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ABSTRACT 
 

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

essential role in the immunosuppressive networks that contribute to tumor immune 

evasion.  The mechanisms by which tumors promote the expansion and/or function of 

these suppressive cells and the cross-regulation between MDSC and Treg remain 

incompletely defined.  The current work evaluates the influence of MDSC, expanded in 

two mouse cancer models, on immunosuppressive Treg.  We demonstrate that tumor-

induced MDSC endowed with the potential of suppressing conventional T lymphocytes 

surprisingly impair TGF-β1-mediated generation of induced Treg (iTreg) from naïve 

CD4+ T lymphocytes.  Suppression of iTreg generation by MDSC occurs early in the 

differentiation process, and is cell contact dependent. This inhibition of FoxP3-expressing 

T lymphocyte differentiation by MDSC does not depend on arginase 1, cystine/cysteine 

depletion, iNOS/NO, or PD-1/PD-L1 signaling.  These findings therefore indicate that 

MDSC from tumor-bearing hosts have the heretofore unreported ability to restrict some 

immunosuppressive Treg subpopulations.  
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CHAPTER 1: INTRODUCTION  

 

The idea of harnessing the immune system against cancer represents an attractive 

alternative and a complementary approach to conventional therapies. However the 

limited success from multiple cancer immunotherapy clinical trials has undermined initial 

enthusiasm.  One of the main challenges currently being faced in immunotherapeutic 

approaches stems from the induction of immune tolerance (immunosuppression) by 

selected clones of tumor cells that have escaped from recognition and elimination by the 

immune system.  Multiple mechanisms of tumor-induced tolerance have been described, 

among which is the induction and promotion of immunosuppressive regulatory T cells 

(Treg) and myeloid-derived suppressor cells (MDSC).  The modalities of induction of 

Treg and MDSC in cancer, as well as the reciprocal interaction between these two 

immunosuppressive cell types, remain incompletely defined. A current concept that has 

originated from different studies proposes that a positive amplification loop may exist, by 

which Treg may promote the generation of MDSC which in turn foster Treg.  The 

original objective of the research work presented here was to determine whether MDSC 

may contribute to the expansion of Treg observed in cancer by fostering their 

differentiation from naïve T lymphocytes.  Surprisingly, we found that MDSC not only 

do not induce Treg production but they actually impair their differentiation induced by 

TGF-β1.  

In this first chapter we give an overview of cancer, immune system aberrations 

during tumor development, current immunotherapeutic strategies, and provide an 
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introduction to MDSC and Treg. This first chapter also will discuss the limitations of 

current immunotherapy and how MDSC and regulatory T cells contribute to the limited 

efficacy of successful tumor immunotherapy.  In the second chapter we will cover the 

expansion, immunosuppressive mechanisms, and depletion strategies of MDSC and Treg, 

what is now known about their interaction, and our hypothesis.  In a third chapter we will 

present the methods that were used to obtain data pertaining to our research question.  In 

the fourth chapter, the results indicating that MDSC suppress the conversion of naïve T 

cells into Treg will be presented and discussed. In the fifth chapter we present a summary 

of conclusions, limitations of our work, influence on current opinions, and the relevance 

of our findings.  

 

1-1 CANCER 

1-1.1 About the disease 

Cancer can be defined as a malignant mass of cells capable of unlimited 

proliferation, and the ability to expand into the surrounding tissue by invasion or travel to 

distant sites through the process of metastasis. Cancers arise from a single cell which 

undergoes multiple changes or mutations to become cancerous. The steps involved in this 

multistage process toward transformation have been identified by Hanahan and Weinberg 

(1).  They state that gene mutations must occur in a normal cell which allows for the 

production of self-sustained growth signals, development of resistance to apoptosis and 

insensitivity to anti-growth signals, as well as the capability to replicate limitlessly, 

induce angiogenesis, invade and metastasize in order for normal cells to be transformed 
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into a cancer cell. These are considered the six hallmarks of cancer (Figure 1.1) (1). 

Cancer cells accumulate these mutations due to tumor viruses, genetic alteration or 

environmental stimuli. Some typical mutations include the inactivation of tumor 

suppressor genes such as Rb, or p53 or the activation of an oncogene such as c-myc or 

ras.  

 

 

Figure 1.1  The Six Hallmarks of Cancer, from “The hallmarks of cancer.”  R.A.  
Weinberg and D. Hanahan, Cell 2000.  
 

More recently however, researchers have proposed to include an additional 

hallmark of cancer, an inflammatory microenvironment.  The importance of tumor-
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induced inflammation in development and progression of cancer has been well 

documented (2, 3). Moreover the role of tumor-induced inflammation has been shown to 

play a central role in the development of cancer in many cases such as inflammatory 

bowel disease (4). Additionally, chronic inflammation has been shown to contribute to 

the loss of tumor immunity, through a process known as tumor immune escape (Figure 

1.2) (2).  This concept will be examined in detail later on. 

 

Figure 1.2 The Seventh Hallmark of Cancer, from “Cancer: Inflaming metastasis.” 
Alberto Mantovani, Nature 2008 
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1-1.2 Impact 

Cancer is a disease that touches the lives of many individuals. It is unfortunately 

the leading cause of death worldwide and according to the World Health Organization 

(WHO), accounted for 13% of all deaths in 2008. More startlingly, the incidence of 

cancer is on the rise and the total number of global cancer deaths is projected to increase 

to 45% from 2007 to 2030 (from 7.9 million to 11.5 million deaths).  The main types of 

cancer responsible for the largest number of deaths are: lung (1.4 million deaths), 

stomach (740,000 deaths), liver (700,000 deaths), colorectal (610,000 deaths), and breast 

(460, 000 deaths). Some risk factors for cancer which can be avoided include tobacco 

use, being overweight, having a low fruit and vegetable intake, being sedentary, and 

consuming alcohol in excess. 

 

1-1.3 Treatments 

The major therapeutic approaches used today against cancer include radiation 

therapy, surgery, and chemotherapy. Radiation therapy can be used as a primary therapy 

or in combination with surgery and/or chemotherapy. Radiation therapy is the 

administration of radiation to either external sites using external beam radiation or 

internal sites such as the uterus or prostate, which is known as brachytherapy. Radiation 

therapy targets cancer cells based on their stem cell-like characteristics of rapid division 

and minimal efficiency to repair DNA damage. Administration of radiation damages 

cellular DNA through either direct or indirect mechanisms, leading to either single- or 

double-strand DNA breaks respectively. The indirect mechanism of radiation damage can 
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more efficiently lead to cancer cell death; however this process only occurs when cellular 

water or oxygen is ionized by the radiation. Unfortunately tumors can have large regions 

of hypoxic tissue for which radiation has limited efficacy.     

Radiation therapy is a good option for many cancers which are radiosensitive 

including leukemias, lymphomas, and germ cell tumors, as well as tumors at earlier 

stages in development like non-melanoma skin cancer, head and neck cancer, breast 

cancer, non-small cell lung cancer, cervical cancer, anal cancer and prostate cancer (5-8). 

However, the majority of epithelial tumors are only moderately sensitive to radiotherapy, 

and renal cell cancer, melanoma, and later stage cancers are essentially radioresistant. 

The reason for increased resistance of more advanced solid tumors can be explained by 

the requirement of cellular oxygen as a radiosensitizer. These larger, more advanced 

tumors have generally outgrown their blood supply and have become hypoxic. Other 

limitations of radiotherapy include the side effects of long-term radiation therapy which 

can lead to the appearance of secondary cancers, and in some cases, cardiotoxicity. 

Chemotherapy is a method of killing cancer cells which utilizes a wide range of 

chemical agents which target cells with high proliferation rates. The targeting of cells 

undergoing rapid cell cycling however is not specific to cancer cells. Because 

chemotherapy does not specifically target tumor cells it can have devastating side effects 

on the patient including extreme myelosuppression, immunosuppression, nausea and 

vomiting which can lead to anorexia and fatigue. Although the side effects of 

chemotherapy can make undergoing chemotherapy extremely challenging it is important 

to note that there are cancers in which chemotherapy is a highly effective treatment. 
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These include testicular cancer, lymphomas and cervical cancer (9). Unfortunately there 

are also examples for which chemotherapy is not effective at all including pancreatic 

cancer, prostate cancer, melanoma skin cancer, multiple myeloma, renal cell carcinoma, 

and bladder cancer.  Moreover, chemotherapy has only been shown to have limited 

efficacy for breast and lung cancers, which account for some of the largest numbers of 

deaths worldwide (9).  Another role of chemotherapy is to suppress minimal residual 

disease (MRD) after surgery; however the elimination of micrometastases as well as local 

recurrence has remained a hurdle for current cancer therapies.  Immunotherapy is one 

suggested approach to increase, with some efficacy, the detection and elimination of 

micrometastases and MRD. (10-14).  

 It is important to understand that none of the cancer therapies discussed above is 

curative in all cases.  Surgery, chemotherapy, and radiation therapy are all frontline 

treatments which have been designed to eliminate primary tumors and in some cases 

large secondary tumors.  It is, however, a well known fact that most patients who die 

from cancer do not die from primary disease, except in rare cases, but rather from the 

resulting metastatic disease which follows.  Another limitation to conventional therapy is 

the development of resistance.  Patients who do respond to conventional therapy can have 

MRD with no clinically detectable signs of cancer.  This stage can last for 5, 10, or even 

20 years until some clones of cancer cells develop resistance to therapy.  In this case 

conventional therapies will no longer work and tumors will recur.  Therefore it is 

extremely important to design new therapies which can help recognize and eliminate both 

metastasies and MRD. 
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1-2 THE IMMUNE RESPONSE TO CANCER 

1-2.1 Immunoediting 

 In healthy individuals there are always some clones of cells that have acquired 

some key mutations allowing them to bypass or overcome the intrinsic mechanisms of 

tumor suppression.  However, in most individuals, although these cells have escaped 

from intrinsic suppression, they are specifically recognized and eliminated.  This process 

is known as immune surveillance.  The concept of tumor immune surveillance was first 

hypothesized by Burnet and Thomas as early as 1957. Specifically, they proposed that 

“thymus-derived” immune cells were capable of specifically recognizing continuously 

arising transformed or transforming cancer cells and were responsible for their 

elimination (15, 16). This concept was initially regarded with extreme skepticism due to 

the fact that nude mice, mice lacking a thymus, do not have an increased risk of cancer as 

compared to wild-type.  However this skepticism was overcome when it was discovered 

that nude mice are not completely immunocompromised.  In fact nude mice still contain 

some T cells, gamma delta T cells (γδ T cells), and NK cells (natural killer cells).  This 

concept was further proven through molecular biology techniques and use of IFN-γR -/- 

mice, αβ-TCR-/- mice, and STAT1-/- mice.  These new data from animal models as well 

as human cancer patients proves that this process plays a crucial role in the maintenance 

of normal homeostasis and the prevention of tumor formation (15, 17-28).  

Immunosurveillance however seems to be only the first phase of a larger concept known 

as immunoediting initially described by Dunn in 2004 (18).  Immunoediting can be 

broken into three phases also known as the “three E’s of immunoediting”: Elimination, 
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Equilibrium and Escape.  The understanding of which elucidates the necessity for tumor 

immune surveillance (Figure 1.3).  

