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ABSTRACT
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Sciences

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 1L-10 decreased macrophage-derived IL-6 and TNFa.,
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 TNFa. 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.
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Chapter 1: Introduction

Opening remarks

In this thesis, I will discuss the research | 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.



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 I, 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



metastasis. Activated CD8" T cells mediate direct killing of tumor cells, while CD4* T
cell activation results in the release of cytokines such as INFy 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 IFNy (15, 16) and perforin (17) in the regulation of
tumor development highlight the necessity of lymphocytes for effective immune

surveillance.



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



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 (TGFp),
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).



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.



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), TGFp, 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 | 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).



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 CD3(. 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 (CTLAA4) 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), CTLAA4 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 IFNy to express PD-L1 (32, 33), which is known to be an important protective



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 (TGFJ3)

TGFp 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).
TGFp negatively impacts the cytolytic activity of CD8" T cells and decreases their
expression of perforin, granzyme A and B, Fas-ligand, and IFNy (37). TGFp 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 elF2a, 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-2Ra), and expression of the
transcription factor FoxP3 (42). Tregs are induced in response to the inflammatory
mediators IL-10, TGFp, and PGE>, 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 TGFp (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 IFNy and
bacterial products such as LPS. They express high levels of reactive oxygen species, are
IL-12"9" [_-6"9" TNFaM9" MHCIIM" CD86"o" [L-10'0%es NOS2"9" ARG 1'%, 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, TGFp, and IL-10, are
classified as 1L-12'°" 1L-6'" TNFa/®" MHCII'" CD86'°" IL10"9" VEGF"s" NOS2/oW
ARG1"9" 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 TGFp, 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 Grl 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
GriMd CD11b* Ly6C* Ly6G'*"", while PMN-MDSC are Gr1™" 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; M®, macrophage; M-
MDSCs, monocytic myeloid-derived suppressor cells; PMN-MDSCs, granulocytic
myeloid-derived suppressor cells. Figure adapted from (55).



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, TNFa),
growth factors (e.g. TGFB, 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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GriMCD11b* cells that were less suppressive than Gr1™CD11b* 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 (PGE>) and Cyclooxygenase 2 (COX2)

PGE: is a potent inflammatory mediator that is generated by COX2-mediated
conversion of arachidonic acid. PGE> 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 PGE>. PGE> promotes MDSC differentiation
at the expense of DC, while inhibition of COX2 or PGE> in tumor-bearing mice blocks
MDSC differentiation and delays tumor progression (83, 84). In the tumor
microenvironment PGE> 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 PGE> 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-4Ra (86). Therefore, in mouse and human MDSC,
PGE:2 not only regulates the differentiation of MDSC, but several suppressive

mechanisms as well.
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3.4: CCAAT/enhancer binding protein f (C/EBPp) 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/EBPp acts during stress/inflammation-induced myelopoiesis. C/EBPJ 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 ARGL1. 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/EBP 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/EBPJ 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/EBPf, 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/EBPp which induces IL-6, activates STATS3, and drives the suppressive potency of

MDSC.
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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 ARGL1 (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
S100AO9 reject transplanted tumors, while elevated expression of SI00A8/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)

HMGBL 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). HMGBL1 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 (ADAML17), a protease that cleaves L-selectin (94). Secretion of the pro-tumor
cytokines IL-10 and IL-1B 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-1p, 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-1pB was a potent inducer of
MDSC accumulation and suppressive activity (24). Mice bearing 4T1/IL-1B, which are
4T1 mammary tumor cells that were transfected to constitutively express high levels of
IL-1pB, 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-1p, 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-1p induces the production of other mediators,
including VEGF, IL-6, PGE>, and GM-CSF, some of the effects of IL-1B 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-1p, or have an overlapping
mechanism of action with IL-1 (99). Since MDSC produce IL-6 and IL-1, these studies
also raise the question of whether MDSC production of I1L-6 is regulated by IL-1p, and if
MDSC production of IL-1p enhances MDSC production of IL-6. IDO1, which is utilized
by MDSC as an immune suppressive mechanism, also regulates I1L-6, and tumor-bearing
IDO17 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 exerton 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 TGFp, which induces Th17 cells; (iii) production of ROS and
TGEFp, 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 CO; (105).

In the absence of L-Arg T cells decrease their expression of CD3(, which is
required for signal transduction through the antigen-specific TCR (106, 107). L-Arg-
depleted T cells are arrested in Go-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,
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111). Depletion of L-Arg is mediated by ARG1, and MDSC synthesis of ARGL1 is
regulated by PGE: (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-Cys,). Naive T cells must
acquire L-Cys from APC because they lack the cystine transporter X" and therefore
cannot import L-Cys», 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-Cys,. 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-Cys; 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-Cys; 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 NOS2'°“NOS3", while M-MDSC are NOS2"NOS3/°" (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. Fe?* and Zn?*), 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, STATS5, 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 ARG affinity for
L-Arg which subsequently increases ARGL1 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 (H20>), 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 CD3( (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 naive 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). Naive 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 ADAML17, the
enzyme that cleaves L-selectin on naive 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-1a (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 TGFp
(134, 137), and activate Tregs by presenting tumor-specific antigens in an ARG-
dependent and TGFB-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"RORyt"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 TGFf (104). IFNy
or TNFa-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
TGFp and H202 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 IFNy and bacterial products such as LPS, or a tumor-promoting (M2-
like) phenotype by IL-4, IL-13, TGFp and IL-10 (48). M1 macrophages express high
levels of 1L-12, which is an important cytokine for anti-tumor immunity because it
stimulates the production of IFNy from T and NK cells, promotes the development of
naive CD4" ThO cells to an anti-tumor Th1* phenotype, and stimulates the growth and
cytotoxicity of T cells and NK cells (145). When IFNy 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-kB activity, the synthesis of pro-inflammatory
cytokines such as [FNy, IL-1, IL-6, and TNFa, and APC expression of MHC Il and
CD86 which decreases T cell activation (146-150). MDSC stimulated with LPS and IFNy
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 1L-10 which down-
regulates macrophage production of IL-12 and TNFa, 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-1B) 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 TNFa, CCL3, IL-4, IL-13, IL-6 and CCL2
(158-160). TNFa 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 1L-13. IL-4 and IL-13 signal
through STAT6 in MDSC which results in the up-regulation of ARG1 and TGFf, 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, Keapl, 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) Keapl has the
following domains: N-terminal domain, BTB domain, IVVR, 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 Keapl. (C) Keapl forms a
homodimer that results in a Nrf2-Keapl complex with a 1:2 ratio. (D) Under basal
conditions, Keapl 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 Keapl which causes a conformational change that breaks the bond between
the DLG domain on Nrf2 and the Kelch domain on Keapl. 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).

