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The immune system is capable of eradicating transformed cells. However, tumor 

cells and host cells present in the tumor secrete pro-inflammatory mediators that promote 

the accumulation and activity of myeloid-derived suppressor cells (MDSC), which 

potently suppress anti-tumor immunity. MDSC and macrophages are present in most 

solid tumors and it is established that cross-talk between MDSC and macrophages 

impacts anti-tumor immunity; however, interactions between tumor cells and MDSC or 

macrophages are less well studied. Using four murine tumor cell lines, we examined 

potential interactions between these cells in vitro and in vivo. In vitro studies 

demonstrated that MDSC-secreted IL-10 decreased macrophage-derived IL-6 and TNFα, 

and increased nitric oxide (NO). IL-6 indirectly decreased MDSC IL-10. Tumor cells 

increased MDSC IL-6 and vice versa; and increased macrophage IL-6 and NO, and 

decreased macrophage TNFα. Tumor-cell-driven macrophage IL-6 was reduced by 



 

MDSC, and tumor cells and MDSC enhanced macrophage NO. In vivo studies identified 

that IL-6 and IL-10 were produced by stromal cells in the tumor. These results 

demonstrate that MDSC, macrophage, and tumor cell interactions potentially alter the 

inflammatory milieu within the tumor microenvironment and drive tumor growth.  

Release of reactive oxygen species (ROS) is one of the mechanisms used by 

MDSC to suppress anti-tumor immunity. Although ROS are toxic to most cells, MDSC 

survive despite their elevated content and release of ROS. Nuclear factor erythroid 

derived 2-like 2 (Nrf2) is a transcription factor that regulates a battery of genes which 

attenuate oxidative stress. Therefore, we hypothesized that MDSC resistance to ROS may 

be due to their up-regulation of Nrf2. Murine studies demonstrated that Nrf2 enhanced 

MDSC suppressive activity and increased the quantity of tumor-infiltrating MDSC by 

reducing their oxidative stress and rate of apoptosis. Nrf2 did not affect circulating levels 

of MDSC in tumor-bearing mice since the decreased apoptotic rate of tumor-infiltrating 

MDSC was balanced by a decreased rate of differentiation from bone marrow progenitor 

cells. These results demonstrate that Nrf2 regulates the generation, survival and 

suppressive potency of MDSC, and that a feedback homeostatic mechanism maintains a 

steady-state level of circulating MDSC in tumor-bearing individuals.  

 

 

 

  



 

 

 

 

 

 

 

REVERSING BREAST CANCER-INDUCED IMMUNE SUPPRESSION 

 

 

 

 

By 

 

 

Daniel Wirth Beury 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the  

University of Maryland, Baltimore County, in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2015 

 

 

 

 

 

 

 

 

 



 

 

 

 

© Copyright by 

Daniel Wirth Beury 

2015 

 

 

  



 

  



 

i 

 

Acknowledgments  

 I would like begin by thanking my parents, Pete and Kathy Beury. You have 

given me unbridled emotional support, financial aid, and love throughout my life. I feel 

incredibly lucky to have such a strong relationship with you, and I cannot properly 

express how grateful I am for everything you have done for me. 

 To my sister Kate, thank you for lending me an ear, as well as your artistic 

inspirations and talents. You truly care about me and would do everything in your power 

to help me if I was in need.  I value our friendship and look forward to growing our 

relationship throughout our lives.  

 To my significant other, Margarita, I am incredibly fortunate to have met you in 

my journey through graduate school. I met you at a very difficult time in my life, and you 

have always been completely supportive. Interacting with you has always been a bright 

spot in my day. I have enjoyed introducing you to life in the United States, and have 

appreciated being exposed to your culture. You have been a positive influence in my life 

and a source of constant source of encouragement. Thank you so much for the kind words 

and pampering while I worked on this dissertation. You have always been there when I 

needed you, and am looking forward to growing together and supporting you while you 

complete your dissertation.    

 To my friends, if it were not for you I would have completed this dissertation two 

years earlier. All joking aside, thank you very much for making me smile, providing a 

much needed outlet to vent frustration, and providing ample opportunities for me to relax 

when I needed it most.  



 

ii 

 

 To my committee members, thank you for your insightful questions, critiques, and 

ideas throughout these years. You have provided me with guidance and insight that has 

been essential for completing this dissertation.   

To my co-workers. Ginny, you are a wonderful person and an essential cog that 

keeps the lab running. Whenever I have trouble finding a reagent, you have an uncanny 

knack for finding exactly what I needed. Thank you very much for teaching me the 

essential lab techniques when I first joined the lab. I have enjoyed our conversations 

throughout the years and look forward to continuing them in the future. Pratima, thank 

you for the training and guidance. You were always the first person I would discuss new 

ideas with. I admire the way you develop and design experiments, and our conversations 

have fundamentally changed the way I view, approach, and design new projects. 

Lucas and Kathy, you are both incredibly bright and driven individuals, and have 

made my time at UMBC very enjoyable. Lucas, you are one of the most genuine people 

that I know and have always been willing to go the extra mile for not only me, but 

everyone around you. Kathy, I have enjoyed working next to you throughout the years 

and developing a friendship outside the lab. I think it is a testament to your perseverance 

that you were able to work next to me throughout the years without being driven insane. 

Thank you so much for the scientific support, laughs, and friendship.   

Lastly, to my mentor, Sue, thank you for your amazing mentorship and guidance. 

You have taught me how to think critically about every experiment I perform, document I 

write, and presentation I give. You are without a doubt the most influential person in my 

life over the last decade. You pushed me to become the scientist I am today, and for that I 

am forever grateful.   



 

iii 

 

Table of Contents 

Acknowledgments................................................................................................................ i 

Table of Contents ............................................................................................................... iii 

List of Tables .................................................................................................................... vii 

List of Figures .................................................................................................................. viii 

 

Chapter 1: Introduction ....................................................................................................... 1 

Opening remarks ........................................................................................................... 1 

1: Cancer can be eradicated by the immune system ..................................................... 2 

1.1: Immune surveillance protects us from cancer ............................................. 3 

1.2: Cancer cells escape immune surveillance by immunoediting ..................... 4 

1.3: Significance of the preceding information to this dissertation .................... 7 

2: Tumor cells express factors that suppress anti-tumor immunity and induce 

immunosuppressive cell populations. ..................................................................... 8 

2.1: Loss of antigen presentation ........................................................................ 8 

2.2: Manipulation of Immune checkpoints ......................................................... 9 

2.3: Transforming growth factor beta (TGFβ) ................................................. 10 

2.4: Iindoleamine 2,3-dioxygenase (IDO) ........................................................ 10 

2.5: Regulatory T cells (Tregs) ......................................................................... 11 

2.6: Immunosuppressive macrophages ............................................................. 12 

2.7: Myeloid-derived suppressor cells (MDSC) ............................................... 13 

2.8: Significance of the preceding information to this dissertation .................. 13 

3: Inflammation links immune suppression and cancer by inducing MDSC 

development and suppressive functions ................................................................ 15 

3.1: Vascular endothelial growth factor (VEGF) ............................................. 16 

3.2: Granulocyte-macrophage colony stimulating factor (GM-CSF) and 

granulocyte colony stimulating factor (G-CSF) ......................................... 17 

3.3: Prostaglandin E2 (PGE2) and Cyclooxygenase 2 (COX2) ........................ 18 

3.4: CCAAT/enhancer binding protein β (C/EBPβ) and C/EBP homologous 

protein (chop) ............................................................................................. 19 

3.5: Complement component C5a .................................................................... 20 

3.6: S100A8/A9 ................................................................................................ 20 

3.7: High mobility group box 1 (HMGB1) ...................................................... 21 

3.8: IL-1β, IL-6, and indoleamine 2,3 dioxygenase (IDO) .............................. 21 

3.9: IL-17 .......................................................................................................... 22 

3.10: Significance of the preceding information to this dissertation ................ 23 

4: MDSC utilize a network of effector and signaling molecules to decrease immune 

surveillance. .......................................................................................................... 24 



 

iv 

 

4.1: MDSC depletion of amino acids ............................................................... 26 

4.2: MDSC production of nitric oxide (NO) .................................................... 28 

4.3: MDSC production of reactive oxygen species (ROS) .............................. 29 

4.4: MDSC inhibit T cell migration by down regulating L- and E- selectins. . 29 

4.5: MDSC can express Programmed Death-Ligand 1 (PD-L1) ...................... 30 

4.6: MDSC induce Tregs and Th17 cells ......................................................... 30 

4.7: MDSC impair NK cell-mediated cytotoxicity .......................................... 31 

4.8: Significance of the preceding information to this dissertation .................. 32 

5: Cross-talk between MDSC, macrophages, tumor cells, and mast cells enhances 

inflammation and inhibits anti-tumor immunity ................................................... 33 

5.1: MDSC and macrophage cross-talk ............................................................ 33 

5.2: MDSC and tumor cell cross-talk ............................................................... 34 

5.3: MDSC and mast cell cross-talk ................................................................. 35 

5.4: Significance of the preceding information to this dissertation .................. 36 

6: Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) ..................................... 37 

6.1: The Keap1-Nrf2 pathway .......................................................................... 39 

6.2: Structure of Nrf2 ....................................................................................... 39 

6.3: Structure of Keap1 .................................................................................... 40 

6.4: Mechanisms of Nrf2 activation ................................................................. 40 

6.5: Nrf2 heterodimerizes with other transcription factors and mediates the 

transcription of ARE-regulated genes ........................................................ 41 

6.6: Genes regulated by Nrf2 ........................................................................... 42 

6.7 Significance of the preceding information to this dissertation ................... 42 

Goal of dissertation ..................................................................................................... 43 

References ................................................................................................................... 45 

 

Chapter 2: Cross-talk among myeloid-derived suppressor cells, macrophages, and tumor 

cells impacts the inflammatory milieu of solid tumors ......................................... 75 

Footnotes ..................................................................................................................... 75 

Abstract ....................................................................................................................... 75 

Introduction ................................................................................................................. 76 

Material and methods .................................................................................................. 78 

Results ......................................................................................................................... 82 

IL-6 and IL-10 promote tumor progression ..................................................... 82 

MDSC production of IL-10 decreases macrophage IL-6 and TNFα, and 

increases NO. IL-6 indirectly regulates MDSC production of IL-10. .............. 83 

Other cytokines are also impacted by interactions between MDSC and 

macrophages ..................................................................................................... 86 

Tumor cells increase MDSC production of IL-6 and vice versa ...................... 86 



 

v 

 

Tumor cells increase macrophage IL-6 and NO, and decrease macrophage 

TNFα ................................................................................................................ 87 

MDSC prevent most tumor cells from increasing macrophage IL-6 ............... 89 

MDSC increase macrophage NO in the presence of tumor cells ..................... 89 

Stromal cells are the dominant producers of IL-6 and IL-10 in the tumor 

microenvironment ............................................................................................ 89 

Discussion ................................................................................................................... 90 

Figures......................................................................................................................... 95 

References ................................................................................................................. 110 

 

Chapter 3: Myeloid-derived suppressor cell survival and function are regulated by the 

transcription factor Nrf2 ..................................................................................... 118 

Abstract ..................................................................................................................... 118 

Introduction ............................................................................................................... 119 

Materials and Methods .............................................................................................. 121 

Results ....................................................................................................................... 127 

Host expression of Nrf2 enhances tumor progression .................................... 127 

Host expression of Nrf2 enhances MDSC suppressive potency and the quantity 

of tumor-infiltrating MDSC. .......................................................................... 128 

Nrf2 decreases MDSC oxidative stress and apoptosis ................................... 131 

Nrf2-deficiency increases the rate of MDSC generation in the bone marrow 132 

Discussion ................................................................................................................. 133 

Figures....................................................................................................................... 137 

References ................................................................................................................. 148 

 

Chapter 4: Discussion ..................................................................................................... 161 

Summary of the major findings ................................................................................ 161 

How does Nrf2 impact inflammation, tumor progression, and anti-tumor immunity?

................................................................................................................................... 162 

How does MDSC production of IL-10 impact anti-tumor immunity? ..................... 166 

How does cross-talk impact other cells in the tumor microenvironment? ................ 172 

Concluding remarks .................................................................................................. 174 

References ................................................................................................................. 175 

 

Appendix 1: Cross-talk among myeloid-derived suppressor cells, macrophages, and 

tumor cells impacts the inflammatory milieu of solid tumor .............................. 191 



 

vi 

 

Appendix 2: IDO is a nodal pathogenic driver of lung cancer and metastasis development

............................................................................................................................. 202 

Appendix 3: Myeloid-derived suppressor cells: critical cells driving immune suppression 

in the tumor microenvironment .......................................................................... 217 

Appendix 4: Cross-talk between myeloid-derived suppressor cells (MDSC), 

macrophages, and dendritic cells enhances tumor-induced immune suppression

............................................................................................................................. 264 

 

Glossary .......................................................................................................................... 272 

 

  



 

vii 

 

List of Tables 

 

Chapter 2: Cross-talk between myeloid-derived suppressor cells, macrophages, and tumor 

cells impacts the inflammatory milieu of solid tumors 

 

Supplemental Table 1: IL-10-deficiency and IL-6-deficiency modestly alter MDSC 

production of other cytokines and cross-talk with macrophages .........................108 

Supplemental Table 2: NO has pro- and anti-tumor effects ......................................109 

  



 

viii 

 

List of Figures 

Chapter1: Introduction 

Figure 1: The concept of cancer immunoediting ...........................................................6 

Figure 2: Myeloid cell differentiation under normal and inflammatory conditions ....14 

Figure 3: MDSC suppress T cells and regulate the inflammatory milieu by multiple 

mechanisms ............................................................................................................25 

Figure 4: Mechanism for activation of the Keap1-Nrf2 pathway ................................38 

 

 

Chapter 2: Cross-talk between myeloid-derived suppressor cells, macrophages, and tumor 

cells impacts the inflammatory milieu of solid tumors  

Figure 1: IL-6 and IL-10 produced by host cells enhance primary tumor growth and 

decrease survival time ............................................................................................95 

Figure 2: Cross-talk between MDSC and macrophages regulates production of IL-10, 

IL-6 and nitric oxide. .............................................................................................97 

Figure 3: Tumor cells induce MDSC to produce IL-6 and vice versa .......................100 

Figure 4: Tumor cells induce macrophages to produce IL-6 and NO, but decrease 

macrophage TNFα ...............................................................................................101 

Figure 5: MDSC decrease tumor cell-mediated enhancement of IL-6, and increase 

tumor cell-mediated enhancement of macrophage NO .......................................103 

Figure 6: Host cells are the dominant producers of IL-6 and IL-10 in the tumor 

microenvironment ................................................................................................104 

Figure 7: Summary of cross-talk between MDSC, macrophages, and tumor cells ...105 

Supplemental Figure 1A: Tumor progression, survival time, and engraftment are 

similar in BALB/c wild type and IL-10-/- mice inoculated with 1x105 or 1x104 

CT26 tumor cells..................................................................................................106 

Supplemental Figure 1B: Exogenous IL-6 does not impact MDSC production of IL-

10..........................................................................................................................106 

Supplemental Figure 1C: MDSC, but not tumor cells or macrophages, proliferate 

during co-culture ..................................................................................................106 

Supplemental Figure 2: Tumor cells do not affect macrophage and/or MDSC 

production of IL-12 or IL-10, and MDSC do not affect tumor cell and 

macrophage production of TNFα .........................................................................107 

 

 



 

ix 

 

Chapter 3: Myeloid-derived suppressor cell survival and function are regulated by the 

transcription factor Nrf2 

Figure 1: Nrf2 decreases survival time of tumor-bearing mice .................................137 

Figure 2: Nrf2 enhances MDSC suppressive activity and the quantity of tumor-

infiltrating MDSC ................................................................................................138 

Figure 3: Nrf2 decreases intracellular MDSC oxidative stress ..................................140 

Figure 4: Nrf2 protects MDSC from apoptosis..........................................................141 

Figure 5: Nrf2 deficiency enhances MDSC proliferation ..........................................142 

Supplemental Figure 1: MDSC from Nrf2-/- mice are deficient for Nrf2 and do not 

upregulate Nrf2-regulated genes in response to stress .........................................144 

Supplemental Figure 2: Nrf2 enhances MDSC-mediated suppression of T cells .....145 

Supplemental Figure 3: Nrf2 does not impact MDSC production of NO, expression of 

Arg1 or xCT, or the down-regulation of L-selectin, but decreases MDSC 

production of IL-10 ..............................................................................................146  

Supplemental Figure 4: Nrf2 does not alter the ratio of tumor-infiltrating PMN-

MDSC to M-MDSC or MDSC chemotaxis .........................................................147 

 

 

 

 



 

1 

 

Chapter 1: Introduction 

Opening remarks 

 

 In this thesis, I will discuss the research I have conducted and give an 

interpretation and explanation of the results. This dissertation is focused on obtaining a 

greater understanding of myeloid-derived suppressor cells (MDSC), an immature 

myeloid cell population that is induced by inflammation and cancer. MDSC are an 

important cell population in cancer patients because they suppress anti-tumor immunity 

through several mechanisms. Specifically, my work is focused on two separate aspects of 

MDSC: (i) how cross-talk between MDSC, macrophages, and tumor cells modulates the 

level of inflammatory mediators in the tumor microenvironment; and (ii) how MDSC 

induction, survival, and suppressive activity is regulated by the transcription factor 

nuclear factor (erythroid-derived 2)-like 2 (Nrf2). As such, this introduction will describe 

the relationship between the immune system and cancer, and how cancer escapes anti-

tumor immunity though the activity of MDSC. This background will provide the reader 

with a general understanding of anti-tumor immunity, and provide sufficient background 

on MDSC in order to understand how this research fits into, and contributes to the global 

understanding of MDSC function and suppressive activity. The goal of this research was 

to strengthen the breadth of knowledge associated with MDSC in order to provide new 

insight for the development of future immunotherapies.      
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1: Cancer can be eradicated by the immune system  

 

Cancer is the second leading cause of death in the United States. It has been 

estimated by the American Cancer Society that in the United States in 2015, there will be 

over 1.6 million newly diagnosed cancer patients, and 589,000 deaths will be due to 

cancer (1). Most patients are treated by a combination of surgery, radiotherapy, and/ or 

chemotherapy. While standard therapies are efficient at treating the primary tumor, 

cancer is still the cause of roughly 25% of deaths in the United States. The primary 

reason for cancer-related deaths is because of metastatic spread of the disease, which is 

responsible for 90% of cancer deaths (2).  

Utilization of the immune system to systematically target and destroy cancer is a 

promising approach for the treatment of metastatic cancer. T cells are capable of 

becoming activated against tumor specific antigens and tumor associated antigens, and 

can destroy tumor cells expressing those antigens. Antigen-specific stimulation is 

typically mediated by professional antigen presenting cells (APC) such as dendritic cells 

(DC) and macrophages. Classically, APC phagocytose and process tumor-derived 

proteins into short peptide sequences, and display those peptides on their surface bound 

to histocompatibility complex (MHC) proteins. Each T cell expresses a unique T cell 

receptor (TCR) that has specific reactivity toward a unique peptide bound to MHC. 

Helper CD4+ T cells are activated by peptides bound to MHC II, which is expressed by 

professional APC, while cytotoxic CD8+ T cells are activated by peptides bound to MHC 

I, which is expressed by most nucleated cells (3, 4). Activation of T cells against tumor 

antigens can potentially establish long-term immunologic memory which can target latent 
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metastasis. Activated CD8+ T cells mediate direct killing of tumor cells, while CD4+ T 

cell activation results in the release of cytokines such as INFγ and IL-2 (5, 6), which can 

further enhance anti-tumor immunity by promoting the activation of T cells in a positive-

feedback manner, enhance MHC expression and antigen presentation on APC, increase 

direct tumor cell killing by macrophages and natural killer (NK) cells (7, 8), and induce 

the switching of B lymphocytes (B cells) to antibody-producing plasma B cells which can 

have long-term anti-tumor effects (6, 9).  

 

1.1: Immune surveillance protects us from cancer  

The idea that the ever-vigilant immune system is continually detecting and 

eradicating transformed cells from our bodies was originally proposed by Paul Ehrlich in 

1909 (10), and the hypothesis of immune surveillance was further elaborated by Burnet 

and Thomas in 1957 (11). Indeed, athymic nude mice have severely diminished levels of 

T lymphocytes and display enhanced susceptibility to methylcholanthrene-induced 

sarcomas (12). Similar results were observed in recombination activating gene 2 (RAG-2) 

deficient mice, which cannot rearrange T nor B cell receptors and lack lymphocytes (13). 

Additional studies focusing on disruption of TCR signaling in T and natural killer T 

(NKT) cells (14), and the synthesis of IFNγ (15, 16) and perforin (17) in the regulation of 

tumor development highlight the necessity of lymphocytes for effective immune 

surveillance.  
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1.2: Cancer cells escape immune surveillance by immunoediting  

Despite the notion that our immune system is diligently protecting us from 

precancerous cells, some cells are able to evade detection and destruction by the immune 

system and form nascent malignancies (18). This process gave rise to the concept of 

immunoediting which consists of three phases: elimination, equilibrium, and escape 

(Figure 1) (19). Healthy cells can become transformed due to genome instability in the 

form of mutations, gene amplification, or chromosome rearrangements, which can cause 

oncogene activation, tumor suppressor deactivation, or the dysregulation of cell cycle 

genes (20). Transformed cells are typically highly immunogenic and frequently express 

tumor-specific and tumor-associated antigens, NK cell ligands, and damage-associated 

molecular pattern molecules (DAMPs) which facilitate an anti-tumor immune response 

that destroys these transformed cells during the elimination phase (19). However, some 

tumor cell populations are able to escape immediate destruction by the immune system. 

These populations can exist in equilibrium with the immune system as continued 

outgrowth of the tumor cell population is held in check by the immune system. The 

equilibrium phase is the longest stage of immunoediting; where tumor cell populations 

can become dormant, or tumor cell variants can acquire additional mutations that confer a 

selective advantage for continued growth. These advantages arise as an adaptation to 

selective pressures exerted by the immune system, which selects for immune-evasive 

and/or immunosuppressive tumor cell variants (19, 21). The escape phase represents the 

outgrowth of tumor cells that evade destruction by the immune system. The escape phase 

can also result from the establishment of MDSC, which are the primary focus of this 
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dissertation. Other immunosuppressive cell mechanisms and cell populations can also 

facilitate immune escape and are further discussed in section 2.   
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Figure 1: The concept of cancer immunoediting. Normal tissue can become transformed 

through somatic mutations that dysregulate the cell cycle. Mutations can be inherited, or 

be caused by exposure to carcinogens, radiation, inherited genetic defects, or chronic 

inflammation. Transformed cells release danger signals and express tumor antigens that 

designate themselves as tumor cells. During the elimination phase, these danger signals 

and tumor antigens are utilized by the immune system to target and destroy the 

transformed cells. However, random mutations can allow a tumor cell to become immune 

evasive which allows the transformed cells to enter the equilibrium phase. Due to 

selective pressure from the immune system, immune evasive and immune suppressive 

tumor cells are able to emerge out of the equilibrium phase and in into the escape phase. 

These immune evasive and immune suppressive tumor cells escape detection and 

destruction from the immune system by losing antigen presentation, express 

immunosuppressive molecules such as transforming growth factor beta (TGFβ), 

indoleamine 2,3-dioxygenase (IDO), and programed death ligand 1 (PD-L1), and induce 

immunosuppressive cell populations such as T regulatory cells (Treg) and myeloid-

derived suppressor cells (MDSC). Figure adapted from (19, 22). 
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1.3: Significance of the preceding information to this dissertation 

 The immune system is capable of destroying malignant cells. However, selective 

pressures exerted by the immune system on tumor cells selects for tumor cell variants that 

escape destruction by the immune system. One of the mechanisms that tumors use to 

facilitate immune escape is by inducing MDSC. Therefore, understanding mechanisms by 

which the immune system is capable of targeting and destroying malignant cells is 

essential for the reader to appreciate the negative effects MDSC have on anti-tumor 

immunity.  
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2: Tumor cells express factors that suppress anti-tumor immunity and induce 

immunosuppressive cell populations.  

