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ABSTRACT [Heading 1] 

The status of a host’s immune response influences both the development and progression of a 

malignancy such that immune responses can have both pro- and anti-tumorigenic effects. Cancer 

immunotherapy is a form of treatment that aims to improve the ability of a cancer-bearing 

individual to reject the tumor immunologically. However, antitumor immunity elicited by the 

host or by immunotherapeutic strategies, can be actively attenuated by mechanisms that limit the 

strength and/or duration of immune responses, including the presence of immunoregulatory cell 

types or the production of immunosuppressive factors. As our knowledge of tumor-induced 

immune suppression increases it has become obvious that these mechanisms are probably a major 

barrier to effective therapy. The identification of multiple mechanisms of tumor-induced immune 

suppression also provides a range of novel targets for new cancer therapies. Given the vital role 

that a host’s immune response is known to play in cancer progression, therapies that target 

immune suppressive mechanisms have the potential to enhance anticancer immune responses 

thus leading to better immune surveillance and the limitation of tumor escape. In this review, 

mechanisms of tumor-associated immune suppression have been divided into four forms that we 

have designated as 1) Regulatory cells; 2) Cytokines/Chemokines; 3) T cell tolerance/exhaustion 

and 4) Metabolic. We discuss select mechanisms representing each of these forms of 
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immunosuppression that have been shown to aid tumors in evading host immune surveillance and 

overview therapeutic strategies that have been recently devised to “suppress these suppressors.” 
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INTRODUCTION  [Heading 1] 

Most conventional cancer therapies, such as radio- and chemo-therapies, are not tumor-specific 

and therefore a major drawback of these treatments is the undesirable effects on normal tissues. 

Although once controversial, it is now clear that our immune systems are capable of recognizing 

tumor cells and can play an important role in tumor control as well as tumor progression [1]. 

Indeed, T lymphocytes and antibodies that are specifically able to recognize tumor-associated 

antigens (TAA) are commonly found in cancer patients [2,3]. Other non-specific but activated 

immune effector cells, such as macrophages, natural killer (NK) and NKT cells may also be 

capable of attacking tumor cells and have also been found in patients with cancer [4]. The 

recognition of malignant cells by these immune system components has been termed “immune 

surveillance” [5,6]. Cancer progression occurs as a result of a failure in effective immune 

surveillance. There are now well-established immune-based therapies that have become standard-

of-care treatments for a variety of cancers, including the use of monoclonal antibodies (mAbs), 

immune adjuvants and vaccines against oncogenic viruses. 

Immunotherapeutic approaches that utilize components of a host’s immune system can be 

targeted to cancer cells and, given the nature of metastatic disease, are ideally suited for treatment 

of this disseminated disease state. Therefore, given the potential for tumor-specific targeting, the 

possibility of utilizing components of the immune system to control tumor progression is enticing 

for both clinicians and researchers. However, although the necessary machinery for an effective 

antitumor immune response may be present in tumor-bearing hosts, either naturally or induced 

through therapeutic manipulations, this is not enough since most cancers that have escaped 

immune surveillance still progress. This tumor immune escape occurs due to the selection of 

cancer cells resistant to immune attack, a process termed immunoediting. This is where immune 

recognition of malignant cells imposes a selective pressure on developing neoplasm’s, resulting 

in the outgrowth of less immunogenic or more apoptosis-resistant escape variants [5,6]. The 

molecular alterations that occur in tumor cells that allow them to evade immune recognition have 

been reviewed elsewhere [7,8]. In this article we concentrate on tumor immune escape 

mechanisms facilitated by the induction of immune suppression, such as the production of 

soluble immunosuppressive factors produced by either tumor-infiltrating leukocytes (TILs) or by 

the tumor cells themselves; and/or the recruitment of suppressive or regulatory cells from the 

adaptive or innate arms of the immune system. The study of immune evasion mechanisms and 
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the development of therapies targeting these pathways are complicated by the ever-evolving 

capacity of tumors to “adapt” and subvert antitumor immune responses through establishing their 

own unique microenvironment and immune signatures. 

  

Immunotherapy  [Sub-heading 1] 

Immunotherapeutic strategies can be divided into two arms, either 1) active immunization, which 

stimulates hosts antitumor responses through such methods as vaccination or cytokine 

administration; or 2) passive immunization, whereby preformed tumor-specific T cells or 

antibodies are transferred into the host.  Antibodies have been in clinical use for many years and 

have been redesigned and humanized for better safety and efficacy. These mAbs have been used 

to manipulate different pathways including, neutralization of immunosuppressive cytokines or 

inhibitory ligands/receptors, targeting suppressor cells, or the removal of suppressive elements 

produced by tumor cells. Examples of antibodies currently used for cancer therapy include 

Rituximab that targets CD20 and is used to treat B cell lymphoma, and Trastuzamab, which 

inhibits receptor signaling in HER-2-positive breast cancer (reviewed in more detail by [9]).  

Adoptive transfer approaches use in vitro or ex vivo expanded tumor-reactive T cells obtained 

from sources such as peripheral blood, lymph nodes or tumors that are then infused back into 

patients [10,11]. Recently, T cells that have been engineered to better recognize tumor antigens, 

or migrate to the sites of tumor, have been used to obtain greater therapeutic efficacy [12,13]. The 

effectiveness of treatments with adoptively transferred T cells may also be enhanced by 

combining with patient lymphodepletion and/or the administration of factors that support the 

survival of the transferred cells such as IL-2, and more recently IL-15 and IL-7. Significant 

progress has also been made in enhancing antitumor responses through such methods as 

immunization using tumor-associated antigens or administration of cytokines or other adjuvants 

(eg.CpG), which are designed to stimulate existing antitumor responses [14]. Since it has become 

evident that no single agent therapy will be sufficient to control established tumors, more 

effective cancer treatment strategies will require combination therapeutic approaches. These 

combinations could incorporate strategies designed to both augment specific antitumor immune 

responses and suppress the induction of immune suppressive pathways that limit these antitumor 

responses by limiting their generation or reducing their numbers/survival and/or function. 
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Despite the promise of immunotherapeutic strategies and the numerous clinical trials that have 

utilized immune based therapies for the treatment of patients with cancer, the elicitation of 

consistent clinical responses has been disappointing. This is probably due to the induction of 

immune suppressive mechanisms that have evolved as a means to control the stimulation of 