38



6.1: The Keapl-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 Keapl (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 Keapl, 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). Nehl
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 Keapl (174). The Neh2
domain contains two different motifs that bind Keapl, ETGE and DLG, which results in

a 1:2 ratio of Nrf2 to Keapl molecules in the Nrf2:Keapl complex (Figure 4C) (175).
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6.3: Structure of Keapl

Keapl is a 626 amino acid protein that facilitates the suppression of Nrf2. Keapl
has 5 domains, the N-terminal domain, the Broad complex Tramtrack and Bric- a-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 Keap1l to cullin 3 (Cul3), which serves as a
scaffold protein for E3 ubiquitin ligase. The Kelch domain binds actin which anchors
Keapl 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 VR (170). Mutations in Cys273 or Cys288
inhibit the ability of Keapl 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 Keapl 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, Keapl 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 Keapl cysteines leads to a conformational change in Keapl,
resulting in the detachment of the DLG motif on Nrf2 from the Kelch domain on Keapl
(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 Keapl 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, Nrfl, Nrf2, Nrf3, Bachl 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, TNFa), chemokines (e.g. CCL2, CXCLS5,
CXCL12), growth factors (e.g. TGFp, GM-CSF, VEGF), and other effector molecules
(e.g. SI00A8/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 tumors?

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, TNFa, 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 TNFa, 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

TNFo. 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, TNFa), chemokines (e.g. CCL2, CXCLS5,
CXCL12), growth factors (e.g. TGFp, GM-CSF, VEGF), and other effector molecules
(e.g. S1I00A8/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 1L-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, TNFa, 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). TNFa 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 TNFa 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, TNFa, 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-67, and BALB/c I1L-107" 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 (Zirich, Switzerland; IL-
67). 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 100uL. DMEM containing 7x10% (wild
type and 1L-10""mice) or 10° (wild type and IL-6"" mice) 4T1 cells, or 10° TS/A cells; or
s.c. in the flank with 5x10°, 1x10°, or 1x10* 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

Grl-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 mADbs, and rat IgG1-PE and 1gG2b-
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 1L-10 (BioLegend) or supernatants
from MDSC and macrophage co-cultures, fixed with Lyse/Fix Buffer (BD Bioscience),

permeabilized with Perm Buffer I11 (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 peptideszs-sse-specific, 1-A-restricted) or Clone4
(hemagglutinin peptidesis-sz6-specific, H-2K%-restricted) splenocytes were cultured with
their respective cognate peptides and irradiated blood MDSC from 4T1-bearing wild
type, IL-67, 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 (1x10° cells) were cultured with or without 7.5 x 10°
MDSC and/or macrophages in 500uL. macrophage media (5% fetal calf serum in DMEM,
1% penicillin-streptomycin, 1% glutamax, 0.1% gentamycin) for 16 hr at 37°C with
100ng/mL LPS (Difco) and 20U/mL IFNy (R&D Systems). In some experiments

macrophages and/or MDSC were cultured with LPS and IFNy 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 pg/ml;
clone JES5-2A5, eBioscience). Cells were harvested by scraping, and analyzed by flow
cytometry. Supernatants were analyzed for IL-10, IL-6, and TNFa 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 I1L-67 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 TNFa by macrophages in response to tumor cells and/or MDSC =
1 —[(IL-6 or TNFa from macrophages + tumor cells)/(IL-6 or TNFa 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 SuM CellTrace Violet (Life Technologies)
and 4T1 tumor cells with 1uM CFSE (Life Technologies). MDSC or macrophages were

cultured for 16 hours in macrophage media with 100ng/mL LPS and 20U/mL [FNy ina 6
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well dish at 3x10° cells/well/2mL either with or without 4x10° 4T1 cells. Cells were then
harvested using Detachin (Genlantis, San Diego, CA) and scraping, washed, and stained

for Grl, 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 IFNy for IL-10
studies, or without LPS and IFNy for IL-6 studies. Re-suspended tumor pieces were
incubated for 16 hours at 37°C, 5% CO», 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-67-, 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-
107" 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-67 mice developed tumor. Tumor progression
was also delayed and survival time increased in 1L-67- mice with CT26 tumors. In
contrast, IL-10"7- mice inoculated with 5x10° 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-107
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BALB/c mice inoculated with 1x10° or 1x10* 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 TNFa, 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 1L-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 1L-107- 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 I1L-6 of 24% + 3.8% for 30
experiments).

To determine if IL-6 regulates MDSC production of I1L-10, we co-cultured wild
type or IL-67- macrophages with wild type or IL-67- MDSC (Figure 2C). IL-6"- MDSC
produced significantly more IL-10 than wild type MDSC. Macrophage co-cultures with

IL-67- MDSC had significantly more IL-10 than co-cultures with wild type MDSC.
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Macrophage I1L-6 had no effect on MDSC IL-10, since wild type MDSC co-cultured with
either wild type or IL-67- macrophages produced similar amounts of 1L-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-107- MDSC were co-cultured with wild type macrophages (Figure 2D). There was no
decrease in I1L-6 in the presence of 1L-107- 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 1L-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 I1L-6.

We also assessed the role of MDSC IL-10 on macrophage NO and TNFa
production (Figure 2D). MDSC IL-10 decreased TNFa 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 1L-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 TNFa, macrophages or MDSC were cultured
in the presence of exogenous IL-10, and culture supernatants were assessed for TNFa,
IL-6, and NO (Figure 2F). Exogenous IL-10 reduced MDSC and macrophage TNFa, 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, 1L-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, 1L-107", and IL-67- MDSC to
determine if gene deficiency impacts MDSC phenotype (Supplemental Table 1).
TGFB3, GM-CSF, IL-4, IL-13, and I1L-23 were not detectable in wild type MDSC. TGF-
B2, IL-1 B, CCL2, and VEGF production were similar for wild type, IL-107, and IL-67
MDSC. TGF-B1 trended higher in IL-107" and IL-67 MDSC, and MIP-1a trended lower
in IL-107 and IL-67- 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-12'°"IL-6'"), but also increases some M1-like properties (NOM9").

Other cytokines are also impacted by interactions between MDSC and macrophages
In addition to IL-10, TNFa, 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-1B), and immune suppressive molecules (e.g. TGF-p).
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-3, GM-CSF, IL-4, IL-13, or IL-23,
while both cell types produced TGF-p1, TGF-p2, IL-1B, CCL2, MIP-1a, and VEGEF. Co-
cultures utilizing wild type MDSC reduced the production of TGF-1, TGF-f2, and MIP-
la, and modestly increased the production of VEGF. Co-cultures of wild type
macrophages with 1L-107- or IL-67- 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 I1L-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 1L-6 production in the presence of IL-67- 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 1L-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
TNFa, 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 1L-10, I1L-12, or

TNFo.