 The elimination phase of immunoediting is characterized by the identification and 

elimination of a small fraction of tumor cells, primarily by the innate arm of the immune 

system.  Initially cancerous cells are detected by cells of the innate immune system 

including NK cells (natural killer cells), NKT cells (natural killer T cells), macrophages 

and dendritic cells.  These cells are attracted to the tumor site by local inflammation 

created by the growing tumor which causes stromal remodeling and neoangiogenesis.  

These changes lead to the release of danger signals which recruit the immune system to 

the tumor site.  Some tumor cells are directly killed at this stage while others remain.  NK 

cells and γδ T cells produce IFN-γ, a key cytokine which promotes NK and macrophage 

activation.  Activated macrophages in turn produce IL-12 which further contribute to NK 

activation.  Macrophages also directly kill tumor cells.  IFN-γ partially inhibits 

neoangiogenesis, resulting in increased cell death. Increase recruitment of inflammatory 

macrophages, NK and γδ T cells and the dead tumor cells promote the amplification of 

proinflammatory response, the increased release of chemokines which in turn recruit 

more macrophage, NK and dendritic cells to the tumor site.  The dead tumor cells also 

provide an essential source of antigen which can then be taken up by dendritic cells.  This 

combination of chemokine stimulation mixed with antigen uptake by dendritic cells leads 

to maturation of dendritic cells. Mature dendritic cells then migrate to secondary 

lymphoid tissues, (lymph nodes or spleen) where they process and present the antigen to 

naïve CD4+ and CD8+ T cells, activating them.  The participation of CD4+ and CD8+ T 
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cells is crucial for elimination to occur properly.  CD4+ T cells are very specific for tumor 

antigens and, once activated, become helper T cells.  The role of these helper T cells is to 

aid in the activation of CD8+ T cells.  The activation of CD8+ T cells, with the help of 

CD4+ T cells, allows them to differentiate into cytotoxic T cells.  These cytotoxic CD8+ T 

cells will be specific to tumor antigen and will directly eliminate tumor cells, through a 

variety of mechanisms including the perforin/granzyme system.  This activation of the 

adaptive immune response is an essential step in the induction of anti-tumoral immunity 

and is key for efficient elimination to occur. 

 Once elimination has taken place the tumor has two fates. The cancerous cells 

may either be completely eliminated or the tumor cells will enter into a state of 

equilibrium in which the immune system continues to kill a portion of the cancer while 

other cells, known as tumor escape variants which have acquired resistance, continue to 

grow.  The equilibrium stage can last anywhere from a few months to decades.  In the 

case of equilibrium there is very little change in the size of the tumor; however tumor cell 

variants will eventually overcome the suppressive pressures of the immune system and 

essentially “escape.” Tumor cell variants emerge in response to the selective pressures of 

both genetic instability and immune selection (29).  In the escape phase the immune 

system can no longer inhibit the growth of the tumor and the tumor cells will grow 

unchecked.  This is the stage in which active mechanisms of immunosuppression are 

triggered by cancer cells, including the production of immunosuppressive cytokines, and 

induction of immunosuppressive cells such as myeloid-derived suppressor cells and 

regulatory T cells. 
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Figure 1.3  The Three E’s of Immunoediting, from “The Immunobiology of Cancer 

Immunosurveillance and Immunoediting.”  Dunn, Immunity 2004. 

 

1-2.2 Mechanisms of immune escape 

 As described above the escape phase of immunoediting is necessary for the 

outgrowth of tumor escape variants and further tumor development. There are multiple 

mechanisms which can lead to immune escape including, but not limited to, the 

downregulation of major histocompatibility complex class I (MHCI), the production of 

immunosuppressive cytokines, and the induction of immunosuppressive cells (30-33). 

Expression of MHCI molecules by tumor cells allows them to be recognized and 

therefore eliminated by CD8 cytotoxic T cells (CTL).  Downregulation of MHCI by 
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tumor cells allows for them to evade recognition and therefore elimination by immune 

cells (32).  Immunosuppressive cytokines such as IL-4, IL-6, IL-10, and TGF-β1, among 

others, can be produced by tumor cells which can lead to a type II immune response, the 

suppression of anti-tumoral immune cells, or contribute to the induction of 

immunosuppressive cells (30, 34).   

 

1-2.3 Role of TGF-β1 in immune escape 

TGF-β1 is of particular importance in the immunosuppressive networks that 

regulate tumor-induced immunosuppression.  This molecule plays an important role in 

regulating the immune system, in particular tumor-induced immune suppression.  High 

levels of TGF-β1 in cancer patient plasma correlates with advanced disease stage, and in 

some cases is used to categorize patients into high and low risk populations (35).  The 

transcription of TGF-β1 has been shown to be up-regulated in many types of cancer cells, 

and TGF-β1 secretion has been linked to increased tumor progression, poor prognosis 

and the induction of immune tolerance (35). The production of TGF-β1 by tumor cells 

has been documented to promote immunosuppression, angiogenesis, and metastasis in 

cancer patients (36). Furthermore, TGF-β1 can suppress T cells, B cells, and myeloid 

cells. TGF-β1 suppresses T cells by inhibiting the secretion of proinflammatory cytokines 

such as INF-γ or TNF-α. TGF-β1 can also decrease the expression of the IL-2 receptor on 

various immune cells, which leads to reduced T cell proliferation.  TGF-β1 has also been 

reported to promote the differentiation, proliferation and/or conversion of naïve T cells to 

regulatory T cells (37-39).  Recent research has therefore begun to target TGF-β1 as an 
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immunotherapeutic strategy to restore immune surveillance. Preliminary data show that 

peptide inhibitors of TGF-β1 may enhance the efficacy of anti-tumor immunotherapy 

(40). The effect of this inhibitor, given in combination with adjuvant molecules, has been 

shown to reduce not only the levels of TGF-β1 being secreted by tumors cells, but also by 

regulatory T cells. Along with these primary effects, the inhibitor also increased dendritic 

cell (DC) activity and NK cell number and reduced the number of MDSC and Treg (40).  

 

1-2.4 Role of immunosuppressive cells in immune escape  

The induction of immunosuppressive cell populations by tumor cells represents an 

important and complex mechanism of tumor-induced immune suppression. Some 

immunosuppressive cells expanded by cancer are regulatory T cells (Treg) myeloid-

derived suppressor cells (MDSC), tumor-infiltrating DC (TIDC), and alternatively 

activated macrophages (41-44). MDSC and Treg have been characterized as critical 

contributors to the induction of tumor immune tolerance. The accumulation of both 

MDSC and Treg in cancer patients has been shown to correlate with increased cancer 

progression, poor prognosis, increased clinical cancer stage and resistance to therapy.  

For these reasons the elimination of these immunosuppressive cells has become an 

attractive strategy in cancer immunotherapy.  
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1-3 CANCER IMMUNOTHERAPY  

Cancer immunotherapy can be broadly defined as strategies designed to induce an 

anti-tumoral immune response. The aim of current immunotherapy is to harness the 

body’s own immune system to enhance the ability of immune cells to recognize and 

destroy cancer cells. In an attempt to achieve this response, numerous strategies have 

been developed and various clinical trials have been conducted.  Some common 

modalities which have been investigated as potential immunotherapeutic agents include 

monoclonal antibodies, dendritic cell (DC) based vaccines, cytokines, and adoptive cell 

transfers. The potential benefits of successful cancer immunotherapy are vast and include 

direct killing of cancer cells by killer dendritic cells (KDC), the recognition and 

elimination of minimal residual disease by tumor-specific T cells when combined with 

surgical removal of the tumor and the induction of an immunological memory response 

which can target and dispose of micrometastases and prevent the development of 

malignancies at secondary sites. Moreover, compared to conventional therapies such as 

chemotherapy and radiation therapy, the side effects are much less severe. The use of 

immunotherapy therefore offers an appealing alternative for patients who may not be able 

to tolerate the harsh side effects of conventional cancer therapy.  

Although there has been some success in approving the use of monoclonal 

antibodies which specifically target cancer cells, such as Trastuzumab approved for the 

treatment of Human Epidermal growth factor Receptor 2 (ErbB2) positive breast cancer, 

and Rituximab which targets CD20+ B cells in non-Hodgkin lymphoma, the use of other 
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immune-modulating therapies have yet to be approved as a primary anti-cancer 

treatments (45, 46).  The reason for the limited efficacy of other immune-stimulating 

agents in cancer is likely due to their inability to overcome the potent effects of tumor-

induced tolerance. The understanding of how cancer cells manipulate the host defenses, 

as well as how to overcome this process could potentially lead to increased efficacy for 

cancer immunotherapies. For these reasons targeting and eliminating MDSC and Treg in 

cancer plays a central role in furthering the benefits of cancer immunothearapy.  
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CHAPTER 2: BACKGROUND AND THEORETICAL FRAMEWORK 

 

2-1 MYELOID-DERIVED SUPPRESSOR CELLS  

 MDSC consist of a heterogeneous population of myeloid cells arrested at early 

stages of differentiation and endowed with immunosuppressive activity.  They include 

myeloid progenitors and immature myeloid cells, and can arise as a normal physiological 

response in instances of infection or trauma (Figure 2.1) (47-50).  In mice, MDSC are 

phenotypically characterized by the expression of the markers CD11b and Gr-1 and by 

the absence of expression of CD11c, F4/80, and MHC Class II (major histocompatibility 

complex class II) and of mature cell markers.  In humans, however, the cell markers of 

MDSC are CD11b and CD33. Human MDSC do not express CD14, and MHCII. In both 

humans and murine models, however, MDSC can be divided into two major subsets: 

granulocytic (Gr-MDSC) and monocytic populations (Mo-MDSC). Murine MDSC can 

be identified based on their expression of Ly6G and/or Ly6C, two epitopes of the Gr-1 

molecule.  The CD11b+Ly6G+Ly6Clow subpopulation exhibits a granulocytic phenotype 

while monocytic MDSC are characterized by a CD11b+Ly6G-Ly6Chigh phenotype.  

Whether the MDSC expanded by tumors are granulocytic or monocytic in nature will 

determine their function.  For example, granulocytic MDSC tend to be more 

immunosuppressive than the monocytic and represent the predominant subset expanded 

in cancer patients and in tumor-bearing animals (51-56).  The accumulation of MDSC in 

cancer has been shown to correlate with an increased clinical cancer stage, increased 

tumor progression, poor prognosis and resistance to therapy (57). 
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Figure 2.1  Origins of MDSC in Disease, from “Myeloid-derived suppressor cells as 

regulators of the immune system.”  Dmitry I. Gabrilovich, Nature 2009 

 

2-1.1 Expansion in cancer 

MDSC are expanded in a variety of pathological conditions including infection, 

trauma, or the presence of a tumor (Figure 2.1). Moreover, MDSC expansion has been 

shown in various organs including the peripheral blood, spleen, lymph nodes and bone 

marrow, as well as within the tumor beds.  MDSC expansion in cancer can be attributed 

to a number of factors.  However, the basic induction process is the same.  First, 

myelopoiesis is stimulated.  Myelopoiesis is a process in which the bone marrow is 

stimulated to produce higher numbers of myeloid cell precursors.  The unregulated 

induction of myelopoiesis stimulated in cancer can be attributed to the production of 
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granulocyte-macrophage colony-stimulating factor (GM-CSF) by tumor cells.  In order 

for these newly formed myeloid cells to become MDSC they must be activated.  