“immunity to self”, but can be opportunistically utilized or usurped by cancers to enhance their 

own survival and/or progression, particularly since many TAA are self-antigens. Therefore, both 

active and passive forms of cancer immunotherapy will probably be most effective when 

administered in combination with a reduction in tumor-induced immune suppression that permits 

effective and persistent antitumor responses. The number and redundancy of the antitumor 

regulatory mechanisms that have been identified, highlights the significant barriers that will need 

to be overcome to permit effective immunotherapy of cancer. However, given the vital role a 

host’s immune system plays in whether cancer progression occurs; and the potential of 

immunotherapeutic strategies for fighting cancer, particularly metastatic disease, overcoming 

these barriers is an important pursuit for tumor immunologists. The elucidation of 

immunosuppressive networks and their components has also revealed potential targets, which if 

inhibited may be an effective strategy for the generation of more successful immunotherapies for 

cancer. We will discuss a number of tumor-associated mechanisms that result in immune 

suppression and review some of the methods scientists have developed to redress the balance 

towards efficacious antitumor responses.  

For the purposes of this review we have classified these immunosuppressive mechanisms of 

action into four broad groups. 1) Regulatory cells: Tumors can recruit or activate negative 

regulatory immune cells, including myeloid derived suppressor cells (MDSC), regulatory T 

(Treg) cells, Th17 and natural killer T (NKT) cells that sometimes suppress antitumor immune 

responses. 2) Cytokines/Chemokines: The production of cytokines or chemokines by either 

tumor cells or other immune cells, may suppress effector cell responses by limiting their 

antitumor function or migration and skewing them towards a more pro-tumorigenic phenotype. 3) 

Effector cell Tolerance/Exhaustion: As well as inhibiting their activation, proliferation or 

migration, effector cells may become tolerant or their function “exhausted” through such 

mechanisms as inappropriate stimulation or chronic antigen exposure. 4) Metabolic: Effector cell 

function can also be affected metabolically by limiting their access to necessary substances 

required for proper cell function or proliferation. For select mechanisms within each of these 
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groups, some techniques by which researchers have attempted to enhance antitumor responses by 

suppressing these immune suppressive mechanisms will be reviewed. 

 

[1] Regulatory Cells [Heading 2] 

Tumor-specific T lymphocytes have been identified in tumor-bearing hosts and their numbers can 

be successfully increased by immunotherapeutic processes such as vaccination. However, despite 

the presence of these tumor-specific cell types, cancers can continue to progress unabated. 

Accumulating evidence highlights the role of regulatory cells that can induce self tolerance, 

which is important because many tumor-associated antigens are self antigens. Other key 

components responsible for inhibiting an effective antitumor immune response are the immune 

suppressive myeloid cells, which are increased in numbers in tumor-bearing hosts. In this review 

we will focus on MDSC and NKT cells. Further regulatory cell types include the Th17 and Treg 

cells, which play a major role in the control of immunity to self-antigens and the prevention of 

autoimmunity. Th17 cells are characterized by their production of IL-17 and are involved in the 

pathogenesis of various autoimmune and allergic diseases, although their role in the tumor 

microenvironment has yet to be elucidated [15]. Because Treg cells have previously been 

extensively reviewed [16-18] we will not cover them here.  

One way of reducing immunoregulatory cell types is by radio- or chemo-therapeutic depletion. 

Indeed, the lymphodepletion of cancer patients prior to T cell adoptive transfer has been shown to 

enhance the antitumor efficacy of transferred cells. However, this approach will significantly 

impact other cells of a patient’s immune system including memory cells established to combat 

infections and therefore more specific therapies need to be developed.  

 

Myeloid-derived suppressor cells  [Sub-heading 1] 

Progressive tumor growth is associated with an increase in a population of cells now known as 

myeloid-derived suppressor cells (MDSC). This is a heterogeneous population that in mice is 

identified by the co-expression of CD11b and Gr1 cell surface markers and includes immature 

precursors of DCs, macrophages, monocytes and granulocytes [19]. In numerous experimental 

models of cancer MDSC have been shown to accumulate at the site of tumor and peripherally in 

the blood, spleen, and bone marrow and to a lesser extent lymph nodes [20]. These cells are 

thought to be recruited from the bone marrow through the production of tumor-derived factors 
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(TDF), which include vascular endothelial growth factor (VEGF), transforming growth factor 

(TGF)-, IL-6, IL-10, colony-stimulating factor (CSF)-1 and granulocyte–macrophage colony-

stimulating factor (GM-CSF) [19]. The level of MDSC accumulation and the subtypes of cells 

that make up this heterogeneous MDSC population is dependent on the tumor burden and the 

profile of factors that the tumor and associated host cells are producing [21,22]. Although not as 

extensively studied in human cancer patients, MDSC are known to accumulate and have been 

identified in blood and at the site of tumor [23-25]. These cells are typically 

CD11b
+
CD33

+
CD34

+
 [26,27] but can vary in their expression of other markers such as CD15, 

CD14 and HLA-DR [28,29], suggesting that, as in preclinical models, the induction of different 

balances of cellular subtypes within the MDSC population is dependent on the tumor type and 

the factors that it produces. In both preclinical mouse models and patients with cancer, there 

exists a correlation between increased MDSC numbers and the development of immune 

suppression [27]. Higher circulating levels of MDSC have also been correlated with advanced 

disease and a poorer prognosis, with surgical resection of tumors resulting in a decrease in 

peripheral blood MDSC [30], thus highlighting the link between MDSC, immune suppression 

and tumor progression.  