Tumor cells increase macrophage IL-6 and NO, and decrease macrophage TNFa
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 TNFa (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-67- macrophages produced
more IL-6 than tumor cells alone. In co-cultures of wildtype or IL-67 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 I1L-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 TNFa was significantly decreased in the presence of the four tumors
because cultures of macrophages plus tumor cells produced significantly less TNFa as
compared to macrophages cultured alone. Tumor-cell mediated decreases in TNFa
ranged from 24% to 53% (Figure 4C). Macrophage production of 1L-10 and 1L-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 (NO™) and M2 (TNFa'°%) 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,
TNFa, 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 1L-6 and I1L-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-67", and I1L-107
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 1L-10"- mice contained very
little or no IL-10. With the exception of one mouse with CT26 tumor, tumors from IL-67
mice did not have IL-6. Isolated tumors did not contain detectable levels of TNFa or NO.
These results demonstrate that in vivo in the tumor microenvironment stromal cells and

not tumor cells are the dominant sources of 1L-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, TNFa, and NO, plus our
previous reports on I1L-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, TNFa, and NO are modulated by interactions between MDSC, macrophages, and
tumor cells. MDSC induce some M2 macrophage characteristics (1L-6'""IL-
12"°“TNFa'°%), 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-6"NO") and M2 (TNFa'°") phenotypes, while tumor cells
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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

91



(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 11, CD80, and CD86. IL-10 also decreases production of I[FNy
and IL-12, cytokines that are characteristic of and facilitate the development of type |
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 I1L-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 1L-107 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 IFNy and
granzyme-B production by tumor-infiltrating CD8" T cells in an MMTYV tumor model
(24). 1L-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 APC24%% mice (33), while IL-107 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
1.3x10° 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 STATS3 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 STATS3 via both IL-6 and IL-10, and the relative amounts of these

93



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.
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Figure 2: Cross-talk between MDSC and macrophages regulates production of I1L-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, Grl, 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+ (D0O11.10) 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 TNFa, 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 TNFa, decreases macrophage IL-6,
and enhances macrophage NO. Macrophages or MDSC were cultured with either I1L-10
or denatured 1L-10. (G) Macrophages activate STAT3 in response to 1L-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 I1L-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 TNFa. Wild type or IL-67- 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) TNFo. 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-67
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
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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-67", and IL-107- 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

MDSC and
macrophage
cross-talk
enhances IL-10
production

MDSC and
tumor cell
cross-talk
enhances IL-6
production

IL-6 decreases
MDSC
production
of IL-10

Tumor cells
induce MDSC

accumulation

IL-10 decreases IL-6 enhances

antigen tumaor
presention, progressian,
immune oﬁiDSC
activation, and accumulation,
tumor cell and suppressive
destruction Increased activity

Increased

mor
tumo inflammiation

burden

Figure 7: Summary of cross-talk between MDSC, macrophages, and tumor cells. (A)
Cross-talk with respect to 1L-10, IL-6, IL-12, TNFa, 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 Figure 1A: Tumor progression, survival time, and engraftment are similar in
BALB/c wild type and IL-107- mice inoculated with 1x105 or 1x10* CT26 tumor cells.
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Supplemental Figure 1B: Exogenous IL-6 does not impact MDSC production of IL-10.
Macrophages and /or MDSC from wild type or IL-10-- BALB/c mice with 4T1 tumors were
cultured overnight in the presence of 5ng/mL recombinant IL-6 and the supernatants were
assayed for IL-10. Data are from one of three independent experiments. Statistical significance
was assessedby f-test.
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Supplemental Figure 1C: MDSC, but not tumor cells or macrophages, proliferate during co-
culture. MDSC and macrophages were labeled with VioletTracer and tumor cells were labeled
with CFSE. Cells were either cultured alone, or MDSC or macrophages were cultured with 4T1
tumor cells. Cultures were incubated overnight and cell proliferation was assessed the following
day by flow cytometry. Data are from one of three independent experiments.
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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
TNFa. 4T1, CT26, TS/A, or MC38 tumor cells were cultured with or without macrophages
and/or MDSC from 4T1-tumor-bearing mice. Supernatants were analyzed for (A) IL-10,
(B) IL-12, and (C) TNFa. Data are from one of five independent experiments. Statistical
significance was assessed by f-test.
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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

Cells in Culture

Cytokine (pg/mL) or Nitric Oxide (uM)?

TGF-B1 TGF-p2 o-1p CCL2 MIP-1¢ VEGF NO

Macrophages 386.7£20.9 122.1+£3.71 18.40+£2.89 2414 £473 9410 £ 131 8.760 £ 1.70 10.80 £0.49
WT MDSC 2046£36.2 72.64£90.24 88.16+13.8 35.17+3.77 6978 £2.79 2.690£0.17 0

IL-10-- MDSC 369.6+29.8 83.25+35.33 86.28 £2.15 47.35£3.21 6108 =25.0 2.680=0.01 0

IL-6-- MDSC 475.0£15.1 125.0+15.7 128.0+£12.0 59.90+3.76 6144 £ 157 6.730£0.73 0

Mac + WT MDSC 4359+ 7.89® 108.3£8.51" 114.3+14.39 2680+ 1669 9804 £117" 26.31 £4.40°  13.34£0.09°
Mac + IL-10-- MDSC 501.7+65.8" 110.9+9.89> 131.2+5.319 1738 +244} 9215 +24.0b 2248 +£3.76°  8.140 £0.35°
Mac + IL-6-- MDSC 320.7+26.7°  82.27+1.94* 98.83+8.01¢ 1777+ 100° 8459 £ 101P 18.59£0.81¢ 1237 =1.08°

37,5 x 10° wild type BALB/c macrophages and/or MDSC from wild type, IL-107-, or IL-
67~ BALB/c mice with 4T1 tumors were cultured for 16hr with 100ng/mL LPS and
20U/mL IFNy, and supernatants were assayed for TGFp1, TGFB2, TGFB3, GM-CSF, IL-
1B, CCL2, MIP-1a, 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. TGFB3, GM-CSF, IL-4, IL-13, and IL-23 were not detected in supernatants of

wild type MDSC and macrophage monocultures or co-cultures.

blevel is decreased by co-culture

¢level is increased by co-culture

dlevel 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

e C57BL/6 mice bearing NOS2’- C6 gliomas have reduced tumor (40)
growth compared to mice with NOS2*/* parental C6 tumors

e NOS2' mice treated with urethane developed more lung (41)
carcinomas

e NOS2’ mice with B16 melanomas developed larger metastases (42)
than wild type mice

e NOS2** murine colorectal carcinoma cells are three-fold more (43)
invasive than their NOS2”- counterparts. Treatment of the NOS2-
"~ or NOS2*"* cells with a NO-donor or NOS2 inhibitor increased
and decreased invasiveness, respectively.

e Stimulation of EMT-6 breast carcinoma cells to produce NO (44)
increased tumor growth and metastasis, while inhibition of NO
reversed the effects

e NO produced by monocytic MDSC inhibited T cell activation (45)
and caused immune suppression that promotes tumor growth

Anti-tumor effects of NO/NOS2 References

e Transgenic NOS27- APCM" mice develop more spontaneous (13, 46)
intestinal adenomas

e NOS2” Py-MT and APCM™ mice have delayed tumor onset as (47, 48)
compared to NOS2** mice.

e NOS2’ mice with transplanted or chemically induced tumors (41, 49)
have increased vascularization.

e Host-derived NO inhibits the growth of methlcholanthrene- (50)
induced fibrosarcomas.

e NO is cytotoxic for tumor cells when produced by M1 (51, 52)

macrophages.
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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 H203, 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 (Keapl), 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 Keapl, which causes conformational changes of Keapl 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
naive 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 1l) 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 (H20>), hydroxyl
radical, hypochlorous acid, and peroxynitrate (ONOO'; e.g. PNT), which damage
proteins, lipids, and nucleic acids, enhance inflammation, and promote apoptosis. H20:
reduces T cell expression of CD3( 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 | 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 BALBI/c) or provided by Dr. Masayuki Yamamoto (RIKEN,
Japan; BALB/c Nrf2*") and Dr. Shyam Biswal (Johns Hopkins School of Public Health;
C57BL/6 Nrf27"). 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, QlAamp
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 gPCR analysis
glutamate-cysteine ligase, modifier subunit (GCLM), heme oxygenase 1 (HO-1),
catalase, and NAD(P)H dehydrogenase, quinone 1(NQQO1), genes that are regulated by