Activation will have two results: first it will ensure that the cells are kept in a state of 

immaturity, second they will gain suppressive function.  Activation of MDSC can result 

from exposure to multiple factors, which are produced by T cells, stromal cells, or tumor 

cells (58).  Some of the factors which are known to cause the activation of MDSC include 

INF-γ, IL-4, IL-13, and TGF-β1 (47).  Upon activation, MDSC will upregulate STAT1, 

STAT3 and STAT6.  STAT3 prevents the cells from differentiating into mature myeloid 

cells, such as macrophages, dendritic cells or granulocytes.  STAT1 and STAT6 will 

endow the cells with immunosuppressive capabilities, triggering their production of 

immunosuppressive factors such as reactive oxygen species (ROS), and arginase 1, 

finally rendering them myeloid-derived suppressor cells (33, 47, 48, 59-63).  Once the 

MDSC are fully activated they are able to migrate to secondary lymphoid organs as well 

as directly to the tumor site and cause T cell anergy, suppression or apoptosis.  Figure 2.2 

depicts the induction of MDSC and the resulting migration and T cell suppression.  
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Figure 2.2  Expansion and Migration of MDSC, from “Pathways Mediating the 
Expansion and Immunosuppressive Activity of Myeloid-Derived Suppressor Cells and 
Their Relevance to Cancer Therapy.” Talmadge, Clinical Cancer Research 2007 
 

A broad panel of tumor-derived factors can trigger MDSC expansion by 

promoting myelopoiesis, impairing the differentiation of myeloid progenitors into mature 

macrophages, dendritic cells or granulocytes, or fostering activation of MDSC (52, 64).   

GM-CSF, TNF-α, INF-γ, IL-1β, IL-6, IL-10, and VEGF are all tumor-derived factors 

which have been shown to induce pathways which mediate the production of both 

arginase 1 and iNOS, two factors which play an important role in the suppression of T 

cells (65).  The diagram below depicts the process of MDSC expansion mediated by 

many tumor-derived factors.  Stimulation of pathways which involve JAK/STAT, 
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MyD88, and the recruitment of S100A8 and S100A9, calcium binding proteins, have 

been shown to aid in the activation of MDSC.  Figure 2.3 depicts the complex interplay 

of signaling pathways which influence activation.  

Figure 2.3 Signaling Pathways Involved in MDSC Activation, from “Myeloid-derived 

suppressor cells as regulators of the immune system.” Dmitry Gabrilovich, Nature 

reviews 2009. 

 

2-1.2 Mode of action of MDSC and mechanisms of T cell suppression 

MDSC have been shown to participate in multiple aspects of tumor-induced 

tolerance through the negative modulation of both the innate and adaptive immune 

responses (59, 66, 67).  MDSC can suppress a wide variety of immune cells including 



 32 

NK cells, NKT cells, macrophages, and dendritic cells (59). A cardinal feature of MDSC 

is their ability to suppress T cell proliferation and activation (48, 60, 68, 69).  The 

mechanisms underlying MDSC immunosuppressive function are multiple, require direct 

cell-cell contact and include the production of nitric oxide (NO), peroxynitrites, reactive 

oxygen species (ROS), and the expression of iNOS and/or arginase 1 (59, 64, 70-77). 

Whether MDSC are granulocytic or monocytic determines which mechanism they 

primarily use to suppress T cells.  

The expression of arginase 1 by both granulocytic and monocytic MDSC has been 

identified as one of the key mechanism(s) underlying the function of these cells (71-73, 

75, 76, 78, 79).  Arginase 1 is an immunosuppressive enzyme with a short half-life which 

catabolizes L-arginine into ornithine and urea.  L-arginine is an essential amino acid 

necessary for T cell function.  L-arginine consumption by MDSC-produced arginase 1 

can lead to the downregulation of the CD3ζ chain of the T cell receptor (TCR) (77).  T 

cells are activated through two signals, TCR stimulation and co-stimulation. Upon 

activation, T cells undergo a process of internalization and re-expression of the TCR 

complex. The downregulation of the CD3ζ chain portion of the TCR by MDSC leads to T 

cell anergy because it prevents the re-expression of a complete and functional TCR (80).  

Similar to arginase 1, the production of inducible nitric oxide synthase (iNOS) by 

monocytic MDSC also disrupts T cell activation through the suppression of CD3ζ chain. 

iNOS can also lead to T cell suppression through the production of nitric oxide (NO) (56, 

81).  NO is a highly reactive gas produced by various cells in the body at low levels and 

plays an important role in signaling and normal homeostasis.  NO-mediated suppression 
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by Mo-MDSC, however, involves the disruption of the T cell IL-2 signaling cascade.  

NO can directly or indirectly disrupt IL-2 signaling through the S-nitrosylation of 

cysteine residues or the activation of soluble guanylate cyclase, respectively (82-84).  At 

lower concentrations, NO is cytostatic for T cells; however, at higher levels it can induce 

their apoptosis. Peroxynitrites can also play a role in MDSC-mediated T cell suppression. 

Peroxynitrites can be generated as metabolic products of the chemical reaction between 

NO and superoxide.  Peroxynitrites are a form of very powerful reactive nitrogen which 

can induce the nitration of amino acids such as tyrosine. Tyrosine nitration can then lead 

to T cell unresponsiveness (47, 60, 62, 65). Moreover the generation of peroxynitrites by 

MDSC can directly lead to T cell death through the nitration of T cell mitochondria (85).  

Reactive oxygen species (ROS) produced by MDSC represent an additional 

mechanism of antitumor immune suppression.  ROS are chemically reactive molecules 

which contain oxygen and are capable of oxidation of other molecules.  Increased levels 

of ROS have been documented as one of the main characteristics of Gr-MDSC (56, 81).  

The production of ROS by MDSC is fostered by the ligation of integrins on MDSC with 

molecules on the surface of T cells and can lead to T cell suppression in an antigen-

specific manner (86).  Increased production of ROS by MDSC plays an important role in 

the induction of tumor-specific T cell tolerance.  The inhibition of MDSC-derived ROS 

has been shown to significantly impede the suppressive potential of MDSC both in 

tumor-bearing animals and cancer patients (86-88).  Additionally some reports suggest 

that the infiltration of MDSC cells into the tumor can result in increased level of the 

immunosuppressive cytokine TGF-β1 (89). It is important to note that MDSC themselves 
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are capable of secreting TGF-β1; however this is only true for MDSC isolated from 

tumor-bearing mice, not those found in tumor-free mice (89). The production of TGF-β1 

by MDSC may further increase their ability to suppress the immune system. Additionally 

the induction of Treg by MDSC has also been proposed as a potential mechanism of 

MDSC suppression (90-92).  

 

2-1.3 Depletion strategies for MDSC in cancer 

 Due to the critical role of MDSC in the process of tumor-induced immune escape, 

depletion of MDSC in cancer patients has become an increasingly attractive strategy. The 

suppression of MDSC through therapeutic manipulation may promote tumor-specific 

immunity, foster activity of innate immune cells, and most importantly, may improve 

efficacy of existing therapies (58, 60, 67, 71, 72, 76-78, 93-98).  For these reasons 

multiple depletion strategies have been evaluated including inhibiting MDSC expansion, 

promoting MDSC differentiation, inhibiting their suppressive function, and directly 

eliminating MDSC.  Because multiple tumor-derived factors have been implicated in the 

expansion of MDSC, several groups have tried to suppress MDSC expansion through the 

inhibition of such factors as VEGF, and COX2 (55, 94).  The treatment of renal cell 

carcinoma patients with bevacizumab, an anti-VEGF antibody, however, did not 

modulate the expansion of MDSC (73).  Treatment of tumor-bearing mice with 

Celecoxib, a COX-2 inhibitor has shown decreased numbers of MDSC in glioma, 

mesothelioma, pancreatic adenocarcinoma, and intestinal tumors (94, 99-101).  

Celecoxib, like other NSAIDS, however, has been associated with severe cardiotoxicity, 
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leading to an increased risk of heart attack and stroke (102).  To date, Celecoxib has not 

been tested in humans as a strategy of suppressing MDSC.  

 Cox-2 inhibitors have also shown some efficacy in suppressing the function of 

MDSC in both breast and lung cancer tumor models (74, 103).  The Cox-2 inhibitor was 

shown to decrease the production of arginase 1 by MDSC.  Other groups have attempted 

to inhibit the function of MDSC by suppressing ROS, with some efficacy.  De Santo et 

al. showed that the administration of Nitroaspirin, a NO-releasing aspirin, was capable of 

interfering with ROS produced by MDSC (104).  Moreover, the treatment led to 

enhanced function and increased number of tumor-antigen-specific T cells, and increased 

efficacy of a cancer vaccine. 

 Another strategy examined by some scientists to negatively target MDSC is to 

promote their differentiation into mature myeloid cells. The goal of this approach is to 

force MDSC to become pro-inflammatory cells, which can then foster tumor immunity.  

The most promising compound which has been investigated is the vitimin A derivative 

all-trans retinoic acid (ATRA).  ATRA has been used successfully in the treatment of 

acute promyelocytic leukemia (APL) (105, 106). APL arises due to increased 

proliferation of immature myeloid cells.  Immature myeloid leukemia cells are forced to 

differentiate into mature myeloid cells with ATRA.  Several groups have shown that 

administration of ATRA can induce the differentiation of MDSC into mature dendritic 

cells and macrophages both in vivo and in vitro (42, 107, 108).  The exact mechanism of 

action is unknown, however. Gabrilovich and Nagaraj hypothesized in their 2009 review 

(47) that ATRA may push the differentiation of the monocytic MDSC subset to 
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macrophages and DC, while inducing the apoptosis of the granulocytic population. 

However, this hypothesis has yet to be tested.  MDSC-mediated T cell suppression has 

been linked to the Interleukin 4 receptor α (IL-4Rα) molecule.  Sildenafil, a 

Phosphodiesterase-5 inhibiting agent, has therefore been used to downregulate IL-4Rα on 

MDSC, leading to increased anti-tumor immunity (91, 109, 110).  The anti-tumor 

response observed was due to both a decreased number of circulating MDSC as well as 

impaired suppressive function.    

  The well known chemotherapeutic drug gemcitabine has been shown to eliminate 

MDSC in a selective manner (111, 112).  Although the study was performed in tumor-

bearing animals, the dose of gemcitabine was similar to the dose used in cancer patients 

and did not affect the numbers of CD4+ T cells, CD8+ T cells, NK cells, macrophages, or 

B cells.  Moreover the observed decrease in MDSC was followed by an increase in anti-

tumor immunity (112).  It is important to note that not all chemotherapeutic drugs will 

behave in a manner that reduces MDSC. For example doxorubicin-cyclophosphamide 

regimens have been shown to increase the number of circulating MDSC (57, 113).  

Another chemotherapeutic drug, 5-Fluorouracil (5-FU), has also been shown to 

specifically eliminate MDSC (114-121).  Some groups suggest that 5-FU is actually more 

efficient at reducing the number of tumor-induced MDSC than gemcitabine (117).   

The elimination of MDSC by 5-FU led to increased anti-tumor immunity fostered by the 

production of IFN-γ by tumor-specific CD8+ T cells.  Although the exact mechanism of 

MDSC depletion is unclear, MDSC do seem to be more sensitive to this drug than other 

cells in the body.   
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 Interestingly, the use of the tryrosine kinase inhibitor Sunitinib has proven to both 

prevent the accumulation of MDSC and impede their suppressive function (96, 122-124).  

