stud-

ied by comparing immune responses in mice either defi-

cient in both subsets (CD1d�/�) or only iNKT cells

(Ja18�/�).7 Stimulation of iNKT cells has been shown to

be beneficial for the downstream activation of T and NK

cells in experimental tumour models,7,77 whereas the acti-

vation of non-iNKT cells seems to be deleterious.7,78 This

differential effect on tumours may be explained by cyto-

kine profiles generated following the activation of each

cell type. For example, presentation of a-GalCer by a DC

to the TCR of iNKT cells led to the generation of IL-12,

IFN-c, tumour necrosis factor and the subsequent activa-

tion of anti-tumorigenic CTL.79 In contrast, the activation

of non-iNKT cells through endogenous ligands, such as

lysophosphatidylcholines,80 leads to the production of

IL-4, IL-13 and TGF-b, which subsequently impairs CTL

and NK cell functions.79,81 Interleukin-13 has been

reported to mediate its effect via the IL-4R–STAT6 path-

way and can induce TGF-b-producing CD11b+ Gr-1+

MDSC.82,83 Instead, Ko et al.84 showed that iNKT cells

activated by a-GalCer-loaded CD11b+ Gr-1+ MDSC

could convert these MDSC into stimulatory APC. Such

reprogrammed MDSC up-regulated the expression of

CD11b, CD11c and CD86, did not suppress Teff cells and

thereby supported the generation of antigen-specific CTL

immunity without increasing Treg-cell levels. The mecha-

nism is not completely understood, but may involve solu-

ble mediators and cell-to-cell contact interactions. Indeed,

production of IFN-c by a-GalCer-activated iNKT cells

required direct CD40/CD40L interactions with DC. This

interaction enhanced IL-12 secretion by DC and further

functions to transactivate iNKT cells.85 In a mouse model

of breast cancer, anti-tumour efficacy of CTL was partly

dependent on the presence of ex vivo expanded iNKT

cells that rendered these CTL more resistant to the

immunosuppressive actions of MDSC.86 Furthermore, it

has been proposed that activated iNKT cells can limit the

growth of human neuroblastomas in NOD/SCID xeno-

grafts by selectively killing IL-6-producing CD1d+ CD68+

TAM.87 Additionally, it might be rewarding to investigate

the interaction between iNKT cells and TAN, because

iNKT cells from melanoma patients have been reported

to modulate the suppressive capacity of serum amyloid A

(SAA) -1 differentiated IL-10-secreting neutrophils by

increasing the IL-12 production of these cells.88 SAA-1

promotes the interaction between iNKT cells and neu-

trophils in a CD1d-dependent and CD40-dependent

manner, suggesting that iNKT cells can modulate the

expansion and differentiation of neutrophils, possibly by

interacting with CD1d+ immature myeloid cells in the

bone marrow.88 In contrast, mature neutrophils can mod-

ulate IFN-c, tumor necrosis factor and IL-4 production

by iNKT cells in mice and humans.89 Therefore, depend-

ing on the context, iNKT cells are able to potentiate pro-

inflammatory neutrophil functions whereas neutrophils

can down-regulate iNKT cell responses. To examine the

interaction between iNKT cells and DC during the gener-

ation of anti-tumour immunity, Gillessen et al.90 vacci-

nated wild-type (WT), CD1d�/� and Ja18�/� mice with

irradiated GM-CSF-secreting B16F10 melanoma cells.

This vaccination strategy enhanced tumour antigen pre-

sentation by recruited CD8a� CD11c+ DC in WT mice.

These DC expressed high levels of CD1d and macrophage

inflammatory protein-2, a chemokine involved in iNKT-

cell recruitment.91 Indeed, GM-CSF augmented the num-

bers of CD1d-restricted iNKT cells in vivo. In contrast,

the vaccinated CD1d�/� and Ja18�/� mice lacked iNKT

cell-mediated anti-tumour immunity and DC from

CD1d�/� mice showed compromised maturation and

function. These results provide further evidence for a role

of iNKT–myeloid cell cross-talk shaping anti-tumour

immunity.90 Furthermore, influenza A virus infected

CD1d�/� mice provoke an expansion of immunosuppres-

sive CD11b+ Ly-6G+ Ly-6C+ cells, which inhibits antigen-

specific immune responses.92 In this model, adoptive

transfer of iNKT cells abolished the suppressive activity of

MDSC through CD1d-dependent and CD40-dependent

interactions. As patients with cancer often have lower fre-

quencies of iNKT cells than healthy donors,93,94 adoptive

transfer of activated iNKT cells could become part of a

treatment modality for cancer. Collectively, these findings

show that NKT cells are potent immunomodulators of

myeloid cells. Given their potential to influence anti-

tumour effector activities, iNKT cells may represent an

underestimated immune population to be used in cancer

immunotherapy.7

MDSC in patients with cancer

The impact of MDSC on cancer progression is increas-

ingly well understood, as is its dialogue with the TME

that supports their proliferation, function and persistence.