Nrf2 (Supplemental Figure 1B, 1C). 10’ MDSC from 4T1-bearing Nrf2*/* or Nrf2”-
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mice were suspended in IMDM supplemented with 10% Fetal Clone | (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 pM; Sigma Aldrich, St. Louis, MO) or vehicle control (DMSO). Cultures were
incubated for 6 hours (37°C, 5% CO) 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
gPCR 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 ACt 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 100pL
DMEM containing 7x10% or 10° 4T1 cells, or in the flank with 5x10° 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 500uL 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 1IgG2b-
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 1V, 0.1% hyaluronidase, and 2kU/mL
DNase ). 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 70uM 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, Grl 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 naive 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% CO>) at 4.2 x 10° 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 (Ly6G"Ly6C'°CD11b*; PMN-MDSC) and monocytic
(Ly6G"°Ly6C""CD11b*; 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 H>O> 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 10%/mL and 5 x 10* cells/50 pl were
plated per well in 96 well black, flat-bottom plates (Greiner Bio-One, Monroe, NC).
Thirty ng/ml PMA and 50 pl 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

uM Hz0o.

T cell activation

T cell activation was measured as described (44). Briefly, 10° splenocytes from
DO11.10 (ovalbuminazs-sse-specific, 1-Ad-restricted), TS1 (hemagglutininiio-11e-specific,
I-E%-restricted), Clone4 (hemagglutininsis-sze-specific, H-2K%-restricted), or OT1
(ovalbumingsz-ae4-specific, H-2KP-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 uM; Sigma Aldrich), nor-NOHA (500 pM; Calbiochem, CA),
or L-NMMA (500 pM; Calbiochem) were included in some assays. Reversal of
suppression = -100% X [1 — (CPMno inhibito/ CPMinnibitor)]. 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 *H-thymidine (1nCu/250uL) 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 H20., which decreases T cell expression of IL-2, IFNy, and CD3( (36, 59), and
the production of arginase which deprives T cells of the amino acid arginine, leading to
CD3( synthesis arrest (60). MDSC also sequester cysteine which is an essential amino
acid for T cell activation (61). Nrf2*"* MDSC secrete more H20; than Nrf2”- MDSC
(Figure 2B). H>O> contributes to the suppressive potency of MDSC since inclusion of the
H2>0, 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 x¢ 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 H20:..

MDSC also promote tumor progression by down-regulating L-selectin on naive T
cells thereby preventing naive 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 naive T cell
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entry into lymph nodes. Using MDSC and macrophages from BALB/c IL-10*"* and IL-
107" mice, we previously demonstrated that in co-cultures of MDSC and macrophages,
MDSC are the sole producers of 1L-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 Grl 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 H2O., 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 I1L-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 naive 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

134



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 Il 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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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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+/+ -/-
A . Nrf2 i Nrf2

CD11b

Grl

*%

25000 DO11.10 (CD4 T cells)
20000 ] -
s 15000

= @ Nrf2++ MDSC
© 10000 ** O Nrf2- MDSC
5000 M No MDSC

O T T T T T 1
Splenocytes + + + + + +
Peptide - + + + + +
MDSC : Splenocyte 0:1 0:1 2:1 1:1  0.5:1 0.25:1
Ratio

B 35 1 @ Nrf2#* MDSC
30 { O Nrf2* MDSC
55 | M NoPMA
20
15
10

p<0.01

H,0, (UM)

0 20 40 60
Time (Minutes)

@ Nif2** MDSC O Nrf2"- MDSC
DO11.10 (CD4 T cells)

C 300 A
250
200 -
150
100 A

50 A

% reversal of suppression

D 100 o #*

80 4 * @ Nrf2++
O Nrf2+

[ ]
60—‘ o]
k3

40

% of live CD45* cells

20 H

Gr1*+

CD11b* F4/80* CD11lc* CD4* CD8* B220*

138



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* (D0O11.10)
T cells. (B) Nrf2 enhances MDSC production of H,02. MDSC from BALB/c Nrf2** and
Nrf2”- mice with 4T1 tumors were incubated with Amplex Red reagent, stimulated with
PMA, and assayed for H,O, production over time. (C) Nrf2** and Nrf2”- MDSC
suppress CD4" T cell activation by producing arginase and H20,. 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* (D0O11.10) 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 Grl 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 1L-6
and GM-CSF, and the resulting cells were harvested, and stained with 7AAD and
DCFDA, and for Grl 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 Grl, CD11b, and with Annexin
V and propidium iodide (PI) or 7AAD, and analyzed by flow cytometry. Live
Gr1*CD11b* MDSC (PI' or TAAD") 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 Grl, 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
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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"*"CD11b* and Ly6G""°"Ly6C*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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L32 5- CTGCCATCTGTTTTACGGCA 5- ATCAGGATCTGGCCCTTGAAC
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HO-1 5- CCTCACAGATGGCGTCACTT 5- TGGGGGCCAGTATTGCATTT
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Supplemental Figure 1. MDSC from Nrf2/ mice are deficient for Nrf2 and do not upregulate
Nrf2-regulated genes in response to stress. (A) Genomic DNA was isolated from the of blood of
offspring from Nrf2*- x Nrf2*/- matings and assessed for disruption in the Nrf2 gene. BALB/c Nrf2*/+
mice are identified by a 734 bp band; Nrf2- mice by a 400 bp band. All offspring from the BALB/c
Nrf2*- x Nrf2*- matings were analyzed. (B) Primers used in gPCR and PCR to type BALB/c Nrf2+"
x Nrf2*- offspring (Nrf2 and LacZ primers) and to assess expression of Nrf2-regulated genes (L32,
NQO1, catalase, HO-1, and GCLM primers). (C) MDSC from Nrf2-deficient mice do not
upregulate Nrf2-regulated genes. Tumor-induced MDSC were stressed with tBHQ and assessed by
gPCR for GCLM, HO-1, catalase, and NQOL1. Data are representative of two independent
experiments.
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Supplemental Figure 2
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Supplemental Figure 2: Nrf2 enhances MDSC-mediated suppression of T cells. (A) Nrf27-
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 H,0,. 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 H,O, scavengers catalase or sodium pyruvate. Data are from one of two
independent experiments.
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Supplemental Figure 3
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Supplemental Figure 3: Nrf2 does not impact MDSC production of NO, expression of Argl 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 Arg1l and xCT. (D) Nrf2 does not impact MDSC-mediated down-regulation
of L-selectin on naive T cells. Cells were harvested from the peripheral blood of tumor-free BALB/c and
4T1-bearing Nrf2** and Nrf27- mice and stained with 7AAD and for CD3, CD4, CD8, CD11b, CD62L, and
Grl, 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.