Sunitinib was initially used in the treatment of renal cell carcinomas and gastrointestinal 

stromal tumors (GIST) which were resistant to Imatinib.  Sunitinib inhibits multiple 

receptor tyrosine kinases, including c-Kit.  It is thought that Sunitinib decreases the 

accumulation of MDSC by inhibiting c-Kit ligand stimulation, which is required for 

MDSC accumulation (123).  Interestingly, treatment of tumor-bearing mice with 

Sunitinib led not only to decreased numbers and loss of suppressive function of MDSC, 

but prevented tumor-specific T-cell anergy as well as Treg development.  It has been 

hypothesized that c-Kit ligand is not only necessary for the induction of MDSC but also 

for MDSC to induce the expansion of Treg (123).  It is important to note that Sunitinib is 

the only drug which has been proposed to inhibit the ability of MDSC to induce Treg, 

which is a critical part of MDSC-induced tumor suppression.   
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2-2 REGULATORY T CELLS 

2-2.1 Expansion in cancer 

Regulatory T lymphocytes (Treg) critically contribute to the maintenance of self-

tolerance and to the prevention of autoimmunity (125, 126).  Tumor development and 

progression positively correlate with Treg expansion (127-130), which represents a major 

obstacle for current cancer immunotherapies (22, 131, 132). Multiple populations of 

immunosuppressive T cells have been described in the past 15 years, including the 

CD4+CD25+ subset expressing the transcription factor FoxP3 (133, 134).  

CD4+CD25+FoxP3+ Treg can be produced during thymic selection and are known as 

naturally occurring Treg (nTreg), or can be generated in the periphery by differentiation 

from naïve CD4+CD25-FoxP3- T lymphocytes (induced Treg, iTreg) under specific 

conditions. This specific stimulation results in the upregulation of the transcription factor, 

forkhead box P3 (FoxP3) (135-137).  FoxP3 is known as the master regulator of both 

iTreg generation and Treg suppressive function. FoxP3 can be turned on in a naïve T cell 

upon TCR and CD28 stimulation in the presence of TGF-β1.  T cell activation and TGF-

β1 signaling causes the binding of transcription factors such as nuclear factor of activated 

T-cells (NFAT), activator protein 1 (AP-1), specificity protein 1 (Sp-1), STAT5, Smad3 

and CREB-ATF, to specific binding sites on the enhancer region and the FoxP3 promoter 

site (138).  This binding leads to the upregulation of FoxP3 and the suppressive abilities 

of Treg (Figure 2.4).  Treg expansion has been well documented in both tumor-bearing 

mice and in cancer patients (139). Mechanisms which regulate this expansion have yet to 



 39 

be identified (140).  Treg expansion observed in cancer patients and in tumor-bearing 

animals may result from the conversion of naïve T cells into iTreg and/or from the 

proliferation of nTreg (43, 141-146).  The prevalence of one over the other of these two 

mechanisms in cancer patients remains controversial (139, 147-150).  Similar to naturally 

occurring Treg, the “converted” cell population is also capable of immune suppression.  

It has been proposed that MDSC may contribute to the proliferation of naturally 

occurring Treg (nTreg), or iTreg conversion, or both.  

 

Figure 2.4  TGF-β1 Regulation of FoxP3 Induction, from “What turns on FoxP3?” 

Harald von Boehmer, Nature Immunology 2008 
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2-2.2 Mode of action of Treg and mechanisms of T cell suppression 

Treg are a specialized subpopulation of T cells capable of suppressing activation 

of the immune system and thereby maintaining immune homeostasis and tolerance to 

self-antigens. One mechanism by which Treg suppress conventional T cell activation is 

the inhibition of IL-2 production by responding T cells (151). IL-2 is a proinflammatory 

cytokine which is released by activated T cells in response to TCR stimulation during a 

normal immune response.  IL-2 can then bind to IL-2R on T lymphocytes. This 

interaction stimulates the growth, differentiation and survival of antigen-selected T cells. 

IL-2 is therefore crucial for normal development of T cells as well as immunologic 

memory (152-154).  Regulatory T cells also have the capacity to produce 

immunosuppressive cytokines such as TGF-β1, and IL-10, which can also impair T cell 

proliferation and activation (155, 156). Treg have also been shown to inhibit naïve CD8+ 

cytotoxic T cells, NK cells, NKT cells, B cells, and macrophages (157). Our group has 

demonstrated that Treg are capable of inhibiting dendritic cell function, which is essential 

for the induction of immune responses (142, 158-160). Due to their vast array of 

immunosuppressive abilities and their out-of-control expansion in cancer patients, Treg 

have become an attractive target for immunotherapy.   

 

2-2.3 Depletion strategies for Treg in cancer  

Since tumor-induced Treg are a major obstacle for the induction of anti-tumor 

immunity, they have become the targets of multiple strategies that aim at either 

eliminating them directly or at blocking their immunosuppressive function. Multiple 
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strategies have been explored including chemotherapy, antibodies which target T cells, 

tyrosine kinase inhibitors, or IL-2-toxin chimeric proteins (161).  For example, 

Cyclophosphamide treatment has been shown to decreases Treg and increase anti-tumor 

immunity (158, 162).  Additionally, our group showed that the tyrosine kinase inhibitor 

imatinib mesylate reduces Treg number and function in tumor-bearing mice and enhances 

the efficiency of DC-based immunotherapy (141).  Additionally, chimeric proteins, 

which target IL-2 expressing cells for death using a variety of toxins, have also been used 

in an attempt to deplete Treg.  The most common way to eliminate Treg, however, is 

based on the use of anti-T cell expression markers.  Some such markers include CD25, 

GITR, CTLA-4, and OX-40.  The administration of this anti-CD25 antibody, however, 

also leads to the elimination of conventional non-suppressive activated CD25+ effector T 

cells, which are necessary for anti-cancer immune responses.  Negative targeting of 

GITR, CTLA-4 and OX-40 also non-specifically affects Treg and conventional effector T 

lymphocytes (161-166).  Moreover, anti-GITR, anti-CTLA-4, and anti-OX4-0 were not 

as efficient at depleting Treg when compared to anti-CD25 antibodies.  Therefore, to date 

there is no well-accepted technique to specifically eliminate or inactivate Treg in cancer 

patients.  Therefore, the identification of novel strategies must be developed.   
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2-3 INTERACTION BETWEEN MDSC AND TREG IN CANCER 

Three major research groups have postulated that Treg may be modulated by 

MDSC with divergent results, as it relates to the mechanisms underlying these effects.  

The group of Yang, et al. predicts that MDSC may induce the suppressive function of 

Treg through a mechanism dependent on the expression of CTLA4 on Treg, and CD80 

on MDSC (92)  This group hypothesizes that the expression of CD80 on MDSC is 

stimulated by tumor cells, and that CD80 mediates Treg induction via CTLA4.  Another 

paper published by Huang, et al. used the colon cancer mouse model MCA26 and 

hypothesized that, in vivo, Mo-MDSC were capable of inducing Treg proliferation, and 

that this process requires IFN-γ, and IL-10, but is independent of NO (123).  This is an 

interesting hypothesis because IFN-γ has also been shown to impair FoxP3 expression in 

other cases.  The same group later showed that the immune stimulatory receptor CD40 

was necessary for the induction of Treg by MDSC (167).   A third paper, by Serafini, 

suggests that MDSC may regulate Treg expansion by a mechanism which may involve 

arginase 1 secretion by MDSC; however the molecular basis for this mechanism had not 

been characterized (91).  Serafini’s group also reported that the observed expansion of 

Treg originated from a population of already differentiated, or “naturally occuring,” Treg.  

One explanation for these contradicting data may be that these different groups isolated 

MDSC by different methods, or that they are using different subsets of MDSC.  Also, the 

use of different tumor models may explain variable results from group to group. It is also 

important to note that others have suggested that Treg expansion is completely 



 43 

independent of MDSC and that Treg expansion only correlates with tumor progression 

but not with the MDSC, or that the contribution of MDSC to Treg induction is so small 

that it is irrelevant during the induction of immune tolerance (168, 169).    

The conversion of naïve T cells to FoxP3-expressing Treg by treating them with 

exogenous TGF-β1 has been well-established in vitro.  Additionally the differentiation of 

naïve T cells into Treg can be induced though tumor-derived TGF-β1 and has been 

documented in cancer patients. Moreover, tumors specifically induce the granulocytic 

subset of MDSC; however, the influence of Gr-MDSC on iTreg generation has not yet 

been evaluated.  It is thus unclear whether and how Gr-MDSC may induce Treg 

generation from naïve T cells.  These processes have also never been examined in human 

patients. More research is therefore needed to resolve the conflicting results described 

above. 
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2-4 RESEARCH PROJECT OUTLINE 

2-4.1 Ultimate goal of research project 

  The initial objective of this work was to test the hypothesis that MDSC promote 

iTreg generation from naïve T cells, with the long-term aim of identifying potential 

targets to impair this MDSC-mediated induction of iTreg.  This would ultimately result in 

a reduction of tumor-induced immunosuppression and therefore promote anticancer 

immunotherapy in cancer patients. 

 

2-4.2 Significance 

Immunotherapy has become an appealing area of cancer research. However, the 

absence of objective clinical responses in cancer patients treated by immunotherapy has 

been disappointing so far. The reason for this relative lack of success of current 

immunotherapies partly stems from the induction of immune tolerance during tumor 

progression. The suppression of both innate and adaptive immunity results from 

numerous immunoregulatory factors. The immunosuppressive cell populations, MDSC 

and Treg, represent major components of these mechanisms of tumor-induced 

immunosuppression. Although the mechanisms by which these two populations inhibit 

both the innate and adaptive immune responses have been extensively studied, the 

crosstalk between these two populations has not been fully elucidated. The influence of 

MDSC on iTreg generation may play a critical role in the expansion and promotion of the 

suppressive function of these cells.  Moreover, elucidating the role of MDSC in Treg 
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induction in cancer may help to develop more effective strategies to specifically eliminate 

and/or inactivate Treg, which would foster greater efficacy of immunotherapy.  

 

2-4.3 Central hypothesis and hypothetical model 

 

Central Hypothesis 

Gr-MDSC induce the generation of naïve T cells into FoxP3-

expressing iTreg. 
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CHAPTER 3: METHODOLOGY 

 

3-1 CELL LINES, MICE AND TUMOR GROWTH IN VIVO 

The Lewis lung carcinoma (LLC) and the breast cancer (4T1) tumor cell lines 

were chosen as the tumor models which would be used to evaluate our research question.  

These particular models were chosen because previous work showed that both MDSC 

and Treg are expanded by these cancers models and because lung and breast cancer 

significantly contribute to the high number cancer-related deaths worldwide.  LLC and 

4T1 cells were purchased from the ATCC and cultured in RPMI 1640 (Thermo Fisher 

Scientific) supplemented with 10% FBS (Thermo Fisher Scientific) antibiotic-

antimycotic (GIBCO, Carlsbad, CA), MEM (Cellgrow) and Sodium pyruvate (Thermo 

Fisher Scientific), at 37°C, 5% CO2. 