 

As briefly discussed in the earlier section, tumor cells are capable of evading 

destruction by the immune system. Tumor-induced immune suppression is a major 

problem for cancer patients, and deficiencies in immune responses have been extensively 

characterized in tumor-bearing patients and animals. T cells become tolerant to tumor 

antigens, and tumor infiltrating lymphocytes and APC in tumor tissue are nonfunctional 

(23). These defects in the immune system occur through multiple mechanisms that are 

overlapping and redundant. Tumor cells can avoid antigen presentation, or directly 

suppress T cell activation by expressing programmed death ligand-1 (PD-L1), TGFβ, or 

indoleamine 2,3-dioxygenase (IDO). Tumor cells can also induce immunosuppressive 

cell types such as regulatory T cells (Tregs), M2 macrophages, and MDSC (23, 24).  

 

2.1: Loss of antigen presentation 

Tumors frequently evade destruction by cytotoxic CD8+ T cells by 

downregulating antigen presentation machinery. CD8+ T cells can recognize tumor 

antigens bound to MHC I expressed on tumor cells, which induces CD8+ T cell-mediated 

killing of the tumor cell. Thus, decreased expression of MHC I, or the intracellular 

machinery involved in antigen presentation can help tumor cells avoid recognition by the 

immune system (25, 26).  
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2.2: Manipulation of Immune checkpoints 

For T cells to be activated against tumor antigens and be effective in an anti-

tumor immune response, two signals are required for activation. The first signal is 

initiated by the binding of the TCR to a specific peptide-MHC complex, which induces a 

signal transduction cascade that is propagated by CD3ζ. After this first signal, APCs 

deliver a second, co-stimulatory signal which is essential for enhancing the survival and 

inducing the clonal expansion of activated T cells. One of the most studied forms of co-

stimulation is via CD80 or CD86 binding to the co-stimulatory receptor CD28 on T cells 

(27). However, co-inhibitory molecules exist to quench immune activity and restore 

homeostasis (28). Cytotoxic T lymphocyte antigen-4 (CTLA4) is a well-characterized co-

inhibitory molecule (29, 30), which is expressed at high levels on activated T cells and T 

regulatory cells (Tregs). CTLA4 binds to CD80/CD86 with a higher affinity than CD28, 

which results in decreased IL-2R expression and IL-2 production by the T cell, and 

arrests the T cell in the G1 phase of the cell cycle (29). Additionally, CTLA4 can remove 

CD80/CD86 from APC through trans-endocytosis, which presumably results in less 

available CD80/CD86 to stimulate CD28 (31). Since tumor cells can induce Tregs which 

express CTL4 (discussed in section 2.5), CTLA4 is an important obstacle in anti-tumor 

immunity.  

Another well characterized immune checkpoint molecule is the programmed 

death 1 (PD-1) pathway. Like CTLA4, PD-1 is expressed on activated T cells (28). PD-1 

induces apoptosis in T cells when it is bound by programmed death ligand 1 or 2 (i.e. PD-

L1 and PD-L2, respectively) (28). Many tumor cells constitutively express or are induced 

by IFNγ to express PD-L1 (32, 33), which is known to be an important protective 
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mechanism that facilitates tumor growth (34). PD-L2 can also be expressed on tumor 

cells, however, PD-L2 expression in human malignancies has not been correlated with 

decreased survival outcome with statistical significance (35).     

 

2.3: Transforming growth factor beta (TGFβ) 

TGFβ is another important molecule that is secreted by tumor cells or other host 

immune cells that promotes tumor progression and decreases anti-tumor immunity (36). 

TGFβ negatively impacts the cytolytic activity of CD8+ T cells and decreases their 

expression of perforin, granzyme A and B, Fas-ligand, and IFNγ (37). TGFβ also induces 

immunosuppressive cell populations such as Tregs and M2 macropahges which are 

discussed in sections 2.5 and 2.6, respectively.   

 

2.4: Indoleamine 2,3-dioxygenase (IDO) 

Following initial contact with antigen, T cells undergo metabolic changes that are 

essential for their activation and clonal expansion. Limitation of essential amino acids 

such as L-Tryptophan (L-Trp) can limit T cell responses. During amino acid starvation, 

accumulation of empty aminoacyl tRNAs occurs, which activates serine-threonine kinase 

GCN2. GCN2 phosphorylates eIF2α, which binds eIF2B and suppresses the translation 

initiation complex from binding charged aminoacyl tRNA, thereby causing a global 

decrease in protein translation. Simultaneously, GCN2 enhances the translation of GCN4, 

which results in the transcription of genes required for the synthesis of amino acids (38). 

L-Trp metabolism by IDO, which degrades L-Trp into N-formylkynurenine, is an 
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important regulatory mechanism for APC to modulate T cell functions during antigen 

presentation (39). Tumor cells and other immunosuppressive cells utilize this pathway to 

inhibit T cell activation and proliferation (40).  

 

2.5: Regulatory T cells (Tregs) 

Tregs naturally occur in the thymus and are an important CD4+ helper T cell 

subset that helps maintain tolerance to self-antigens and subvert autoimmunity (41). They 

are defined by the surface markers CD4 and CD25 (IL-2Rα), and expression of the 

transcription factor FoxP3 (42). Tregs are induced in response to the inflammatory 

mediators IL-10, TGFβ, and PGE2, and multiple studies have demonstrated that Tregs are 

a barrier for anti-tumor immune responses (43). Tregs suppress T cell activation by 

several mechanisms: (i) induce apoptosis in B cells, NK cells, and CD8+ T cells in a 

granzyme and perforin-dependent manner (44, 45), and in CD4+ T cells via the TRAIL-

DR5 (tumor-necrosis factor-related apoptosis-death receptor 5) pathway (46); (ii) induce 

DC to produce IDO (39); (iii) express CTLA4 (47), which removes CD80/CD86 from 

APC through trans-endocytosis (31); (iv) secrete immunosuppressive cytokines such as 

IL-10, IL-35, and TGFβ (42), and; (v) express high levels of the IL-2 receptor, which 

depletes the local environment of IL-2 available for effector T cells (42). Tregs are also 

induced by MDSC, which is discussed in section 5.6.  
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2.6: Immunosuppressive macrophages  

Macrophages are phagocytic, tissue-resident myeloid cells that are derived from 

circulating monocytes. They can exhibit a continuum of phenotypes and functions which 

can promote or deter tumor growth. Their status is determined by the stimuli in their 

microenvironment. M1-like macrophages are anti-tumor and are induced by IFNγ and 

bacterial products such as LPS. They express high levels of reactive oxygen species, are 

IL-12high IL-6high TNFαhigh MHCIIhigh CD86high IL-10low/neg NOS2high ARG1low, kill tumors 

by secreting NO, and are efficient activators of type 1 anti-tumor immune responses. M2-

like macrophages are pro-tumor and are induced by IL-4, IL-13, TGFβ, and IL-10, are 

classified as IL-12low IL-6low TNFαlow MHCIIlow CD86low IL10high VEGFhigh NOS2low 

ARG1high, and are responsible for tissue remodeling and angiogenesis in addition to their 

pro-tumor activity (48). Macrophages can suppress T cell activation by expressing PD-L1 

and CTLA4, induce Tregs by secreting IL-10 and TGFβ, and deplete the local 

environment of L-arginine through the activity of nitric oxide synthase (NOS) and 

arginase 1 (ARG1) (49). NOS and ARG1 are also utilized by MDSC to suppress T cell 

activation and proliferation, and are further discussed in sections 4.1 and 4.2. Cross-talk 

between macrophages and MDSC exacerbates the immune-suppressive, pro-tumor 

activity of each of these cell populations (8, 50, 51). Understanding the role of cross-talk 

in regulating MDSC and macrophage activity was one of the goals of this dissertation and 

is introduced in section 5.1, and the results obtained during this dissertation are discussed 

in chapter 2.  
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2.7: Myeloid-derived suppressor cells (MDSC) 

 MDSC are a heterogeneous population of immature myeloid cells that are induced 

by inflammation, and are widely accepted as one of the main obstacles for anti-tumor 

immune responses. MDSC are derived from common myeloid progenitor cells in the 

bone marrow, which also gives rise to other myeloid cells such as macrophages, dendritic 

cells, and neutrophils (Figure 2). MDSC are identified by the surface markers Gr1 and 

CD11b in mice, and CD14, CD15, CD33, and CD11b in humans (52-54). They are 

largely grouped into two distinct phenotypes, monocytic (M-MDSC) and granulocytic 

(PMN-MDSC). In mice, Gr1 exists as two isoforms, Ly6G and Ly6C. M-MDSC are 

Gr1mid CD11b+ Ly6C+ Ly6Glow/-, while PMN-MDSC are Gr1mid/hi CD11b+ Ly6C- Ly6G+. 

Since MDSC and neutrophils have similar morphology and surface markers, the defining 

characteristic of bona fide MDSC is their ability to suppress T cell function. The 

numerous suppressive mechanisms that MDSC use to inhibit anti-tumor immunity are 

discussed in sections 4 and 5. 

 

2.8: Significance of the preceding information to this dissertation 

Tumors employ multiple mechanisms to escape destruction by the immune 

system. Understanding the mechanisms that tumors utilize to subvert anti-tumor 

immunity allows the reader to appreciate how MDSC fit into the context of tumor-

induced immune suppression.   
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Figure 2: Myeloid cell differentiation under normal and inflammatory conditions. 

Myeloid cells originate from bone marrow-derived hematopoietic stem cells (HSCs) that 

differentiate into common myeloid progenitors (CMPs). During normal myelopoiesis, 

CMPs differentiate into granulocytes including eosinophils, basophils, and neutrophils, as 

well as monocytes, macrophages, and dendritic cells. MDSCs also differentiate from 

CMPs and are categorized as M-MDSCs or PMN-MDSCs. Inflammation perturbs normal 

myelopoiesis and drives CMPs to differentiate into MDSC. HSC, hematopoietic stem 

cell; CMP, common myeloid progenitor; DC, dendritic cell; MΦ, macrophage; M-

MDSCs, monocytic myeloid-derived suppressor cells; PMN-MDSCs, granulocytic 

myeloid-derived suppressor cells. Figure adapted from (55).  
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3: Inflammation links immune suppression and cancer by inducing MDSC 

development and suppressive functions 

 

Studies evaluating patients on long-term use of nonsteroidal anti-inflammatory 

drugs (NSAIDS), epidemiological analyses, and trials involving blockade of 

inflammatory molecules have demonstrated that inflammation contributes to the onset of 

cancer (56). Inflammation contributes to tumor progression by supplying growth factors 

that sustain tumor cell proliferation, survival factors that limit tumor cell apoptosis, 

proangiogenic factors and extracellular matrix-modifying enzymes that facilitate tumor 

angiogenesis, invasion, and metastasis, and factors that promote the epithelial-

mesenchymal transition of tumor cells (24, 57-59). In addition, inflammation induces 

immune cells to release reactive oxygen species (ROS), which damage DNA and are 

mutagenic, thereby accelerating tumor cell acquisition of characteristics that facilitate 

tumor cell escape from the immune system via immunoediting (58).  

Four main sources of inflammation promote carcinogenesis: (i) environmental 

inflammation such as tobacco smoke which is associated with lung cancer (60); (ii) 

therapy-induced inflammation (e.g. from radiation and chemotherapy) that causes 

necrosis of tumor and tumor stromal cells, which initiates an inflammatory response 

similar to wound healing and may enhance presentation of tumor antigens, but may also 

create tumor-promoting inflammation (61, 62); (iii) chronic inflammation or infection 

which increases the risk of developing cancer (e.g. patients with Crohn’s disease have 

increased risk of developing small bowel, colorectal, or extra-intestinal cancer, and 

lymphoma, while patients infected with hepatitis B or C, Schistosoma, or Bacterocides 
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have a higher incidence of developing hepatocellular carcinoma, bladder cancer, and 

colon cancer, respectively) (63-66), and; (vi) tumor-associated inflammation, which is 

discussed in further detail below.  

Solid tumors are a complex and frequently inflamed microenvironment. The 

inflammation is driven by pro-inflammatory mediators which are secreted by tumor cells, 

various tumor-infiltrating T and B lymphocytes, NK cells, tumor-associated fibroblasts, 

and myeloid cells such as neutrophils, eosinophils, mast cells, macrophages, dendritic 

cells, and myeloid-derived suppressor cells (MDSC) (67-69). These cells produce a vast 

array of inflammatory mediators that include cytokines (e.g. IL-1, IL-6, IL-17, TNFα), 

growth factors (e.g. TGFβ, GM-CSF, VEGF), and other effector molecules (e.g. 

S100A8/A9, High Mobility Group Box 1), which differentially impact MDSC 

accumulation and their suppressive functions (8, 55, 70). Since the tumor 

microenvironment varies between tumor types and individuals with cancer, as well as 

with stage of tumor progression, it is not surprising that MDSC are a heterogeneous 

population that may vary from individual to individual. The specific effects of individual 

inflammatory mediators on MDSC are discussed below.  

 

3.1: Vascular endothelial growth factor (VEGF) 

VEGF is a pro-inflammatory growth factor that stimulates angiogenesis, and 

tumors producing high levels of VEGF have a poor prognosis. VEGF inhibits NF-kB 

activation which blocks DC development while simultaneously driving MDSC 

accumulation (71). MDSC express the VEGF receptor, and VEGF is a chemoattractant 

for MDSC. ROS production by MDSC increases oxidative stress which upregulates 
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MDSC expression of the VEGF receptor (72). Since other factors in solid tumors also 

contribute to oxidative stress, the tumor microenvironment is a critical factor in 

determining the responsiveness of MDSC to VEGF. 

 In addition to tumor cells, MDSC themselves produce VEGF, thereby creating an 

autocrine feed-back loop that sustains MDSC accumulation (73). VEGF has been shown 

to be released from the extracellular matrix by MMP9, a matrix degrading enzyme (74). 

Soluble MMP9 is produced by tumor cells and promotes MDSC accumulation and tumor 

angiogenesis (75). Therefore, MDSC have multiple modes of generating VEGF.  

 

3.2: Granulocyte-macrophage colony stimulating factor (GM-CSF) and granulocyte 

colony stimulating factor (G-CSF) 

GM-CSF is a growth factor for leukocytes. It is required for DC differentiation 

and is used to expand DC ex vivo. GM-CSF induces MDSC accumulation in vivo and in 

vitro, while in vivo knockdown of GM-CSF reduces MDSC expansion (76, 77). Inclusion 

of GM-CSF in cultures of bone marrow progenitor cells drives the differentiation of 

MDSC, demonstrating that GM-CSF is a growth factor for MDSC (78).  

MDSC differentiation is also positively regulated by the growth factor G-CSF. G-

CSF plays a critical role in mobilizing bone marrow stem cells and is essential for 

differentiation of granulocytic lineages (79). Administration of G-CSF to tumor-bearing 

mice drives tumor growth and angiogenesis, while blockade of G-CSF reduces MDSC 

levels (80). G-CSF also pre-conditions metastatic sites by mobilizing MDSC (81). While 

the role of G-CSF in MDSC development is clear, the impact of G-CSF on MDSC 

function is more complicated. In mice bearing MCA203 sarcomas, G-CSF induced 
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Gr1hiCD11b+ cells that were less suppressive than Gr1intCD11b+ cells, while in MMTV-

PyMT transgenic mice with mammary carcinoma, G-CSF caused CD11b+Ly6G+Ly6C+ 

cells to secret BV8. BV8 is an endocrine analogue of VEGF and functions as a pro-

angiogenic protein that promotes hematopoiesis (81, 82). Therefore, G-CSF differentially 

affects MDSC function depending on the type of tumor. 

 

3.3: Prostaglandin E2 (PGE2) and Cyclooxygenase 2 (COX2) 

PGE2 is a potent inflammatory mediator that is generated by COX2-mediated 

conversion of arachidonic acid. PGE2 supports tumor growth by promoting angiogenesis, 

stimulating tumor cell proliferation, protecting tumor cells from apoptosis, and by 

suppressing innate and adaptive immunity. Many human and mouse tumors as well as 

tumor-infiltrating cells produce COX2 and PGE2. PGE2 promotes MDSC differentiation 

at the expense of DC, while inhibition of COX2 or PGE2 in tumor-bearing mice blocks 

MDSC differentiation and delays tumor progression (83, 84). In the tumor 

microenvironment PGE2 mediates its effects through four integral membrane G-protein 

coupled prostanoid receptors: EP1, EP2, EP3, and EP4. Mice deficient in EP2 display 

delayed tumor progression and reduced MDSC levels (83). Blockade of PGE2 or EP4 in 

tumor-bearing mice reduces MDSC production of ARG1 (85). In human blood progenitor 

cells, PGE2 promotes the propagation of MDSC (CD11b+CD33+ cells) that have elevated 

levels of NOS2, ARG1, IL-10, and IL-4Rα (86). Therefore, in mouse and human MDSC, 

PGE2 not only regulates the differentiation of MDSC, but several suppressive 

mechanisms as well.  
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3.4: CCAAT/enhancer binding protein β (C/EBPβ) and C/EBP homologous protein 

(chop)  

C/EBP proteins are a family of leucine zipper transcription factors that regulate 

inflammation and myeloid cell differentiation. While there are various isoforms of C/EBP 

proteins, C/EBPβ acts during stress/inflammation-induced myelopoiesis. C/EBPβ has 

three isoforms: LAP* and LAP (liver-enriched activator proteins), and LIP (liver-

enriched inhibitory protein). LAP* and LIP are transcriptional activators that drive 

inflammatory myelopoiesis by inducing IL-6 and ARG1. In contrast, LIP inhibits LAP 

signaling promoting an anti-inflammatory response. In inflammatory settings such as the 

tumor microenvironment, LAP* and LAP are active and drive inflammation-induced 

myelopoiesis. C/EBPβ is also required for the ex vivo generation of immunosuppressive 

MDSC from bone marrow progenitor cells, via IL-6 and GM-CSF (87).  

C/EBP homologous protein (chop) regulates C/EBPβ expression, and is part of an 

integrated stress response system that is activated by ROS. Therefore, tumor-induced 

MDSC have increased chop expression (88). MDSC from chop-deficient tumor-bearing 

mice are less suppressive and exhibit reduced signaling through C/EBPβ, which results in 

lower expression of IL-6 and phosphorylated STAT3. Over-expression of IL-6 in chop-

deficient mice rescues MDSC suppressive activity (88). Therefore, chop regulates 

C/EBPβ which induces IL-6, activates STAT3, and drives the suppressive potency of 

MDSC.  

 



 

20 

 

3.5: Complement component C5a 

 C5a (also known as anaphylatoxin) is a pro-inflammatory member of the 

complement and lectin pathway. When the complement pathway is activated, C5a in the 

blood becomes fixed in tissues. C5a triggers degranulation of mast cells, aids in vascular 

permeability, and stimulates smooth muscle contraction. In a tumor setting C5a increases 

MDSC-mediated immune suppression by chemoattracting C5a receptor+ MDSC to tumor 

vasculature, and by increasing MDSC production of ROS and ARG1 (89).  

 

3.6: S100A8/A9 

S100A8/A9 proteins are pro-inflammatory danger signals. They are calcium 

binding proteins that are localized in the cytoplasm or nucleus of myeloid cells, and are 

released in response to cell damage, infection, or inflammation. Mice deficient in 

S100A9 reject transplanted tumors, while elevated expression of S100A8/A9 in solid 

tumors perpetuates inflammation by chemoattracting leukocytes that produce additional 

inflammatory molecules (90, 91). MDSC are one of the leukocyte populations that are 

chemoattracted by S100A8/A9, and chemoattraction is dependent on signaling through 

receptor for advanced glycation endproducts (RAGE) (91). S100A8/A9 mediate their 

pro-inflammatory effects by binding to the plasma membrane receptors TLR4, 

carboxylated N-glycans, RAGE, or heparin sulfate (92). MDSC amplify their own 

accumulation by secreting S100A8/A9, thus creating a self-sustained feedback loop (91).  
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3.7: High mobility group box 1 (HMGB1) 

HMGB1 is the second most abundant protein within a cell and is released from 

myeloid cells as a danger response to sepsis, infection, or arthritis. HMGB1 can signal 

through a number of receptors including thrombospondin, CD24, TLR2, 4, 7 and 9, as 

well as RAGE (93). HMGB1 is required for the differentiation of MDSC. Additionally, 

HMGB1 modulated MDSC-mediated down-regulation of T cell L-selectin (CD62L) via 

up-regulation of MDSC expression of extracellular A Disintegrin And Metalloproteinase 

17 (ADAM17), a protease that cleaves L-selectin (94). Secretion of the pro-tumor 

cytokines IL-10 and IL-1β by MDSC is also increased by HMGB1 (94), and HMGB1-

driven MDSC accumulation facilitates metastasis (95). Preliminary studies indicate that 

HMGB1 mediates its effects on MDSC through RAGE and/or TLR4 (Parker and 

Ostrand-Rosenberg, unpublished). HMGB1 also binds to other receptors, but it is 

unknown if MDSC are activated through additional receptors. 

 

3.8: IL-1β, IL-6, and indoleamine 2,3 dioxygenase (IDO)  

The causative relationship between inflammation, cancer, and immune 

suppression was first proposed following the finding that IL-1β was a potent inducer of 

MDSC accumulation and suppressive activity (24). Mice bearing 4T1/IL-1β, which are 

4T1 mammary tumor cells that were transfected to constitutively express high levels of 

IL-1β, exhibit increased MDSC accumulation and more suppressive MDSC compared to 

mice bearing parental 4T1 tumors. 4T1 tumor-bearing mice that lack the IL-1 receptor 

antagonist, an inhibitor for IL-1β, also develop elevated levels of MDSC that are more 

suppressive. Similarly, IL-1R-/- mice display slower tumor growth and their MDSC are 
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less suppressive (96-99). Since IL-1β induces the production of other mediators, 

including VEGF, IL-6, PGE2, and GM-CSF, some of the effects of IL-1β on MDSC may 

be indirect. 4T1 tumor cells transfected to constitutively express IL-6 induce elevated 

levels of MDSC and restore MDSC levels in tumor-bearing IL-1R-/- mice, indicating that 

IL-6 effects on MDSC are either down-stream of IL-1β, or have an overlapping 

mechanism of action with IL-1β (99). Since MDSC produce IL-6 and IL-1β, these studies 

also raise the question of whether MDSC production of IL-6 is regulated by IL-1β, and if 

MDSC production of IL-1β enhances MDSC production of IL-6. IDO1, which is utilized 

by MDSC as an immune suppressive mechanism, also regulates IL-6, and tumor-bearing 

IDO1-/- mice have less suppressive MDSC, reduced levels of IL-6, and delayed primary 

tumor growth and metastatic disease (100). Provision of IL-6 to tumor-bearing IDO 

knockout mice restores MDSC levels and suppressive potency (100).  

   

3.9: IL-17 

IL-17 is a pro-inflammatory cytokine secreted by CD4 Th17 and CD8 Th17 cells. 

Tumor growth is suppressed and MDSC levels are decreased in IL-17 deficient mice, 

while administration of IL-17 raises MDSC levels (101, 102). Patients with 

gastrointestinal cancers show a strong positive correlation between serum IL-17 and 

MDSC levels, further supporting a role for IL-17 as an inducer of MDSC (103). The 

effects of IL-17 may be either direct or indirect. Most cells have IL-17 receptors so 

MDSC may be directly impacted. However, IL-17 triggers the production of IL-6 which 

in turn activates STAT3, so many effects on MDSC may be directly mediated by IL-6 

and indirectly by IL-17 (101, 104). 
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3.10: Significance of the preceding information to this dissertation 

 Since solid tumors are frequently inflamed, understanding how inflammation drives 

MDSC accumulation and suppressive potency allows the reader to appreciate how inflammation 

promotes tumor progression through MDSC-mediated suppression of anti-tumor immunity. 