146



Supp

lemental Figure 4

A ® Nrf2r O Nrf2- B ® Nrf2#*MDSC ~ © Nrf2*- MDSC |
. 90, Blood Bone Marrow Tumor
o 80 -
5 E
5 70 A
: 60 g
o
O » 50 1
0y
2 © 40 A
O 100 10® 102 103 104 10° 10! 102 103 104 10° 10! 102 103\10%
e 307 CCR2
= 20 1
o
c\o lo ] '
O -
o ¢
& RO
Q@S @ 100 10! 102 103 104 10° 10' 102 103 10% 10° 10' 102 103510%
CXCR4
250000 -
C %) D |.Nrf2*/+ O Nrf2- |
[%2)
8 200000 A BALB/c C57BL/6
i w/ 4T1 w/ MC38
£ 150000 - Nrf2++ n = 14 Nrf2*#*n=8
[ 100 Nrf2/ n=11 40 Nrf2+-n=9
g O 80 @) %
< 100000 A @ @ 30
] [a) 60 a 25
5 = S 20
€ 50000 A 8 40 £ 15
S 20 10
z 5
0 4 r r r 0 0
RyLreoroaa 23 35 57
MDSC  Nrf2#*  Nrf2"-  Nrf2**  Nrf2* SRRy
TCCM + + . .

Tumor diameter (mm) Tumor diameter (mm)

Supplemental Figure 4: Nrf2 does not alter the ratio of tumor-infiltrating PMN-MDSC to M-
MDSC or MDSC chemotaxis. (A) Nrf2 does not impact the percentage of tumor-infiltrating PMN-
MDSC or M-MDSC. Tumor infiltrating cells from 4T1 primary tumors of BALB/c Nrf2** and Nrf2+
mice were analyzed by flow cytometry for % live PMN-MDSC (7AAD-CD45*CD11b*Ly6G*Ly6C™ed)
and M-MDSC (7AAD-CD45*CD11b*Ly6G'*"Ly6CN). Data are the average of five Nrf2** and five
Nrf27- BALB/c mice. (B) Nrf2 does not impact MDSC expression of CCR2 or CXCR4. Cells were
harvested from the blood, bone marrow, and tumor of 4T1-bearing Nrf2** and Nrf2-- mice and
stained with 7AAD and for CCR2, CXCR4, CD11b, CD45 and Grl. 7AAD CD45*Gr1*CD11b* cells
were gated and analyzed for CCR2 and CXCR4. (C) Nrf2 does not affect MDSC migration. 500 pl
control medium [500ul IMDM with 3% Fetal Clone I, 1% penicillin-streptomycin, 1% glutamax, 0.1%
gentamycin], or migration medium [control media without serum and supplemented with 30% tumor-
conditioned media] were placed in the wells of 24 well plates. Transwells (8 uM polycarbonate
semipermeable membranes; Corning Life Sciences, Union City, CA) containing 1x10% MDSC from
the peripheral blood of 4T1-bearing Nrf2*+and Nrf2-- mice in 100 pL of control media were inserted
into each well. Cultures were incubated (37°C, 5% CO,) for 3 hours, after which the cells in the
bottom chamber were counted. Samples were plated in triplicate and each replicate was counted
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 1L-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, TNFa, 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, TNFa, 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 TNFa (20). LPS mediates its inflammatory effects by signaling
through TLR4 and the transcription factor NF-kB. Nrf2 seems to be involved in
regulating NF-«B in a post-translational manner, since Nrf2-deficient cells have higher
expression of p65-NF-kB protein, but similar levels of p65-NF-kB mRNA compared to
Nrf2-competent cells (21). Additionally, studies using mice with a mutation in the
adenomatous polyposis gene (APCM™*), 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 Nrf27- 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 H>.O2, 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-o0ate) 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-xB by binding to Cys179 in IkB kinase, which prevents the

release of NF-kB from IkB 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 Trl) (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
STATS5 are known to be activated during I1L-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

166



many pro-inflammatory cytokines such as IFNy, TNFa, IL-1p, 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 TNFa receptors, which sequester
IL-1B and TNFa, 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-«B to bind
DNA, and recruits HDAC1 which promotes epigenetic silencing of genes such as TNFa
(43-45); (i) Etv3, a transcriptional co-repressor that inhibits NF-«xB activity (46) (iii)
SHIP-1, which inhibits TNFa translation (47); (iv) decreases miR-155, which targets
SHIP-1 (48); (v) Nfil3, which suppresses the expression of the I1L-12 subunit p40 (49,
50); (vi) SBNO2, another transcriptional co-repressor that inhibits NF-xB (46); (vii)
Zfp36, an RNA-binding protein that targets TNFa (45, 51, 52) and; (viii) SOCS3, which
binds Janus kinases and inhibits inflammatory signaling mediated by the JAK/STAT
pathway (e.g. IL-6, IFNy, 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 1L-10 to reduce tumor-promoting inflammation. Evidence linking IL-10’s role
in suppressing tumor-promoting inflammation include the observations that 1L-107- 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 (APC*4%%) show that T-cell-specific

167



ablation of 1L-10 dramatically changes the inflammatory milieu and enhances tumor
burden (56). Additionally, a study using APCM"* demonstrated that adoptive transfer of
Tregs, which produce IL-10, reduce tumor burden in an IL-10-dependent manner (57).
Additional studies that utilized 1L-107" 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 | (60, 61). MHC 1 is responsible for
presenting endogenous tumor antigens to CD8" T cells. However, MHC | 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 |, which stabilizes and enables the MHC | complex to be presented on
the cell surface. Therefore, IL-10 decreases MHC | expression by limiting the availability
of peptides for MHC | complexes. Since tumor cell expression of MHC 1 blocks NK cell-
mediated killing of tumor cells, decreased tumor cell expression of MHC | will result in a

higher level of NK cell activity.

Additionally, treatment of tumor-bearing mice with pegylated IL-10 (peg-1L-10),
a form of I1L-10 that has increased serum half-life, induces IFNy 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). IFNy 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-1L-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-1L-10 results in tumor rejection when combined with the adoptive
transfer of OVA-specific CD8" T cells (63). The therapeutic effects of peg-1L-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 P13 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 1L-10 can impair tumor antigen presentation by
DC, thereby potentially preventing T cells from mounting an effective anti-tumor
immune response (65). 1L-10 reduces DC antigen presentation through multiple
mechanisms including: (i) decreasing MHC 11 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 Thl 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 I1L-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 TGFf in B16 melanoma-bearing mice, which results in systemic
suppression of anti-tumor immunity (74). Additionally, IL-10 upregulates expression of
the TGFp receptor 2, thereby enhancing the capacity for T cells to be negatively
regulated by TGFp (75). Therefore, 1L-10 not only decreases anti-tumor immunity by

inducing Tregs, but also enhances their immunosuppressive activity.

IL-10 can also favor tumor growth since 1L-107- 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 I1L-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 1L-10 stimulates tumor cell proliferation and
inhibits apoptosis (77, 78). Another direct effect of 1L-10 on tumor cells includes the
downregulation of MHC | 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 1L-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”7 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-
1B (4T1/IL-1pB) 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 1L-67" mice make substantially more 1L-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-67" 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, 1L-6 could be inhibiting IL-10 in MDSC in a Bcl3- and HDAC1-

dependent manner.