MDSC can synergize with Treg cells to prevent tumour

immunity, whereas reciprocal communications with NKT

cells can be either anti-tumorigenic or pro-tumorigenic.

Most of these findings come from animal studies and it

will be extremely important to determine whether they

can be extrapolated to the human setting. Brimnes et al.95

revealed the presence of increased levels of CD14+ HLA-

DR�/lo M-MDSC and of CD4+ Foxp3+ Treg cells in the

blood of multiple myeloma patients at diagnosis relative

to patients in remission. Functional data regarding the

suppressive nature of the cells was, however, limited to

the effects of Treg cells on CD4+ and CD8+ T cells. Levels

of peripherally circulating CD11b+ CD33+ HLA-DR� Lin1�/lo
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MDSC have also been reported to correlate with clinical stage

in breast cancer and gastrointestinal malignancies.96,97 Further-

more, in patients with gastrointestinal malignancies CD15+

MDSC levels correlated with elevated plasma levels of IL-6

whereas the CD15� MDSC subset revealed a strong cor-

relation with IL-10.97 Similarly, elevated levels of

CD11b+ CD33+ HLA-DR� Lin1�/lo MDSC may represent an

independent prognostic factor in pancreatic, oesophageal and

gastric cancers, which correlated with increased ARG-1 levels

and significant production of the T helper type 2 cytokine IL-

13, increased Treg-cell numbers, and increased risk of death.33

Although these human studies still provide little functional

analysis on MDSC subsets and only marginally provide infor-

mation on the cross-talk of MDSC, Treg cells and iNKT cells,

they are among the first to discuss the prognostic significance

of CD11b+ CD33+ HLA-DR� Lin1�/lo MDSC in tumour-

bearing patients, and their potential role as markers for sever-

ity of the disease. Two clinical studies recently reported on

specific immune responses to a renal cell carcinoma vaccine

consisting of a multiple peptide cocktail (IMA901). Extensive

pre-vaccination and post-vaccination immunophenotyping

revealed that the presence of T-cell responses was associated

with better disease control and lower numbers of pre-vaccine

FoxP3+ Treg cells.98 In addition, CD14+ HLA-DR�/lo and

CD11b+ CD14� CD15+ MDSC cells were shown to be nega-

tively associated with survival in these patients with renal cell

carcinomas. A comprehensive overview of the human studies

is presented in Table 1. Future studies should provide further

evidence for the prognostic and predictive value of the levels

of the MDSC subsets in patients with cancer. It may indeed

turn out to be highly rewarding to define the patients’ initial

immune status, including the level of inflammation, frequen-

cies of immunosuppressive cells as well as the quality of Teff

cells, APC and NKT cells. Such an immunoscreening could

aid in determining eligibility for therapies, including cancer

immunotherapy.

Immunocombination therapy to modulate the
immunosuppressive network

It will be a significant challenge to design combination

therapies that target the tumour and eliminate or revert

the immunosuppressive TME. To develop effective immu-

nocombination therapy targeting MDSC, it is essential to

dissect the signals and their pathways within the TME.