Female BALB/c and C57BL/6 mice were purchased from the National Cancer 

Institute (Bethesda, MD).  FoxP3-EGFP mice which co-express the FoxP3 and the green 

fluorescent protein (GFP) under control of the endogenous promoter (C.Cg-

Foxp3tm2Tch/ J) were obtained from the Jackson Laboratories (Sacramento, CA) and 

were bred at the University of Arizona Health Sciences Center animal facility.  All cells 

which express FoxP3 can be identified by flow cytometry analysis though the expression 

of GFP.  All animals were used at the age of 6-8 weeks.  All experiments were performed 

in accordance with the University of Arizona Institutional Animal Care and Use 

Committee guidelines.   
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For tumor generation, 4T1 or LLC cells were trypsinized and washed 3 times in 

PBS (Gibco/BRL), then counted and adjusted to a concentration of 5 × 106 cells/mL. 

Animals (BALB/c or C57BL/6) were administered with 0.2 mL (1 × 106 cells) 

subcutaneously in both groins.  4T1-bearing mice were euthanized on day 14 and animals 

bearing Lewis lung carcinomas (LLC) were euthanized on day 21. Tumor volumes were 

1000mm3.   

 

3-2 IMMUNOHISTOCHEMISTRY 

Tumors and spleens were harvested and frozen.  Serial sections 5 micron thick 

were cut from each tissue and mounted.  Frozen slides were first fixed in 100% cold 

methanol for 10 min.  Slides were then washed 3 times in 1x phosphate buffered saline 

(PBS) and transferred to a 3% hydrogen peroxide solution (Sigma-Aldrich) for 15 min.  

Slides were then blocked using the pre-made blocking solution from the HistoMark 

Biotin-Streptavidin Peroxidase Kit, Rat Primary Antibody kit (KPL, Inc., Gaithersburg, 

Maryland), for 1 hr.  After blocking, rat anti-mouse CD11b (BD Pharmingen, San Diego, 

CA, Clone: M1/70) and rat anti-mouse Gr-1 (ebiosciences, San Diego, CA, Clone: RB6-

8C5) antibodies were added to the tissue at concentrations of 0.005 mg/ml and 0.02 

mg/ml respectively, over night at 4°C.  After antibody treatment the slides were washed 3 

times with 0.1% tris-buffered saline and Tween 20 (TBS-T), followed by treatment with 

anti-rat IgG from the KPL kit for 30 min at room temperature.  Slides were again washed 

3 times with TBS-T, followed by a 30 min incubation with the streptavidin solution 

provided in the KPL kit.  A final set of 3 washes was performed using TBS-T.  The 
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stained slides were then developed using the AEC and DAB kits from Vector Labs, 

Burlingame, CA for Gr-1 for CD11b, respectively.     

 

3-3 CELL ISOLATION AND MAGNETIC CELL SORTING 

Tumors, spleens and bone marrow were harvested from tumor-bearing or tumor-

free animals.  Tumors were minced into thin pieces and were dissociated in 1.5 mg/mL 

Collagenase (Sigma-Aldrich), 0.5% trypsin (GIBCO) in RPMI 1640 (Thermo Fisher 

Scientific) for 1 hr at 37°C. Dissociated tumor tissue was then passed though a 100 µm 

nylon cell strainer to obtain a single cell suspension.  Spleens were mechanically 

dissociated and passed though a 100 µm strainer and red blood cells were lysed using 1X 

lysis buffer (BD).  Total bone marrow was flushed out from mouse tibias and femurs, 

filtered and red blood cells were lysed.  Ly6G+ MDSC, CD4+CD62L+ naïve T cells and 

CD4+CD25+ nTreg were isolated by magnetic cell sorting using CD4+CD62L+, and 

CD4+CD25+ isolation kits, respectively, and an autoMACSTM  separator, following the 

manufacturer’s instructions (Miltenyi Biotec, Auburn, CA), .   

 

3-4 GENERATION OF ITREG FROM CD4+CD62L+ T CELLS IN VITRO WITH 

MDSC 

CD4+CD62L+ naïve T cells were isolated from either FoxP3-GFP BALB/c or 

C57BL/6 mouse splenocytes as described above, and were cultured in a 24-well plate for 

72 hrs in complete RPMI medium (1.0x106 cells/well) in a 1:1 ratio with anti-CD3 and 

anti-CD28–coated beads T cell expander (Invitrogen) and with 5 ng/ml TGF-β1 
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(Peprotech) (37°C 5%CO2).  Some groups were co-cultured with Ly6G+ MDSC isolated 

from tumors, spleens, or bone marrow of tumor-free, 4T1-tumor-bearing, or LLC-tumor-

bearing mice, at various ratios.  The percentage of CD4+CD25+FoxP3+ and 

CD4+CD25+FoxP3- cells was determined by flow cytometry analysis.  

 

3-5 T CELL PROLIFERATION AND SUPPRESSION ASSAYS 

Total T cells were freshly isolated from tumor-free BALB/c or C57BL/6 mouse 

splenocytes using nylon wool (Polysciences, Inc.) (10), and used as responder T cells.  

Cells were cultured at 37oC for 72 hrs in a 96-well plate in sixplicate and were activated 

with anti-CD3 and anti-CD28-coated beads at a cell:bead ratio of 1:1, with or without 

Ly6G+ MDSC.  BrdU (Millipore) was then added for an additional 24 hrs.  The cells 

were then fixed and the incorporation of BrdU was detected according to the 

manufacturer’s instructions (Millipore).  CD4+CD25+ cell proliferation was assed using 

the CellTrace Violet cell-proliferation kit according to the manufacturer’s procedure 

(Invitrogen).  Labeled CD4+CD25+ cells were cultured (37oC for 96 hrs) with anti-CD3 

and anti-CD28-coated beads (cell:bead ratio  1:1), 20 IU/mL recombinant mouse 

interleukin-2 (rmIL-2) (Peprotech), with our without Ly6G+ cells, and cell division was 

analyzed by flow cytomerty, using the BD LSR II (Becton Dickinson, San Jose, CA)  as 

indicated by manufacturer.   

 

3-6 ANTIBODIES AND FLOW CYTOMETRY 
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Cells (~106) were washed in PBS and were first incubated with an Fc receptor-

blocking Ab (BD Pharmingen, San Diego, CA) for 10 min, then with saturating amounts 

of the appropriate combination of fluorochrome-conjugated Ab for 40 min.  Cells were 

then washed and analyzed using a FACS Calibur (Becton Dickinson Immunocytometry 

Systems, San Jose, CA).  A minimum of 10,000 events were collected for each sample, 

and data analysis was performed with the CellQwest Pro 6.0 (Becton Dickinson 

Immunocytometry Systems).  The following antibodies were purchased from BD 

Pharmingen: anti-mouse CD25-PE (Clone: PC61), CD25-FITC (Clone: 7D4), CD4-FITC 

(Clone: GK1.5), CD11b-PE (Clone: M1/70), F4/80 FITC (Clone: BM8), and IL-4Rα-PE 

(Clone: mIL4R-M1). The following antibodies were purchased from ebiosciences (San 

Diego, CA): CD4-APC (Clone: RM4-5), Gr-1-PE (Clone: RB6-8C5), Ly6C-APC (Clone: 

HK1.4), MHCII-APC (Clone: M5/114.15.2), and B220-PE (Clone: RA3-6B2). CD11c-

APC (Clone: N418) was purchased from Miltenyi Biotec.  For detection of transcription 

factor expression, cells were fixed and permeabilized using the anti-mouse FoxP3 

staining kit (ebiosciences) and stained using the following antibodies purchased from 

ebiosciences: anti-mouse FoxP3 (Clone FJK-16s), T-bet (Clone: eBio4B10(4B10, 4-

B10)) GATA3 (Clone: TWAJ), and ROR-γt (Clone: AFKJS-9).  

 

3-7 INHIBITORS, BLOCKING ANTIBODIES AND EXOGENOUS PROTEINS 

Arginase 1 was inhibited with 50 µM Nω-hydroxy-nor-L-arginine (NOHA) 

(Calbiochem, Darmstadt, Germany).  The iNOS inhibitor NG-monomethyl-L-arginine 

(L-NMMA) was used at a concentration of 1 mM to inhibit NO production. PD-1 and 
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PD-L1 molecules expressed on CD4+CD62L+ naïve T lymphocytes were blocked using 

anti-mouse PD-1 (clone: J43, ebiosciences) and anti-mouse PD-L1 (clone: MIH5, 

ebiosciences) blocking antibodies.  Armenian Hamster IgG (ebiosciences cat. # 16-4888) 

and Rat IgG2a,γ (ebiosciences cat. # 16-4321) were used as isotype controls respectively. 

Exogenous L-arginine (400 µM, Sigma) or 100 µM L-cysteine (Sigma cat. # C7352) 

were added to co-culture containing CD4+CD62L+ naïve T lymphocytes from FoxP3-

GFP mice and MDSC from 4T1-TB spleen.  In other experiments 50 µM β-

mercaptoethanol was added to the culture to prevent L-cysteine oxidation.  

 

3-8 STATISTICS 

Unless specified otherwise, all experiments were repeated at least three times.  A 

two tailed paired student’s t test was performed to determine significant differences.  
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CHAPTER 4: RESULTS  

 

4-1 MDSC ARE EXPANDED IN TUMOR-BEARING MICE 

We first evaluated the influence of tumor development on the number of MDSC 

in two murine cancer models (4T1, mammary; and LLC, lung).  A significant increase in 

the frequency of CD11b+Gr-1+ cells was observed in the spleen and bone marrow of 4T1 

tumor-bearing mice compared to tumor-free animals (Figure 4.1A and C).  A similar 

expansion of CD11b+Gr-1+ cells was detected by immunohistochemistry in the tumor 

beds of 4T1 tumor-bearing mice (Figure 4.1C).  Expansion of CD11b+Gr-1+ cells was 

also observed in the spleen, bone marrow and tumor beds of LLC tumor-bearing mice 

(Figure 4.1B and D).  These results thus indicate that 4T1 and LLC tumors induce the 

expansion of CD11b+Gr-1+ cells. 
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Figure 4.1 MDSC are expanded in tumor-bearing mice 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 4.1  MDSC are expanded in tumor-bearing mice. Spleens and bone marrow were 
harvested from 4T1 (A), LLC (B) TB-mice, or BALB/c (A), C57BL/6 (B), tumor-free (TF) mice 
for control.  Single cell suspensions were stained for CD11b and Gr-1.  Cells were gated on the 
live cell population.  Whole tumors and spleens were harvested from 4T1 (C), or LLC (D) TB-
mice.  TF spleens were also isolated from BALB/c (C), C57BL/6 (D), TF- mice for control.  
Immunohistochemistry slides were prepared and stained for Gr-1 and CD11b.  
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4-2 LY6G+ CELLS EXHIBIT A PHENOTYPE AND FUNCTION CONSISTENT 

TO THAT OF MDSC 

The Gr-1 antigen is a homo- or hetero- dimer composed of Ly6G and Ly6C.  