Nrf2 also plays a role in modulating 1L-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 1L-10 induced by TLR
signaling (82). Interestingly, TNFa 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, TNFa, and NO. We also briefly
examined MSDC and macrophage secretion of TGFB1, TGFB2, TGFB3, GM-CSF, IL-1p,
CCL2, MIP-10, 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
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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 1L-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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ABSTRACT

MDSC and macrophages are present In most solld tu-
mors and are Important drivers of Immune supprassion
and Inflammaton. It s established that cross-talk be-
tween MDSC and macrophages Impacts antl-tumor im-
munity; however, Interactions betweaen tumor cells and
MDSC or macrophages are less well studied. To examing
potental Interactions betwaen thess calls, we studied the
Impact of MDSC, macrophages, and four murineg tumor
call ines on each other, both In vitro and In vivo. We To-
cusad on IL-6, IL-10, IL-12, TNF-x, and MO, as thess mole-
cules are produced by macrophages, MDSC, and many
twmor cells; are present In Most solld tumors; and regu-
late inflammaton. In vitro studles demonsirated that
MDSC-produced IL-10 decreased macrophage IL-& and
THF-i @and Increased MO, IL-6 Indirectly regulated MDSC
IL-10. Tumaor calls Increased MDSC IL-6 and vice versa.
Tumor calis also Increased macrophage IL-6 and NO and
decreased macrophage TNF-x. Tumor cell-driven mac-
rophage IL-6 was reduced by MDSC, and tumor cells
and MDSC enhanced macrophage MO. In vivo analysls
of solid tumors Identifed IL-6 and IL-10 as the dominamt
cytokines and demonstratad that thesse molecules
were produced predominantly by stromal cells. Thesa
results suggest that Inflammation within solld tumors Is
regulated by the rato of tumor cells to MDSC and mac-
rophages and that Interactions of these cells have the
potential to alter significantly the Inflammatory milleu
within the tumor microenvironment. J. Leukoc. Biol. 96:
OO0 -000; 2014,

Introduction

Solid mmors are a complex and frequendy inflamed environ-
ment. The inflammanon is driven by proinflammatory media-

Artrenaions '~ =deficent, HED=horestly Sorficant dfoenos
MDSC=mysiokd-denved s ppressor osl or calis, PE=Pacic Bue
LMvB=Uintversity of Manyand Baitmone, LVBC=Universty of Maniend Bat-
more County, VEGF =vascwisr endotnela growin facton, WT=wid-ype

tors that are secreted by mumor cells, various mumor-infiloratng
Iymphocyres, mmor-associated fibroblases, and myeloid cells,
such as macrophages, dendritic cells, and MDSC [1]. Some of
these cells engage in cross-alk with each other, resulting in
the release of proinflammatory cyokines (eg., IL-1, IL-6, IL-
17, TNF-z), chemokines (e.g., CCL2, CXCL5, CXCLI12),
growth factors (e.g., TCGF-A, CM-CSF, VECF), and other effec-
tor molecules (e.g., SI00AS/AD, high-mobiliy group box 1)
[2-4]. These factors, in wrn, induce the accumulation and
enhance the funcrion of immune-suppressive cells, such as reg-
ulatory T cells, plasmacyioid dendnoc cells, mmor-associaed
macrophages, and MDSC [3, 5, 6]. Although the cellular inter-
actions contributing o some of the prommor factors present
in the mmor microenvironment have been idenufied, the eo-
ology of others remains unknown.

Macrophages and MDSC are present within most solid mumors,
where they are major dovers of immune suppression and inflam-
mation [3]. We have reponed previously that these cells parici-
pate in crossalk with each other that resulis in increased MIDSC
production of IL-10 and decreased macrophage producton of
IL-12, thereby polarizing the immune system woward a prommor
wpe 2 environmene [7, B]. Additonal factors are also likely wo be
impacied by crosstalk beoween MDSC and macrophages, as well
as by interactions with mmor cells. Therefore, we have invest-
gared how wmor cells, macrophages, and MDSC interact with
respect w [L-6, TNF-u, IL-10, and NO. We have focused on these
four molecules, as they are chronically present in many solid ne
maors and play imponant moles in wmor progression. [1-6 pro-
motes mumor progression by enhanang wmor cell development,
growth, and metasiasis and by inhibiting apopeosis and enhane-
ing wmor vascularizadon [9-11]). TNFx causes DNA damage,
inhibits apopross, and induces the producoon of matnx meallo-
protweases, cyokines, and chemokines that faciliae cmor cell
invasion and memstasis [12]. In conast w L6 and TNFaa,
which when chronically present, are exclhusively prommor, NO
can have pro- and ant-umor activity. When produced by MIdike
macrophages, NO induces mmor cell apoposis [18]. However,
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when produced by MDSC, NO drives immune suppression [ 14].
[L-11} has also been associated with pro- and ant-uwmor activicy
[15]. Here, we repornt that macrophages, MDSC, and mmor cells
parucipate in a nerwork of crossalk, resulung in differenual pro-
duction of IL-6, [L-10, TNF+x, and NO, suggestang thar the inter-
acton of these cells has the potenial w aler significanily the

inflammatory milien within the mmor microenvironmene.

MATERIALS AND METHODS

Mice, mmor cells, mmor growth

BALB/c, C5TBL/6, BALB/c IL6"", and BALB/c IL-10~"~ mice were bred
in the UMBC animal Bcility from stock obtained from The Jackson Laboratony
{Bar Harbor, ME, USA; CETRL/6 and BALE /) or provided by Dr. Mandred
Kl {Fiirich, Switzertand; 11-6 ). BALE/ cderived 4T1 and T8/ A moam-
mary Grrcingomas, CT26 oolon cardnons, and CHTRL /Gderved ME2E colon

- were maintined as described [16]. Mice were inoculsted in the
abdominal mammary gland with 100 pl DMEM containing 7 % 107 (WT and
I ) or 10° (WT and 06" mice) 4T1 cells or 109 TS/A cells or
s in the flank with 5 = 105, 1 2 10F, or 1 2 100 CI26 cells. Primary tomors
were micswred as described [17]. Survival o was recorded when mice be-
came: mowibund and were enthanized. All animal procedures were approsed
by the UMEBC Instiutional Anirnal Care and Use Commities.

Flow cytometry and antibodies

Crl-FTTC, Grl-allophycocyaning, LyBCHTTC, LyeG-FR, CDNITBRPE, CD
PE, Fi/Blallophycocyanin, FA/S0-PR, pSTATHPR, IL-GRE, and IL-10R-PE
mAb and it IgCl-PE and [pC26-PE isoypes were rom BD PharMingen
(San Diego, CA, USA) or Biolegend (San Diego, CA, USA). Cells were
stained for surface markers as described [ 18], For phosphoflows experi-
mends, collk were stimulated with 50 ng/ml cll-10 (BioLegend ) or super-
natzanis from MOSC and macrophage cocultures, fxed with Lyse/Fix Buffer
(BD Bicsciences, San Jose, CA USA), permeabilized with Penm Buffer 11
{BD Bivsciences), and stained with antibedies diluted n Stain Baffer (BD
Biogciences). Samples were analyzed on a Beckman /Coulter CyAn ADP
flow cyinmicter using Swmmit software.