For example, the tyrosine kinase inhibitor sunitinib repre-

sents a first-line treatment in advanced renal cell carci-

noma that has been shown to decrease Treg-cell numbers

in mice and humans,99,100 as well as the generation

and suppressive activity of CD33+ HLA-DR� and

CD15+ CD14� MDSC.101 Another stimulating agent for

MDSC differentiation is all-trans-retinoic acid because it

lowers the number of CD33+ HLA-DR� Lin1� MDSC

and improves DC to promote tumour-specific T-cell

responses in patients with metastatic kidney cancer.23

Potentially, reprogramming MDSC into stimulatory APC

might be highly effective in combination with tumour

antigen-specific immune cell activation by cancer vac-

cines. Which interactions or pathways in the TME should

one target to eliminate or alter MDSC in immunocombi-

nation therapies? Based on the available murine data,

iNKT cells could be part of such an approach.84,102 Also

CD40/CD40L interactions may represent an interesting

target to disturb MDSC/Treg-cell interactions or to

mature MDSC.60,84,88 Macrophages activated by an ago-

nist CD40 mAb can rapidly infiltrate tumours, become

tumoricidal, and facilitate the depletion of tumour stroma

independent from T cells and gemcitabine chemother-

apy.103 The CD11b+ Gr-1+ MDSC are known to interact

with antigen-specific CTL via the integrins CD11b, CD18

and CD29. Blocking of these integrins with specific mAb

could be exploited as this was shown to abrogate ROS

production and MDSC-mediated suppression of CTL.29

For reprogramming of MDSC, toll-like receptors (TLR)

may be important because they provide an important link

between innate and adaptive immunity. TLR-targeted

therapeutics are increasingly used in the development of

cancer vaccines and could therefore potentially be used to

boost immune responses and to attack the TME.104 Inter-

estingly, expression of TLR signalling genes is low in

mature neutrophils but appear to be up-regulated in

G-MDSC.37 Furthermore, exposure of CD11b+ Ly-6G+

Ly-6C+ MDSC to TLR3, TLR7/8 or TLR9 agonists

relieved or at least diminished their suppressive activity

on T cells.92 The TLR ligand (TLRL) with the most

potential for inducing the differentiation and blocking the

immunosuppressive activity of mouse MDSC so far

appears to be the TLR9L CpG.52,105,106 TLR9-expressing

CD11b+ Ly-6G� Ly-6Chi M-MDSC respond to CpG stim-

ulation by losing their ability to suppress Teff cells, pro-

ducing Th1 cytokines, and differentiating into anti-

tumorigenic macrophages.105 Zoglmeiner et al.106 could

show that IFN-a produced by plasmacytoid DC after

CpG stimulation in vitro or IFN-a treatment alone in vivo

seems to be responsible for reprogramming CD11b+ Gr-

1+ Ly-6Ghi MDSC. Therefore, TLR agonists that induce

the production of IFN-a seem to have the capacity to

change MDSC into non-suppressive APC, whereas TLR4L

promote their inflammation-driven suppressive activ-

ity.19,41 Scarlett et al.71 merged the best of both worlds

and co-administered synergistic CD40/TLR3 agonists to

transform tolerogenic DC into immunostimulatory APC.

In detail, in situ co-stimulation of CD40 and TLR3 on

tolerogenic DC decreased their ARG-1 activity, enhanced

their type I IFN and IL-12 production, promoted their

ability to process antigen, and up-regulated CD40, CD70,

CD80 and CD86 expression in vivo in mice and in vitro

in human dissociated tumours. The transformation of

these tolerogenic DC into APC further augmented their

migration from tumours to lymph nodes, enhanced

ª 2012 Nijmegen Centre for Molecular Life Sciences Immunology © 2012 Blackwell Publishing Ltd, 138, 105–115112

D. Lindau et al.



T-cell-mediated anti-tumour immunity and finally led to

the rejection of intraperitoneal ovarian carcinomas in

mice. Two recent pre-clinical studies highlight the TME

complexity in pancreatic ductal adenocarcinoma.107,108

Both studies show that pancreas-specific oncogenic KRAS

gene mutations initiate a molecular and cellular cascade

in which the TME is forced to produce GM-CSF. This

tumour-derived GM-CSF engages stromal Gr-1+ CD11b+

MDSC to inhibit CTL by ARG-1 and NOS production.

Abrogation of GM-CSF with short hairpin RNA at the

transcriptional level or anti-GM-CSF mAb reduced

tumour growth and limited MDSC recruitment to

the tumour site. These findings suggest that disruption of

the cross-talk within the TME by targeting MDSC or the

cytokines that regulate their recruitment may be beneficial

for patients with pancreatic duct adenocarcinoma. In

summary, effective immunocombination therapy may

require induction of potent anti-tumour immunity and

the elimination or reprogramming of the immunosup-

pressive and tumour-potentiating local environment.

Treatment with differentiating/activating agents should

possibly target Treg cells, NKT cells and MDSC in addi-

tion to tumour cells to make the TME more sensitive to

cancer therapies, including immunotherapy.
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