Additionally, chapter 2 of this dissertation details how MDSC regulate inflammation in solid 

tumors by cross-talk with macrophages and tumor cells (background on MDSC cross-talk is 

detailed in section 5). Therefore, the information provided in this section allows the reader to 

appreciate how my research contributes to what is known about how inflammation is regulated in 

solid tumors.   
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4: MDSC utilize a network of effector and signaling molecules to decrease immune 

surveillance.  

 

MDSC utilize multiple suppressive mechanisms to induce a tolerogenic, tumor-

promoting environment. MDSC directly suppress T cells by starving them of amino 

acids, inducing apoptosis, reducing homing to lymph nodes, or by inhibiting their 

intracellular signaling pathways required for activation. MDSC also indirectly suppress T 

cells by altering the ability of APC to activate T cells, and by inducing 

immunosuppressive Tregs. In addition, MDSC impact other cells involved in an anti-

tumor response because they alter the inflammatory milieu in the tumor 

microenvironment (TME) by cross-talk with macrophages, tumor cells, and mast cells. 

This section is devoted to explaining suppressive mechanisms that MDSC exert on T 

cells, and direct signaling events that induce immunosuppressive cell populations or 

inhibit anti-tumor immunity. Cross-talk between MDSC, macrophages, tumor cells, and 

mast cells is discussed in section 5. Mechanisms of MDSC-mediated suppression of anti-

tumor immunity are illustrated in Figure 3.  
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Figure 3: MDSC suppress T cells and regulate the inflammatory milieu by multiple 

mechanisms. MDSC regulate anti-tumor immunity by: (i) secretion of IL-10, which 

induces Tregs and drives macrophage polarization to an M2 tumor-promoting phenotype 

(ii) secretion of IL-6 and TGFβ, which induces Th17 cells; (iii) production of ROS and 

TGFβ, which inhibit NK and T cell functions; (iv) degradation of amino acids essential 

for T cell activation and proliferation; (v) production of NO and superoxide (O2-), which 

induces apoptosis and inhibits the activation and proliferation of T cells, and generates 

PNT that nitrates/nitrosylates MHC and TCR; and (vi) participation in cross-talk with 

macrophages, tumor cells, and mast cells to generate a pro-tumor environment. Question 

marks denote an unknown mechanism or signaling molecule. Figure adapted from (55).  
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4.1: MDSC depletion of amino acids  

As discussed earlier in section 2.4, depletion of essential amino acids can inhibit 

T cell activation and clonal expansion. MDSC suppress T cell functions by depleting the 

local environment of L-arginine (L-Arg), L-tryptophan (L-Trp), and L-cysteine (L-Cys) 

though different mechanisms.  

One of the first suppressive mechanisms attributed to MDSC was the inhibition of 

T cell activation and proliferation by the depletion of L-Arg. L-Arg is a non-essential 

amino acid, and is a substrate for several enzymes: (i) nitric oxide synthase (NOS) 1, 2, 

and 3 which metabolize L-Arg into L-citrulline and nitric oxide (NO); (ii) arginase 

(ARG) 1 and 2 which convert L-Arg to L-ornithine and urea; (iii) arginine:glycine 

amidinotransferase which transfers the amidino group from L-Arg to L-glycine, yielding 

L-ornithine and glycocyamine; and (iv) arginine decarboxylase, which catalyzes the 

reaction of L-Arg to agmatine and CO2 (105).  

In the absence of L-Arg T cells decrease their expression of CD3ζ, which is 

required for signal transduction through the antigen-specific TCR (106, 107). L-Arg-

depleted T cells are arrested in G0-G1 due to the failure to upregulate cyclin D3 and 

cyclin-dependent kinase 4 (CDK4). Cyclin D3 and CDK4 are not upregulated due to 

decreased mRNA stability and lower translation rates (108). Despite their inability to 

proliferate, L-Arg starved T cells express early activation markers and secrete IL-2, 

indicating that the early events of T cell activation are not L-Arg dependent (109). In vivo 

studies confirmed the critical role of MDSC in L-Arg depletion since renal cell 

carcinoma patients and mice with chronic inflammation have elevated levels of MDSC 

and low levels of serum L-Arg, which is correlated with decreased T cell activation (110, 



 

27 

 

111). Depletion of L-Arg is mediated by ARG1, and MDSC synthesis of ARG1 is 

regulated by PGE2 (85). Tumor-derived MDSC deplete their local environment of L-Arg 

by internalizing L-Arg through the cationic amino acid transporter 2B (CAT2B) (112), 

and by secreting ARG1 (113).  

L-Tryptophan metabolism by MDSC also facilitates T cell suppression. MDSC 

express IDO, which causes T cell suppression by enhancing GCN2 kinase in a similar 

manner as L-Arg starvation (114). Expression of IDO in MDSC is regulated by STAT3 

(115). However, not all MDSC express IDO (100), indicating that IDO is not a universal 

mechanism utilized by MDSC to suppress T cell activation.  

MDSC also prevent T cell activation by sequestering L-Cys. In the extracellular 

oxidizing environment, L-Cys exists as the dipeptide cystine (L-Cys2). Naïve T cells must 

acquire L-Cys from APC because they lack the cystine transporter xc
- and therefore 

cannot import L-Cys2, and cannot de novo synthesize L-Cys because they lack 

cystathionase, the enzyme that converts methionine to L-Cys. MDSC also lack 

cystathionase and therefore must scavenge L-Cys2. Since MDSC do not export L-Cys due 

to their lack of the neutral amino acid transporter ASC, high levels of MDSC quickly 

deplete their local environment of L-Cys2 thereby limiting the ability of APC to provide T 

cells with L-Cys. The role of MDSC and their biological relevance in L-Cys depletion is 

supported by the correlation between high levels of MDSC and reduced serum L-Cys2 in 

tumor-bearing mice (116). Since activated T cells express xC
-, theoretically they should 

be resistant to this suppressive mechanism (117). However, since ARG1 production by 

MDSC suppresses T cell activation, it is unclear if T cell up-regulation of xC
- is 

functionally relevant.  
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4.2: MDSC production of nitric oxide (NO) 

NOS also catabolizes L-Arg and contributes to MDSC-mediated immune 

suppression (105, 118). MDSC produce NO by the action of NOS2 and NOS3. PMN-

MDSC are NOS2lowNOS3hi, while M-MDSC are NOS2hiNOS3low (118). NOS2 generates 

more NO than NOS3, and is induced by pro-inflammatory cytokines, endotoxin, hypoxia, 

and oxidative stress, while NOS3 is constitutively expressed (119).  

NO is labile and reacts with multiple compounds to produce many toxic and 

regulatory factors. For example, NO reacts with: (i) cysteine thiol groups on proteins and 

peptides, which form S-nitrosothiols, thereby altering a protein’s tertiary structure; (ii) 

superoxide anions (O2
-), which form peroxynitrate (PNT, ONOO-), a molecule that alters 

protein structure; (iii) divalent cations (e.g. Fe2+ and Zn2+), which regulate the function of 

various transcription factors and enzymes; (iv) nucleic acids, which cause mutagenesis; 

and (v) unsaturated lipids, which lead to the formation of nitrolipids that can have pro- or 

anti-inflammatory activity (120). Since NO influences many biological processes, it is 

not surprising that NO is capable of pro- and anti-tumor activity. NO can induce tumor-

cell apoptosis and inhibit metastasis, or enhance tumor-cell invasion, proliferation, and 

angiogenesis (119). However, MDSC-produced NO negatively impacts T cells. NO 

inhibits JAK3, STAT5, ERK, and AKT, which prevents IL-2 signaling, thereby impairing 

the generation of effector and memory T cells (121). NO directly inhibits these signaling 

proteins by S-nitrosothiolation, or indirectly by activating guanylate cyclase and cyclic-

GMP-dependent kinases (122). S-nitrosothiolation of ARG1 enhances ARG1 affinity for 

L-Arg which subsequently increases ARG1 activity, thereby establishing a synergistic 

relationship between ARG1- and NO- mediated immune suppression (123).  
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4.3: MDSC production of reactive oxygen species (ROS) 

The NAD(P)H oxidase enzyme complex (NOX) is membrane-bound enzyme 

complex that is utilized by MDSC to suppress T cell activation. This complex catalyzes 

the production of superoxide through the reduction of oxygen, with NAD(P)H serving as 

the one electron donor. MDSC from tumor-bearing mice have enhanced expression of the 

NOX subunits gp91, p22, and p47, and produce more ROS than MDSC from tumor-free 

mice, and NOX expression is partially regulated by STAT3 (124). Superoxide 

spontaneously reacts with many molecules to produce a variety of ROS including 

hydrogen peroxide (H2O2), hydroxyl radical (OH-), and hypochlorous acid (HOCL-). 

These ROS damage proteins, lipids, and nucleic acids thereby enhancing inflammation 

and promoting apoptosis. For example, H2O2 production in cancer patients reduces T cell 

production of cytokines and expression of CD3ζ (125). Superoxide also reacts with NO 

to form peroxynitrite (PNT), which is produced by PMN-MDSC through the action of 

gp91 and NOS3 (118). PNT nitrates/nitrosylates the TCR and MHC (126), thereby 

disrupting TCR-MHC I/peptide binding and rendering tumor cells resistant to CTL-

mediated apoptosis (127). Due to the short half-life of PNT these reactions are limited to 

short distances and require close cell-to-cell contact. PNT also reacts with the 

chemoattractant CCL2, thereby inhibiting T cell infiltration into tumors (128).  

 

4.4: MDSC inhibit T cell migration by down regulating L- and E- selectins.  

Activation of tumor-reactive T cells requires entry of naïve T cells into tumor-

draining lymph nodes or migration to the tumor microenvironment. L-selectin mediates 

the first step in extravasation by facilitating T cell adhesion to high endothelial venules 
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(HEVs). Naïve T cells with low expression of L-selectin do not adhere efficiently to 

HEVs and fail to enter lymph nodes (Mihich, Evans, Abrams, and Ostrand-Rosenberg, 

unpublished data). In tumor-bearing mice, MDSC prevent T cell entry into lymph nodes 

by down-regulating L-selection through their extracellular expression of ADAM17, the 

enzyme that cleaves L-selectin on naïve T cells (94).  

 In squamous cell carcinoma patients MDSC also prevent the homing of T cells to 

tumor sites by down-regulating E-selectin on tumor vessels. In order for T cells to adhere 

to tumor vessels and subsequently enter the tumor mass, they must first bind to E-

selectin. However, NO produced by MDSC decreases E-selectin levels thereby limiting T 

cell access to tumor (129).  

 

4.5: MDSC can express Programmed Death-Ligand 1 (PD-L1)  

As previously discussed in section 2.2, tumor cells escape anti-tumor immunity 

through their expression of PD-L1. When PD-L1 binds to its receptor PD-1 on T cells, it 

induces T cell exhaustion/apoptosis. MDSC from some tumor-bearing mice and patients 

express PD-L1 (130, 131). Some tumor-infiltrating MDSC have elevated expression of 

PD-L1 due to hypoxia-induced up-regulation of HIF-1α (132). However, MDSC do not 

universally express PD-L1, and PD-L1 blockade does not always decrease MDSC 

suppressive activity (131).  

 

4.6: MDSC induce Tregs and Th17 cells 

As discussed in section 2.5, Tregs play an important role in the control of immune 

reactivity against self- and non-self-antigens, and in some animal models they protect 
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tumors from anti-tumor immunity. MDSC induce/expand Tregs in vitro and in vivo in 

multiple tumor models (133-136). MDSC induce Tregs by secreting IL-10 and TGFβ 

(134, 137), and activate Tregs by presenting tumor-specific antigens in an ARG-

dependent and TGFβ-independent manner (138). MDSC expression of CD40 is required 

for MDSC-mediated Treg induction, since CD40-deficient MDSC do not drive Treg 

expansion (139). Given the link between MDSC and Tregs, therapies targeting MDSC 

may also reduce Treg populations. 

Th17 cells are a pro-inflammatory CD4+ T cell subset (CD4+RORγt+IL-17+). 

Since they have both pro- and anti-tumor effects, their role in anti-tumor immunity is 

controversial (140). MDSC induce Th17 cells by producing IL-6 and TGFβ (104). IFNγ 

or TNFα-activated MDSC also recruit Th17 cells through their production of CCL4, 

which is a Th17 chemoattractant (141). As previously mentioned, IL-17 drives the 

accumulation of MDSC. Therefore, MDSC and Th17 cells may induce each other. 

 

4.7: MDSC impair NK cell-mediated cytotoxicity 

MDSC impair NK function via contact-dependent mechanisms. MDSC produce 

TGFβ and H2O2 which decrease NK cell expression of the activating receptors NKG2D, 

NKp46, and NKp44, thereby making NK cells more difficult to activate (142, 143). 

MDSC also decrease the ability of NK cells to induce apoptosis in target cells by down-

regulating NK cell production of perforin which is essential for NK-mediated target cell 

lysis. In addition, MDSC suppress NK cells by limiting their response to IL-2, a growth 

factor that enhances NK cell proliferation and cytolytic activity (144). 
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4.8: Significance of the preceding information to this dissertation 

 The goal of this dissertation is broaden the breadth of knowledge associated with MDSC-

mediated suppression of anti-tumor immunity. Therefore, understanding the various mechanisms 

utilized by MDSC to suppress anti-tumor immunity is necessary for the reader to appreciate how 

my research contributes to what is known about MDSC-mediated immune suppression.  
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5: Cross-talk between MDSC, macrophages, tumor cells, and mast cells enhances 

inflammation and inhibits anti-tumor immunity 

 

Both tumor and host (macrophages, dendritic cells, mast cells, MDSC, and 

fibroblasts) cells within solid tumors participate in cross-talk that regulates the release of 

pro- and anti-inflammatory cytokines and drive the accumulation and suppressive 

function of immune-suppressive cells such as Tregs, tumor associated macrophages 

(TAMs), and MDSC. Additionally, the large number of MDSC induced in tumor-bearing 

individuals provides ample opportunity for cross-talk to occur in other tissues. This 

section highlights cellular cross-talk mechanisms that alter the inflammatory milieu and 

decrease anti-tumor immunity.  

 

5.1: MDSC and macrophage cross-talk 

As discussed in section 2.6, macrophages can be skewed to a tumoricidal (M1-

like) phenotype by IFNγ and bacterial products such as LPS, or a tumor-promoting (M2-

like) phenotype by IL-4, IL-13, TGFβ and IL-10 (48). M1 macrophages express high 

levels of IL-12, which is an important cytokine for anti-tumor immunity because it 

stimulates the production of IFNγ from T and NK cells, promotes the development of 

naïve CD4+ Th0 cells to an anti-tumor Th1+ phenotype, and stimulates the growth and 

cytotoxicity of T cells and NK cells (145). When IFNγ and LPS-activate peritoneal 

macrophages are cultured in vitro in the presence MDSC, MDSC produce high levels of 

IL-10 (50).  
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IL-10 is an anti-inflammatory cytokine with pleiotropic effects on the immune 

system. It is known to inhibit NF-κB activity, the synthesis of pro-inflammatory 

cytokines such as IFNγ, IL-1, IL-6, and TNFα, and APC expression of  MHC II and 

CD86 which decreases T cell activation (146-150). MDSC stimulated with LPS and IFNγ 

produce a basal level of IL-10, however, IL-10 production by MDSC is synergistically 

enhanced by direct cell-to-cell contact with macrophages (50). MDSC subvert 

macrophages towards an M2 phenotype through their production of IL-10 which down-

regulates macrophage production of IL-12 and TNFα, while simultaneously enhancing 

macrophage production of NO, a characteristic of M1 macrophages (50, 51). IL-12 

down-regulation is mediated by both intact MDSC and MDSC-derived exosomes, which 

are small (20-100nm) cell-derived vesicles that contain RNA, proteins, lipids, and 

metabolites (151). MDSC production of IL-10 involves TLR4 signaling, as TLR4-/- 

MDSC produce low levels of IL-10 (152). MDSC induced in heightened inflammatory 

conditions (e.g. by 4T1/IL-1β) have increased levels of IL-10 production (152). 

Additionally, MDSC also up-regulate PD-L1 on macrophages in the liver (153).  

 

5.2: MDSC and tumor cell cross-talk 

MDSC and tumor cells also participate in cross-talk. Tumor cells increase MDSC 

production of IL-6, and in turn, MDSC enhance tumor cell production of IL-6. IL-6 also 

increases MDSC suppressive activity, but inhibits MDSC production of IL-10 (51). IL-6 

promotes tumor progression by enhancing tumor cell development, growth, metastasis, 

and inhibition of apoptosis, and enhances tumor vascularization (154-156). Therefore 

there exists a positive feedback loop wherein tumor cells and MDSC induce IL-6 from 
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each other, which promotes tumor growth and induction of MDSC accumulation and 

suppressive activity. Additionally, tumor cells enhance MDSC production of IL-28, 

which facilitates tumor cell invasion, migration, and angiogenesis (157).  

 

5.3: MDSC and mast cell cross-talk 

Mast cells and MDSC also interact. MDSC and mast cell cross-talk drives 

inflammation by increasing production of TNFα, CCL3, IL-4, IL-13, IL-6 and CCL2 

(158-160). TNFα is a potent pro-inflammatory mediator which contributes to tumor 

progression in addition to enhancing MDSC accumulation and activity (161, 162). CCL3 

enhances the migration of leukocytes and fibroblasts to the tumor which promote 

angiogenesis and metastasis (163), while CCL2 has been implicated in facilitating MDSC 

migration to tumor and promotes MDSC suppressive activity (164, 165). IL-6 and CCL2 

production are regulated by ligation of mast cell CD40L to CD40 on MDSC. Activated 

mast cells release histamine which signals through histamine receptors 1, 2, and 3 on 

MDSC, and enhances MDSC expression of IL-4 and IL-13. IL-4 and IL-13 signal 

through STAT6 in MDSC which results in the up-regulation of ARG1 and TGFβ, and 

enhances macrophage polarization to an M2 phenotype (166-169). Additionally, 

histamine up-regulates ARG1 and NOS2 in M-MDSC, and decreases ARG1 and NOS2 

in PMN-MDSC (160). Since histamine increases M-MDSC production of NO and down-

regulates immune suppressive mediators of PMN-MDSC, the net effect of histamine is to 

increase M-MDSC suppressive activity (159). 
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5.4: Significance of the preceding information to this dissertation 

 Chapter 2 is focused on how cross-talk between MDSC, macrophages, and tumor cells 

alters inflammation in the TME. Therefore, the purpose of this section was to provide the reader 

with a broader understanding of MDSC cross-talk in order to appreciate how my research 

contributes to what is known about how MDSC function in the TME.    
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6: Nuclear factor erythroid 2 (NFE2)-related factor 2 (Nrf2) 

MDSC are present in solid tumors, which is an oxidative environment. 

Additionally, MDSC utilize ROS to elicit suppression of T cells. However, ROS are 

nondiscriminatory and could be negatively impacting MDSC. Therefore, we 

hypothesized that MDSC are protecting themselves from oxidative stress by expressing 

Nrf2, a transcription factor that regulates the expression of a battery of antioxidant genes. 

The role of Nrf2 in MDSC survival, accumulation, and suppressive activity is explored in 

chapter 3. This section of the introduction will detail the structure of Nrf2 and its 

repressor, Keap1, the activation of Nrf2, Nrf2 binding to the antioxidant response 

element, and Nrf2 target genes and is illustrated in Figure 4. 
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Figure 4: Mechanism for activation of the Keap1-Nrf2 pathway. (A) Keap1 has the 

following domains: N-terminal domain, BTB domain, IVR, Kelch domain, and C-

terminal domain. (B) Nrf2 consists of six Neh domains. The Neh2 domain has two 

motifs, ETGE and DLG, that bind the Kelch domain on Keap1. (C) Keap1 forms a 

homodimer that results in a Nrf2-Keap1 complex with a 1:2 ratio. (D) Under basal 

conditions, Keap1 is an adapter protein for a Cul3-based E3 ubiquitin ligase complex that 

polyubiquitinates Nrf2. (E) Electrophilic and oxidative stress reacts with key cysteine 

residues on Keap1 which causes a conformational change that breaks the bond between 

the DLG domain on Nrf2 and the Kelch domain on Keap1. This change disturbs 

ubiquitination of Nrf2. (F) Newly synthesized Nrf2 is transported to the nucleus, 

heterodimerizes with Maf, and promotes transcription of genes regulated by an 

antioxidant response element. Figure adapted from (170). 
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6.1: The Keap1-Nrf2 pathway 

The primary function of Nrf2 is to mediate the transcription of enzymes that 

facilitate drug metabolism and deposition, and enzymes that protect against oxidative 

damage. Nrf2 activity is modulated by a “dedepression” regulatory mechanism where 

Nrf2 is suppressed under basal conditions by Keap1 (Kelch-like erythroid cell-derived 

protein with CNC homology-associated protein 1)-dependent ubiquitination and 

proteasomal degradation. Nrf2 is activated by oxidants and electrophiles that modify 

critical thiol residues on Keap1, or by upstream signaling pathways. Once activated, Nrf2 

translocates to the nucleus, and binds to the antioxidant response element (ARE) of its 

target genes, and drives their transcription.  

 

6.2: Structure of Nrf2 

Nrf2 belongs to the cap ‘n’ collar (CNC) subfamily of basic leucine zipper (bZip) 

transcription factors. Nrf2 consists of 589 amino acids and has six evolutionarily 

conserved domains Neh (Nrf2-ECH homology) domains (Neh 1-6) (Figure 4B). Neh1 

contains a bZip motif which consists of a basic region and leucine zipper (L-Zip) 

structure. The basic region is responsible for DNA binding, and the L-Zip mediates the 

heterodimerization with a small Maf (171). Neh3 (172), Neh4 (171), and Neh5 (173) are 

transactivation domains. Neh2 facilitates binding of Nrf2 to Keap1 (174). The Neh2 

domain contains two different motifs that bind Keap1, ETGE and DLG, which results in 

a 1:2 ratio of Nrf2 to Keap1 molecules in the Nrf2:Keap1 complex (Figure 4C) (175).  
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6.3: Structure of Keap1  

Keap1 is a 626 amino acid protein that facilitates the suppression of Nrf2. Keap1 

has 5 domains, the N-terminal domain, the Broad complex Tramtrack and Bric- à-Brac 

(BTB) domain, the intervening region (IVR), the Kelch domain which is also known as 

double glycine repeats (DGR), and the C-terminal domain (Figure 4A). The BTB domain 

mediates homodimerization and binding of Keap1 to cullin 3 (Cul3), which serves as a 

scaffold protein for E3 ubiquitin ligase. The Kelch domain binds actin which anchors 

Keap1 in the cytoplasm, and is also responsible for binding the Neh2 domain of Nrf2 

(176-178). The intervening region is located between the BTB and Kelch domains, and is 

rich in cysteine residues which serve as a sensor for electrophilic and oxidative stress. Of 

the 27 cysteine residues that function as stress sensors, three have been deemed critical 

for mediating the inhibition of Nrf2: Cys151 which is located in the BTB domain, and 

Cys273 and Cys288 which are located in the IVR (170). Mutations in Cys273 or Cys288 

inhibit the ability of Keap1 to repress Nrf2 in vivo under unstressed conditions which 

results in the accumulation of Nrf2 protein and increased expression of Nrf2 target genes 

(179). Cys151 plays a different role compared to Cys273 and Cys288, and is essential for 

detecting certain electrophiles. Sulforaphane, tert-butylhydroquinone, N-iodoacetyl-N-

biotinylhexylenediamine, diethylmaleate, and ebselen activate Nrf2 in a Keap1 Cys151-

dependent manner (170).   