As their name suggests, MDSC have the ability to suppress immune responses, both innate and 

adaptive, tumor-specific and non-specific. A number of diverse mechanisms have been identified 

by which MDSC can suppress antitumor immune responses (reviewed in detail by [22,31]), 

including production of arginase, nitric oxide synthase (NOS) and IL-10. IL-10 can indirectly 

suppress antitumor T cell responses by inhibiting the ability of antigen presenting cells (DCs and 

macrophages) to produce cytokines and express MHC and co-stimulatory molecules [32-34], 

which are required for appropriate T cell activation. Stimulation by IL-10 and TGF also induces 

MDSC to produce high levels of the immunoregulatory enzymes arginase I and NOS, which 

metabolize L-arginine to nitric oxide (NO) and hydroxide (See Metabolic section). These reactive 

oxygen species (ROS) can also directly inhibit T cell function as well as induce T cell apoptosis 

[35-37]. Therefore, pharmacological inhibition of NOS and arginase-mediated suppressive 

pathways represent promising targets for overcoming MDSC-induced immunosuppression and 

are currently being explored [38]. MDSC can also influence the production of tumor-derived 

indoleamine-2,2-dioxygenase (IDO), which catabolizes tryptophan, an essential amino acid for T 

cell differentiation (See Metabolic section). 
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Depletion of MDSC (CD11b
+
Gr1

+
) would therefore be a most effective method of enhancing 

antitumor immune responses however; their heterogeneity and defining surface markers make it 

difficult to specifically target this cell population. It has been demonstrated in mouse tumor 

transplant models that depletion of myeloid cells by anti-Gr1 mAb can limit tumor growth [39]. 

The efficacy of depleting MDSC to enhance other immunotherapeutic strategies has also been 

demonstrated in a number of preclinical models. For example when anti-Gr1 mAb was combined 

with anti-CTLA4 there was a significant synergistic therapeutic effect compared to treatment 

with the single antibodies [40]. Despite apparent anti-Gr1-mediated enhancement of antitumor 

effects in preclinical models of cancer, a major drawback of using anti-Gr1 depletion antibodies 

in the long-term is that Gr-1 is expressed on a range of cell types including neutrophils, 

granulocytes and memory CD8
+
 T cells; depletion of which would severely compromise a host’s 

ability to mount an effective immune response to other challenges. Similar problems would exist 

if targeting MDSC in human patients using the current identifying cell surface markers. 

Therefore, therapeutic strategies aimed at reducing the immunosuppressive effects of MDSC may 

require the design of therapies that target the induced immune suppressive pathways rather than 

directly eliminating the cells responsible. 

In a spontaneous model of mammary carcinoma, the pro-tumorigenic behavior of MDSC was 

found to be diminished when the expression of interferon regulatory factor-8 (IRF-8) was 

enhanced [41]. This inhibition in MDSC function may have been due, at least in part, to a 

reversion in their cytokine/chemokine expression profile to one that more closely resembled the 

production profile of CD11b
+
Gr1

+
 cells from non-tumor-bearing mice. These studies also 

revealed that tumor-induced MDSC have elevated expression levels of CCL2 (MCP-1) and MIP-

1 and diminished amounts of CCL5 (RANTES) compared to similar cells from non-tumor-

bearing mice. IRF-8 is a key myeloid-associated transcription factor that is essential for normal 

myelopoiesis and when overexpressed was also shown to reduce the number of tumor-induced 

MDSC that accumulated in the periphery [40]. The tumor-induced reduction in IRF-8 expression 

in MDSC may be a novel target for therapeutic manipulation as a means of reducing MDSC 

numbers and immune suppression. In mice, the in vivo inactivation of genes that govern MDSC 

accumulation, such as STAT-3 and STAT-6 have also been shown to restore T cell activation and 

promote tumor regression and/or resistance to metastatic disease [42-44]. 
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MDSC are considered to have aberrant myeloid cell differentiation and since the balance of 

immature and mature myeloid cells in vivo can have a significant effect on both naturally 

occurring and therapy induced antitumor T cell responses; another method that has been 

investigated as a way to reduce MDSC suppression is to drive their maturation or differentiation. 

This has been achieved with limited success in preclinical mouse models through the 

administration of all-trans-retinoic acid (ATRA), interferon (IFN)-γ or vitamin D3 [45-47]. 

Treatment of renal cell carcinoma patients with ATRA was also found to enhance their immune 

responses and myeloid cell differentiation [48].   

Some commonly used cytotoxic agents in the treatment of cancer have also exhibited a capacity 

to deplete MDSC in experimental cancer models. Gemcitabine and sunitinib have been shown to 

inhibit MDSC-mediated immune suppression and enhance other immune-based cancer therapies 

[49-52]. A recent article suggests that 5-Fluorouracil (5FU) is even more effective at directly 

killing MDSC than gemcitabine [53]. These cytotoxic agents appeared to selectively reduce the 

number of MDSC found in the tumor and spleen, with no significant reductions in other types of 

immune cells. This preclinical data has been mirrored in humans, where treatment of renal cell 

carcinoma patients with sunitinib was shown to reduce MDSC accumulation [54]. The use of 

gemcitabine as an immune adjuvant is currently undergoing clinical trial [55]. Therefore, data 

supports a role for anticancer agents beyond their direct cytotoxicity of tumor cells that could also 

enhance immune responses through the elimination of MDSC. This role should be considered 

when designing future treatment strategies and may prove particularly useful when combined 

with immunotherapies aimed at stimulating antitumor immune responses. 