T Cell proliferation assays

CIHY and COE' T cell prolifertion assays were performed as describaed

[ 18] Briefly, D110 {ovalbumin peptides, gespecific, A rosticied) or
Clome 4 (hemagghatinin peptide;,y ;-specific, H-2K restricted ) spleno-
cvtes were cullured with their respective cognate peptides and irmadiated
blood MDSC from 4T 1-bearing W, 14", or 110 mice. Cultsres
were pulsed with *H-thymidine on Day 4 and harvested on Day 5. Peptides
were synithesized at the UMB Biopobmer Core Facility.

MDSC, macrophage, MDSCmacrophage-mmor cell
cross-talk

MDEC were isobited from the peripaerl blood of 471 umorbering mce
[ 16]. Peritoneal macrophagrs were prepared from bemordree mice [B].
MDSC and macrophages in all cxperimenis were =900 Grl CH1TLY oclls
and =05% (D11L" FA/BRN colls, nespectively, as sssessed by flow optometny.
MDEC and macrophage cros-talk exper wrre performed 2= describsed
7] with the following modifications: 4T1, MO3E, TS/ A, or CT26 nmor cells
(12107 cells) were culiured with or without 7.5 % 10" MDSC and /or macro-
phages in 300 pl mocrophage meedin (5% FCS i DMEM, 1'% penicillin-streg-
tommycing, 1% glutarmene, 0.1% gentamycing for 16 b at 370 with 100 ng/mil.
LIPS (Difco Laborworics, Franklin Lakes, N], USA) and 20 U/ml. IFN-y (R&D
Systems, Minneapolis, MM, USA). In some experiments, macrophages and Sor
MDEC were cultured with LS, IFN=y, fl<6 and rlL-10 (both from Biol eg-
enad) and M-10 that was denstured by boiling at 95°C for 15 min o in the
presence of newiralizing antibodies o 1210 (1 pg/ml; Clone JESS2A5; cfic
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scicnce, San Dicgo, CA, USA). Cells were hamvested by scrping and anabeed
by Mlow cyiometry. Supematanis were anabaed foc IL-10, 116, and TNFx us
g ELISA kits [RED Systems and eBioscience), per the manafchurers” proio-
coll, or by maultiplex anashsis inthe UMB Cytokine Core Facility. N0 prodise-
thom was quantificd by Cricss assy [1B]. Yalues were nommaliced bebween ex-
periments usng the folkmwing fommalas

= production of IL4 by macrophages or MIDEC in response bo bamor
cells = (LA from WT MDSC or macrophages with tomor cells) —
(1L froem 116 /! macrophages or MDSC with mmor cells)
percent increase in L6 or MO by MDED or macrophages in response
to tumor cells = [[{IL-6 or MO from macrophages and MDSCE omor
cells) /(116 or MO from macrophages or MDSC) | < 100%) — 100
percent decrease in 116 or THF-x by macrophages in esponse o -
meor cells and/or MDSC = 1 — [(IL4 or THFa from
marrophages+ umor cells) /(-6 or THF-o from WT
macrophages+ mmor cells+ MDSEC)H] = 100%

= prrcend increase in IL-10by MIDSC in response o mseropshages = [[(IL-10

Erom muzscrophoges -+ MIDSC) /A TL-10 froom MIDSC) | 000G} — 100%

IF T4 was not detected, then the lowest value deteciable on the st
card curve was used For the caloulations.

Macrophages and MDSC were stained with 5 pM CellTrace Viedet (Life
Technologies, Carlsbad, CA, USA) and 4T1 tumor cells with 1 pM CFSE
(Life Technologies). MDSC or macrophages were cultured for 16 b in mac-
rophage media with 100 ng/mL LPS and 20 U /ml IFN-y in a six-well dish
at 3 3 107 cells/well /2 ml., with or without 4 2 107 4T1 cells. Cells were
then harvested using Detachin (Genlantis, San Diego, CA, USA) and sorap-
ing, washed, and sained for Grl, CI 1b, and with T-aminoactinomycn 1
and anahwed by fow optomctry.

Ex vivo mumor cultures

AT1, CT26, and TS/A tumeoss =B mm in diameter were surgically resected
fromn cuthanized mice and placed on sterile #530 Whatman filter paper o ne-
move exoess liuid, The tumors were then mnsferred o0 6 om coliore dishes
and fincly minced wing a sterile scalpel, and the resuling pacces weighed.
AT and TS/A pieces were resuspended in 5 ml prevarmed 471 medi (10%:
Fetal (3one [ in IMDM, 1% penicillinstreptomyein, 1% glutames, 0.1% gena-
miycin cont@ining 140 ng/ml. LPS and 20 U/ml IFN=y for [L-10 studics or
without LIPS and IFN-y for [L46 studies. Brsuspeended tumor picos were o
baated for 16 b at 377C, 5% OO0, and supematints were ambzed for oiokine
production by ELISA. Cyokine lovwels were nommalized wo one gram of tamor
s,/ mill. media wing the ollowmng formuke oiokine producton (moomalied)
= eylokine (pg/ml) X [ {(umor weight/1 g) =<5 ml.].

Statistical analyses

Student’s Host and Tukey's HSID test were performed wsing Microsoft Excel
2013 Values denoted with different letbers (e, a, b, o, eic) are sgnif-
cantly different from cach other; walues with the same leter are not signifi-
cantly different. Tumor growth and exogenous [L-10 data were anabeed
using the Mann-Whitney test on the VassrSisls website (vww VesrSaknet ).
Survival data were anahzed using the log-rank test from the Walter and
Eliza Hall Instituie of Medical Rescarch Bioinformatics webpage (hitp:/f
bioinlwehicdwan Ssoftware /russcll Jdogrank /). Values of P <0 0,05 were
comsidered statistically significant.

RESULTS
IL-6 and IL-10 promote mmor progression

Increased levels of serum IL-6 are correlated with chronic in-
flammartion, increased wmor burden, and poor prognosis in
some human and mouse systems [19]. 116 also promotes

MDSC-mediated inhibidon of Thl responses in mice [20]. In
contrast, IL-10 correlates with mmor progression in some sys-
tems but with tumor regression in other sysiems [15, 21-25].

we flauiio.ong
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To determine if IL-6 and/or IL-10 contribute to progression
of the 4T1 mammary carcinoma or CT26 colon carcinoma, we
inoculated syngeneic WT, IL67, and IL-107"" mice with
4TI (Fig. 1A) or CT26 (Fig. IB) mamor cells and followed the
mice for mumor onset, growth, and engrafiment. In the ab-
sence of hostproduced IL-6, 4T1 mmor progression was de-
layed, and survival ime was increased. IL-107" mice showed
a similar, although less dramaric, delay in mumor progression
and extension of survival ame. 4T1 wmor engrafiment in WT
BALE/c and IL-107"" mice was 90-100%, whereas only 40%
of IL6"" mice developed mmor. Tumor progression was also
delayed, and survival time increased in IL6 " mice with
CT26 wmors. In conwrast, IL-1077" mice inoculated with 5 x
107 CT26 mumor cclls had similar tumor progression, survival
ome, and percent engrafiment as WT mice. Tumor progres-
sion, survival dme, and engrafiment were also similar in WT
and 1L-107"" BALB/ ¢ mice inoculated with 1 % 10° or 1 x
10" cells (Supplemenial Fig. 1A). These resuls demonstrate
that stromal cell-derived IL-6 and IL-10 facilitate progression
of 4T1 and CT26 mmors in their syngeneic hosts.