 

6.4: Mechanisms of Nrf2 activation  

It is evident that modification of cysteine residues leads to the accumulation of 

Nrf2 in the nucleus and regulates expression of Nrf2 target genes. Under basal 
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conditions, Keap1 functions as an adapter protein in the Cul3-based ubiquitin ligase 

complex, which rapidly ubiquitinates Nrf2 and subsequently targets it for proteasomal 

degradation (Figure 4C) (180, 181). During electrophilic or oxidative stress, 

modification of specific Keap1 cysteines leads to a conformational change in Keap1, 

resulting in the detachment of the DLG motif on Nrf2 from the Kelch domain on Keap1 

(Figure 4E). The binding between ETGE motif and the second Kelch domain remains, 

and the result is the ubiquitination of Nrf2 is disturbed (175, 182, 183). This process 

deactivates the Keap1 complex, and permits newly synthesized Nrf2 to translocate to the 

nucleus and modulate the transcription of ARE-regulated genes. Additionally, Nrf2 can 

also be stabilized through direct phosphorylation by kinases involved in inflammatory 

signaling cascades (e.g. KRAS, MYC, PKC, ERK, MAPK, and p38) (184-189).  

 

6.5: Nrf2 heterodimerizes with other transcription factors and mediates the transcription 

of ARE-regulated genes 

The ARE is a 41-base-pair enhancer element in the promoter of genes that are 

regulated Nrf2. It contains a 16-base-pair consensus sequence that resembles the DNA-

binding elements of several other bZip proteins (190-192). The ARE consensus sequence 

shares homology with the TPA (12-0-tetradecanoylphorbol-13-aceta) response element 

which is recognized by AP-1 proteins, the NFE2-binding motif, and the Maf protein 

recognition element (MARE) which is recognized by Maf dimers. bZip proteins 

including AP-1, NFE2, Nrf1, Nrf2, Nrf3, Bach1 and 2, small Mafs, and CREB/ATF 

exhibit overlapping binding activities of these elements, and cross-interactions of these 

bZip proteins through heterodimerization increases their gene target repertoire. Therefore 
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the genes regulated by Nrf2 are mediated by the presence of Nrf2 binding partners. 

Known Nrf2 binding partners include Jun (c-Jun, Jun-D, and Jun-B) and small Maf 

(MafG, MafK, and MafF) (193-198).  

 

6.6: Genes regulated by Nrf2 

Target genes of Nrf2 have been identified by using gene expression profiling in 

Nrf2-/- mice. These genes can be classified into several categories including xenobiotic 

metabolizing enzymes such as NAD(P)H:quinone oxidoreductase (NQO1) and 

glutathione S-transferases (GST), xenobiotic transport enzymes such as multidrug 

resistance-associated protein, glutathione synthesis genes such as glutamate-cysteine 

ligase and xCT, and ROS catabolism genes such as superoxide dismutase, among others 

(199). 

 

6.7: Significance of the preceding information to this dissertation 

 MDSC are present in the oxidative TME and utilize ROS to suppress T cell activation 

and proliferation. Since ROS are nondiscriminatory in their ability to damage multiple cell types, 

we hypothesized that MDSC utilize Nrf2 to protect themselves from oxidative stress. Therefore, 

the information provided in this section was provided as essential background information for the 

reader so they appreciate the role Nrf2 is playing in MDSC.   
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Goal of dissertation 

 

 My research has been focused on understanding how tumor-induced immune 

suppression is modulated by MDSC. The TME is a complex and frequently inflamed 

microenvironment. The inflammation is driven by pro-inflammatory mediators which are 

secreted by tumor cells, various tumor-infiltrating lymphocytes, tumor-associated 

fibroblasts, and myeloid cells such as macrophages, dendritic cells, and MDSC (67). 

Some of these cells engage in cross-talk with each other resulting in the release of pro- 

inflammatory cytokines (e.g. IL-1, IL-6, IL-17, TNFα), chemokines (e.g. CCL2, CXCL5, 

CXCL12), growth factors (e.g. TGFβ, GM-CSF, VEGF), and other effector molecules 

(e.g. S100A8/A9, High Mobility Group Box 1)(70, 200, 201). It is established that cross-

talk between MDSC and macrophages impacts anti-tumor immunity (50); however, 

interactions between tumor cells and MDSC or macrophages are less well studied. 

Therefore, chapter 2 examines the impact of tumor cells, MDSC, and macrophages on 

each other and how their effects upon each other promote inflammation and tumor 

progression. 

In addition to being highly inflamed, the TME is oxidatively stressed due to 

hypoxia, the presence of reactive oxygen species (ROS), and multiple pro-inflammatory 

mediators (202). MDSC are present in the TME, and also produce high of levels of ROS 

to facilitate T cell suppression. Although ROS are toxic to most cells, MDSC are able to 

survive and function despite their exposure to oxidative stress. Therefore we 

hypothesized that MDSC are protecting themselves from oxidative stress by expressing 

Nrf2, a transcription factor that responds to oxidative stress and regulates the expression 
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of antioxidant genes (199). Chapter 3 focuses on how Nrf2 impacts MDSC suppressive 

activity, survival, and accumulation, and identifies Nrf2 as another molecule that aids in 

promoting MDSC suppressive activity and thereby enhances tumor progression.   
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Chapter 2: Cross-talk among myeloid-derived suppressor cells, 

macrophages, and tumor cells impacts the inflammatory milieu 

of solid tumors1 

 

Footnotes 

1. This chapter was published in Journal of Leukocyte Biology. The published 

version is Appendix 1. 

Abstract 

Myeloid-derived suppressor cells (MDSC) and macrophages are present in most solid 

tumors and are important drivers of immune suppression and inflammation. It is 

established that cross-talk between MDSC and macrophages impacts anti-tumor 

immunity; however, interactions between tumor cells and MDSC or macrophages are less 

well studied. To examine potential interactions between these cells we studied the impact 

of MDSC, macrophages, and four murine tumor cell lines on each other, both in vitro and 

in vivo. We focused on IL-6, IL-10, IL-12, TNFα, and nitric oxide (NO) because these 

molecules are produced by macrophages, MDSC, and many tumor cells, are present in 

most solid tumors, and regulate inflammation. In vitro studies demonstrated that MDSC-

produced IL-10 decreased macrophage IL-6 and TNFα, and increased nitric oxide (NO). 

IL-6 indirectly regulated MDSC IL-10. Tumor cells increased MDSC IL-6 and vice 

versa. Tumor cells also increased macrophage IL-6 and NO, and decreased macrophage 

TNFα. Tumor-cell-driven macrophage IL-6 was reduced by MDSC, and tumor cells and 
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MDSC enhanced macrophage NO. In vivo analysis of solid tumors identified IL-6 and 

IL-10 as the dominant cytokines and demonstrated that these molecules were 

predominantly produced by stromal cells. These results suggest that inflammation within 

solid tumors is regulated by the ratio of tumor cells to MDSC and macrophages, and that 

interactions of these cells have the potential to significantly alter the inflammatory milieu 

within the tumor microenvironment.   

 

Introduction 

 

Solid tumors are a complex and frequently inflamed environment. The inflammation is 

driven by pro-inflammatory mediators which are secreted by tumor cells, various tumor-

infiltrating lymphocytes, tumor-associated fibroblasts, and myeloid cells such as 

macrophages, dendritic cells, and myeloid-derived suppressor cells (MDSC) (1). Some of 

these cells engage in cross-talk with each other resulting in the release of pro- 

inflammatory cytokines (e.g. IL-1, IL-6, IL-17, TNFα), chemokines (e.g. CCL2, CXCL5, 

CXCL12), growth factors (e.g. TGFβ, GM-CSF, VEGF), and other effector molecules 

(e.g. S100A8/A9, High Mobility Group Box 1)(2-4). These factors, in turn, induce the 

accumulation and enhance the function of immune-suppressive cells such as regulatory T 

cells, plasmacytoid dendritic cells, tumor-associated macrophages (TAMs), and MDSC 

(3, 5, 6). Although the cellular interactions contributing to some of the pro-tumor factors 

present in the tumor microenvironment have been identified, the etiology of others 

remains unknown.   
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 Macrophages and MDSC are present within most solid tumors where they are 

major drivers of immune suppression and inflammation (3). We have previously reported 

that these cells participate in cross-talk with each other that results in increased MDSC 

production of IL-10 and decreased macrophage production of IL-12, thereby polarizing 

the immune system towards a pro-tumor type 2 environment (7, 8). Additional factors are 

also likely to be impacted by cross-talk between MDSC and macrophages, as well as by 

interactions with tumor cells. Therefore, we have investigated how tumor cells, 

macrophages, and MDSC interact with respect to IL-6, TNFα, IL-10, and nitric oxide 

(NO). We have focused on these four molecules because they are chronically present in 

many solid tumors and play important roles in tumor progression. IL-6 promotes tumor 

progression by enhancing tumor cell development, growth, and metastasis, and by 

inhibiting apoptosis and enhancing tumor vascularization (9-11). TNFα causes DNA 

damage, inhibits apoptosis, and induces the production of matrix metalloproteases, 

cytokines, and chemokines that facilitate tumor cell invasion and metastasis (12). In 

contrast to IL-6 and TNFα which when chronically present are exclusively pro-tumor, 

NO can have both pro- and anti-tumor activity. When produced by M1-like macrophages, 

NO induces tumor cell apoptosis (13). However, when produced by MDSC, NO drives 

immune suppression (14). IL-10 has also been associated with both pro- and anti-tumor 

activity (15). Here we report that macrophages, MDSC, and tumor cells participate in a 

network of cross-talk resulting in differential production of IL-6, IL-10, TNFα, and NO, 

suggesting that the interaction of these cells has the potential to significantly alter the 

inflammatory milieu within the tumor microenvironment.  
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Material and methods 

 

Mice, tumor cells, tumor growth 

 BALB/c, C57BL/6, BALB/c IL-6-/-, and BALB/c IL-10-/- mice were bred in the 

UMBC animal facility from stock obtained from The Jackson Laboratory (Bar Harbor, 

ME; C57BL/6 and BALB/c) or provided by Dr. Manfred Kopf (Zürich, Switzerland; IL-

6-/-). BALB/c-derived 4T1 and TS/A mammary carcinomas, CT26 colon carcinoma, and 

C57BL/6-derived MC38 colon carcinoma were maintained as described (16). Mice were 

inoculated in the abdominal mammary gland with 100μL DMEM containing 7x103 (wild 

type and IL-10-/-mice) or 105 (wild type and IL-6-/- mice) 4T1 cells, or 106 TS/A cells; or 

s.c. in the flank with 5x105, 1x105, or 1x104 CT26 cells. Primary tumors were measured 

as described (17). Survival time was recorded when mice became moribund and were 

euthanized. All animal procedures were approved by the UMBC Institutional Animal 

Care and Use Committee.  

 

Flow cytometry and antibodies 

 Gr1-FITC, Gr1-APC, Ly6C-FITC, Ly6G-PB, CD11b-PE, CD11b-PB, F4/80-

APC, F4/80-PB, pSTAT3-PB, IL-6R-PE, IL-10R-PE mAbs, and rat IgG1-PE and IgG2b-

PE isotype were from BD Pharmingen (San Diego, CA) or BioLegend (San Diego, CA). 

Cells were stained for surface markers as described (18). For phosphoflow experiments, 

cells were stimulated with 50 ng/mL recombinant IL-10 (BioLegend) or supernatants 

from MDSC and macrophage co-cultures, fixed with Lyse/Fix Buffer (BD Bioscience), 

permeabilized with Perm Buffer III (BD Bioscience), and stained with antibodies diluted 
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in Stain Buffer (BD Bioscience). Samples were analyzed on a Beckman/Coulter Cyan 

ADP flow cytometer using Summit software.  

 

T cell proliferation assays 

 CD4+ and CD8+ T cell proliferation assays were performed as described (18). 

Briefly, DO11.10 (ovalbumin peptide323-339-specific, I-Ad-restricted) or Clone4 

(hemagglutinin peptide518-526-specific, H-2Kd-restricted) splenocytes were cultured with 

their respective cognate peptides and irradiated blood MDSC from 4T1-bearing wild 

type, IL-6-/-, or IL-10-/- mice. Cultures were pulsed with 3H-thymidine on day 4 and 

harvested on day 5. Peptides were synthesized at the University of Maryland Baltimore 

(UMB) Biopolymer Core Facility. 

 

MDSC, macrophage, MDSC-macrophage-tumor cell cross-talk 

 MDSC were isolated from the peripheral blood of 4T1 tumor-bearing mice (16). 

Peritoneal macrophages were prepared from tumor-free mice (8). MDSC and 

macrophages in all experiments were >90% Gr1+CD11b+ cells and >95% CD11b+ F4/80+ 

cells, respectively, as assessed by flow cytometry. MDSC and macrophage cross-talk 

experiments were performed as described (7) with the following modifications. 4T1, 

MC38, TS/A, or CT26 tumor cells (1x105 cells) were cultured with or without 7.5 x 105 

MDSC and/or macrophages in 500μL macrophage media (5% fetal calf serum in DMEM, 

1% penicillin-streptomycin, 1% glutamax, 0.1% gentamycin) for 16 hr at 37oC with 

100ng/mL LPS (Difco) and 20U/mL IFNγ (R&D Systems). In some experiments 

macrophages and/or MDSC were cultured with LPS and IFNγ and either recombinant IL-
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6 (Biolegend), recombinant IL-10 (Biolegend), IL-10 that was denatured by boiling at 

95°C for 15 minutes, or in the presence of neutralizing antibodies to IL-10 (1 μg/ml; 

clone JES5-2A5, eBioscience). Cells were harvested by scraping, and analyzed by flow 

cytometry. Supernatants were analyzed for IL-10, IL-6, and TNFα using ELISA kits 

(R&D systems and eBioscience, San Diego, CA) per the manufacture’s protocol, or by 

multiplex analysis in the UMB Cytokine Core Facility. NO production was quantified by 

Griess assay (18). Values were normalized between experiments using the following 

formulas: 

Production of IL-6 by MDSC or macrophages in response to tumor cells = (IL-6 from 

wild type MDSC or macrophages with tumor cells)–(IL-6 from IL-6-/- MDSC or 

macrophages with tumor cells). 

% increase in IL-6 or NO by MDSC or macrophages in response to tumor cells = {[(IL-6 

or NO from macrophages and MDSC ± tumor cells)/(IL-6 or NO from macrophages)] x 

100%} - 100%.  

% decrease in IL-6 or TNFα by macrophages in response to tumor cells and/or MDSC = 

1 – [(IL-6 or TNFα from macrophages ± tumor cells)/(IL-6 or TNFα from wild type 

macrophages ± tumor cells ± MDSC)] x 100%.  

% increase in IL-10 by MDSC in response to macrophages ={[(IL-10 from macrophages 

+ MDSC)/(IL-10 from MDSC)] x 100%} – 100%. If IL-6 was not detected, then the 

lowest value detectable on the standard curve was utilized for the calculations. 

Macrophages and MDSC were stained with 5μM CellTrace Violet (Life Technologies) 

and 4T1 tumor cells with 1μM CFSE (Life Technologies). MDSC or macrophages were 

cultured for 16 hours in macrophage media with 100ng/mL LPS and 20U/mL IFNγ in a 6 
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well dish at 3x106 cells/well/2mL either with or without 4x105 4T1 cells. Cells were then 

harvested using Detachin (Genlantis, San Diego, CA) and scraping, washed, and stained 

for Gr1, CD11b, and with 7AAD, and analyzed by flow cytometry.  

 

Ex vivo tumor cultures 

 4T1, CT26, and TS/A tumors >8mm in diameter were surgically resected from 

euthanized mice and placed on sterile #50 Whatman filter paper to remove excess liquid. 

The tumors were then transferred to 6 cm culture dishes, finely minced using a sterile 

scalpel, and the resulting pieces weighed. 4T1 and TS/A pieces were re-suspended in 

5mL of pre-warmed 4T1 media (10% fetal clone I in IMDM, 1% penicillin-streptomycin, 

1% glutamax, 0.1% gentamycin) containing 100ng/mL LPS and 20U/mL IFNγ for IL-10 

studies, or without LPS and IFNγ for IL-6 studies. Re-suspended tumor pieces were 

incubated for 16 hours at 37°C, 5% CO2, and supernatants were analyzed for cytokine 

production by ELISA. Cytokine levels were normalized per gram of tumor tissue per mL 

of media using the following formula: cytokine production (normalized) = cytokine 

(pg/mL) x [(tumor weight/1g) x 5 mL]. 

 

Statistical Analyses 

 Student’s t-test and Tukey’s Honestly Significant Difference (HSD) test were 

performed using Microsoft Excel 2013. Values denoted with different letters (e.g. a, b, c, 

etc.) are significantly different from each other; values with the same letter are not 

significantly different. Tumor growth and exogenous IL-10 data were analyzed using the 

Mann-Whitney test on the www.VassarStats.net website. Survival data were analyzed 
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using the log-rank test from the Walter and Eliza Hall Institute of Medical Research 

Bioinformatics webpage (http://bioinf.wehi.edu.au/software/russell/logrank/). Values of 

p<0.05 were considered statistically significant. 

 

Results 

 

IL-6 and IL-10 promote tumor progression 

 Increased levels of serum IL-6 are correlated with chronic inflammation, 

increased tumor burden, and poor prognosis in some human and mouse systems (19). IL-

6 also promotes MDSC-mediated inhibition of Th1 responses in mice (20). In contrast, 

IL-10 correlates with tumor progression in some systems, but with tumor regression in 

other systems (15, 21-25). To determine if IL-6 and/or IL-10 contribute to progression of 

the 4T1 mammary carcinoma or CT26 colon carcinoma, we inoculated syngeneic wild 

type, IL-6-/-, and IL-10-/- mice with 4T1 (Figure 1A) or CT26 (Figure 1B) tumor cells 

and followed the mice for tumor onset, growth, and engraftment. In the absence of host-

produced IL-6, 4T1 tumor progression was delayed and survival time was increased. IL-

10-/- mice showed a similar, although less dramatic delay in tumor progression and 

extension of survival time. 4T1 tumor engraftment in wild type BALB/c and IL-10-/- mice 

was 90-100%, whereas only 40% of IL-6-/- mice developed tumor. Tumor progression 

was also delayed and survival time increased in IL-6-/- mice with CT26 tumors. In 

contrast, IL-10-/- mice inoculated with 5x105 CT26 tumor cells had similar tumor 

progression, survival time, and percent engraftment as wild type mice. Tumor 

progression, survival time, and engraftment were also similar in wild type and IL-10-/- 
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BALB/c mice inoculated with 1x105 or 1x104 cells (Supplemental Figure 1A). These 

results demonstrate that stromal cell-derived IL-6 and IL-10 facilitate progression of 4T1 

and CT26 tumors in their syngeneic hosts. 

 

MDSC production of IL-10 decreases macrophage IL-6 and TNFα, and increases 

NO. IL-6 indirectly regulates MDSC production of IL-10.   

 We have previously shown that MDSC production of IL-10 is enhanced by cross-

talk with macrophages and polarizes macrophages towards a tumor-promoting phenotype 

by inhibiting macrophage production of IL-12 (7, 8). To determine if IL-10 produced by 

MDSC impacts the production of additional pro-inflammatory mediators, we co-cultured 

CD11b+F4/80+ peritoneal macrophages and 4T1-induced Gr1+CD11b+ immune 

suppressive MDSC (Figure 2A), and assayed the supernatants for IL-10 and the pro-

inflammatory cytokine IL-6 (Figure 2B). Consistent with our previous reports, 

production of IL-10 was significantly increased in the presence of macrophages (average 

increase in IL-10 of 116% ± 19.4% for 30 experiments). IL-10 was produced exclusively 

by MDSC since macrophage cultures containing IL-10-/- MDSC produced no IL-10. In 

the same co-cultures, macrophages were the sole producers of IL-6, and MDSC 

decreased macrophage IL-6 (average decrease in IL-6 of 24% ± 3.8% for 30 

experiments).  

  To determine if IL-6 regulates MDSC production of IL-10, we co-cultured wild 

type or IL-6-/- macrophages with wild type or IL-6-/- MDSC (Figure 2C). IL-6-/- MDSC 

produced significantly more IL-10 than wild type MDSC. Macrophage co-cultures with 

IL-6-/- MDSC had significantly more IL-10 than co-cultures with wild type MDSC. 



 

84 

 

Macrophage IL-6 had no effect on MDSC IL-10, since wild type MDSC co-cultured with 

either wild type or IL-6-/- macrophages produced similar amounts of IL-10. The lack of a 

direct effect by IL-6 on MDSC IL-10 was confirmed by incubation of MDSC with 

exogenous IL-6 (Supplemental Figure 1B). These results indicate that MDSC do not 

produce IL-6 in the co-culture setting; however, their development in vivo in the presence 

of IL-6 down-regulates their production of IL-10.   

 To determine if IL-10 produced by MDSC decreased macrophage IL-6, or 

regulated other molecules characteristic of tumor-rejecting M1 macrophages, wild type or 

IL-10-/- MDSC were co-cultured with wild type macrophages (Figure 2D). There was no 

decrease in IL-6 in the presence of IL-10-/- MDSC, suggesting that IL-10 from wild type 

MDSC reduced macrophage IL-6. To confirm the role of IL-10, neutralizing antibodies to 

IL-10 were added to MDSC-macrophage co-cultures. Since previous studies 

demonstrated that MDSC IL-10 also decreases macrophage IL-12 (8), IL-12 levels served 

as a positive control (Figure 2E). IL-10 neutralizing antibodies reduced the MDSC-

mediated decrease of both IL-6 and IL-12. Thus, a feedback loop exists between 

macrophages and MDSC in which macrophages increase MDSC production of IL-10, 

and MDSC IL-10 regulates macrophage synthesis of IL-6.  

We also assessed the role of MDSC IL-10 on macrophage NO and TNFα 

production (Figure 2D). MDSC IL-10 decreased TNFα in the co-cultures; however, this 

decrease was minimal. In contrast, macrophage production of NO was increased by co-

culture with MDSC. The increase was predominantly due to MDSC IL-10 since only a 

minimal increase in NO was observed in the presence of IL-10-/- MDSC.  
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 To further confirm that IL-10 regulated macrophage production of IL-6 and NO, 

and macrophage and MDSC production of TNFα, macrophages or MDSC were cultured 

in the presence of exogenous IL-10, and culture supernatants were assessed for TNFα, 

IL-6, and NO (Figure 2F). Exogenous IL-10 reduced MDSC and macrophage TNFα, and 

macrophage IL-6, but increased macrophage NO. Since STAT3 is activated by signaling 

through the IL-10 receptor, macrophages were cultured with exogenous IL-10, or with 

supernatants from MDSC-macrophage co-cultures, and subsequently stained for 

phosphorylated STAT3 (Figure 2G). STAT3 was phosphorylated under both conditions, 

further confirming the regulatory role of IL-10 produced by MDSC.  

  MDSC and macrophages express IL-6R and IL-10R, respectively (Figure 2H) so 

these cells have the potential to respond directly to these cytokines. The results of Figure 

2F suggest that IL-10 directly impacts macrophages. However, IL-10-deficiency and IL-

6-deficiency could also cause other changes in MDSC and/or macrophages, so that the 

effects are only indirectly mediated by IL-10 or IL-6. To distinguish these possibilities, 

we compared cytokine/chemokine production by wild type, IL-10-/-, and IL-6-/- MDSC to 

determine if gene deficiency impacts MDSC phenotype (Supplemental Table 1). 

TGFβ3, GM-CSF, IL-4, IL-13, and IL-23 were not detectable in wild type MDSC. TGF-

β2, IL-1 β, CCL2, and VEGF production were similar for wild type, IL-10-/-, and IL-6-/- 

MDSC. TGF-β1 trended higher in IL-10-/- and IL-6-/- MDSC, and MIP-1α trended lower 

in IL-10-/- and IL-6-/- MDSC as compared to wild type MDSC. These results suggest that 

IL-10-deficiency and IL-6-deficiency may alter the phenotype of MDSC.  
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  These results together with our earlier studies on IL-12 (7, 8) demonstrate that 

MDSC production of IL-10 increases some M2-like characteristics of macrophages (ie. 