 

NKT cells  [Sub-heading 1] 

CD1d-restricted natural killer T (NKT) cells have emerged, at least in mice, as an important 

regulator of inflammatory responses in cancer [56,57]. Although these cells express a T-cell-

receptor (TCR), they are often classified as an innate lymphocyte population based on their rapid 

response to non-MHC-restricted recognition of lipid/glycolipid antigens in association with the 

CD1d presentation molecule. At least two populations of CD1d-restricted NKT cells are 

associated with tumor immunity [58,59]. The most extensively studied population, sometimes 

defined as type I NKT cells or iNKT cells, are generally thought to promote or execute antitumor 

immunity and in mice can be divided into functionally distinct subsets based on NK1.1 and CD4 
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expression [57]. A homologous population of iNKT cells also exists in humans, identified by the 

Vα24/Vβ11 TCR. Type I NKT cells can positively modulate dendritic cell (DC) and B cell 

function and it is clear that agonist CD1d ligands are powerful adjuvants for driving both cell-

mediated and antibody responses in mice [60]. These cells can enhance antitumor responses 

through the production of IFN- which activates and matures DC to make IL-12, which in turn 

activates NK and CD8
+
 T cells [61]. In contrast, type II NKT cells express a more diverse TCR 

repertoire that recognize lipids presented by CD1d and have been identified in both humans and 

mice. Less is known as to their significance and role in regulating tumor immune surveillance, 

although accumulating evidence in preclinical tumor models suggests that these cells have a 

regulatory, immune suppressive phenotype [62-66]. Although their immune suppressive capacity 

remains to be directly verified, since a knock-out mouse does not yet exist, the mechanism of 

suppression appears to involve IL-13 and the stimulation of myeloid TGF- [67-69], but it is very 

likely other presently unrecognized immunosuppressive mechanisms also exist. Therefore, 

strategies that support an antitumor type I NKT response and limit the inhibitory type II NKT 

responses may not only have direct antitumor effects but also have the capacity to support the 

adaptive (tumor-specific) immune responses. 

 

[2] Cytokine and Chemokines  [Heading 2] 

Recombinant cytokine proteins have been used to enhance a range of immune responses and have 

demonstrated great promise in reducing tumor-induced immune suppression (eg. IL-2, IL-12, IL-

15/7, GM-CSF and interferons) (Reviewed in [70]). However, we will concentrate on discussing 

strategies for suppressing the immunoinhibitory cytokines which can be produced by tumor cells, 

tumor-infiltrating immune cells and other stromal cells within the tumor microenvironment. They 

not only have the potential to effect immune responses at the site of tumor but also systemically, 

which can lead to the overall reduced immune competency of cancer patients. Chemokines are 

also attractive targets for immunotherapy due to their influences on immune cell migration and 

function (reviewed in [71]). In their function as chemotactic cytokines they can be targeted to 

reduce trafficking of regulatory cells or increase migration of effector cells to sites of tumor. 

 

TGF- [Sub-heading 1] 



Stewart  

Page 11 of 35 

Transforming growth factor (TGF)- is produced by tumor cells and tumor-infiltrating immune 

cells within the tumor microenvironment and its role in immune suppression includes the 

inhibition of T cell proliferation, cytokine production and cytotoxicity [72,73]. As well as 

contributing to the remodeling of the tumor microenvironment (angiogenesis), TGF- recruits the 

Treg and MDSC immune suppressive cell types and can enhance Treg survival and function by 

the induction of FOXP3 [74]. Under some conditions TGF- can also inhibit antigen presenting 

cell (APC) function by suppressing cell maturation, inhibiting IFN-γ production and inducing 

MHC class II down-regulation [75,76]. Due to its role in these multiple immune suppressive 

pathways, TGF- is therefore an attractive therapeutic target. However, care is needed since 

TGF- can act as both a tumor suppressor and promoter [77]. Therefore, successful treatments 

that include TGF- antagonism will probably require monitoring of a tumors immune signature 

for when TGF- switches from being a tumor suppressor to actually promoting tumor growth. A 

number of therapeutic approaches have been developed, including neutralizing mAbs (eg. 

Infliximab, Lerdelimumab, Metelimumab & GC-1008) or small molecule inhibitors of TGF- 

signaling. In a range of solid tumor preclinical models, neutralizing TGF- mAbs alone were 

found not to have an antitumor effect. However, when anti-TGF- treatment was combined with 

other vaccine based immunotherapies there was a significant improvement in antitumor efficacy 

and an enhancement in CD8
+
 T cell and NK cell-mediated immune responses [78-80]. These 

large molecule therapies therefore appear promising as an adjuvant to improve other tumor-

specific immunotherapies. Also only in preclinical models, small molecule TGF- receptor I 

kinase inhibitors have been shown to block TGF- signaling in both immune and tumor cells as 

well as extend the survival of tumor-bearing animals [81]. Interestingly, this may not correlate 

with an alteration in tumor cell proliferation or apoptosis, but rather an increased immune cell 

infiltrate into the tumor [82], which could be a rationale for the use of TGF- antagonism therapy 

in combination with tumor-specific immunotherapeutic approaches. 

The only TGF- targeted treatment strategy that has so far been translated into a clinical trial for 

the treatment of solid tumors, is the use of antisense technology that targets TGF- isoform 

mRNA for sequence specific degradation. These antisense oligodeoxynucleotides are commonly 

used to study gene function; however, they have also been designed for therapy of high grade 

gliomas. AP 12009 (trabedersen), which targets mRNA encoding TGF-2 has been evaluated for 
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dose and toxicity in Phase I and II clinical trials and is currently employed in Phase III trials for 

the treatment of malignant gliomas [83,84]. A TGF-2 antisense gene has also been used to 

modify an allogeneic tumor vaccine (Belagenpumatucel-L) for use in a Phase II trial for the 

treatment of advanced non-small cell lung cancer [85]. Overall, this form of therapy was reported 

to be well tolerated and significantly inhibited disease progression. Inhibition of TGF- activity 

therefore appears a viable therapeutic option, particularly as an adjuvant for other 

immunotherapeutic strategies. 

 

IL-10  [Sub-heading 1] 

Along with TGF-, interleukin-10 (IL-10) is of considerable interest as a therapeutic target due to 

its defined roles in tumor-induced immune suppression. IL-10 production is not only a 

mechanism by which MDSC induce immunosuppression (see above) it is also produced by 

tumor-associated macrophages (TAMs) and other TILs, as well as by the tumor cells. Tumor-

derived IL-10 has been shown to interfere with the stimulation of antitumor responses by 

inhibiting the expression of the CD40 co-stimulatory molecule on APC. Tr1 cells also induce T 

cell anergy and immune suppression by the production of high levels of IL-10 and TGF-. 

However, IL-10 has been reported to have pleiotropic activities and its role in immune 

suppression and tumor progression is therefore controversial [86]. Although, antibodies against 

IL-10 or its receptors have been used in the treatment of other inflammatory diseases, their 

application in the treatment of cancer has not, as yet, been translated to the clinic, but is expected 

in the near future.  