Monocytic MDSC are characterized by a CD11b+Ly6G-Ly6Chigh phenotype, and 

granulocytic MDSC are CD11b+Ly6G+Ly6CLow cells.  Very low numbers (~ 5.0 × 105+/- 

2.0 × 105 cells) of monocytic MDSC could be recovered from mice with either 4T1 or 

LLC tumors indicating that these tumor cells do not preferentially expand the monocytic 

subpopulation of MDSC.   We next isolated expanded Ly6G+ cells from the tumor, spleen 

or bone marrow of 4T1 tumor-bearing mice using a magnetic cell sorting strategy and 

further evaluated their phenotypic characteristics.  The data depicted in Figure 4.2A 

indicate that most of the isolated Ly6G+ cells expressed CD11b.  Similarly, more than 

93% of isolated Ly6G+ cells were positive for IL-4Rα, a marker expressed by MDSC 

which has been shown to be essential for their suppressive function (170).  Additionally, 

a high percentage of Ly6G+ cells expressed low or intermediate levels of Ly6C, which is, 

a characteristic associated with the granulocytic subset of MDSC (47, 56, 171).  

Expression of MHC class II, CD11c, F4/80, and B220 by selected Ly6G+ cells was 

limited (Figure 4.2A).  These results demonstrate that 4T1 tumor-expanded 

CD11b+Ly6G+ cells display a phenotype consistent with that of the granulocytic subset of 

MDSC.  Similar results were obtained with Ly6G+ cells isolated from the tumor, spleen, 

and bone marrow of LLC tumor-bearing mice (data not shown).  
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Figure 4.2 Ly6G+ cells exhibit a phenotype and function consistent to that of MDSC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Ly6G+ cells exhibit a phenotype and function consistent to that of MDSC. (A) 
Ly6G+ cells were isolated from the tumor, spleen, and bone marrow (BM) of 4T1 tumor-bearing 
mice and were analyzed by flow cytometry for expression of the indicated markers.  
Representative histograms are depicted (n= 4 mice). (B) The ability of Ly6G+ cells isolated from 
the tumor, spleen or bone-marrow of 4T1 tumor-bearing mice to impair the proliferation of 
responder T cells induced with anti-CD3/anti-CD28 activation beads (act. T Lc) was evaluated 
using BrdU incorporation assays (act T Lc: Ly6G+ cell ratio=1:0.5).  Non-activated T cells were 
used as control (CT). Suppressive ability of Ly6G+ cells isolated from the spleen (C) and bone 
marrow (BM) of 4T1 tumor-bearing (4T1-TB) and tumor-free (TF) BALB/c mice was also 
assessed as described above. Significance was tested using a two-tailed paired T test, where the p-
value is indicated by * P<0.01 in A and B, **P<0.001, and ***P<0.0001 in B, and *P<0.0001 in 
C. All groups were compared to aT cells alone. The suppressive potential of Ly6G+ cells from 
tumor-bearing mice were also significantly more suppressive than Ly6G+ cells from tumor-free 
animals at ratios of 1:0.5 and 1:1 (p<0.001). 
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To further characterize the functional properties of Ly6G+ cells isolated from the 

spleen, bone marrow or tumor of 4T1 or LLC tumor-bearing mice, their ability to inhibit 

the proliferation of T lymphocytes induced with anti-CD3 and anti-CD28-coated 

microbeads was assessed.  The data depicted in Figure 4.2B indicate that Ly6G+ cells 

isolated from 4T1 tumor-bearing mice were capable of significantly hampering responder 

T lymphocyte proliferation.  The suppression of T cell proliferation depended on the 

Ly6G+ cell:target T cell ratio (Figure 4.2C and D).  Ly6G+ cells from tumor-bearing mice 

were significantly more efficient suppressors compared to Ly6G+ cells from tumor-free 

animals at ratios of 1:0.5 and 1:1.  Similar results were obtained with Ly6G+ cells 

isolated from LLC tumor-bearing mice (data not shown).  These results therefore confirm 

that tumor-induced CD11b+Ly6G+ cells exhibit a phenotype and function consistent to 

that of granulocytic MDSC. 

 

4-3 MDSC IMPAIR TGF-β1-INDUCED ITREG GENERATION 

Based on previous reports indicating that MDSC promote Treg proliferation (90-

92), we reasoned that MDSC may also foster tumor-induced Treg expansion by inducing 

the differentiation of naïve CD4+ T cells into FoxP3+ iTreg.  To address this hypothesis, 

we evaluated the influence of MDSC on the generation of FoxP3-expressing iTreg from 

naïve T cells using FoxP3-EGFP transgenic mice.  In the absence of exogenous TGF-β1, 

tumor-infiltrating Ly6G+ MDSC isolated from 4T1 (Figure 4.3A) or LLC (Figure 4.3B) 

tumors not only failed at triggering the differentiation of naïve CD4+ T cells into FoxP3-

expresssing lymphocytes (Figure 4.3A, B left panels), but surprisingly they significantly, 
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suppressed TGF-β1-induced conversion of CD4+CD25-FoxP3- T cells into iTreg (Figure 

4.3A and B, right panels).  Likewise, MDSC isolated from the spleen or the bone marrow 

of 4T1 (Figure 4.3C) or LLC (Figure 4.3D) tumor-bearing animals were also capable of 

impairing the generation of FoxP3-expressing lymphocytes.  Although in complete 

opposition of our central hypothesis, this result was considerably interesting as it 

challenges current concepts related to MDSC-Treg crosstalk.  We therefore sought to 

further investigate this finding.  We next demonstrated that this inhibition depended on 

the MDSC:T cell ratio (Figure 4.4A).  Interestingly, tumor-induced MDSC were 

significantly more potent at impairing TGF-β1-induced FoxP3+ iTReg generation 

compared to MDSC isolated from tumor-free mice (Figure 4.4A).  Identical results were 

obtained with Ly6G+ MDSC purified from 4T1 tumors and with MDSC isolated from the 

tumor, spleen or bone marrow of LLC-bearing C57BL/6 mice (data not shown).  We 

therefore focused our subsequent studies on Ly6G+ MDSC isolated from the spleen of 

4T1-tumor-bearing mice. 

We next sought to address the possibility that MDSC may skew TGF-β1-induced 

Foxp3+ T cell differentiation toward other T lymphocyte lineages.  Our results indicate 

that the majority of CD4+ T cells obtained after culture in presence of TGF-β1 with 

Ly6G+ MDSC expressed low levels of T-bet, GATA3 and ROR-γt (Figure 4.4B).  These 

results therefore indicate that MDSC do not skew TGF-β1-dependent polarization of 

naïve T cells from FoxP3+ Treg toward any of the Th1, Th2 or Th17 lineages.    
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Figure 4.3  MDSC impair TGF-β1-induced iTreg generation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.3 Tumor, spleen, and bone marrow -derived MDSC suppress TGF-β1-induced 
FoxP3 expression. CD4+CD62L+ naïve T lymphocytes (T Ly) were isolated from FoxP3-EGFP 
BALB/c (A and C) or C57BL/6 (B and D) mice and cultured for 72 hrs with activation beads and 
with or without TGF-β1 (5 ng/mL) in presence or absence of MDSC isolated from 4T1 tumors 
(IT-MDSC (4T1)) (A), or from LLC tumors (IT-MDSC (LLC)) (B) at a 1:0.5 ratio. Frequency of 
FoxP3+ cells was determined after 72 hrs.  Representative dot plots are depicted (n= 6 mice).  The 
influence of MDSC isolated from the spleen and bone marrow of 4T1 (C) or LLC (D) tumor-
bearing mice on FoxP3 expression was examined as described above. 

76.70

23.30

31.25

68.75

A)

85.03

CD4-PE

Fo
xP

3-
G

FP

11.81

88.19

14.97
No TGF +TGF

T Lc Alone

T Lc
+IT-MDSC                                    

(4T1)

0.04

1.33

79.26

19.37

0.03

1.77

14.56

83.63

0.36

60.56

16.68

22.40

7.42

75.94

2.06

14.58

0.32

60.71

16.87

22.10

1.48

10.99

6.49

81.04

CD25-PE

No TGF +TGF

Fo
xP

3-
G

FP

C)

T Lc
+BM MDSC                

(4T1)

B)

16.48

83.52

5.07

94.93

62.74

37.26

5.99

94.01

No TGF +TGF

CD4-PE

T Lc Alone

T Lc
+IT-MDSC                                    

(LLC)

Fo
xP

3-
A

P
C

0.28

25.32

6.97

67.42

3.80 52.00

21.56 22.64

No TGF +TGF

4.48 20.38

63.11 12.03

0.45 7.35

60.25 31.95

0.72 12.04

46.55 40.69

6.36 30.90

50.28 12.47

CD25-PE

Fo
xP

3-
A

P
C T Lc

+Spleen MDSC          
(LLC)

T Lc
+BM MDSC                

(LLC)

D)

T Lc
+Spleen MDSC          

(4T1)

T Lc Alone T Lc Alone

76.70

23.30

31.25

68.75

A)

85.03

CD4-PE

Fo
xP

3-
G

FP

11.81

88.19

14.97
No TGF +TGF

T Lc Alone

T Lc
+IT-MDSC                                    

(4T1)

0.04

1.33

79.26

19.37

0.03

1.77

14.56

83.63

0.36

60.56

16.68

22.40

7.42

75.94

2.06

14.58

0.32

60.71

16.87

22.10

1.48

10.99

6.49

81.04

CD25-PE

No TGF +TGF

Fo
xP

3-
G

FP

C)

T Lc
+BM MDSC                

(4T1)

B)

16.48

83.52

5.07

94.93

16.48

83.52

5.07

94.93

62.74

37.26

5.99

94.01

No TGF +TGF

CD4-PE

T Lc Alone

T Lc
+IT-MDSC                                    

(LLC)

Fo
xP

3-
A

P
C

0.28

25.32

6.97

67.42

3.80 52.00

21.56 22.64

No TGF +TGF

4.48 20.38

63.11 12.03

0.45 7.35

60.25 31.95

0.72 12.04

46.55 40.69

6.36 30.90

50.28 12.47

CD25-PE

Fo
xP

3-
A

P
C T Lc

+Spleen MDSC          
(LLC)

T Lc
+BM MDSC                

(LLC)

D)

T Lc
+Spleen MDSC          

(4T1)

T Lc Alone T Lc Alone



 59 

Figure 4.4  MDSC from tumor-free and tumor-bearing mice suppress iTreg generation in 
a ratio dependent manner, and do not skew T cells to Th1, Th2, or Th17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 MDSC from tumor-free and tumor-bearing mice suppress iTreg generation in a 
ratio dependent manner, and do not skew T cells to Th1, Th2, or Th17. (A) MDSC were 
isolated from tumor-free (TF) or 4T1 tumor-bearing (4T1) mice and cultured with CD4+CD62L+ 
naïve T lymphocytes (T Ly) isolated from the spleen of FoxP3-EGFP BALB/c mice, in presence 
of activation beads and TGF-β1, at the indicated T Ly: MDSC ratios.  Frequency of FoxP3+ cells 
was determined after 72 hrs.  Representative dot plots are depicted (n= 6 mice).  (B)  The 
expression of the indicated transcription factors by T cells cultured for 72 hrs with MDSC (T Ly: 
MDSC ratio = 1:0.5) was determined by flow cytometry. 
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4-4 MDSC-MEDIATED FOXP3 SUPPRESSION IS CELL CONTACT 

DEPENDENT AND INVOLVES SUPPRESSION OF EARLY T CELL 

ACTIVATION 

In an effort to delineate the mechanism(s) by which MDSC suppress TGF-β1-

mediated iTreg polarization, Ly6G+MDSC were separated from T cells by a transwell 

insert during the differentiation process.  The data depicted in figure 4.5A indicate that 

direct cell-to-cell contact was required for MDSC to impede FoxP3+ iTreg generation. 