IL-12lowIL-6low), but also increases some M1-like properties (NOhigh). 

 

Other cytokines are also impacted by interactions between MDSC and macrophages 

In addition to IL-10, TNFα, IL-12, NO, and IL-6, other immune regulatory molecules are 

present in solid tumors. Of particular note are cytokines that drive effector and regulatory 

T cells (e.g. IL-23, IL-27, IL-4, and IL-13), growth factors that regulate 

neovascularization (e.g. VEGF) and myeloid cell differentiation (e.g. GM-CSF), pro-

inflammatory mediators (e.g. IL-1β), and immune suppressive molecules (e.g. TGF-β). 

To determine if any of these molecules are affected by cross-talk between MDSC and 

macrophages, supernatants from co-cultures of 4T1-induced wild type MDSC and wild 

type BALB/c macrophages were assayed by multiplex analysis (Supplemental Table 1). 

Neither MDSC nor macrophages produced TGF-β3, GM-CSF, IL-4, IL-13, or IL-23, 

while both cell types produced TGF-β1, TGF-β2, IL-1β, CCL2, MIP-1α, and VEGF. Co-

cultures utilizing wild type MDSC reduced the production of TGF-β1, TGF-β2, and MIP-

1α, and modestly increased the production of VEGF. Co-cultures of wild type 

macrophages with IL-10-/- or IL-6-/- MDSC displayed similar trends except for CCL2, 

where we observed a decrease in CCL2 production.  

 

Tumor cells increase MDSC production of IL-6 and vice versa 

 Tumor cells produce pro-inflammatory mediators and therefore may contribute to 

the polarization of myeloid cells in the tumor microenvironment. To assess if there is 
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cross-talk between MDSC and tumor cells, 4T1, CT26, TS/A, or MC38 murine tumor 

cells were cultured by themselves or co-cultured with MDSC (Figure 3). When cultured 

alone, 4T1 and CT26 cells produced IL-6, and TS/A, MC38, and MDSC produced no 

detectable IL-6. Cultures containing wild type MDSC plus 4T1, CT26, TS/A, or MC38 

tumor cells contained more IL-6 than cultures of tumor cells alone, while cultures of 4T1, 

CT26, and TS/A tumor cells plus IL-6-deficient MDSC produced intermediate levels of 

IL-6. Cultures of MC38 tumor cells plus IL-6-/- MDSC produced very low levels of IL-6. 

Increases in IL-6 production in the presence of IL-6-/- MDSC indicate that in vitro, 

MDSC enhanced tumor cell production of IL-6. However, since IL-6 levels in co-cultures 

of wild type MDSC plus tumor cells were even higher than IL-6 production in co-cultures 

with IL-6-deficient MDSC, MDSC may also be induced by tumor cells to synthesize IL-

6. Interestingly, the MDSC, but not the tumor cells, proliferated during the overnight 

culture (Supplemental Figure 1C), so the increase in IL-6 in this setting could be due to 

higher numbers of MDSC.  In contrast, tumor cells did not impact MDSC production of 

TNFα, IL-12, or IL-10 (Supplemental Figure 2). These results demonstrate that in vitro, 

reciprocal cross-talk between MDSC and most tumor cells increases IL-6 production and 

there is no cross-talk between MDSC and tumor cells with respect to IL-10, IL-12, or 

TNFα. 

 

Tumor cells increase macrophage IL-6 and NO, and decrease macrophage TNFα 

 To assess if there is cross-talk between macrophages and tumor cells, 4T1, CT26, 

TS/A, or MC38 tumor cells were cultured with macrophages and the culture supernatants 

assayed for IL-6, NO, and TNFα (Figure 4). All four tumor lines increased macrophage 
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production of IL-6. Macrophages also increased IL-6 produced by 4T1, CT26 and TS/A 

tumor cells because cultures containing tumor cells plus IL-6-/- macrophages produced 

more IL-6 than tumor cells alone. In co-cultures of wildtype or IL-6-/- macrophages with 

4T1, TS/A, or MC38 tumor cells, macrophages were the dominant produces of IL-6 

(Figure 4A). In contrast, tumor cells were the dominant producers of IL-6 in cultures of 

macrophages plus CT26 tumor cells, indicating that some tumor cells have a greater 

response to macrophages. Cross-talk-induced increases in IL-6 ranged from 43% to 

230%. These results indicate that tumor cell production of IL-6 is differentially affected 

by macrophages and that macrophages produce IL-6 in response to tumor cells.  

 4T1, CT26, and TS/A cells also increased macrophage production of NO, and 

increases in NO ranged from 36% to 72% (Figure 4B). In contrast, macrophage 

production of TNFα was significantly decreased in the presence of the four tumors 

because cultures of macrophages plus tumor cells produced significantly less TNFα as 

compared to macrophages cultured alone. Tumor-cell mediated decreases in TNFα 

ranged from 24% to 53% (Figure 4C). Macrophage production of IL-10 and IL-12 was 

not affected by tumor cells (Supplemental Figure 2). Increases in macrophage NO and 

IL-6 were due to increased production by individual macrophages since the macrophages 

did not proliferate during the overnight culture period (Supplemental Figure 1C). These 

results show that macrophages and tumor cells participate in cross-talk with each other 

resulting in differential production of pro-inflammatory mediators which are 

characteristic of both M1 (NOhi) and M2 (TNFαlow) macrophages.  
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MDSC prevent most tumor cells from increasing macrophage IL-6  

 Since MDSC and macrophages are present in the tumor microenvironment, we 

next tested if MDSC alter cross-talk between tumor cells and macrophages. MDSC, 

macrophages, and/or tumor cells were co-cultured and IL-6 levels were assessed (Figure 

5A). Cultures containing 4T1, TS/A, or MC38 tumor cells plus MDSC and macrophages 

produced less IL-6 than cultures without MDSC. MDSC -mediated decreases of IL-6 

ranged from 0% to 37%. In contrast, MDSC did not decrease IL-6 in cultures of 

macrophages and CT26 tumor cells. These results demonstrate that in the presence of 

most tumors, MDSC modestly reduce macrophage IL-6. 

 

MDSC increase macrophage NO in the presence of tumor cells 

 To determine if MDSC affect the tumor-driven increase in macrophage NO, 

tumor cells, macrophages, and MDSC were co-cultured (Figure 5B). Cultures of 4T1 or 

CT26 tumor cells with macrophages and MDSC contained more NO than cultures 

without MDSC. MDSC-mediated increases in NO ranged from 0% to 30%. In contrast, 

TNFα, IL-10, and IL-12 were not affected by MDSC (Supplemental Figure 2). These 

results indicate that MDSC alter the dynamic of tumor cell and macrophage cross-talk by 

enhancing NO production.     

 

Stromal cells are the dominant producers of IL-6 and IL-10 in the tumor 

microenvironment 

 Our in vitro findings suggest that tumor-infiltrating cells and not tumor cells are 

the dominant producers of IL-6 and IL-10. To determine if this in vitro finding occurs in 
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vivo, we harvested 4T1, CT26, and TS/A tumors from wild type, IL-6-/-, and IL-10-/- 

mice, and assayed the tumors for IL-6 and IL-10 (Figure 6). Tumors in all wild type mice 

contained both IL-6 and IL-10, whereas all tumors from IL-10-/- mice contained very 

little or no IL-10. With the exception of one mouse with CT26 tumor, tumors from IL-6-/- 

mice did not have IL-6. Isolated tumors did not contain detectable levels of TNFα or NO. 

These results demonstrate that in vivo in the tumor microenvironment stromal cells and 

not tumor cells are the dominant sources of IL-6 and IL-10.  

Discussion  

  

Solid tumors include multiple, diverse host cells that contribute to an 

inflammatory tumor microenvironment and facilitate tumor progression. Because 

macrophages and MDSC are present in most solid tumors, we have examined the 

interplay of these cells to determine if and how their interactions may influence the intra-

tumor environment. The studies reported here on IL-6, IL-10, TNFα, and NO, plus our 

previous reports on IL-12 address some of the most common molecules produced by 

MDSC and macrophages that contribute to tumor progression. Our findings are 

summarized in Figure 7A. Collectively, our results indicate that the levels of IL-6, IL-10, 

IL-12, TNFα, and NO are modulated by interactions between MDSC, macrophages, and 

tumor cells. MDSC induce some M2 macrophage characteristics (IL-6lowIL-

12lowTNFαlow), but simultaneously induce NO which is characteristic of M1 

macrophages. These apparently opposing activities are both regulated by MDSC 

production of IL-10. Tumor cells also regulate macrophage expression of molecules 

characteristic of both M1 (IL-6hiNOhi) and M2 (TNFαlow) phenotypes, while tumor cells 



 

91 

 

and macrophages enhance MDSC production of IL-6 and IL-10, respectively. Since 

stromal cells are the dominant producers in vivo of several of these cytokines, the 

complex pattern of cross-talk between MDSC, macrophages, and tumor cells is likely to 

have profound effects on tumor progression.  

 Nitric oxide is an important effector molecule that is differentially impacted by 

IL-10 and either promotes or inhibits tumor progression depending on the tumor model. 

NO is produced by endothelial nitric oxide synthase (NOS3) and inducible nitric oxide 

synthase (NOS2) which are up-regulated (26) and down-regulated (27), respectively, by 

macrophage-produced IL-10. Both pro and anti-tumor roles have been attributed to 

NO/NOS2 in multiple tumor systems (Supplemental Table 2). It is likely that the 

apparent conflicting effects of NO are due to many variables, including, but not limited to 

the production of NO by different types of cells, the location of the producer cells, 

neighboring cells that might be altered by the released NO, and the concentration of NO. 

Due to the complexity of NO on tumor progression and the presence of multiple cell 

types in the tumor micro-environment that may participate in cross-talk, elucidating the 

role of NO in tumor progression will be challenging.   

IL-6 is a pivotal cytokine that directly promotes tumor progression by enhancing 

tumor cell development, growth, metastasis, vascularization, and inhibiting apoptosis (9-

11). MDSC were reported to be a primary producer of IL-6 in the tumor 

microenvironment (20). This observation is consistent with our finding that stromal cells 

and not tumor cells are the major producer of IL-6 in vivo, and that tumor cells drive 

MDSC IL-6 production. IL-6 also enhances MDSC accumulation and suppressive 

activity (28-30) and decreases MDSC production of IL-10, an anti-inflammatory cytokine 
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(31). Therefore, positive feedback between MDSC and tumor cells will potentially 

maintain chronic inflammation and promote tumor progression through the cycle shown 

in Figure 7B.  

 Both pro- and anti-tumor roles have been attributed to IL-10. It down-regulates 

numerous immune modulatory molecules which are essential for an anti-tumor immune 

response and is considered an anti-inflammatory cytokine (15, 31). For example, IL-10 

impairs antigen presentation by dendritic cells and macrophages by down-regulating 

expression of MHC class II, CD80, and CD86. IL-10 also decreases production of IFNγ 

and IL-12, cytokines that are characteristic of and facilitate the development of type I 

anti-tumor effector and helper cells, and IL-10 over-expressing tumor cells have 

increased growth rates in vivo (32). In cancer patients, secretion of IL-10 from basal or 

squamous cell carcinoma cells prevents in vitro lysis of tumor cells by tumor-infiltrating 

lymphocytes. In vitro, pretreatment of tumor cells (e.g. melanoma, lymphoma) with IL-

10 confers resistance to CTL-mediated lysis by decreasing expression of transporter 

associated with antigen processing (TAP) -1 and -2 and subsequent surface expression of 

MHC I. IL-10 also contributes to tumor progression by enhancing angiogenesis and 

tumor cell proliferation. Since MDSC IL-10 is enhanced by macrophage cross-talk, and 

IL-10 is produced predominantly by tumor-infiltrating stromal cells, cross-talk by 

macrophages and MDSC is most likely a source of IL-10 in the tumor microenvironment. 

 However, IL-10 has also been linked to enhancing anti-tumor immunity (15). For 

example, the reduction in MHC I by IL-10 renders tumor cells more susceptible to NK-

mediated killing, and a tumor cell-based glioma vaccine induced more effective anti-

tumor immunity in wild type mice than in IL-10-/- mice. IL-10 also directly activated 
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tumor-resident CD8+ T cells and facilitated tumor rejection of PDV6 squamous 

carcinoma (23), and served as an adjuvant in immunotherapy. Treatment of mice with 

pegylated IL-10, a form of IL-10 that has increased serum half-life, induces IFNγ and 

granzyme-B production by tumor-infiltrating CD8+ T cells in an MMTV tumor model 

(24). IL-10 also inhibited tumorigenesis in mice with colon carcinoma and patients with 

B cell lymphoma (21, 22). Ablation of IL-10 from CD4+ T cells enhanced tumor burden 

in APCΔ468 mice (33), while IL-10-/- mice bearing MC38 tumors displayed increased 

tumor growth, metastasis, MDSC accumulation and enhanced susceptibility to chemical 

carcinogenesis (34). Therefore, as reported in the literature and shown in this report, the 

role of IL-10 in the promotion of tumor progression is dependent on the tumor model. 

STAT3 is activated by both IL-6 and IL-10; however, the two cytokines can result in 

different biological effects due to the complexity of the STAT3 pathway (35). There are 

1.3x106 potential binding sites for STAT3 in the mouse genome (36); however, STAT3 

only binds a few thousand sites in a given cell type (37). STAT3 is a pleiotropic 

transcription factor which regulates target genes by acting in conjunction with a variety 

of transcriptional co-activators. The expression of these co-activators is dependent on the 

cell type and signaling events that occur in a cell’s lifetime. Many of these co-activators 

are pre-bound to STAT3 target sites (reviewed in (37). Therefore, a cell’s phenotype 

following STAT3 signaling depends on it’s previous history with respect to STAT3 

activation. The tumor microenvironment is a complex milieu, so differential expression 

of transcriptional co-activators is likely. Since MDSC-macrophage-tumor cell cross-talk 

involves activation of STAT3 via both IL-6 and IL-10, and the relative amounts of these 
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cytokines differ depending on the type of tumor, cross-talk is likely to contribute to the 

differential effects of IL-10 on tumor progression.   

In addition to the cells examined here, other stromal cells also contribute to 

inflammation within the tumor microenvironment through their cross-talk with MDSC 

(38, 39). However, MDSC and macrophages are present at significant levels in most solid 

tumors, and therefore their contributions to the inflammatory milieu are likely to be 

important.  
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Figure 1: IL-6 and IL-10 produced by host cells enhance primary tumor growth and 

decrease survival time. Wild type, IL-6-/-, and IL-10-/- BALB/c mice were inoculated 

with (A) 4T1 or (B) CT26 tumor cells and monitored for tumor diameter, survival, and 

tumor incidence. Mice in the wild type vs. IL-6-/- graphs and wild type vs. IL-10-/- 

graphs (tumor diameter and % survival) were inoculated with 1x105 and 7000 4T1 cells, 

respectively. Mice in the engraftment graph were inoculated with 1x105 4T1 cells. All 

CT26 inoculations were 5x105 cells. Statistical significance was tested by Mann-Whitney 

(tumor growth) or log-rank test (survival). Data are pooled from three independent 

experiments. 

 

  



 

97 

 

 



 

98 

 

Figure 2: Cross-talk between MDSC and macrophages regulates production of IL-10, IL-

6 and nitric oxide. (A) Peritoneal macrophages from healthy mice and MDSC from 

tumor-bearing mice were stained with mAbs to CD11b, F4/80, Gr1, Ly6C, and/or Ly6G 

and analyzed by flow cytometry. MDSC from wild type, IL-10-/-, and IL-6-/- BALB/c 

mice with 4T1-tumors were assayed for their ability to suppress the antigen-driven 

activation of peptide-specific, MHC-restricted, transgenic CD4+ (DO11.10) and CD8+ 

(Clone4) T cells. (B-D) 4T1-induced MDSC and peritoneal macrophages from wild type, 

IL-10-/-, or IL-6-/- BALB/c mice were co-cultured and supernatants were assayed for IL-

10, IL-6, and NO. (B) Macrophages enhance MDSC IL-10 and MDSC decrease 

macrophage IL-6. (C) IL-6 decreases MDSC IL-10. (D) IL-10 production by MDSC 

decreases macrophage IL-6 and TNFα, and increases macrophage NO. (E) Neutralizing 

antibodies to IL-10 prevent the down-regulation of macrophage IL-6 and IL-12. (F) 

Exogenous IL-10 decreases MDSC and macrophage TNFα, decreases macrophage IL-6, 

and enhances macrophage NO. Macrophages or MDSC were cultured with either IL-10 

or denatured IL-10. (G) Macrophages activate STAT3 in response to IL-10. Macrophages 

(left-hand panel) were cultured for 5 min in the presence or absence of exogenous IL-10 

(middle two panels) or with supernatants (media) from MDSC-macrophage co-cultures 

(right-hand two panels), subsequently fixed and permeabilized, and then stained for 

F4/80, CD11b, and pSTAT3. (H) Macrophages and MDSC express the receptors for IL-

10 and IL-6, respectively. Data for panels A-H are from one of 2, 30, 3, 5, 4, 3, 2, and 2 

experiments, respectively. Statistical significance for panels A-E and F were determined 

by Tukey’s HSD test and the Mann-Whitney test, respectively; panels E. Different lower 

case letters above each value indicate that those values are statistically significantly 
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different; values that share the same lower case letter are not statistically significantly 

different. 
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Figure 3: Tumor cells induce MDSC to produce IL-6 and vice versa. Wild type or IL-6-/- 

4T1-induced MDSC were cultured with or without 4T1, CT26, TS/A, or MC38 tumor 

cells and the supernatants were assayed for IL-6 by ELISA. One of three independent 

experiments (left-hand four graphs); average percent increase of three independent 

experiments comparing tumor cells with IL-6-/- and wild type MDSC (right-hand two 

graphs). Statistical significance for the independent experiments was determined by 

Tukey’s HSD test.  
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Figure 4: Tumor cells induce macrophages to produce IL-6 and NO, but decrease 

macrophage TNFα. Wild type or IL-6-/- macrophages were cultured with or without 4T1, 

CT26, TS/A, or MC38 tumor cells and the supernatants were assayed for (A) IL-6, (B) 

NO, or (C) TNFα. Left-hand graphs show representative data from one of four, three, and 

four independent experiments, respectively. Right-hand graphs show average percent 

change of pooled data from all experiments. (A) Comparison of tumor cells with IL-6-/- 

and wild type macrophages. (B and C) Comparison of tumor cells with wild type 

macrophages. Statistical significance for panels A, B and C was determined by t-test. 
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Figure 5: MDSC decrease tumor cell-mediated enhancement of IL-6, and increase tumor 

cell-mediated enhancement of macrophage NO. Wild type macrophages were cultured 

with or without 4T1-induced MDSC and/or 4T1, CT26, TS/A, or MC38 tumor cells. 

Supernatants were assayed for (A) IL-6 and (B) NO. Left-hand four graphs of panels A 

and B are one of three independent experiments. Right-hand graphs show the average of 

the three independent experiments. Statistical significance for panels A and B was 

determined by t-test. 
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Figure 6: Host cells are the dominant producers of IL-6 and IL-10 in the tumor 

microenvironment. Eight to 10 mm diameter (A) 4T1, (B) CT26, and (C) TS/A tumors 

were excised from wild type, IL-6-/-, and IL-10-/- BALB/c mice, manually teased into 

small pieces, incubated overnight, and the supernatants analyzed by ELISA for IL-6 and 

IL-10. Cytokine levels were normalized to 1g of tumor tissue per mL of media. Data are 

pooled from four independent experiments. Statistical significance was assessed by t-test.  
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Figure 7: Summary of cross-talk between MDSC, macrophages, and tumor cells. (A) 

Cross-talk with respect to IL-10, IL-6, IL-12, TNFα, and NO. Solid arrows indicate direct 

effects mediated by the cell type or IL-10. Dashed arrow indicates an indirect effect by 

IL-6. (B) Potential cycle by IL-6, IL-10, and MDSC cross-talk promotes inflammation 

and tumor progression.  
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Supplemental Table 1: IL-10-deficiency and IL-6-deficiency modestly alter MDSC 

production of other cytokines and cross-talk with macrophages 

 

a7.5 x 105 wild type BALB/c macrophages and/or MDSC from wild type, IL-10-/-, or IL-

6-/- BALB/c mice with 4T1 tumors were cultured for 16hr with 100ng/mL LPS and 

20U/mL IFNγ, and supernatants were assayed for TGFβ1, TGFβ2, TGFβ3, GM-CSF, IL-

1β, CCL2, MIP-1α, IL-4, IL-13, IL-23, and VEGF. Cytokine values are the average of 

two measurements of pooled supernatants from three individual cultures ± standard 

deviation. Nitric oxide values are averaged from three individual cultures ± standard 

deviation. TGFβ3, GM-CSF, IL-4, IL-13, and IL-23 were not detected in supernatants of 

wild type MDSC and macrophage monocultures or co-cultures. 

 

b level is decreased by co-culture 

c level is increased by co-culture 

d level is not changed by co-culture 
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Supplemental Table 2: NO has pro- and anti-tumor effects.  

Pro-tumor effects of NO/NOS2 References 

 C57BL/6 mice bearing NOS2-/- C6 gliomas have reduced tumor 

growth compared to mice with NOS2+/+ parental C6 tumors 

(40) 

 

 NOS2-/- mice treated with urethane developed more lung 

carcinomas 

(41) 

 NOS2-/- mice with B16 melanomas developed larger metastases 

than wild type mice 

(42) 

 NOS2+/+ murine colorectal carcinoma cells are three-fold more 

invasive than their NOS2-/- counterparts. Treatment of the NOS2-

/- or NOS2+/+ cells with a NO-donor or NOS2 inhibitor increased 

and decreased invasiveness, respectively. 

(43) 

 

 Stimulation of EMT-6 breast carcinoma cells to produce NO 

increased tumor growth and metastasis, while inhibition of NO 

reversed the effects 

(44) 

 

 NO produced by monocytic MDSC inhibited T cell activation 

and caused immune suppression that promotes tumor growth 

(45) 

Anti-tumor effects of NO/NOS2 References 

 Transgenic NOS2-/- APCMin mice develop more spontaneous 

intestinal adenomas 

(13, 46) 

 NOS2-/- Py-MT and APCMin mice have delayed tumor onset as 

compared to NOS2+/+ mice.  

(47, 48) 

 NOS2-/- mice with transplanted or chemically induced tumors 

have increased vascularization.  

(41, 49) 

 Host-derived NO inhibits the growth of methlcholanthrene-

induced fibrosarcomas.  

(50) 

 NO is cytotoxic for tumor cells when produced by M1 

macrophages. 

(51, 52) 
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Chapter 3: Myeloid-derived suppressor cell survival and 

function are regulated by the transcription factor Nrf2 

 

Abstract 

 

Tumor-induced myeloid-derived suppressor cells (MDSC) contribute to immune 

suppression in tumor-bearing individuals and are a major obstacle to effective 

immunotherapy. Reactive oxygen species (ROS) are one of the mechanisms used by 

MDSC to suppress T cell activation. Although ROS are toxic to most cells, MDSC 

survive despite their elevated content and release of ROS. Nuclear factor erythroid 

derived 2-like 2 (Nrf2) is a transcription factor that regulates a battery of genes which 

attenuates oxidative stress. Therefore, we hypothesized that MDSC resistance to ROS 

may be due to their up-regulation of Nrf2. To test this hypothesis, we utilized BALB/c 

and C57BL/6 mice bearing 4T1 mammary carcinoma and MC38 colon carcinoma, 

respectively. Nrf2 enhanced MDSC suppressive activity by increasing MDSC production 

of H2O2, and increased the quantity of tumor-infiltrating MDSC by reducing their 

oxidative stress and rate of apoptosis. Nrf2 did not affect circulating levels of MDSC in 

tumor-bearing mice since the decreased apoptotic rate of tumor-infiltrating MDSC was 

balanced by a decreased rate of differentiation from bone marrow progenitor cells. These 

results demonstrate that Nrf2 regulates the generation, survival and suppressive potency 

of MDSC, and that a feedback homeostatic mechanism maintains a steady-state level of 

circulating MDSC in tumor-bearing individuals. 
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Introduction 

 

The microenvironment of solid tumors (tumor microenvironment; TME) is 

frequently inflamed and oxidatively stressed due to hypoxia, the presence of reactive 

oxygen species (ROS), and multiple pro-inflammatory mediators (1). Therefore, cells in 

this environment must mitigate oxidative radicals in order to survive. Tumor cells survive 

this environment by having elevated levels of stabilized nuclear factor (erythroid-2)-

related factor 2 (Nrf2), which enhances tumor cell proliferation and resistance to 

chemotherapy, and promotes tumor growth (2-4). Nrf2 is a basic-leucine-zipper (bZIP) 

transcription factor that is ubiquitously expressed in many tissues and cells (2, 5-7). 