 

VEGF   [Sub-heading 1] 

Vascular endothelial growth factor (VEGF) is well known as a major player in normal and tumor-

associated angiogenesis and as such has been targeted with anti-VEGF antibodies (Bevacizumab) 

with the expectation of inhibiting cancer growth by reducing blood flow to the tumor [87]. There 

is however accumulating evidence for a role for VEGF in tumor-induced immune suppression 

[88]. VEGF has been associated with the recruitment of MDSC and macrophages to the site of 

tumor along with an inhibition in myeloid cell maturation, including DCs, which limits their 

function as APC. The use of VEGF neutralizing antibody, at least in preclinical models, has been 

associated with increased DC priming activity [89] and effector cell numbers compared to Treg 
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cells and improved immunotherapy efficacy [90,91]. A decrease in the accumulation of immature 

progenitor cells and an increase in peripheral DCs have also been noted in cancer patients treated 

with bevacizumab [92]. Given the effect of anti-VEGF therapy in improving immune responses, 

combining this form of treatment with other immunotherapeutic strategies may be advantageous. 

Indeed, a clinical trial combining vaccination (APC8015: peptide pulsed DCs) with bevacizumab 

was found to induce an antitumor immune response as well as modulate prostate specific antigen 

levels in patients with biochemically recurrent prostate cancer [93]. 

 

CCL2  [Sub-heading 1] 

CCL2 or monocyte chemoattractant protein-1 (MCP-1) is a chemokine first identified as a 

mediator of monocyte migration. It has since been shown to influence the migration of many 

other cell types including lymphocytes (eg. Treg and NKs) and endothelial cells [94,95]. CCL2 is 

produced by many tumor cell types and has both direct and indirect immune suppressive effects, 

including the direct inhibition of CD8
+
 T cell functions [96,97]. Factors, such as cytokines and 

chemokines, released by tumor cells or other cells within the tumor microenvironment mediate 

the influx of immune cells, which can have pro-tumorigenic and immunosuppressive effects. A 

number of studies have demonstrated a correlation of CCL2 production within the tumor with the 

accumulation of tumor-associated macrophages (TAM) [98] and Treg [99]. TAM play a 

significant role in promoting tumor growth through the promotion of angiogenesis and inhibition 

of immune responses [100]. In a cancer setting, CCL2 may therefore be considered a pro-

tumorigenic and immunoregulatory chemokine, thus a target for therapeutic manipulation. In a 

preclinical mouse model of prostate cancer, treatment with mAbs that block CCL2 activity have 

been shown to have a limited effect at reducing tumor growth and could limit the numbers of 

TAM [101,102]. Another recent article demonstrated no reduction in tumor-infiltrating 

monocytes but rather a significant decrease in the numbers of Treg. The therapeutic effect on 

NSCLC and mesothelioma tumor growth and enhanced antitumor responses was seen when 

combined with other immunotherapeutic strategies [103]. Therefore, CCL2 blockade appears a 

potential adjuvant for cancer therapy but its mechanism of action may be multifactorial and 

tumor type or timing dependent.  

 

[3] T cell exhaustion  [Heading 2] 
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Mechanisms have been identified whereby tumor cells actively attack or inhibit immune cells and 

include cross-linking of the TRAIL or CD95 (Fas) death receptors expressed on T cells by tumor 

expression of the TRAIL or CD95 ligands (FasL) [104]. Cytotoxic T lymphocytes (CTL) are a 

major effector cell type responsible for attacking tumor cells and require specific conditions to 

become fully activated. These conditions include the presentation of specific antigens by mature 

APC that co-express co-stimulatory molecules (eg. CD80/B7-1 & CD86/B7-2) and an 

appropriate cytokine milieu. Chronic antigen exposure or the inappropriate or insufficient 

expression of co-stimulatory molecules on APC can induce T cell tolerance or anergy rather than 

antitumor immunity [105]. Tumor cells themselves are not professional APC and usually express 

low levels of co-stimulatory molecules and are therefore poor activators of antitumor T cell 

responses. Tumor cells may also be responsible for the downregulation of co-stimulatory 

molecules on the professional APC, which can lead to death or anergy of tumor-specific T cells. 

To overcome this tumor-induced unresponsiveness, viral vectors have been used to deliver co-

stimulatory genes to tumor cells with the expectation of making them better able to stimulate 

antitumor responses to the antigens that they present. In preclinical models, these vaccines were 

successful at reducing tumor burden and increasing tumor specific T cell numbers [106]. This 

form of cancer vaccine has been used to immunize cancer patients with a range of solid tumors, 

but although increases in the frequency of peripheral tumor specific T cells were detected, actual 

tumor regressions were rare [107,108]. DCs, which are the major professional APC, can be 

prevented from becoming fully mature APC through interactions with tumor cells and thus 

become unable to fully activate T cells for effective antitumor function. Tumors can also induce 

defective T cell signaling pathways through the downregulation of the common cytokine receptor 

γ chain and the pro-survival members of the Bcl-2 family [109,110]. As a result, the balance 

between stimulation of immunogenic rather than tolerogenic immune responses in the tumor 

microenvironment is skewed towards an ineffective immune response. 

 

CTLA-4  [Sub-heading-1] 

Cytotoxic T lymphocyte antigen-4 (CTLA-4, also called CD152) is a negative immunoregulatory 

receptor expressed on Treg and activated T cells. CTLA-4 competes with higher affinity for the 

ligands of the co-stimulatory molecule CD28. These ligands are expressed on APC or tumor cells 

with signaling through the inhibitory CTLA-4 molecule on T cells inhibiting their effector 
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functions. The balance between expression of the co-stimulatory molecule CD28 and inhibitory 

signals mediated by CTLA-4 is a critical control point in determining whether a T cell becomes 

fully activated or is tolerized [111]. Activation of the IDO immunoregulatory enzyme (see 

Metabolic section) has also been shown to be a downstream effect of the CTLA-4 signaling 

pathway [112]. Because of the role CTLA-4 plays in undermining antitumor T cell responses the 

use of CTLA-4 blockade in combination with a range of cancer immunotherapies has been 

investigated in preclinical models and found to restore antitumor T cell responsiveness [113,114]. 