Interestingly, the addition of MDSC 24 hrs after the initiation of the conversion process 

did not influence TGF-β1-induced FoxP3+ iTreg differentiation (Figure 4.5B).  To further 

examine if the mechanism of iTreg differentiation suppression by MDSC was based on 

inhibition of early activation of T cells by MDSC, naïve T lymphocytes were isolated and 

cultured with activation beads. MDSC and TGF-β1 were then added at 0, 6, and 12 hrs 

after the initiation of the culture (Figure 4.5C).  Our results indicate that MDSC inhibit 

FoxP3 induction early on in the differentiation of naïve T cells into FoxP3-expressing 

iTreg and suggest possible modification of early T cell activation signaling cascades by 

MDSC (Figure 4.5C).  It also suggests that MDSC does not impair Treg generation by 

interfering with TGF-β1-signaling. 
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Figure 4.5  MDSC-mediated FoxP3 suppression is cell contact dependent and involves 
suppression of early T cell activation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.5 MDSC-mediated FoxP3 suppression is cell contact dependent and and involves 
suppression of early T cell activation.  (A) MDSC isolated from the spleen of 4T1 tumor 
bearing mice were cultured in direct contact or separated by a transwell insert (TW) with naïve T 
lymphocytes (T Ly) in the presence of activation beads and TGF-β1 (5 ng/mL).  After 72 hrs the 
frequency of FoxP3+ cells was determined.  (B) Naïve T lymphocytes (T Ly) were cultured in the 
presence of activation beads and TGF-β1 (5 ng/mL) and MDSC isolated from the spleen of 4T1 
tumor bearing mice were added from the beginning (MDSC added on D0) or after 24 hr (MDSC 
added after 24 hr) of  the initiation of the T cell culture.  Frequency of FoxP3+ cells was 
determined as described above.  (C) Naïve T lymphocytes (T Ly) were activated with activation 
beads at the time the culture was initiated.  Both TGF-β1 (5ng/mL) and MDSC (T ly: MDSC= 
1:0.5) were added to the T lymphocytes at 0, 6 or 12 hrs after the initiation of the culture.  
Frequency of FoxP3+ cells was determined as described above.   
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4-5 INHIBITION OF ITREG GENERATION BY MDSC DOES NOT DEPEND 

ON ARGINASE 1, NO, CYSTINE OR CYSTEINE, OR PD-1/PD-L1 

The expression of arginase 1 by MDSC has been identified as one of the key 

mechanisms underlying the function of these immunosuppressive cells (71-73, 75, 76, 78, 

79).  Arginase 1 is an immunosuppressive enzyme with a short half-life which catabolizes 

L-arginine into ornithine and urea.  Ly6G+ MDSC were treated with NOHA, a specific 

inhibitor of arginase 1, and cultured with naïve T cells in the presence of TGF-β1.  

NOHA did not prevent MDSC-mediated suppression of FoxP3+ iTreg differentiation 

(Figure 4.6A).  Moreover the addition of exogenous L-arginine to overcome any possible 

arginase 1-mediated depletion of this amino acid had no effect on the inhibition of iTreg 

generation by MDSC (Figure 4.6B).  Consistent with these data, the ability of splenic 

MDSC isolated from arginase 1 deficient (Arg1+/-) tumor-bearing animals to impede 

TGF-β-mediated differentiation of naïve T cells into iTreg was also not impaired (Figure 

4.6C).  Taken together these results rule out a significant role for arginase 1 in MDSC-

mediated inhibition of iTreg generation. 

It has been reported that MDSC may inhibit T cell function through the 

consumption of cystine.  MDSC can take up cystine but they do not export cysteine, an 

amino acid essential for T cell activation (172).  MDSC have also been shown to oxidize 

exogenous cysteine.  Neither the addition of exogenous cysteine nor the addition of β-

mercaptoethanol, a chemical capable of inhibiting cysteine oxidation, significantly 

modified the ability of MDSC to hinder iTreg differentiation (Figure 4.6D). 
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MDSC may also exert their function through the release of NO produced by 

inducible nitric oxide synthase (iNOS) (55, 110, 113, 172).  NMMA, an iNOS inhibitor 

did not have any effect on MDSC-mediated inhibition of FoxP3+ iTreg generation 

(Figure 4.6E). 

Programmed death 1 (PD-1), is a membrane protein from the same family of T 

cell regulators as CD28 and CTLA/4.  PD-1 is expressed by activated T cells and B cells 

and binds to programmed death ligand 1 (PD-L1) expressed on tumor cells, activated 

macrophages, some subsets of dendritic cells, resting and activated T lymphocytes, and 

MDSC (56, 173-175).  The engagement of PD-1 with PD-L1 results in the inhibition of T 

cell proliferation and activation (176).   In addition, the binding of CD80 expressed by 

antigen presenting cells (APC) with PD-L1 on resting or activated T cells may also lead 

to T lymphocyte suppression (56, 177).  We therefore sought to determine whether the 

PD-1/PD-L1 axis may play a role in MDSC-mediated suppression of iTreg 

differentiation.  The results shown in Figure 4.6F indicate that neither anti-PD-1 nor anti-

PD-L1 blocking antibodies significantly prevented the inhibition of iTreg generation by 

MDSC. 
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Figure 4.6 Inhibition of iTreg generation by MDSC does not depend on arginase 1, 
NO, cystine or cysteine, or PD-1/PD-L1 
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Figure 4.6 Inhibition of iTreg generation by MDSC does not depend on arginase 1, NO, 
cystine or cysteine, or PD-1/PD-L1.  CD4+CD62L+ naïve T lymphocytes (T Ly) were cultured 
with activation beads, TGF-β1 (5 ng/mL), MDSC and with either (A) NOHA, (B) L-arginine (L-
Arg), or (D) (L-NMMA).  The frequency of FoxP3+ cells was determined after 72 hrs.  (C)  
MDSC were isolated from LLC tumor bearing wild type (WT MDSC) or LLC tumor bearing 
arginase 1 +/- (Arg1+/- MDSC) mice and cultured for 72 hrs with CD4+CD62L+ naïve T 
lymphocytes (T Ly) isolated from C57BL/6 mice in presence of activation beads and TGF-β1 (5 
ng/mL).  The frequency of FoxP3+ cells was determined as described above.  (E) NO 
concentration was determined in MDSC and T cell culture supernatants after 72 hrs.  (F) 
CD4+CD62L+ naïve T lymphocytes (T Ly) were first pre-treated with anti-PD-1 and anti-PD-L1 
blocking antibodies, or isotype control antibodies.  T lymphocytes were then cultured for 72hrs 
with activation beads, TGF-β1 (5ng/mL) and with MDSC. The frequency of FoxP3+ cells was 
determined as described above. 
 
 
4-6 MDSC DO NOT MODULATE FOXP3 EXPRESSION OF CD4+CD25+ CELLS 

BUT BLOCK CD4+CD25+ CELL PROLIFERATION 

 It has been reported that monocytic (167) or granulocytic MDSC (91) may 

enhance the proliferation of nTreg.  However other reports have indicated that MDSC 

may impair Treg suppressive function.  To clarify the influence of Ly6G+ MDSC that 

expand in 4T1 tumor bearing mice on already differentiated Treg, FoxP3+ T lymphocytes 

were isolated from naïve FoxP3-EGFP mice and were cultured for 96 hrs with MDSC in 

presence of activation beads and IL-2.  Our results indicate that MDSC did not affect 

FoxP3 expression by already differentiated Treg (Figure 4.7A), but impaired their 

proliferation (Figure 4.7B). 
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Figure 4.7  MDSC do not modulate FoxP3 expression of CD4+CD25+ cells but block 
CD4+CD25+ cell proliferation 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 MDSC do not modulate FoxP3 expression of CD4+CD25+ cells but block 
CD4+CD25+ cell proliferation.  (A) CD4+CD25+FoxP3+ cells were isolated from the spleen of 
tumor-free BALB/c mice by magnetic cell sorting.  68% of the cells express Helios.  Cells were 
cultured with MDSC isolated from 4T1 tumor-bearing spleen (nTreg: MDSC ratio=1:0.5) in 
presence of activation beads and IL-2 (20 IU/mL).  After 48 hrs the expression of FoxP3 was 
detected by flow cytometry.  (B) CD4+CD25+FoxP3+ isolated as explained in A were stained with 
CellTrace Violet and were cultured with activation beads and IL-2 (20 IU/mL), with or without 
MDSC (nTreg: MDSC ratio= 1:0.5).  Proliferation of gated FoxP3-EGFP cells was detected by 
CellTrace Violet dilution by flow cytometry. 
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CHAPTER 5: CONCLUSIONS AND DISCUSSION 

 

5-1 CONCLUSIONS 

CD4+CD25+FoxP3+ Treg and MDSC represent two immunosuppressive cell 

populations which play a crucial role in the establishment and maintenance of tumor 

immune tolerance and thereby constitute a major obstacle for successful cancer 

immunotherapy.  However, the crosstalk between tumor-induced MDSC and tumor-

induced Treg remains elusive.  It has been proposed that MDSC may promote the 

expansion and function of Treg, which in turn may induce MDSC by a positive feed-back 

amplification loop, but the actual mechanism remains unclear.  Based on previous reports 

which have documented that MDSC may foster Treg expansion in animal cancer models 

(90-92), we initially reasoned that MDSC may promote the generation of inducible iTreg 

from naïve T cells. Surprisingly, our results indicate that MDSC not only were not 

capable of promoting iTreg differentiation but instead they hamper TGF-β1-induced 

generation of these cells, with a more pronounced effect of MDSC isolated from tumor-

bearing animals. 

In an effort to identify the mechanism(s) underlying MDSC-mediated suppression 

of iTreg generation, we discovered that MDSC-mediated iTreg suppression is dependent 

on cell contact, which indicated that the mechanism responsible is either a cell surface 

molecule or a soluble factor with an extremely short half-life.  Moreover, further 

investigation revealed that when MDSC were added to naïve T cells 24 hrs after 

activation and TGF-β1 exposure, the capacity of MDSC to inhibit iTreg polarization was 
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abrogated. This led us to further examine whether MDSC may exert negative effects on 

naïve T cells early on in their activation process.  MDSC and TGF-β1 were therefore 

added to naive T cells 0, 6, and 12 hrs after being activated with anti-CD3 and anti-CD28 

beads.  The suppression of iTreg generation by MDSC added 6 and 12 hrs after activation 

was significantly reduced.  Addition of TGF-β1 6 or 12 hrs after T cells activation did not 

modify the conversion rate (a similar frequency of FoxP3+ iTreg was obtained after 3 

days).  This result, together with the fact that iTreg conversion was significantly less 

impaired when MDSC were added after 6 and 12 hrs, strongly suggests that MDSC 

primarily act on early T cell activation events.  We next extensively evaluated a possible 

role for the main suppressive mechanisms reported to contribute to MDSC 

immunoinhibitory function.   