Under normal redox conditions, Nrf2 is restricted to the cytoplasm by Kelch-like ECH-

associated protein 1 (Keap1), which promotes the polyubiquitination of Nrf2, leading to 

its destruction by the 26s proteasome (8-12). Oxidative stress stabilizes Nrf2 by oxidizing 

key thiol residues on Keap1, which causes conformational changes of Keap1 that prevent 

Nrf2 polyubiquitination and subsequent degradation (13-15). Nrf2 can also be stabilized 

through direct phosphorylation by kinases involved in inflammatory signaling cascades 

(e.g. KRAS, MYC, PKC, ERK, MAPK, and p38) (16-21). Once stabilized, Nrf2 

translocates to the nucleus where it heterodimerizes with other bZIP transcription factors 

including Jun (c-Jun, Jun-D, and Jun-B) and small Maf (MafG, MafK, and MafF) (22-27) 

and up-regulates genes containing an antioxidant response element (ARE) in their 

promoter (28-30). Activation of these antioxidant genes quenches oxidative stress and 

promotes detoxification, thereby protecting cells from oxidative toxicity.  

Cells of the immune system are also present in the TME and must protect 
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themselves against oxidative radicals. Myeloid-derived suppressor cells (MDSC) are 

immature myeloid cells that suppress T cell activation and proliferation (31), perturb 

naïve T cell trafficking to lymph nodes (32), impair NK cell cytotoxicity (33), induce T 

regulatory cells (34), and skew macrophages to a tumor promoting (type II) phenotype 

(35). MDSC are present in most solid tumors where they contribute to oxidative stress by 

their production of superoxide (36). Superoxide produced by MDSC rapidly reacts with a 

large number of molecules to form ROS such as hydrogen peroxide (H2O2), hydroxyl 

radical, hypochlorous acid, and peroxynitrate (ONOO-; e.g. PNT), which damage 

proteins, lipids, and nucleic acids, enhance inflammation, and promote apoptosis. H2O2 

reduces T cell expression of CD3ζ chain thereby limiting their ability to become activated 

and mediate anti-tumor immunity (37, 38). Nitration/nitrosylation of T cell receptors (39) 

and MHC class I molecules (40) by PNT disrupts T cell-tumor antigen interactions and 

renders tumor cells resistant to CTL-mediated lysis. Despite their high intracellular 

content of ROS and their secretion of ROS, which constantly exposes them to oxidative 

stress, MDSC accumulate and function in tumor-bearing patients and animals. Given that 

tumor cells are protected from oxidative stress by Nrf2, we hypothesized that Nrf2 may 

also protect MDSC from oxidative stress.  

To elucidate the role of Nrf2 in MDSC, we examined the survival time of tumor-

bearing BALB/c and C57BL/6 Nrf2+/+ and Nrf2-/- mice, and the generation, survival, 

suppressive potency, and tumor-infiltration of MDSC in these mice. Wild type tumor-

bearing mice have a decreased survival time and have more tumor-infiltrating and more 

suppressive MDSC compared to Nrf2-deficient mice. The increase in tumor-infiltrating 

MDSC is the result of a reduced rate of MDSC apoptosis. However, Nrf2 does not affect 
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the level of MDSC in the periphery because a homeostatic regulatory mechanism 

increases MDSC generation from bone marrow progenitor cells.  

 

Materials and Methods 

 

Mice  

BALB/c (Nrf2+/+), BALB/c Nrf2-/-, C57BL/6 (Nrf2+/+), and C57BL/6 Nrf2-/- mice 

were bred in the UMBC animal facility from stock obtained from The Jackson 

Laboratory (C57BL/6 and BALB/c) or provided by Dr. Masayuki Yamamoto (RIKEN, 

Japan; BALB/c Nrf2+/-) and Dr. Shyam Biswal (Johns Hopkins School of Public Health; 

C57BL/6 Nrf2-/-). BALB/c Nrf2-/- mice were generated by mating BALB/c Nrf2+/- x 

BALB/c Nrf2+/- mice. BALB/c Nrf2-/- and Nrf2+/+ offspring were identified by PCR 

typing (Supplemental Figure 1A, 1B). DNA was isolated from pups (Qiagen, QIAamp 

DNA blood mini kit, per the manufacturer’s protocol), and amplified using primers 

specific to Nrf2 and lac Z under the following conditions: 94°C melting for 30 seconds, 

56°C annealing for 30 seconds, 72°C extension for one minute, for 30 cycles. 

Homozygous knockouts have a 400kb band; heterozygotes 400 and 734kb bands; and 

homozygous wild type mice a 734kb band. BALB/c Nrf2+/+ littermates from these 

matings served as controls. C57BL/6 Nrf2-/- mice were generated by crossing C57BL/6 

Nrf2-/- x C57BL/6 Nrf2-/- mice. Nrf2-deficiency was further verified by qPCR analysis 

glutamate-cysteine ligase, modifier subunit (GCLM), heme oxygenase 1 (HO-1), 

catalase, and NAD(P)H dehydrogenase, quinone 1(NQO1), genes that are regulated by 

Nrf2 (Supplemental Figure 1B, 1C). 107 MDSC from 4T1-bearing Nrf2+/+ or Nrf2-/- 
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mice were suspended in IMDM supplemented with 10% Fetal Clone I (Thermo 

Scientific, Waltham, MA), 1% penicillin-streptomycin, 1% glutamax, and 0.1% 

gentamycin, and plated in 35mm petri dishes in the presence of tert-butylhydroquinone 

(tbHQ, 50 µM; Sigma Aldrich, St. Louis, MO) or vehicle control (DMSO). Cultures were 

incubated for 6 hours (37°C, 5% CO2) and harvested. RNA was isolated with TRIzol 

reagent (ThermoFisher, Grand Island, NY) and chloroform extraction. cDNA was 

synthesized using a Maxima First Strand cDNA Synthesis Kit (ThermoFisher) as per the 

manufacture’s protocol. Quantitative PCR was performed using KiCqStart SYBR Green 

qPCR ReadyMix (Sigma Aldrich) with 100 nM of forward and reverse primers 

(Supplemental Figure 1B) on a CFX96 Real-Time System (Bio-Rad, Hercules, CA) 

under the following conditions: 95°C melting for 10 seconds, 57°C annealing/extension 

for 30 seconds, for 40 cycles. Data were analyzed using CFX Manager (Bio-Rad), and 

Nrf2-regulated genes were normalized to the housekeeping gene L32 by the ΔCT method.  

 

Tumor cells and tumor growth 

BALB/c-derived 4T1 mammary carcinoma and C57BL/6-derived MC38 colon 

carcinoma were maintained as described (41), and have been in the authors’ lab for more 

than 15 and 8 years, respectively. 4T1 cells were originally obtained from Dr. Fred Miller 

(Karmanos Cancer Center) and MC38 cells from Dr. Dmitry Gabrilovich (Wistar 

Institute). Cell lines were routinely checked for mycoplasma and early freeze-downs were 

preferentially used. Mice were inoculated in the abdominal mammary gland with 100μL 

DMEM containing 7x103 or 105 4T1 cells, or in the flank with 5x105 MC38 cells. 

Primary tumors were measured as described (42). Survival time was recorded when mice 
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became moribund and were euthanized. All animal procedures were approved by the 

UMBC Institutional Animal Care and Use Committee.  

 

In vivo generation of MDSC 

MDSC were harvested from the peripheral blood of tumor-bearing mice as 

described (41). Briefly, 4T1 tumor-bearing Nrf2+/+ and Nrf2-/- mice with tumors >10mm 

in diameter were bled by submandibular venipuncture into 500µL of a 0.008% heparin 

solution. Red blood cells were removed by lysis, and the remaining cells were analyzed 

by flow cytometry for MDSC. Cell populations containing >90% Gr1+CD11b+ cells were 

utilized in all functional assays. 

 

Flow cytometry reagents and antibodies 

 Monoclonal antibodies rat anti-mouse CCR2-PE, CD3-FITC, CD4-APC-Cy7, 

CD8-APC, CD11b-APC, CD11b-APC-Cy7, CD11c-FITC, CD45-PB, CD45R-PE, 

CD62L-PE, CXCR4-PE, Ly6C-PE, Gr1-APC-Cy7, Ly6G-Alexa 647, isotype rat IgG2b-

PE, dichlorofluorescein diacetate (DCFDA), propidium iodide (PI), Annexin V, and 

7AAD were from BD Pharmingen (San Diego, CA) or BioLegend (San Diego, CA). 

Cells were stained with antibodies, with Annexin V and PI, or with DCFDA as described 

(43, 44). Samples were analyzed on a Beckman/Coulter Cyan ADP flow cytometer using 

Summit software.  

 

Tumor infiltrating cells  

  Tumors were dissociated using a modified protocol from the Tissue Dissociation 
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Kit (protocol 2.2.1; Miltenyi Biotech, Bergisch Gladbach, Germany) with a GentleMACS 

Dissociator. Tumors 8 to 12 mm in diameter were resected from 4T1-bearing mice, cut in 

half, and each half placed into a GentleMACS C tube containing 5mL of dissociation 

medium (DMEM with 300U/mL collagenase IV, 0.1% hyaluronidase, and 2kU/mL 

DNase I). Tumors were then minced with scissors into 2-4mm pieces, processed on the 

GentleMACS Dissociator with the program m_impTumor_02, and then rotated (10 rpm; 

Glas-Col Rotator) at 37°C for 40 minutes. Samples were then processed twice on the 

GentleMACS Dissociator using the program m_impTumor_03. The resulting material 

was filtered through a 70µM mesh filter and the cells that passed through the filter were 

washed twice with 10 mL DMEM (Beckman Allegra 6R centrifuge, 500g for 3 minutes), 

resuspended in 4mL DMEM, and subjected to ficoll-plaque density gradient 

centrifugation (Beckman Allegra 6R centrifuge, 1400g for 20 min at 20°C). Live cells 

were isolated from the ficoll-aqueous interface, washed twice with DMEM, stained with 

7AAD and for F4/80, Gr1 or Ly6G and Ly6C, CD3, CD4, CD8, CD11b, CD11c, CD45, 

and CD45R (B220), and assessed by flow cytometry. Cell percentages were calculated as 

a percentage of 7AAD-CD45+ cells.  

 

MDSC differentiation from bone marrow  

 MDSCs were generated from bone marrow progenitors as described (45). Briefly, 

bone marrow was flushed aseptically from the femurs of naïve mice. RBCs were lysed 

with Gey’s solution and the resulting cells were assayed for the percentage of 

Gr1+CD11b+ cells, and cultured for four days (37°C, 5% CO2) at 4.2 x 105 cells/2 mL 

RPMI medium supplemented with 10% FCS, 80 ng/mL IL-6, and 80 ng/mL GM-CSF/2 
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ml/well in 6 well plates. At the end of culture, the total number of cells was determined, 

and the percentage of granulocytic (Ly6GhiLy6CloCD11b+; PMN-MDSC) and monocytic 

(Ly6GloLy6ChiCD11b+; M-MDSC) MDSC was determined by flow cytometry. Number 

of MDSC = [(total number of cells) x (% M-MDSC and/or PMN-MDSC)]. Ratio Nrf2-/- 

to Nrf2+/+ MDSC = (Total Nrf2-/- MDSC)/(Total Nrf2+/+ MDSC). Ratio PMN-MDSC to 

M-MDSC = (Total PMN-MDSC)/(Total M-MDSC).  

 

Apoptosis Assay 

 Live MDSC were identified as 7AAD- or PI- and Gr1+CD11b+ or CD11b+Ly6G+, 

or CD11b+Ly6C+ cells. The percent decrease in apoptosis = 100 x [1-(% Annexin V+ 

Nrf2+/+ MDSC/% Annexin V+ Nrf2-/- MDSC)]. For some experiments, MDSC were 

harvested from the blood of 4T1-tumor bearing mice, re-suspended in HL-1 media 

(supplemented with 1% penicillin-streptomycin, 1% glutamax, and 0.1% gentamycin), 

and plated in 6cm petri dishes. Gr1+CD11b+ cells were assessed for viability by PI 

staining.  

 

ROS detection 

  Reactive oxygen species (ROS) were measured by H2O2 detection using an 

Amplex Red Hydrogen Peroxide Assay Kit (Invitrogen) as described (46). Briefly, 

MDSC were suspended in Dulbecco’s PBS at 2.5 x 106/mL and 5 x 104 cells/50 μl were 

plated per well in 96 well black, flat-bottom plates (Greiner Bio-One, Monroe, NC). 

Thirty ng/ml PMA and 50 μl Amplex Red Reagent were added to each well. Plates were 

incubated at 37°C and fluorescence (excitation at 530 nm, emission at 590 nm) was 
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measured for one hour at 5-minute intervals using a Biotek Synergy 2 microplate plate 

reader (Winooski, VT, USA). A standard curve was generated by serial dilutions of 20 

μM H2O2. 

 

T cell activation 

 T cell activation was measured as described (44). Briefly, 105 splenocytes from 

DO11.10 (ovalbumin323-339-specific, I-Ad-restricted), TS1 (hemagglutinin110-119-specific, 

I-Ed-restricted), Clone4 (hemagglutinin518-526-specific, H-2Kd-restricted), or OT1 

(ovalbumin257-264-specific, H-2Kb-restricted) transgenic mice were cultured with their 

respective cognate peptides and varying concentrations of irradiated (20Gy) MDSC from 

the blood of 4T1 tumor-bearing mice. Catalase (1000 or 500 U/ml; Sigma Aldrich), 

sodium pyruvate (5 or 2.5 µM; Sigma Aldrich), nor-NOHA (500 µM; Calbiochem, CA), 

or L-NMMA (500 µM; Calbiochem) were included in some assays. Reversal of 

suppression = -100% x [1 – (CPMNo Inhibitor/CPMInhibitor)]. For some experiments, Nrf2+/+ 

MDSC were either initially cultured with splenocytes, or added after the addition of 

cognate peptide. Fresh MDSC were used for experiments in which MDSC were added to 

overnight splenocyte cultures. Cultures were pulsed with 3H-thymidine (1nCu/250µL) on 

day 4 and harvested on day 5. Peptides were synthesized at the University of Maryland 

Baltimore (UMB) Biopolymer Core Facility. 

 

MDSC-macrophage cross-talk 

 Peritoneal macrophages were prepared from tumor-free mice as described (35) 

and were >95% CD11b+ F4/80+ cells as assessed by flow cytometry. MDSC and 
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macrophage cross-talk experiments were performed as described (47). Supernatants were 

analyzed for IL-10 using ELISA kits (R&D Systems and eBioscience, San Diego, CA) 

per the manufacture’s protocol. NO was assayed by Griess assay as described (47).  

 

Statistical Analyses 

 Student’s t-test and Tukey’s Honestly Significant Difference (HSD) test were 

performed using Microsoft Excel 2013. Values denoted with different letters (e.g. a, b, c, 

etc.) are significantly different from each other; values with the same letter are not 

significantly different. Tumor growth and ROS data were analyzed using the Mann-

Whitney test on the www.VassarStats.net website. Survival data were analyzed using the 

log-rank test from the Walter and Eliza Hall Institute of Medical Research Bioinformatics 

webpage (http://bioinf.wehi.edu.au/software/russell/logrank/). Values of p<0.05 were 

considered statistically significant. Values are ± SD. 

 

Results 

Host expression of Nrf2 enhances tumor progression 

 The role of host-derived Nrf2 in tumor progression has been controversial. Some 

studies indicate that Nrf2 supports tumor growth (48-53), while other studies suggest it 

deters carcinogenesis (54-58). To determine whether host Nrf2 contributes to or deters 

tumor growth in BALB/c and C57BL/6 mice, Nrf2+/+ and Nrf2-/- BALB/c and C57BL/6 

mice were injected with syngeneic 4T1 mammary carcinoma or MC38 colon carcinoma, 

respectively, and followed for primary tumor growth (Figure 1A) and survival (Figure 

1B). Nrf2 did not impact the growth rate of either primary tumor. However, tumor-
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bearing Nrf2+/+ mice had decreased mean survival times compared to Nrf2-/- mice 

(BALB/c: 42.2 vs 50.8 days; 0% and 27.27% of mice survived >100 days, respectively; 

C57BL/6: 35.8 vs. 43 days; 12.5% and 77.78% of mice survived >50 days, respectively), 

indicating that Nrf2 supports tumor progression in these mouse strains.   

 

Host expression of Nrf2 enhances MDSC suppressive potency and the quantity of 

tumor-infiltrating MDSC.  

 If Nrf2 mediates its effects by increasing MDSC suppressive potency, then 

MDSC from tumor-bearing Nrf2+/+ mice will be more suppressive than MDSC from 

Nrf2-/- mice. To test this possibility, titered quantities of MDSC from tumor-bearing 

BALB/c Nrf2+/+ and Nrf2-/- mice were co-cultured with T cells from TcR transgenic mice 

plus cognate peptide, and the cultures assayed for T cell activation (Figure 2A, 

Supplemental Figure 2A). Both CD4+ and CD8+ T cells were suppressed more 

efficiently by Nrf2+/+ MDSC than by Nrf2-/- MDSC, suggesting that Nrf2 drives the 

suppressive potency of MDSC. Since differences in MDSC viability may impact 

suppressive potency, we determined the kinetics of MDSC-mediated suppression 

(Supplemental Figure 2B) and then assessed the viability of MDSC at the time they 

would be active (Supplemental Figure 2C). Addition of MDSC to splenocyte plus 

cognate peptide cultures at or after 19 hrs did not result in suppression, indicating that 

MDSC viability was only relevant at ≤ 16 hrs, although viability did not differ up to 24 

hrs in culture. These data demonstrate that Nrf2+/+ MDSC are more suppressive than 

Nrf2-/- MDSC and that the difference is not due to differences in MDSC viability.  

MDSC use several mechanisms to inhibit T cells, such as the secretion of ROS, 
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including H2O2, which decreases T cell expression of IL-2, IFNγ, and CD3ζ (36, 59), and 

the production of arginase which deprives T cells of the amino acid arginine, leading to 

CD3ζ synthesis arrest (60). MDSC also sequester cysteine which is an essential amino 

acid for T cell activation (61). Nrf2+/+ MDSC secrete more H2O2 than Nrf2-/- MDSC 

(Figure 2B). H2O2 contributes to the suppressive potency of MDSC since inclusion of the 

H2O2  scavengers catalase or sodium pyruvate in cultures of MDSC plus transgenic T 

cells plus cognate peptide, significantly increased T cell activation (Figure 2C, 

Supplemental Figure 2D). Neither Nrf2+/+ nor Nrf2-/- MDSC produce nitric oxide (NO; 

Supplemental Figure 3A), and the NOS2 inhibitor L-NMMA did not rescue T cell 

activation in the presence of MDSC (Figure 2C, Supplemental Figure 2D). Nrf2+/+ and 

Nrf2-/- MDSC both use arginase to suppress T cell activation since inclusion of the 

arginase inhibitor nor-NOHA restores T cell activation (Figure 2C, Supplemental 

Figure 2D), and there is no difference in their content of arginase (Supplemental Figure 

3B). MDSC from both wild type and knockout mice express similar levels of xCT, the 

chain of the dimeric xc
- transporter that regulates the uptake of cystine (Supplemental 

Figure 3C). These results indicate that Nrf2+/+ and Nrf2-/- MDSC utilize similar 

mechanisms to suppress T cell activation and proliferation, but Nrf2+/+ MDSC are more 

suppressive because they produce more H2O2. 

MDSC also promote tumor progression by down-regulating L-selectin on naïve T 

cells thereby preventing naïve T cell trafficking into lymph nodes (32), and they produce 

IL-10 which polarizes macrophages towards a tumor-promoting phenotype (35). MDSC 

from Nrf2+/+ and Nrf2-/- tumor-bearing BALB/c mice equally down-regulated T cell L-

selectin (Supplemental Figure 3D) demonstrating that Nrf2 does not affect naïve T cell 
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entry into lymph nodes. Using MDSC and macrophages from BALB/c IL-10+/+ and IL-

10-/- mice, we previously demonstrated that in co-cultures of MDSC and macrophages, 

MDSC are the sole producers of IL-10, and that MDSC production of IL-10 is enhanced 

by macrophages (35, 47, 62). Surprisingly, Nrf2 decreased MDSC production of IL-10, 

thus reducing the ability of MDSC to polarize macrophages towards a type 2 phenotype 

(Supplemental Figure 3E). These results indicate that Nrf2 does not impact the ability 

of MDSC to decrease T cell homing to lymph nodes, but does reduce the ability of 

MDSC to polarize macrophages towards a tumor-promoting phenotype.  

Since MDSC are present in most solid tumors where they can exert pro-tumor 

activity (63), we assessed the proportion of MDSC in 4T1 primary tumors resected from 

BALB/c Nrf2+/+ and Nrf2-/- mice (Figure 2D). Tumors derived from Nrf2-/- mice had 

significantly fewer MDSC compared to tumors from wild type littermates. However, the 

ratio of tumor-infiltrating PMN-MDSC to M-MDSC was the same in Nrf2+/+ and Nrf2-/- 

mice (Supplemental Figure 4A). The proportion of tumor-infiltrating CD11c+, CD4+, 

and CD8+ cells did not differ between the Nrf2+/+ and Nrf2-/- mice, but tumors from Nrf2-

/- mice contained significantly more F4/80+ and B220+ cells (Figure 2D).  

 To determine if the differences in tumor-infiltrating MDSC were due to 

differences in MDSC trafficking, MDSC were isolated from the peripheral blood, bone 

marrow, and tumor of 4T1-bearing Nrf2+/+ and Nrf2-/- mice and assayed for CCR2 and 

CXCR4, chemokine receptors that regulate MDSC migration (64, 65) (Supplemental 

Figure 4B). CCR2 and CXCR4 expression did not differ between Nrf2+/+ and Nrf2-/- 

MDSC. Likewise, Nrf2+/+ and Nrf2-/- MDSC migrated at the same rate in a transwell 

chemotaxis assay (Supplemental Figure 4C), indicating that Nrf2 does not influence 
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MDSC trafficking. 

 Collectively, these data suggest that Nrf2 decreases the survival time of tumor-

bearing mice by enhancing MDSC suppressive activity and by increasing the 

accessibility of MDSC to the TME.  

 

Nrf2 decreases MDSC oxidative stress and apoptosis  

 Since the increased number of tumor-infiltrating MDSC in Nrf2+/+ mice was not 

due to enhanced MDSC trafficking, we speculated that MDSC in Nrf2+/+ mice had lower 

levels of intracellular ROS and therefore were less oxidatively stressed. Therefore, we 

assessed intracellular ROS levels in MDSC from 4T1-bearing Nrf2+/+ and Nrf2-/- mice 

and in MDSC differentiated in vitro from bone marrow progenitor cells. MDSC in the 

blood of Nrf2+/+ 4T1-bearing mice had significantly lower levels of intracellular ROS 

compared to Nrf2-/- MDSC as measured by DCFDA fluorescence (Figure 3A), as did 

MDSC differentiated from bone marrow progenitor cells of Nrf2+/+ mice (Figure 3B). 