Based on these encouraging results a number of anti-CTLA-4 humanized mAbs have been 

developed that aim to enhance antitumor T cell responses by blocking the negative signaling and 

resulting reduction in T cell function that occurs following CTLA-4 engagement. A number of 

clinical trials, particularly in the treatment of melanoma and other solid tumors, have been 

undertaken that have enabled the study of combining CTLA-4 interference with other cancer 

immunotherapies [115]. For example, tremelimumab and ipilimumab are anti-CTLA-4 mAbs that 

are currently undergoing phase II and III clinical trials for the treatment of a range of cancers. 

The results of published clinical trials have demonstrated a clear role for CTLA-4 in maintaining 

a state of peripheral tolerance in humans with cancer and some associated objective cancer 

regressions [116,117]. However, as may be expected there was a significant incidence of 

autoimmunity induction, which when treated with corticosteroids did not seem to abrogate the 

clinical benefits [118]. These results support further clinical trials and investigations for the use 

of CTLA-4 blockade in cancer immunotherapy.  

 

PD-L1  [Sub-heading 1] 

The programmed death receptor ligand 1 (PD-L1; also called B7-H1, CD274) can be expressed 

on the surface of tumor cells and induce apoptosis of T cells [119]. In many human and 

preclinical models of cancer, PD-L1 is overexpressed by tumor cells compared to normal tissues, 

reportedly due to a loss of the PTEN tumor suppressor gene. This high PD-L1 expression on 

tumor cells has been correlated with decreased cancer patient survival. Tumor cells may therefore 

inhibit T cell function through direct interactions with T cells that express the PD-L1 cognate 

receptor PD-1 (CD279), resulting in decreased T cell proliferation and cytokine production. 

Analysis of PD-L1 expression on DCs from cancer patients has demonstrated a higher ratio of 

inhibitory PD-L1 to co-stimulatory molecule expression. Tumor-specific CD8
+
 T cells have also 
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been shown to have upregulated PD-1 expression in patients with advanced melanoma [120] or 

ovarian cancer [121]. Tumor-induced dysfunction in T cells from advanced melanoma patients 

could also be attenuated by ex vivo PD-1/PD-L1 blockade [122]. This data supports the 

hypothesis that the tolerogenic state that exists within a tumor is due, at least in part; to tumor cell 

or APC induction of T cell immune tolerance through PD-L1 / PD-1 interactions [123]. 

Therefore, strategies that block the PD-L1/PD-1 pathway have been developed, such as anti-PD-

L1 or PD-1 antibodies or PD-1 decoy receptors. In preclinical models, PD-L1/PD-1 blockade has 

elicited enhanced antitumor T cell immunity [124] and has also been successfully combined with 

other immunotherapies to enhance their efficacy [125]. A humanized antibody (MDX-1106) that 

targets PD-1 has demonstrated promising results in phase I clinical trial [126] and warrants 

further investigation, particularly as a combination therapy.  

 

[4] Metabolic  [Heading 2] 

Compared to many host tissues, tumors have a high metabolic activity but are severely 

constrained by a restricted access to nutrients. It has become evident that tumor cells or their 

immune infiltrating cells have profound influences on the metabolism of nutrients, such as amino 

acids, arachidonic acid and adenosine, which are essential for proper cell function. The control of 

amino acid metabolism has been shown to be a particularly important strategy by which higher 

organisms can limit the unwanted expansion of actively proliferating cells, including T cells 

[127]. Study of these metabolic pathways and their possible toxic metabolites, within the tumor 

microenvironment have revealed targets with therapeutic potential. 

  

Arginase/Nitric-oxide Synthase   [Sub-heading 1] 

L-arginine is an essential amino acid that T cells require for proper function and which when not 

available leads to a downregulation of the T cell receptor and an inhibition in antigen-specific T 

cell responses. The two major enzymes responsible for the catabolism of arginine are arginase I 

and nitric-oxide synthase (NOS), which when expressed at high levels within the tumor 

microenvironment leads to a deficiency in the availability of arginine and a decrease in immune 

cell function [128,129]. The byproducts of this process, such as ornithine, have also been shown 

to inhibit T-cell function [37]. The L-arginine analogue N-hydroxy-nor-L-arginine, also known as 

Nor-NOHA has been used to inhibit arginase activity and when used as an anticancer therapy 
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against Lewis lung carcinoma cells, successfully inhibited primary tumor growth by an myeloid 

cell mediated mechanism [130]. 

As mentioned previously, a major source of arginase I is the MDSC that accumulate at the tumor 

site [22] and unlike macrophages MDSCs can upregulate both arginase and inducible NOS 

simultaneously [36]. Since inhibition or depletion of tumor-induced MDSC is problematic (see 

above), a reduction in their immunosuppressive mediators may be a better therapeutic option. The 

importance of inhibiting both NOS (eg. By NG-monomethyl-arginine (l-NMMA)) and arginase 

activity to restore T cell expansion and cytolytic function in MDSC-mediated 

immunosuppression, was demonstrated by using a combination of inhibitors that targeted each 

individual pathway [131]; or by using a single nitroaspirin (NCX-4016) agent that was capable of 

inhibiting both the arginase and NOS pathways, but was ineffective when NOS or arginase 

inhibition was used alone [38]. This nitroaspirin was also found to increase the number of tumor-

specific CTL, and the survival of tumor-bearing animals, when combined with a tumor vaccine. 

Since it appears that blocking both arginase and NOS-mediated immune suppressive pathways 

may be required for effective therapy the most promising therapeutics to inhibit arginase/NOS-

mediated immunosuppression would be dual inhibitors such as NCX-4016, which is currently in 

clinical trials for other indications.  

 

Adenosine  [Sub-heading 1] 

Adenosine is a purine nucleoside that is often present at high concentrations within a tumor 

where it is synthesized from the catabolism of adenine nucleotides (ATP, ADP and AMP) by the 

enzymatic actions of the CD39 and CD73 extracellular ectonucleotidases (reviewed in [132]). 