Arginase 1 has been widely documented as a key enzyme for MDSC-mediated 

suppression of T cells through the depletion arginine, an amino acid essential for T cell 

activation.  The depletion of arginine blocks the re-expression of the CD3-ζ chain in 

activated T cells (62, 68, 73, 77, 97).  In addition, the depletion of cystine and cysteine by 

MDSC has also been documented as a novel mechanism of T cell suppression (172). We 

therefore investigated the potential roles of arginase 1 and cystine/cysteine depletion in 

MDSC-mediated iTreg suppression.  We found that these mechanisms did not 

significantly contribute to iTreg suppression.  Similarly iNOS and NO production may 

contribute to MDSC activity (59, 65, 168, 169).  Neither iNOS nor NO was responsible 

for MDSC-mediated suppression of iTreg differentiation.  
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The engagement of PD-1 expressed on T cells with PD-L1 expressed by tumor 

cells leads to the inhibition of IL-2 production by and proliferation of T cells (176).  

Interestingly it has been documented that CD4+CD25+FoxP3+ Treg can be negatively 

regulated following PD-1/PD-L1 interaction by a mechanism involving the down-

regulation of STAT 5 phosphorylation (178, 179).   However, we determined that the PD-

1/PD-L1 axis does not significantly contribute to MDSC modulation of iTreg.  

Further evaluation of MDSC function showed that IL-2 induced proliferation of 

nTreg is blocked by MDSC, however FoxP3 expression was not changed. These 

conclusions prove that MDSC are capable of directly suppressing Treg expansion in 

cancer.     

 

5-2 DISCUSSION 

Collectively our results suggest that the interplay between these two 

immunosuppressive cell populations in cancer may be more complex than initially 

envisioned and advocate for a new concept that MDSC may, in some conditions, 

suppress Treg induction.  Our data demonstrate that MDSC, although initially thought to 

induce Treg expansion in cancer patients and tumor-bearing mice, suppress the 

differentiation of naïve T cells into iTreg and nTreg proliferation.  Although the 

reasoning for this particular function of tumor-derived MDSC has yet to be fully 

elucidated, it is clear that understanding the complex crosstalk between 

immunosuppressive cells and their contribution to tumor induced-tolerance is a key 

element in identifying novel targets for overcoming tumor tolerance.   
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5-2.1 Limitations  

 Although the data presented in this current work provide more insight into the 

MDSC and Treg crosstalk and challenge the current concept that these two cell types may 

promote each other, important questions remains to be answered.  First and foremost, the 

fact that no mechanism was identified is troubling.  Although multiple mechanisms were 

evaluated, none was determined to be primarily responsible for the suppression of iTreg 

generation.  Ongoing experiments are being carried out to further evaluate the 

contribution of ROS in MDSC-mediated iTreg suppression.  Another molecule which has 

proven to be important in tumor-induced immunosuppression is CD80.  CD80 is a co-

stimulatory marker expressed by dendritic cells and MDSC.  In tolerogenic dendritic cells 

the binding of CD80 to CD28 on T cells without the normal accompaniment of MHCII 

presentation of antigen is sufficient to cause T cell suppression. This molecule may also 

contribute to MDSC-mediated iTreg suppression.  Additional experiments are required to 

evaluate the possible role of this regulatory pathway in the suppression of iTreg 

generation by MDSC.  Finally, it is possible that the mechanism of T cell suppression by 

MDSC occurs by a negative regulatory pathway yet to be identified.  It has been reported 

that MDSC have the potential to foster the suppressive function of Treg (92).  It will 

therefore be essential to further assess the suppressive function of the T cells obtained 

after culture with MDSC.  Although nearly all regulatory T cells express the transcription 

factor FoxP3, some groups have identified CD4+ T cells with suppressive functions that 

do not express FoxP3 (163).  It is therefore possible that Gr-MDSC may induce a subset 
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of regulatory T cells that do not express FoxP3, but retain their suppressive function.  Our 

preliminary data suggest that this outcome is highly unlikely, but requires further 

investigation.  To achieve this aim, we designed experiments using FoxP3-EGFP 

transgenic mice in which FoxP3+ and FoxP3- cells will be sorted by flow cytometry after 

culture with MDSC and their suppressive function will be evaluated. 

Finally, the relevance of these findings will need to be confirmed in vivo.  Our 

current work reveals the unknown function of MDSC to suppress iTreg generation in 

vitro; however it will be essential to examine if this phenomena can occur in vivo as well.  

We have shown that timing and cell contact are crucial for MDSC to suppress iTreg 

generation; therefore an in vivo examination of the influence of tumor-induced MDSC on 

Treg would provide important insight into whether our in vitro findings may be translated 

in vivo.  Specifically Thy1.1 CD4+CD62L+ naïve T cells from FoxP3-GFP mice can be 

isolated and injected into congenic Thy1.2 BALB/c mice with or without MDSC isolated 

from the spleen of 4T1-tumor-bearing or tumor-free mice.  After 72 hrs the mice can be 

sacrificed and the spleens can be dissociated.  Splenocytes can then be stained with flow 

antibodies which recognize Thy1.1.  Thy1.1 cells can then be evaluated for FoxP3-GFP 

expression.  Any cells which are Thy1.1+ and FoxP3+ must have undergone conversion in 

vivo.  Based on this experiment, the influence of MDSC on iTreg conversion in vivo can 

be evaluated.  It will also be critical to evaluate whether Gr-MDSC may colocalize with 

differentiating iTreg in cancer patients.  We have demonstrated that a direct cell-to-cell 

contact is necessary for MDSC-mediated inhibition of iTreg generation. This suggests 
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that, for this mechanism to be relevant in vivo, MDSC need to be recruited at the site of 

iTreg generation, presumably the lymph nodes.  

 

5-2.2 Impact of the findings on current opinions in tumor immunology 

 Although different aspects of our studies require further investigation as outlined 

above, our results argue for a yet unsuspected novel role for MDSC in Treg regulation 

and question the current concept in the scientific community that MDSC foster regulatory 

T cell function and/or expansion.  Some explanations for these controversial results may 

be proposed.  The first group which reported on the induction of Treg by MDSC did not 

use the same subset of MDSC as we did in our current study.  Huang et al. 2006 report 

(90) and more recently Pan et al. 2010 study (167) have indicated that the monocytic 

subset, Mo-MDSC, fosters both the proliferation of nTreg and the conversion of iTreg.  

Neither of these studies evaluated the influence of the granulocytic subset of MDSC, as 

we did in our study.  As we discussed previously, Mo-MDSC and Gr-MDSC differ both 

phenotypically and functionally.  We believe that the granulocytic subset is more relevant 

in cancer as it is significantly expanded (as compared to its monocytic counterpart) by 

growing tumors.  In addition, the monocytic subset studied by this group exhibits a 

CD11b+Gr-1+CD115+phenotype.  It is important to note that this group is the only group 

which utilized CD115 as a specific marker identifying Mo-MDSC.  Also, Mo-MDSC are 

much less suppressive than Gr-MDSC and in fact the suppressive activity of tumor-

derived CD115+ Mo-MDSC is not superior to MDSC isolated from tumor-free mice (47).  
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Therefore the difference between our data and the above mentioned studies may be 

explained by the differential function of Mo-MDSC and Gr-MDSC.   

An additional report published in 2008 by Paolo Serafini et al. (91) has indicated 

that expansion of Treg in cancer may be mediated by MDSC.  In this article the 

granulocytic subpopulation of MDSC was used in all the experiments.  However this 

group determined that the expansion of Treg that was observed was due to the 

proliferation of nTreg and that the conversion of iTreg did not contribute to the MDSC-

mediated Treg expansion observed.  We observed that MDSC had no influence on 

FoxP3-expression by nTreg however we did see that MDSC suppress IL-2 induced nTreg 

proliferation.  Additional studies are currently ongoing to evaluate the influence of 

MDSC on nTreg function.  Lastly, the tumor model used by Serafini et al. was the A20 

B-cell lymphoma model.  It is important to note that although this model shows an 

expansion of Treg which correlates with tumor progression and survival, MDSC did not 

significantly accumulate in response to either tumor progression or tumor burden (91).   

 

5-2.3 Relevance  

 The current literature suggests that a positive crosstalk between MDSC and Treg 

may result in fostering the expansion and function of these two immunosuppressive cell 

populations, leading to further enhancing tumor-induced immune tolerance. The 

granulocytic subpopulation of MDSC has been well documented as the primary MDSC 

subset expanded in cancer patients and tumor-bearing animals.  More importantly, Gr-

MDSC have the capacity to suppress tumor-specific immunity and to promote tumor-
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induced tolerance.  The monocytic subset of MDSC is not significantly expanded in 

cancer and has lower capacity to suppress T cells.  Because the mechanism(s) driving 

expansion of Treg in cancer has not been fully elucidated, we investigated the effects of 

Gr-MDSC on iTreg generation.  We therefore initially hypothesized that Gr-MDSC 

would be capable of inducting the conversion of naïve T cells into iTreg.  Interestingly, 

we obtained the opposite results as we initially expected. Indeed, not only are Gr-MDSC 

not capable of inducing the differentiation of naïve T cells into a FoxP3-expressing iTreg, 

but Gr-MDSC are actually capable of suppressing TGF-β1 induced iTreg generation.  

These data are relevant to the understanding of tumor-induced immunosuppression for 

multiple reasons.  First, Gr-MDSC comprise nearly the entire population of MDSC 

expanded in cancer (51-56); however their influence on iTreg generation had never been 

evaluated.  Moreover since abnormally high numbers of Treg in cancer patients have 

been associated with cancer progression, increased stage and poor prognosis (127-130), it 

was crucial to understand the mechanism and origins of their expansion.  Our results 

demonstrate that the role of MDSC in the regulation of Treg expansion is more complex 

than initially described and may depend on multiple factors.  Collectively our results 

therefore suggest that the interplay between these two immunosuppressive cell 

populations in cancer may be more complex than initially envisioned and advocate for a 

new concept that MDSC may have the unexpected ability to negatively affect both iTreg 

generation and nTreg proliferation.  Some reports have indicated that MDSC may foster 

the proliferation of Treg (91, 167).  However these reports have focused mainly on the 

monocytic subset of MDSC, which is not predominantly expanded in cancer (51-56) or 
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have used tumor models associated with moderate induction of MDSC (91).  Treg 

induction by MDSC likely dependents on the subset of MDSC that are expanded.  Our 

current data further highlight MDSC as central determining factors in the development of 

Treg during tumor progression and provide more insights into the understanding the 

complex crosstalk between these two immunosuppressive cell populations. 

 The standard treatments used today for cancer have multiple limitations including 

toxicity, development of secondary tumors, cancers which become refractory to 

treatment, undetectable metastasies, the lack of a memory response, and being unable to 

eliminate minimal residual disease.  Immunotherapy can be used in combination with 

the standard treatments to eliminate many of the limitation described above.  The 

combination of frontline therapies with immunotherapy can lead to better long term 

survival and a better quality of life for cancer patients.  Tumor-induced immune 

suppression, however has raised a major obstacle for the successful of cancer 

immunotherapy.  Moreover Treg have been shown to play a central role in the induction 

and maintenance of tumor-induced tolerance.  For this reason multiple groups have 

strived to develop treatments to eliminate/inactivate Treg in cancer. However, thus far 

these strategies have been unable to specifically eliminate Treg.    Understanding how 

Treg are expanded in cancer is paramount to developing specific therapies which can 

over come Treg-induced immunosuppression.  Our research shows that MDSC play an 

important part in the regulation of Treg expansion.  Specifically the subset of MDSC 

expanded in cancer seems to be an important factor in whether Treg are expanded or not.  
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Taken together this information can be used to better design drugs which will specifically 

prevent the accumulation Treg which are contributing to tumor-induced tolerance.   
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