Therefore, Nrf2 reduces intracellular ROS, consistent with the concept that MDSC in 

Nrf2+/+ mice survive longer due to reduced oxidative stress.  

To determine if reduced levels of oxidative stress in Nrf2+/+ MDSC correlate with 

reduced apoptosis, in vivo tumor-induced and in vitro differentiated MDSC were 

examined for apoptosis. Circulating MDSC from 4T1 tumor-bearing Nrf2+/+ and Nrf2-/- 

mice were stained for Gr1 and CD11b, and with Annexin V (Figure 4A). MDSC from 

Nrf2+/+ mice were 53% less apoptotic than MDSC from Nrf2-/- mice. MDSC 

differentiated in vitro in bone marrow cultures were similarly analyzed except dead cells 

were excluded by 7AAD staining. In vitro differentiated MDSC from Nrf2+/+mice were 
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29% less apoptotic compared to MDSC from Nrf2-/- mice (Figure 4B), confirming the 

concept that reducing oxidative stress decreases apoptosis. 

 A decrease in apoptotic rate could result in an increase in circulating MDSC. This 

possibility was tested by comparing the levels of MDSC in the blood of tumor-bearing 

Nrf2+/+ vs. Nrf2-/- mice. Mice with the same tumor diameters were compared to eliminate 

MDSC differences due to different tumor burdens (Supplemental Figure 4D). There was 

no difference in the level of circulating MDSC in tumor-bearing Nrf2+/+ and Nrf2-/- mice, 

indicating that the differential apoptotic rates did not impact MDSC accumulation in 

blood.  

 

Nrf2-deficiency increases the rate of MDSC generation in the bone marrow  

 Since Nrf2-/- MDSC are more apoptotic than Nrf2+/+ MDSC, yet tumor-bearing 

Nrf2+/+ and Nrf2-/- mice have similar levels of circulating MDSC, we hypothesized that 

MDSC differentiate more rapidly in Nrf2-/- mice. To test this hypothesis, bone marrow 

cells from tumor-free Nrf2+/+ and Nrf2-/- mice were cultured under conditions to promote 

MDSC differentiation, and the number of resulting MDSC was quantified (Figure 5A). 

C57BL/6 and BALB/c Nrf2-/- bone marrow produced 16% and 76% more MDSC than 

the corresponding Nrf2+/+ bone marrow, respectively. The increases were due to the 

expansion of PMN-MDSC (Figure 5B). Therefore, Nrf2 reduces the rate of MDSC 

generation from bone marrow progenitor cells. Taken together with the apoptotic studies 

of Figure 4, these data indicate that circulating MDSC levels are maintained by a balance 

between the generation of MDSC in the bone marrow and their turn-over in the 

periphery.  
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Discussion 

 

For cells to survive the hostile TME, they must protect themselves against 

oxidative stress. Since Nrf2 regulates many genes that enable cells to survive oxidative 

stress, we examined the role of Nrf2 in the maintenance of MDSC suppressive activity, 

survival, and presence in solid tumors. Nrf2 enhanced MDSC suppressive activity by 

increasing MDSC production of H2O2, and increased the quantity of tumor-infiltrating 

MDSC by reducing their oxidative stress and apoptotic rate. Nrf2 did not affect 

circulating levels of MDSC in tumor-bearing mice since the decreased apoptotic rate of 

tumor-infiltrating MDSC was balanced by a decreased rate of differentiation from bone 

marrow progenitor cells. Collectively, these results provide a new avenue by which Nrf2 

regulates tumor progression and add Nrf2 to the list of genes that govern MDSC 

accumulation, survival, and function.  

The TME is an inflamed milieu that includes multiple cell types (e.g. tumor cells, 

MDSC, macrophages, dendritic cells, lymphocytes, mast cells, neutrophils cancer-

associated fibroblasts, etc.). These cells participate in a complex crosstalk network that 

regulates the production of inflammatory mediators (47). Nrf2 increases the number of 

tumor-infiltrating MDSC and therefore enhances the opportunity for crosstalk between 

MDSC and other tumor-resident cells. Our previous studies demonstrated that 

macrophages enhance MDSC production of IL-10 which in turn polarizes macrophages 

towards a tumor-promoting phenotype (35, 47). Since Nrf2-deficiency increases both 

macrophage-dependent and macrophage-independent IL-10 production by MDSC, 
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strategies aimed at limiting Nrf2 may facilitate the development of pro-tumor 

macrophages.  

Pharmacologic down-regulation of Nrf2 in MDSC may decrease the quantity of 

tumor-infiltrating MDSC and their suppressive potency. However, it will not reduce the 

level of circulating MDSC due to the homeostatic compensation by increased generation 

of MDSC from bone marrow progenitor cells. If MDSC predominantly mediate their 

suppressive effects on T cells within the tumor, then Nrf2 down-regulation may reduce 

MDSC-mediated suppression. However, MDSC may also mediate their effects on T cells 

in the periphery by suppressing circulating tumor-reactive T cells. In addition, MDSC are 

known to prevent the entry of naïve T cells into lymph nodes where they could become 

activated (32, 45). Therefore, down-regulation of Nrf2 in MDSC may only marginally 

reduce immune suppression and improve anti-tumor immunity because levels of 

circulating MDSC will remain constant due to increased generation of MDSC from bone 

marrow progenitor cells.  

It is unlikely that the homeostatic balance of MDSC in tumor-bearing individuals 

is achieved by Nrf2 directly regulating genes that drive MDSC generation. Antibody-

mediated depletion of MDSC results in the rebound of MDSC to levels that are higher 

than pre-depletion levels (66), demonstrating that some type of feed-back mechanism 

regulates MDSC homeostasis. Since Nrf2, like antibody-mediated depletion, alters 

extramedullary levels of MDSC, Nrf2 most likely also regulates MDSC homeostasis via 

a feedback loop rather than by a direct effect on genes within bone marrow progenitor 

cells.  

Given that homeostasis maintains a constant level of circulating MDSC in 
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individuals with tumor, monotherapies aimed at reducing MDSC levels by targeting 

circulating MDSC are unlikely to be effective. In contrast, strategies that target the 

induction of MDSC from progenitor cells have the potential to interrupt homeostatic 

regulation and thereby reduce MDSC levels. Many inducers of MDSC have been 

identified. These are predominantly pro-inflammatory molecules (67, 68). Since these 

molecules are redundant and compensate for each other in their ability to drive MDSC 

generation, it will be necessary to develop inhibitors that cover the full range of inducers.  

Whether the depletion of MDSC by their differentiation into macrophages or 

other myeloid cells also results in the replacement of immune suppressive MDSC by 

homeostasis is unknown. However, if this process does not increase the differentiation of 

MDSC from bone marrow progenitors, then promoting MDSC differentiation may be 

therapeutic. Indeed, drugs such as CpG motifs (69), all-trans retinoic acid (70), 

tetrabromocinnamic acid (71), and Vitamin D3 (72) that drive the differentiation of 

MDSC to more mature cells have shown therapeutic effects. Interestingly, all-trans 

retinoic acid is a known Nrf2 inhibitor (73), suggesting that there is interplay between 

MDSC differentiation and Nrf2 activity.  

Although inhibition of Nrf2 in MDSC may not by itself impact tumor growth, 

combined effects of Nrf2 inhibitors on MDSC and tumor cells may be more effective 

since Nrf2 also impacts other cells. For example, inhibition of Nrf2 in dendritic cells 

enhances MHC II and CD86 expression (74), which could result in improved antigen-

presentation and therefore better activation of tumor-reactive T cells. Additionally, Nrf2 

activation in tumor cells increases tumor cell proliferation and resistance to 

chemotherapy and radiotherapy, thereby promoting tumor progression (reviewed in (75)). 
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Since MDSC accumulation is positively correlated with tumor burden, treatment 

strategies that combine Nrf2 inhibitors with conventional chemotherapy and radiotherapy 

could decrease tumor burden and thereby indirectly reduce MDSC levels and increase 

anti-tumor immunity. 
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Figures 

 

 

 

 

 

 

 

 

 

 

Figure 1: Nrf2 decreases survival time of tumor-bearing mice. Nrf2+/+ and Nrf2-/- mice 

on the BALB/c (left panels) or C57BL/6 (right panels) backgrounds were injected with 

4T1 mammary carcinoma or MC38 colon carcinoma, respectively. Mice were followed 

weekly for primary tumor growth (A) and survival time (B). Tumor diameter was 

calculated as the average measurement of tumor length and width. Data were pooled from 

two independent experiments. Tumor growth and survival time were tested for statistical 

significance by Mann-Whitney and log-rank test, respectively. 
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Figure 2: Nrf2 enhances MDSC suppressive activity and the quantity of tumor-

infiltrating MDSC. (A) Nrf2 enhances MDSC-mediated CD4+ T cell suppression. 

MDSC from the peripheral blood of 4T1-bearing BALB/c Nrf2+/+ and Nrf2-/- mice were 

assayed for their ability to suppress the antigen-activation of transgenic CD4+ (DO11.10) 

T cells. (B) Nrf2 enhances MDSC production of H2O2. MDSC from BALB/c Nrf2+/+ and 

Nrf2-/- mice with 4T1 tumors were incubated with Amplex Red reagent, stimulated with 

PMA, and assayed for H2O2 production over time. (C) Nrf2+/+ and Nrf2-/- MDSC 

suppress CD4+ T cell activation by producing arginase and H2O2. MDSC from the 

peripheral blood of 4T1-bearing BALB/c Nrf2+/+ and Nrf2-/- mice were assayed for their 

ability to suppress the antigen-activation of transgenic CD4+ (DO11.10) T cells in the 

presence of nor-NOHA, L-NMMA, catalase, and sodium pyruvate. (D) Nrf2 enhances 

the quantity of tumor-infiltrating MDSC. Each circle represents an individual mouse. 

Figures A, B, and D were analyzed by Students t test, Mann-Whitney test, and Wilcoxon-

rank sign test, respectively. Figures A, B, and C represent one of two experiments, each 

with one Nrf2+/+ and one Nrf2-/- mouse per experiment. Data from figure D were pooled 

from 5 independent experiments; **p<.01, *p<.05. 
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Figure 3: Nrf2 decreases intracellular MDSC oxidative stress. (A) Nrf2 decreases 

intracellular ROS in circulating MDSC of tumor-bearing mice. Circulating MDSC were 

harvested from 4T1-bearing BALB/c Nrf2+/+ and Nrf2-/- mice, stained with DCFDA, and 

for Gr1 and CD11b. Gr1+CD11b+ cells were gated and analyzed by flow cytometry for 

DCFDA fluorescence. Left histogram: DCFDA staining of MDSC from representative 

individual Nrf2+/+ and Nrf2-/- mice; right graph: average MCF of DCFDA staining for 

MDSC from six Nrf2+/+ and five Nrf2-/- mice (B) Nrf2 decreases intracellular ROS in 

MDSC differentiated in vitro from bone marrow progenitor cells. Bone marrow cells 

from tumor-free BALB/c Nrf2+/+ or Nrf2-/- mice were cultured for four days with IL-6 

and GM-CSF, and the resulting cells were harvested, and stained with 7AAD and 

DCFDA, and for Gr1 and CD11b. 7AAD- Gr1+CD11b+ cells were gated and analyzed by 

flow cytometry for DCFDA fluorescence. Left histogram: DCFDA staining for bone 

marrow differentiated MDSC from individual Nrf2+/+ and Nrf2-/- mice; right graph: 

average MCF of DCFDA in bone marrow differentiated MDSC from three Nrf2+/+ and 

three Nrf2-/- mice. Data were tested for statistical significance by Student’s t test. 
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Figure 4: Nrf2 protects MDSC from apoptosis. (A) Nrf2 decreases apoptosis in 

circulating MDSC of tumor-bearing mice. Circulating MDSC were harvested from 4T1-

bearing BALB/c Nrf2+/+ and Nrf2-/- mice, and stained for Gr1, CD11b, and with Annexin 

V and propidium iodide (PI) or 7AAD, and analyzed by flow cytometry. Live 

Gr1+CD11b+ MDSC (PI- or 7AAD-) were gated and assessed for Annexin V. (B) Nrf2 

decreases apoptosis in MDSC differentiated in vitro from bone marrow progenitor cells. 

MDSC derived from bone marrow cell cultures were harvested and stained and stained 

for Gr1, CD11b, and with Annexin V and propidium iodide (PI) or 7AAD, and analyzed 

by flow cytometry. Live Gr1+CD11b+ MDSC (PI- or 7AAD-) were gated and assessed for 

Annexin V. Live Gr1+CD11b+ MDSC (PI- or 7AAD-) were gated and assessed for 

Annexin V. Left panels: representative staining of Annexin V. Right graphs: average 

percent of live Annexin V+Gr1+CD11b+ cells. For bone marrow MDSC, data represent 

one of three experiments with each experiment using one Nrf2+/+ and one Nrf2-/- mouse. 

For 4T1-derived MDSC, Nrf2+/+: n=6 and Nrf2-/-: n=5. Data were tested for statistical 

significance using Student’s t test. 
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Figure 5: Nrf2 deficiency enhances MDSC proliferation. MDSC were differentiated in 

vitro from the bone marrow of tumor-free Nrf2+/+ and Nrf2-/- BALB/c and C57BL/6 

mice. The resulting cells were harvested, counted, and stained for Ly6G, Ly6C, and 

CD11b, and analyzed by flow cytometry. PMN-MDSC and M-MDSC were identified as 

LyG+Ly6C-/lowCD11b+ and Ly6G-/lowLy6C+CD11b+ cells, respectively. (A) Top:  

Quantity of total cells, percent of cells that are MDSC, and absolute number of MDSC 
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pre-culture and after in vitro differentiation (post-culture).  Data are representative of one 

of three independent experiments with one Nrf2+/+ and one Nrf2-/- mouse per experiment.  

Bottom:  Ratio of Nrf2-/- to Nrf2+/+ MDSC from the three independent experiments.  A 

value >1 indicates that there is more proliferation in the absence of Nrf2. (B) Nrf2 

deficiency preferentially enhances differentiation of PMN-MDSC from bone marrow 

progenitor cells. MDSC of panel A were gated and analyzed for PMN-MDSC and M-

MDSC. Top: Representative staining of M-MDSC and PMN-MDSC from individual 

Nrf2+/+ and Nrf2-/- mice. Bottom: Average ratio of PMN-MDSC to M-MDSC from the 

three independent experiments.  
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Supplemental Figure 2:  Nrf2 enhances MDSC-mediated suppression of T cells. (A) Nrf2-/-

MDSC are less suppressive than Nrf2+/+ MDSC for antigen-activated transgenic CD8+ T cells.  MDSC 

from Nrf2-/- and Nrf2+/+ mice were cultured with splenocytes from Clone 4 transgenic mice plus 

cognate peptide and analyzed for T cell activation. (B) MDSC suppress T cell activation early during 

the in vitro suppression assay.  MDSC from the peripheral blood of 4T1-bearing BALB/c Nrf2+/+ mice 

were assayed for their ability to suppress the antigen-activation of transgenic CD4+ (TS1) and CD8+

(Clone) T cells. MDSC were added to splenocyte cultures at a 1:1 ratio at the start of the culture (0 

hrs) or at various times after the addition of cognate peptide (2, 19, and 26 hrs). Data were analyzed 

for statistical significance by Tukey HSD test, and are representative of one of three independent 

experiments. (C) Nrf2 does not impact MDSC viability in culture. Gr1+CD11b+  cells in the peripheral 

blood of 4T1-bearing BALB/c Nrf2+/+ and Nrf2-/- mice were cultured for varying periods, harvested and 

stained with PI, and assessed for viability by flow cytometry. Data were tested for statistical 

significance by Student’s t test, and are from one of two independent experiments with three Nrf2+/+

and three Nrf2-/- mice per experiment. (D) Nrf2+/+ and Nrf2-/- MDSC suppress CD4+ T cell activation by 

producing arginase and H2O2. MDSC from Nrf2-/- and Nrf2+/+ mice were cultured with splenocytes 

from OT-1 transgenic mice plus cognate peptide in the presence or absence of the arginase inhibitor 

nor-NOHA or the H2O2 scavengers catalase or sodium pyruvate. Data are from one of two 

independent experiments.
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Supplemental Figure 3: Nrf2 does not impact MDSC production of NO, expression of Arg1 or xCT, or 

the down-regulation of L-selectin, but decreases MDSC production of IL-10. (A) Nrf2 has no impact on 

MDSC expression of NO. MDSC from the blood of BALB/c Nrf2+/+ and Nrf2-/- 4T1 tumor-bearing mice, and 

peritoneal macrophages were cultured and supernatants were assayed by Greiss assay for NO. (B) Nrf2 

has no effect on MDSC expression of arginase or (C) xCT. MDSC from the peripheral blood of BALB/c mice 

with 4T1 tumors were stained for Arg1 and xCT. (D) Nrf2 does not impact MDSC-mediated down-regulation 

of L-selectin on naïve T cells. Cells were harvested from the peripheral blood of tumor-free BALB/c and 

4T1-bearing Nrf2+/+ and Nrf2-/- mice and stained with 7AAD and for CD3, CD4, CD8, CD11b, CD62L, and 

Gr1, and analyzed by flow cytometry. (E) Nrf2 decreases MDSC production of IL-10. MDSC from the blood 

of BALB/c Nrf2+/+ and Nrf2-/- 4T1 tumor-bearing mice were cultured with or without peritoneal macrophages, 

and supernatants were assayed by ELISA for IL-10. Data in E were analyzed by Tukey HSD test. Data for 

panels A-E are from one mouse per group and are representative of 2, 2, 2, 4, and 2 experiments, 

respectively, with one Nrf2+/+ and one Nrf2-/- mouse per independent experiment.
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twice. Data from B and C are representative of 3 and 2 independent experiments, respectively. (D)

Nrf2 does not impact the level of circulating MDSC in tumor-bearing mice. BALB/c and C57BL/6 

Nrf2+/+ and Nrf2-/- mice were injected with 4T1 and MC38 colon carcinoma, respectively. At weekly 

intervals, tumor diameters were recorded and mice were assessed for the percent of MDSC in the 

blood. Data were pooled from two independent experiments. 
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Chapter 4: Discussion 

Summary of the major findings 

The research in this dissertation was focused on MDSC function and survival. 

Chapter 2 assessed the ability of MDSC to regulate the inflammatory milieu of solid 

tumors by participating in cross-talk with macrophages and tumor cells. MDSC and 

macrophages both have a dominant presence in solid tumors where they are major drivers 

of immune suppression and tumor progression (1). Previously, we had reported that 

cross-talk between these cells results in increased MDSC production of IL-10 and 

decreased macrophage production of IL-12, thereby polarizing the immune system 

towards a pro-tumor type 2 environment (2, 3). Additional factors were likely to be 

impacted by cross-talk between MDSC and macrophages, as well as by interactions with 

tumor cells. Therefore, we investigated how tumor cells, macrophages, and MDSC 

interact with respect to IL-6, TNFα, IL-10, and nitric oxide (NO) since those molecules 

are present in many solid tumors and play important roles in tumor progression (4-9). The 

data presented in chapter 2 established that interplay between MDSC, macrophages, and 

tumor cells differentially impacts the production of IL-6, TNFα, IL-10, and NO, and 

suggests that inflammation within solid tumors is regulated by the number of MDSC and 

macrophages present with the tumor.  

Chapter 3 assessed how MDSC are able to survive and function in the TME. Solid 

tumors are an oxidatively stressed microenvironment due to hypoxia, and the presence of 

reactive oxygen species (ROS), which are created as a byproduct of metabolism and/or 

secretion by tumor-infiltrating cells (10). Therefore, MDSC present in the TME must 
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mitigate oxidative stress in order to survive (1). Additionally, MDSC secrete ROS to 

suppress T cell activation and proliferation which further exposes them to oxidative 

radicals. However, MDSC do not seem to be negatively impacted by oxidative stress and 

are still capable of inhibiting anti-tumor immunity. Therefore, we hypothesized that 

MDSC are resistant to oxidative stress because they are protected by Nrf2, a transcription 

factor that is activated by oxidative radicals and regulates the synthesis of gene products 

that mitigate oxidative stress (11). The data presented in chapter 3 established that Nrf2 

regulates the generation, survival and suppressive potency of MDSC, and that a feedback 

homeostatic mechanism maintains a steady-state level of circulating MDSC in tumor-

bearing individuals. 

 

How does Nrf2 impact inflammation, tumor progression, and anti-tumor immunity? 

As described in chapter 1, inflammation partially contributes to tumor progression 

by enhancing MDSC suppressive potency and accumulation, which causes dysfunctional 

anti-tumor immunity (12). However, inflammation also induces other mechanisms in 

tumor and/or stromal cells that promote tumor progression including: (i) increased ROS 

production which causes DNA mutations that not only cause inflammation by 

themselves, but also contribute to genetic instability which promotes the evolution of 

tumor cells to a heightened malignant state; (ii) the production of bioactive factors that 

stimulate tumor cell proliferation and survival; (iii) the production of cytokines and 

chemokines that recruit immune cells to the tumor and induce immunosuppressive cell 

populations such as Tregs and M2 macrophages; (iv) the production of proangiogenic 

factors such as VEGF, which enhances tumor vascularization; and (v) the production of 
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matrix metalloproteases which enhance tumor cell invasiveness, motility, and metastasis 

(13-16). Since Nrf2 is known to decrease inflammation in addition to its antioxidant 

properties, we focused on how Nrf2 impacts MDSC accumulation, survival, suppressive 

potency, and tumor progression.  

Nrf2 has classically been described as having anti-inflammatory properties in 

multiple pathologies and models. In a carrageenan-induced pleurisy model, Nrf2-/- mice 

have a greater persistence of inflammatory neutrophils and macrophages in the plural 

cavity compared to wild type mice (17). Similarly, Nrf2-deficiency enhances the number 

of lung-infiltrating lymphocytes, neutrophils, and macrophages, and increases IL-6 

expression in the lungs in a hyperoxia-induced lung injury model (18). In a UVB-induced 

skin inflammation model, Nrf2-deficency also enhances macrophage inflammatory 

protein -2 (MIP-2) expression, which is a chemoattractant for neutrophils (19). In a 

neuroinflammation model, LPS-treated Nrf2-/- mice display hypersensitivity to LPS and 

their hippocampi have increased microglial cells and expression of the inflammatory 

mediators IL-6 and TNFα (20). LPS mediates its inflammatory effects by signaling 

through TLR4 and the transcription factor NF-κB. Nrf2 seems to be involved in 

regulating NF-κB in a post-translational manner, since Nrf2-deficient cells have higher 

expression of p65-NF-κB protein, but similar levels of p65-NF-κB mRNA compared to 

Nrf2-competent cells (21). Additionally, studies using mice with a mutation in the 

adenomatous polyposis gene (APCMin/+), which spontaneously develop intestinal tumors, 

show that Nrf2 deficiency also increases inflammation and the number of spontaneous 

tumors (22). Together, it seems as if Nrf2 is distinctly anti-inflammatory and can 

potentially quell tumor-promoting inflammation.  
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However, the role that Nrf2 plays in anti-tumor immunity is not well established, 

and is controversial. Earlier murine studies that utilized intravenous injections of B16 

melanoma suggested that Nrf2-/- mice were more susceptible to pulmonary metastasis and 

Nrf2+/+ mice had reduced levels of MDSC (23). However, the authors failed to account 

for the fact that the level of MDSC is positively correlated with tumor burden. Since the 

Nrf2-/- mice had a higher tumor burden, one would expect that those mice would naturally 

have a higher level of MDSC. The authors also incorrectly concluded that the Nrf2-/- mice 

were more susceptible to pulmonary metastasis. Since their tumor model involved 

intravenous injection of B16 melanoma, they were observing the ability of B16 to 

colonize the lungs, which is not indicative of all phases of metastasis because it ignores 

extravasation, a critical step in metastatic development. However, B16 did appear to have 

an increased propensity to colonize the lungs of Nrf2-/- mice (23), which probably 

occurred because Nrf2 deficiency increases pulmonary inflammation, which would create 

an environment that favors tumor progression (24-26). The authors also observed that 

Nrf2-/- MDSC had more ROS, and suggested that Nrf2-/-were more suppressive than 

Nrf2+/+ MDSC. However, they did not compare suppressive activity between Nrf2+/+ and 

Nrf2-/- MDSC, so they prematurely and possibly incorrectly concluded that Nrf2 

deficiency enhances MDSC suppressive potency. In contrast, the data presented in this 

dissertation clearly demonstrate that Nrf2 enhances MDSC-mediated suppression, and 

that Nrf2 enhances the capacity for MDSC to produce extracellular H2O2, which is a 

primary mechanism that MDSC utilize to facilitate suppression of T cell activation and 

proliferation which is further evidence that Nrf2 enhances MDSC activity. Additionally, 

the authors observed a higher level of MDSC in the tumors of Nrf2-/- mice, but did not 
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account for similar tumor burden between Nrf2+/+ and Nrf2-/- mice. Since it has been well 

established that the level of circulating MDSC increases with tumor burden, higher levels 

of MDSC in the tumor could be from the increased opportunity of MDSC to migrate to 

the tumor. Additionally, this dissertation demonstrates that Nrf2 increases the 

intratumoral presence of MDSC, indicating that there are a higher number of MDSC to 

elicit immune suppression in the tumor, which disagrees with their observation that Nrf2 

deficiency promotes MDSC presence in the tumor. Therefore, it seems as if Nrf2 may 

play a protective role in tumor colonization of the lungs, however, Nrf2 clearly enhances 

MDSC survival, suppressive activity, and presence in the tumor.  