Extracellular adenosine has both immunosuppressive and pro-angiogenic effects and can be 

produced by tumor cells as well as by Treg [133]. Adenosine receptors (A1, A2a, A2b and A3) are 

expressed by a number of effector immune cell types and also by tumor cells, and when bound 

leads to inhibition of immune responses and enhanced tumor growth [134,135]. Therefore, 

approaches that limit the accumulation of extracellular adenosine may be another means of 

enhancing antitumor immune responses. Indeed, there are a number of inhibitory small molecular 

weight molecules and adenosine receptor antagonists that are already in use for the treatment of 

other diseases and could easily be trialed as a cancer therapeutic for the inhibition of antitumor 

immune suppression. It has also been demonstrated in preclinical models of breast cancer that 
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anti-CD73 mAb therapy can significantly retard primary tumor growth and the development of 

metastasis as well as enhance adaptive antitumor immunity [136]. 

 

IDO  [Sub-heading 1] 

The indoleamine-2,2-dioxygenase (IDO) enzyme can be expressed by tumor cells and associated 

stromal cells and is responsible for catalyzing the degradation of the essential amino acid 

tryptophan to N-formyl-kynurenine. Many tumors and tumor draining lymph nodes have been 

shown to have elevated levels of IDO expression [137] and in patients elevated levels of IDO-

generated metabolites have been associated with a number of malignancies [138,139]. Although 

IDO may be expressed in a variety of tissues, it is particularly and specifically induced in cells of 

the immune system, such as DCs and macrophages, by inflammatory cytokines such as IFN-γ, 

which is a particularly potent and well characterized inducer of IDO activity. The significant 

effect IDO can have on suppressing immune responses is highlighted by its ability to negate the 

maternal T cell responses against an allogeneic fetus [140]. This immunosuppressive enzyme can 

induce immune tolerance by either depleting the localized area of tryptophan or by the 

accumulation of toxic catabolites. IDO has also been implicated in CTLA-4 induced immune 

tolerance mediated through reverse B7 signaling with APC [141]. Alternatively, and possibly 

more relevantly for IDO driven immune suppression, is the production of IDO by immune cells 

that travel from the tumor stroma to the draining lymph nodes, which are the primary sites for 

immune activation. The effects of this immunosuppressive pathway is supported by data 

indicating that host, rather than tumor-derived IDO, enhanced tumor growth and that the host 

cells responsible were identified as a DC subset with plasmacytoid morphology [142]. The 

resulting depletion of tryptophan and accumulation of its metabolic products, inhibits immune 

responses by blocking T cell activation and inducing T cell apoptosis as well as driving cells 

towards a Treg phenotype [143].  

Given the substantial evidence for IDO- mediated immune tolerance in cancer and other diseases, 

there has been a recent explosion in the design of IDO inhibitors and studies that target IDO for 

anticancer therapy. This is due in part to its well defined biochemistry and because it is only one 

of two enzymes that catalyze the same reaction; the other, IDO2, having a more restricted 

expression and substrate specificity, which may limit “off-target” effects. Promising small 

molecule inhibitors such as the widely used structural analog, 1-Methyl tryptophan (1MT) have 
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been shown to block IDO activity and reduce immune suppression (reviewed in [138,144]). In 

preclinical cancer models, IDO inhibition either by small inhibitory molecules or IDO-specific 

siRNAs, has also demonstrated a capacity to significantly enhance the efficacy of traditional 

chemotherapeutic drugs and immunotherapies [138,145]. Several natural products (eg. brassinin, 

exiguamine) have also been identified as IDO inhibitors and along with a new wave of inhibitors 

that have undergone medicinal chemistry manipulation there are numerous IDO inhibitors 

available for clinical trial testing. The IDO inhibitor, d-1-methyl-tryptophan (d-1-MT), is being 

evaluated in a number of phase I trials in the United States in patients with advanced solid 

tumors. Based on the evidence for considerable IDO involvement in human cancers and tumor-

induced immune suppression, IDO inhibition holds a promise for significant suppression of the 

IDO suppressive pathway and enhancement of antitumor immune responses. Importantly, 

enhanced antitumor activity has been demonstrated when IDO inhibitors have been used in 

combination with other cytotoxic agents or immune based therapies, compared to the individual 

agents alone. 

 

COX2/PGE2   [Sub-heading 1] 

Prostaglandin E2 (PGE2) is well known for its pro-tumorigenic capacity and ability to promote 

angiogenesis and tumor cell migration [146]. Prostaglandins and thromboxanes also have 

immunoinhibitory properties and are produced from the degradation of arachidonic acid by the 

inducible form of the cyclooxygenase enzyme (COX2), which is overexpressed in a variety of 

tumor types [147,148]. The immunosuppressive effects of PGE2 include inhibition of DC 

maturation, T cell proliferation and function, as well as the downregulation of pro-inflammatory 

chemokines and type 1 cytokines [149,150]. In studies of some cancer patients, negative effects 

on DC and T cell function have been correlated with tumor expression of COX2 and PGE2 as 

well as an increase in Treg mediated suppression [151,152]. Tumor cell production of PGE2 has 

also been shown to upregulate the expression of IDO and arginase by myeloid cells. Inhibition of 

PGE2 may therefore be an alternative downstream target for reducing the immunosuppressive 

effects of IDO and arginase (see above).  

The strong effects of PGE2 and COX2 expression on tumor promotion and immune suppression 

make their inhibition a desirable option for incorporation in cancer treatment strategies. The use 

of COX2 inhibitors in preclinical models has resulted in significant reductions in tumor burdens 
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and prolonged survival rates. The importance of COX2 in antitumor immune inhibition was 

demonstrated by an observed increase in tumor-infiltrating lymphocytes as well as IL-12 and 

IFN-γ production following COX2 inhibition therapy [153]. COX2 inhibition has also been 

shown to enhance the efficacy of other immunotherapeutic strategies [154,155], which supports 

their potential for use in combination therapies. Selective COX2 inhibitors (eg. Celecoxib and 

rofecoxib) are already available for human use and have undergone clinical trials where they 

have been combined with chemotherapies. There appears to be a clinical benefit to patients on 

combination therapies compared to chemotherapeutics alone [156,157]. Therefore, overall results 

support the rationale design and trial of treatment strategies that combine the use of COX2 

inhibitors and other immunotherapies, such as antitumor vaccines, for the treatment of cancer. 