Nrf2 probably does not exclusively promote MDSC survival and suppressive 

activity, since both therapeutic activation and inhibition of Nrf2 have been shown to 

mitigate the suppressive activity of MDSC. For example, CDDO-Me (Methyl 2-cyano-

3,12-dioxooleana-1,9(11)dien-28-oate) is a synthetic triterpenoid that is a potent activator 

of Nrf2 (27). Treatment of tumor-bearing mice with CDDO-Me reduces intracellular 

ROS in MDSC which is correlated with a reduction in MDSC suppressive activity (28). 

In contrast, Withaferin A, a natural compound isolated form Withania somnifera, has 

been shown to bind to Nrf2 and inhibit its translocation to the nucleus (29). 

Consequently, treatment of tumor-bearing mice with Withaferin A reduces the amount of 

PMN-MDSC, decreases MDSC production of extracellular H2O2, and reduces their 

suppressive activity (30). Therefore, on the surface it seems as if there is an optimal level 

of Nrf2 activity that promotes MDSC suppressive activity. However, both CDDO-Me 

and Withaferin A inhibit NF-κB by binding to Cys179 in IκB kinase, which prevents the 

release of NF-κB from IκB in the cytosol, thereby inhibiting downstream induction of 
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pro-inflammatory signaling (31, 32). Since inflammation is a driver of immune 

suppression and tumor progression, the therapeutic efficacy of these drugs is probably 

due to their anti-inflammatory effects, in addition to their regulation of Nrf2.  

 

How does MDSC production of IL-10 impact anti-tumor immunity? 

IL-10 is a pleotropic, anti-inflammatory cytokine that has both pro- and anti-

tumor activity. IL-10 is produced by virtually all leukocytes, including macrophages, DC, 

NK cells, neutrophils, MDSC, eosinophils, mast cells, and most CD4+ T cell subsets 

(including Th1, Th2, Th9, Th17, Th22, Treg and Tr1) (33, 34). IL-10 signals through the 

IL-10 receptor, which is an oligomeric membrane protein consisting of IL-10R1 and IL-

10R2. While most nucleated cells express IL-10R2, IL-10 signaling typically occurs only 

in immune cells since IL-10R1 is expression is primarily restricted to leukocytes (33). 

Binding of IL-10 to the IL-10 receptor activates two members of the Janus Kinase family: 

JAK1 (associated with IL-10R1) and TYK2 (associated with IL-10R2) (35). Binding of 

JAK1 and TYK2 to the IL-10 receptor facilitates the phosphorylation of two tyrosines 

(Tyr446 and Tyr496) of IL-10R1, which enables the transcription factor STAT3 to bind 

and in turn become phosphorylated and activated (35, 36). Additionally, STAT1 and 

STAT5 are known to be activated during IL-10 signaling (35, 37). These activated 

transcription factors then homo- and heterodimerize, translocate to the nucleus, bind 

STAT binding elements of various promoters, and induce transcription of the 

corresponding genes.  

Stimulation of IL-10 receptor results in the reduction of inflammatory activity in 

the target cell by altering the synthesis of many genes. IL-10 inhibits the secretion of 
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many pro-inflammatory cytokines such as IFNγ, TNFα, IL-1β, IL-2, IL-6, IL-8, IL-12, G-

CSF, and GM-CSF (33, 38, 39). IL-10 also enhances the release of anti-inflammatory 

mediators such as IL-1 receptor antagonist and soluble TNFα receptors, which sequester 

IL-1β and TNFα, respectively (40-42). IL-10 is able to exert some of its anti-

inflammatory effects by increasing the expression of several molecules that interfere with 

inflammatory signaling including: (i) Bcl3, which impairs the ability of NF-κB to bind 

DNA, and recruits HDAC1 which promotes epigenetic silencing of genes such as TNFα 

(43-45); (ii) Etv3, a transcriptional co-repressor that inhibits NF-κB activity (46) (iii) 

SHIP-1, which inhibits TNFα translation (47); (iv) decreases miR-155, which targets 

SHIP-1 (48); (v) Nfil3, which suppresses the expression of the IL-12 subunit p40 (49, 

50); (vi) SBNO2, another transcriptional co-repressor that inhibits NF-κB (46); (vii) 

Zfp36, an RNA-binding protein that targets TNFα (45, 51, 52) and; (viii) SOCS3, which 

binds Janus kinases and inhibits inflammatory signaling mediated by the JAK/STAT 

pathway (e.g. IL-6, IFNγ, GM-CSF) (53). Because IL-10 utilizes multiple mechanisms to 

inhibit inflammation, IL-10 can inhibit tumor progression by decreasing tumor-promoting 

inflammation.  

IL-10 has been demonstrated to have multiple anti-tumor mechanisms in both 

human and mouse studies. Some of these anti-tumor mechanisms are attributed to the 

ability of IL-10 to reduce tumor-promoting inflammation. Evidence linking IL-10’s role 

in suppressing tumor-promoting inflammation include the observations that IL-10-/- mice 

spontaneously develop irritable bowel disease and colon cancer (54), and humans 

deficient in IL-10 signaling develop lymphomas at a young age (55). Furthermore, mice 

with a mutation in the adenomatous polyposis gene (APCΔ468) show that T-cell-specific 
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ablation of IL-10 dramatically changes the inflammatory milieu and enhances tumor 

burden (56). Additionally, a study using APCMin/+ demonstrated that adoptive transfer of 

Tregs, which produce IL-10, reduce tumor burden in an IL-10-dependent manner (57). 

Additional studies that utilized IL-10-/- mice show that IL-10 reduces tumorigenesis, 

tumor growth, and metastasis (58, 59).  

IL-10 can also enhance anti-tumor immunity by increasing the activity of NK and 

tumor-reactive CD8+ T cells. IL-10 enhances NK activity against human melanoma cells 

by decreasing tumor cell expression of MHC I (60, 61). MHC I is responsible for 

presenting endogenous tumor antigens to CD8+ T cells. However, MHC I also serves as 

an NK inhibitory receptor. IL-10 indirectly decreases transporter associated with antigen 

processing (TAP) -1 and -2, which are responsible for transporting processed peptides 

from the cytosol to the lumen of the endoplasmic reticulum (ER). Peptides in the ER are 

loaded onto MHC I, which stabilizes and enables the MHC I complex to be presented on 

the cell surface. Therefore, IL-10 decreases MHC I expression by limiting the availability 

of peptides for MHC I complexes. Since tumor cell expression of MHC I blocks NK cell-

mediated killing of tumor cells, decreased tumor cell expression of MHC I will result in a 

higher level of NK cell activity.  

Additionally, treatment of tumor-bearing mice with pegylated IL-10 (peg-IL-10), 

a form of IL-10 that has increased serum half-life, induces IFNγ and granzyme-B 

production by tumor-infiltrating CD8+ T cells and reduces tumor burden in a 12-O-

tetradecanoyl-phorbol acetate (TPA)-induced skin carcinoma model, a transplantable 

PVD6 squamous cell carcinoma model, and a spontaneous mammary (MMTVneu) tumor 

model (62). IFNγ enhances antigen presentation and T cell activation in a positive 
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feedback manner and increases anti-tumor activity elicited by T cells. Granzyme-B is 

utilized by CD8+ T cells to elicit tumor cell killing. Therefore, treatment of mice with 

peg-IL-10 increases the activity of tumor-reactive CD8+ T cells. Peg-IL-10 has also 

shown some therapeutic efficacy as an adjuvant for immunotherapy in mice. Experiments 

utilizing mice bearing OVA-expressing PVD6 squamous cell carcinoma show that 

treatment with peg-IL-10 results in tumor rejection when combined with the adoptive 

transfer of OVA-specific CD8+ T cells (63). The therapeutic effects of peg-IL-10 on T 

cells could be caused by IL-10-mediated upregulation of SHIP-1 and the reduction of the 

SHIP-1 inhibitory microRNA miR-155 (47, 48). SHIP-1 activates the PI3 kinase pathway 

and is required for T cell activation and proliferation (64). Therefore, IL-10 can also 

promote anti-tumor immunity by enhancing CD8+ T cell activity.  

However, IL-10 also has pro-tumor activity. Some of IL-10’s pro-tumor activity 

has been attributed to the impairment of DC function. Studies utilizing S1509a 

fibrosarcoma-bearing mice show that IL-10 can impair tumor antigen presentation by 

DC, thereby potentially preventing T cells from mounting an effective anti-tumor 

immune response (65). IL-10 reduces DC antigen presentation through multiple 

mechanisms including: (i) decreasing MHC II expression, which is essential for tumor 

antigen presentation to CD4+ cells; (ii) decreasing intracellular adhesion molecules (e.g. 

ICAM-1) that are essential for the formation of the immunological synapse, which is a 

cell-to-cell signaling structure that forms during antigen presentation between APC and T 

cells; (iii) decreasing costimulatory molecules (e.g. CD80 and CD86), which are essential 

for T cell activation, and; (iv) decreasing Th1 cytokines (e.g. IL-12), which facilitate the 

activation of the immune system toward an anti-tumor response (9, 66, 67). Indeed, in 
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vitro studies utilizing human DC and T cells show that IL-10 treated DC induce a state of 

anergy of CD4+ and CD8+ T cells in non-tumor systems (68-70), and in melanoma-

reactive CD8+ T cells (71), supporting the idea that IL-10-mediated impairment of DC 

activity facilitates tumor progression. 

IL-10 also induces Tregs, which as previously discussed (chapter 1, section 2.5), 

can inhibit anti-tumor immunity (72), and studies using mice bearing MC38 colon 

carcinoma show that Tregs are a major source of IL-10 in the TME (73). IL-10 enhances 

Treg production of TGFβ in B16 melanoma-bearing mice, which results in systemic 

suppression of anti-tumor immunity (74). Additionally, IL-10 upregulates expression of 

the TGFβ receptor 2, thereby enhancing the capacity for T cells to be negatively 

regulated by TGFβ (75). Therefore, IL-10 not only decreases anti-tumor immunity by 

inducing Tregs, but also enhances their immunosuppressive activity.  

IL-10 can also favor tumor growth since IL-10-/- mice bearing 4T1 mammary 

carcinoma have slower growing tumors and live longer than tumor-bearing wild type 

mice (76). Additionally, 4T1-induced MDSC derived from IL-10-/- mice are less 

suppressive than 4T1-induced MDSC from wild type mice, indicating an increased 

propensity for IL-10-suffient MDSC to inhibit anti-tumor immunity and promote tumor 

progression (76). While IL-10 could be promoting tumor progression through MDSC and 

decreasing anti-tumor immunity, IL-10 could also be directly enhancing tumor growth 

since in vitro experiments indicate that IL-10 stimulates tumor cell proliferation and 

inhibits apoptosis (77, 78). Another direct effect of IL-10 on tumor cells includes the 

downregulation of MHC I expression in human melanoma cells, which decreases the 

cytolytic activity of tumor-reactive CD8+ cells (60, 61). Similarly, IL-10 production by 
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human basal and squamous cell carcinomas prevents in vitro lysis of malignant cells by 

tumor-infiltrating lymphocytes (79). Furthermore, IL-10 expression by human melanoma 

cells is correlated with tumor progression and metastasis, and indicates that melanoma 

cell expression of IL-10 is an important prognostic indicator of disease progression (80). 

Together, these observations support the notion that IL-10 inhibits anti-tumor immunity 

and favors tumor growth.  

MDSC are capable of producing IL-10, and cell-to-cell contact between MDSC 

and macrophages synergistically enhances MDSC IL-10 (3). However, the mechanism 

responsible for mediating this cell-to-cell enhancement of MDSC and macrophages is not 

known. Currently, it is known that TLR4 signaling is required for MDSC production of 

IL-10, since TLR4-/- MDSC do not produce IL-10 (2). However, TLR4 expression is only 

required on MDSC and not macrophages since TLR4-/- macrophages are equally capable 

as TLR4+/+ macrophages in enhancing MDSC IL-10 in a cell-to-cell contact dependent 

manner. Therefore, the ligand responsible for cell-to-cell interactions between MDSC and 

macrophages does not require TLR4.  

Inflammation also enhances the ability for MDSC to produce IL-10 since MDSC 

induced by 4T1 tumors that were engineered to constitutively produce high levels of IL-

1β (4T1/IL-1β) make more IL-10 than MDSC induced by parental 4T1 tumors (2). In 

contrast, some inflammatory mediators decrease MDSC IL-10, because MDSC derived 

from IL-6-/- mice make substantially more IL-10 than MDSC derived from IL-6+/+ mice. 

Interestingly, IL-6 does not directly impact MDSC synthesis of IL-10 which suggests that 

MDSC derived from IL-6-/- mice have epigenetic changes that result in the increased 

capacity for MDSC to synthesize IL-10 (76). This observation might occur because IL-6 
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signaling activates STAT3, which mediates the synthesis of Bcl3. In turn, Bcl3 recruits 

HDAC1, which is involved in rearrangement of histones and epigenetic silencing (43-

45). Therefore, IL-6 could be inhibiting IL-10 in MDSC in a Bcl3- and HDAC1-

dependent manner.  

Nrf2 also plays a role in modulating IL-10 production in MDSC since Nrf2-/- 

MDSC make more IL-10 than Nrf2+/+ MDSC. Nrf2 might be modulating IL-10 in MDSC 

though the p38-MAPK pathway, since Nrf2-/- immature dendritic cells (iDC) display 

elevated levels of IL-10 due to heightened activity of the p38 MAPK pathway (81). p38, 

along with ERK, represent two major groups of kinases involved in the MAPK signaling 

cascade and are necessary for the maximum level production of IL-10 induced by TLR 

signaling (82). Interestingly, TNFα and IL-1, as well as TLR4 stimulation, also induce 

p38 MAPK activation, which is consistent with the idea that inflammation enhances IL-

10 production (83).  

 

How does cross-talk impact other cells in the tumor microenvironment?  

This dissertation characterized how cross-talk between MDSC, macrophages, and 

tumor cells impacts the levels of IL-6, IL-10, IL-12, TNFα, and NO. We also briefly 

examined MSDC and macrophage secretion of TGFβ1, TGFβ2, TGFβ3, GM-CSF, IL-1β, 

CCL2, MIP-1α, IL-4, IL-13, IL-23, and VEGF, and how cross-talk between MDSC and 

macrophages impacts the secretion of those inflammatory mediators. The tumor 

microenvironment also contains other cell types such as T and B lymphocytes, NK cells, 

tumor-associated fibroblasts, neutrophils, eosinophils, mast cells, and dendritic cells 

which could potentially be affected by MDSC cross-talk and subsequently promote tumor 



 

173 

 

progression (84-86). For example, mast cells participate in cross-talk with MDSC (87-

89). Activated mast cells release histamine, which increases the suppressive potency of 

M-MDSC by increasing MDSC expression of ARG1 and NOS2 (88). Mast cells are also 

induced to produce more histamine by IL-6 (90). Therefore, a complex relationship 

potentially exists between tumor cells, MDSC, and mast cells since cross-talk between 

tumor cells and MDSC increases IL-6 in the TME (76), and IL-6 enhances mast cell 

production of histamine which enhances MDSC suppressive potency (88). Because high 

levels of IL-6 in the serum are correlated with chronic inflammation, tumor burden, and 

poor prognosis in multiple tumor systems (91), and histamine and IL-6 enhance MDSC 

suppressive activity (76, 92-94), cross-talk between tumor cells, MDSC, and mast cells 

can promote tumor progression by altering inflammation in the TME and by further 

decreasing anti-tumor immunity.  

Additionally, Nrf2 could play a role in this complex feedback loop since Nrf2 

positively regulates IL-6 production (95), and oxidative stress enhances mast cell 

production of IL-6 (96). This dissertation also demonstrates that Nrf2 increases the 

amount of MDSC present in the tumor. Higher levels of MDSC afford more opportunities 

for MDSC to participate in cross-talk with tumor cells and mast cells, which would 

ultimately enhance the amount of IL-6 and histamine produced in the TME. Therefore, 

Nrf2 impacts the inflammatory milieu of the TME by virtue of altering the level of 

MDSC present in the tumor.  

Clearly there are a large amount of potential interactions and opportunities for 

cross-talk to occur in the TME. Since inflammation is a major driver of immune 

suppression and cancer progression, understanding how cells modulate inflammation in 
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the TME is important for identifying therapeutic targets to reduce inflammation, immune 

suppression, and tumor progression. 

 

Concluding remarks  

 The goal of this dissertation was to characterize how cross-talk between MDSC, 

macrophages, and tumor cells alters the inflammatory milieu of the TME which 

ultimately impacts tumor progression, and to characterize the role that Nrf2 plays in 

aiding MDSC suppressive activity and helping MDSC mitigate oxidative radicals and 

apoptosis. The findings presented in this dissertation provide a broader understanding of 

how MDSC are able to function, how they function, and survive in the TME. While this 

dissertation concludes that the level of MDSC present in the TME is likely to have 

profound effects on the inflammatory milieu, other cells present in the tumor are likely to 

be impacting the inflammatory milieu and altering the balance between pro- and anti-

tumor immunity. Similarly, Nrf2 may be impacting other cell types involved in pro- and 

anti-tumor immunity. MDSC remain a major obstacle for effective cancer 

immunotherapies and targeting Nrf2 in MDSC to alter inflammation in the TME and 

enhance anti-tumor immunity should be explored as a potential treatment option.  
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Appendix 1: Cross-talk among myeloid-derived suppressor 

cells, macrophages, and tumor cells impacts the inflammatory 

milieu of solid tumor 
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Appendix 2: IDO is a nodal pathogenic driver of lung cancer 

and metastasis development  
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Appendix 3: Myeloid-derived suppressor cells: critical cells 

driving immune suppression in the tumor microenvironment 
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Appendix 4: Cross-talk between myeloid-derived suppressor 

cells (MDSC), macrophages, and dendritic cells enhances 

tumor-induced immune suppression 
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Glossary  

 

ADAM17– A disintegrin and metalloproteinase 17 

APC – Antigen presenting cell 

ARG1 – Arginase 1 

ASC – Alanine-serine-cysteine transporter 

Bcl3 – B-cell lymphoma 3-encoded protein 

Bv8 – Prokineticin 2 

CAT2B – Cationic amino acid transporter 2B 

CCL – Chemokine (C-C motif) ligand 

CCR – Chemokine (C-C motif) receptor 

CD – Cluster of differentiation 

CDDO-Me – Methyl 2-cyano-3,12-dioxooleana-1,9(11)dien-28-oate 

CDK4 – Cyclin-dependent kinase 4 

C/EBP – CCAAT-enhancer-binding protein 

CHOP – C/EBP homologous protein 

COX2 – Cyclooxygenase-2 

CTL – Cytotoxic T lymphocytes  
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CTLA4 – Cytotoxic T-lymphocyte-associated protein 4 

CXCL – Chemokine (C-X-C motif) ligand 

CXCR – Chemokine (C-X-C motif) receptor 

DAMP – Damage-associated molecular pattern molecule  

DCFDA – Dichlorofluorescein diacetate 

eIF – Eukaryotic initiation factor 

ER – Endoplasmic reticulum  

ERK – Extracellular signal-regulated kinase 

Etv3 – Ets Variant 3 

Fas – Fas cell surface death receptor 

GCN – General control nonderepressible 

GM-CSF – Granulocyte macrophage colony-stimulating factor  

Gr1 – Granulocyte marker 1 

HDAC1 – Histone deacetylase 1 

HIF-1α – Hypoxia-inducible factor-1 alpha 

HEV – High endothelial venules 

HMGB1 – High Mobility Group Box protein 1 

IDO – Indoleamine 2,3-dioxygenase  
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IFNγ – Interferon gamma 

IL – Interleukin 

LAP – Liver-enriched activator protein 

LIP – Liver-enriched inhibitory protein 

Ly6C – Lymphocyte antigen 6 complex, locus C 

Ly6G – Lymphocyte antigen 6 complex, locus G 

JAK – Janus kinase  

Keap1 – Kelch-like ECH-associated protein 1 

Mac – Macrophage 

Maf – Musculoaponeurotic fibrosarcoma oncogene homolog 

MAPK – Mitogen-activated protein kinases 

MCF – Mean channel fluorescence  

Neh – Nrf2-ECH homology domain 

MIP-1α – Macrophage inflammatory protein 1 alpha 

MIP-2 – Macrophage inflammatory protein -2  

MDSC – Myeloid-derived suppressor cells 

MHC – Major histocompatibility complex 

MMP – Matrix metallopeptidases  
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NF-κB – Nuclear factor kappa-light-chain-enhancer of activated B cells 

NK – Natural killer cells 

NKT – Natural killer T cells 

NO – Nitric oxide  

NOS2 – Inducible nitric oxide synthase  

NOS3 – Endothelial nitric oxide synthase  

NOX2 – NADPH oxidase  

Nrf2 – Nuclear factor (erythroid-derived 2)-like 2 

PD-1 – Programmed cell death 1 

PD-L1 – Programed death-ligand 1 

PD-L2 – Programed death-ligand 1 

PGE2 – Prostaglandin E2  

PI3 – phosphatidylinositide 3-kinases 

RAG-2 – Recombination activating gene 2 

RAGE – Receptor for advanced glycation endproducts  

ROS – Reactive oxygen species  

SBNO2 – Strawberry notch homolog 2 

SHIP-1 – Phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase 1 
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SOCS3 – Suppressor of cytokine signaling 3 

STAT – Signal transducer and activator of transcription  

TAM – Tumor associated macrophage 

TAP – Transporter associated with antigen processing 

TCCM – Tumor-conditioned cell media 

TCR – T cell receptor 

TGFβ – Transforming growth factor beta  

TLR – Toll-Like Receptor   

TME – Tumor microenvironment  

TNFα – tumor necrosis factor alpha  

Treg – Regulatory T cells  

TYK2 – Non-receptor tyrosine-protein kinase 

TRAIL-DR5 – Tumor-necrosis factor-related apoptosis-death receptor 5 

VEGF – Vascular endothelia growth factor 

 xc
- – Cystine/glutamate antiporter 

xCT – Solute carrier family 7 (anionic amino acid transporter light chain, xc
- system), 

member 11 

Zfp36 – Zinc finger protein 36 homolog 
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