Although given the recent reported risks of the current drugs, the development of less toxic 

inhibitors of the COX pathway or alternative targeting of the prostaglandin receptors will 

probably be undertaken. 

 

CONCLUSIONS  [Heading 1] 

It has become clear that successful cancer treatments will probably require the administration of 

multiple therapies that effectively target different pro-tumorigenic pathways and disrupt the 

immunosuppressive networks. The treatment of cancer patients by restoration of effective 

antitumor immune responses may require approaches aimed at protecting antitumor immune cells 

from the effects of regulatory cells such as MDSC or the cytokines/chemokines that they 

produce; and/or prolonging the survival and function of effector cells by inhibiting negative 

stimulation and metabolic constraints. Different immunosuppressive mechanisms may be elicited 

dependent on the tumor type and may change with tumor progression and alterations in the tumor 

microenvironment. Therefore, tailoring the immunotherapeutic strategy and the timing of its 

administration will require the monitoring of the occurrence of immune suppressive mechanisms. 

Defining the molecular and functional profile of the tumor and its associated immune cells will 

be key to personalizing the selection of treatments, including immunotherapies that can be 

combined to form an overall strategy for limiting cancer progression. As our understanding of 

host-tumor interactions increases and our technical ability to monitor disease progression 

biomarkers expands, tailoring individualized treatment strategies will become a real therapeutic 

option for the treatment of cancer patients. 
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Key unanswered questions   [Heading 2] 

 Continued mapping of tumor escape and immune suppressive networks will inform the 

design of more potent therapeutic strategies. 

 Investigation of combination approaches that incorporate methods that reduce tumor 

burden, augment antitumor responses and inhibit the regulatory pathways that induce 

immune tolerance, will lead to more effective treatments for cancer patients. 

 Developing methods that permit monitoring of the status of the cancer and an individuals 

immune system will allow tailoring of treatments and their timing, to target tumor escape 

pathways as they develop so that they have the highest chance of success at eliminating or 

reducing tumor progression and limit the need for “trial and error” treatment regimes.  

 Understanding the molecular links between genetic mutations and epigenetics in tumors 

and the tumor immunosuppressive microenvironment that results.  
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Table 1: Methods of “suppressing the suppressors.” 

Regulatory cells   

MDSC Inhibit their accumulation Upregulate IRF-8; possibly reduce STAT-3/6 

  Reduce the production of inducing TDF eg. GM-CSF, CSF-1, VEGF 

 Reduce their numbers Requires a more specific cell marker before can target with depleting 

antibodies. Lymphoablation (chemical or radiation). 

        - chemotherapies Eg. Gemcitabine, sunitinib, 5FU 

 Drive their differentiation ATRA, IFN-γ, vitamin D3 

 Inhibit their suppressive mechanisms Arginase, NOS, ROS, IL-10 (See below) 

Treg Reduce their numbers mAbs eg. Daclizumab (anti-CD25) 

Immunotoxin eg. Ontak (denileukin diftitox) 

Lymphoablation (chemical or radiation) 

 Inhibit their suppressive mechanisms Inhibit ATP hydrolysis (Ectonucleotidase inhibitors) 

NKT Support type I over type II CD1d type I agonist ligands 

 Inhibit their suppressive mechanisms IL-13?, TGF-?, neutralize CD1d 

Cytokines/Chemokines   

IL-10 Reduce IL-10 levels; inhibit signaling mAbs against IL-10 or its receptor 

 Inhibit the cells producing IL-10 Reduce the numbers of MDSC, TAMs etc. 

TGF- Reduce TGF- levels; inhibit signaling mAbs eg. Infliximab, Lerdelimumab, GC-1008 

Small molecule inhibitors 

Antisense oligodeoxynucleotides eg. trabedersen 

VEGF Reduce VEGF levels mAbs eg. bevacizumab 
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CCL2 Reduce CCL2 levels; inhibit signaling mAbs against CCL2 or its receptors 

 Inhibit the cells producing CCL2 Reduce the numbers of MDSC, TAMs etc. 

Exhaustion   

CTLA-4 Inhibit signaling mAbs eg. Ipilimumab, Tremelimumab 

PD-1 / PD-L1 Inhibit signaling mAbs against PD-L1 or PD-1 eg.MDX-1106  

PD-1 decoy receptors 

Metabolic   

Arginase I  Inhibit enzymatic activity L-arginine analogues eg. Nor-NOHA, nitroaspirin 

 Inhibit the cells producing arginase I Reduce the numbers of MDSC, TAMs etc. 

Nitric oxide synthase Inhibit enzymatic activity L-arginine analogues eg. 1-NMMA, nitroaspirin 

 Inhibit the cells producing NOS Reduce the numbers of MDSC, TAMs etc. 

Adenosine Ectonucleotidase inhibitors mAbs against CD73 or CD39 

 Inhibit signaling Adenosine receptor antagonists, small molecule inhibitors 

IDO Inhibit enzymatic activity Small molecule inhibitors eg. 1MT, d-1-MT 

IDO-specific siRNA, inhibit PGE2 

Natural products eg. Brassinin, exiguamine 

 Inhibit the cells producing IDO Reduce the numbers of DCs, macrophages etc. 

 Neutralize its toxic metabolites mAbs against N-formyl-kynurenine 

COX2 Inhibit enzymatic activity COX2 inhibitors eg. Celecoxib, rofecoxib 

PGE2 Inhibit signaling Receptor blockade 

Myeloid-derived suppressor cells (MDSC); tumor-derived factors (TDF); tumor-associated macrophages (TAM); dendritic cell (DC); 

monoclonal antibodies (mAbs) 