MDSC production of IL-10 decreases macrophage
IL-6 and TNF-e¢ and increases NO; IL-6 indirectly
regulates MDSC production of IL-10

We have shown previously that MDSC producnon of IL-10 i=
enhanced by cross4alk with macrophages and polarizes macro-
phages toward a mumor-promoting phenoype by inhibiing
macrophage producton of [L-12 [7, 8]. To determine of IL-10
produced by MDSC impacis the producnoon of additonal pro-
inflammarory mediators, we coculoured CDL1IBF4,/80" perito-
neal macrophages and 4T l-induced Grl™ CD11B™ immune-
suppressive MDSC (Fig. 24) and assayed the supernaanis for
IL-10 and the proinflammatory cyeokine IL6 (Fig. 2B). Consis
tent with our previous repons, producton of IL-10 was in-
creased significantly in the presence of macrophages (average
increase in IL-10 of 116=19.4% for 30 experimens). IL-10 was
produced exclusively by MDSC, as macrophage culiures con-
mining [L-107"" MDSC produced no IL-10. In the same cocul-
wires, macrophages were the sole producers of IL-6, and
MDSC decreased macrophage [L-6 {(average decrease in [L-6
of 24£88% for 30 expenimenis).

To determine if IL6 regulates MDSC producton of IL-10,
we cocultured WT or IL6 “~ macrophages with WT or IL-
6" MDSC (Fig. 2C). IL&™"~ MDSC produced significantly
more [L-10 than WT MDSC. Macrophage coculures with IL-
677 MDSC had significandy more [L-10 than coculmres with
WT MDSC. Macrophage IL-6 had no effece on MDSC IL-10, as
WT MDSC coculoured with WT or IL6™" macrophages pro-
duced similar amounts of IL-10. The lack of a direct effect by
IL4 on MDSC IL-10 was confirmed by incubation of MDSC
with exogenous [L6 (Supplemental Fig. 1B). These resuls in-
dicate thar MDSEC do not produce [L-46 in the coculmure set-
ung; however, their development in vivo in the presence of
IL-4 down-regulaces their production of IL-10.

To determine f [L-10 produced by MDSC decreased macro-
phage IL6 or regulated other molecules characteristc of mmor-
rejecting M1 macrophages, WT or IL-107~ MDSC were cocul
wired with WT macrophages (Fig. 2I0). There was no decrease in
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BALER/c mice were inoculated with (A4) 4T1 or (B) CT26 tumor cells
and monitored for temor diameter, survival, and tumor engrafunent.
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116 in the presence of IL-107"" MDSC, suggesting that [L-10
from WT MDSC reduced macrophage [L-6. To confirm the role
of IL-10, newtralizing anobodics w IL-10 were added w MDSC-
macrophage coculiures. As previous smdies demonstraced thae
MDSC IL-10 also decreases macrophage [L-12 [8], IL-12 levels
served as a positve control (Fig. 2E). 110 newralinng anabod-
ics reduced the MDSC-mediated decrease of 1146 and T1-12.
Thus, a feedback loop exisis berween macrophages and MDSC,
in which macrophages increase MDSC producton of [L-10, and
MDSC IL-10 regulates macrophage synthesis of IL46.

We also assessed the mole of MDSC IL-10 on macrophage
NO and TNF-x production (Fig. 2D). MDSC IL-10 decreased
TNF-x in the coculiures; however, this decrease was minimal.
In contrast, macrophage producdon of NO was increased by
coculire with MDSC. The increase was predominantdy a resule
of MDSC IL-10, as only a minimal increase in NO was ob-
served in the presence of [L-107 T MDSC.

To confirm further thar [L-10 regulated macrophage produc-
ton of IL46 and NO, and macrophage and MDSC producoon of
TNF-, macrophages or MDSC were culmred in the presence of
exogenous IL-10, and culmre supemaans were assessed for
TNFx, 116, and NO (Fig. 2F). Exogenous IL-10 reduced MDSC
and macrophage TNF-x and macrophage IL-6 but increased mac-
rophage NO. As STATS is acdvared by signaling through 1L-10E,
marrophages were culmred with exogenous IL-10 or with super-
namnts from MDSCmacrophage coculiures and subsequently
smined for phosphorylated STATS (Fig. 2C). STATS was phos-
phorvlated under both conditons, further confirming the regula-
tory role of IL-10 produced by MDSC.

MDSC and macrophages express [L-6R and IL-10R, respectively
(Fig. ZH), so these cells have the potential to respond directly o
these cyokines. The resulis of Fig. 2F suggest thar IL-10 direcdy
impacts macrophages. However, [L-1{-deficiency and 1L-6-defi-
ciency could also cause other changes in MDSCs and/or macro-
phages so that the effecis are only mediated indirectdy by IL-10 or
[L-6. To distinguish these possibilites, we compared oytokine
chemokine production by WT, IL-107, and L6~ MDSC 10
determine if gene deficiency impacts MDSC phenotype (Supple-
mentl Table 1), TGF-A3, CM-CSF, 114, IL-1%, and IL-23 were
not detectable in WT MDSC. TGF#2, IL-1-8, OCL2, and VEGF
production was similar for WT, [L-10777, and L6 MDSC.
TCEBI wended higher in IL-10 and IL6~~ MDSC, and
MIP-lex rended lower in IL-107 and IL6~" MDSC compared

Heury of ol MDSGC, macrophage, and tumor cell cross-talk

with WT MDSC. These resulis suggest thar IL-10-deficiency and
ILA-deficiency may alier the phenotype of MDSC.

These results, together with our cardier studies on IL-12 [7,
8], demonserate that MDSC producdon of IL-10 increases
some M2 ike characteristics of macrophages (i.e., IL-12""1L-
6'"*) but also increases some M1dike properies [NOPiER)

(rther cytokines are also impacted by interactions
between MDSC and macrophages

In addinon w [L-10, TNF-a, IL-12, NO, and 1L, other im-
mune-regulatory molecules are present in solid mmors. OF
particular note are cytokines that drive effector and regulatory
T cells (eg., IL-25, 1127, 114, and IL-13), growth factors that
regulate neovasculanzanon (eg., VEGF) and myeloid cell dif-
ferenoadon (e.g., GM-CSF), proinflammatory mediators (e.g.,
IL-18), and immune-suppressive molecules (e.g., TGFH). To
determine if any of these molecules are affected by cross-alk
berween MDSC and macrophages, supernaanes from cocul
wires of 4Tl-induced WT MDSC and WT BALE/c macro-
phages were assayed by muluplex analysis (Supplemental Ta-
ble 1). Neither MDSC nor macrophages produced TGF-BS,
GM-CSF, 1L, 11-18, or IL-23, whereas bath cell vpes pro-
duced TGF-p1, TGFH2, IL-18, CCL2, MIP-le, and VEGF. Co-
cultures using WI MDSC reduced the producoon of TGF#1,
TGF-A2, and MIP-le and modesdy increased the production of
VEGF. Coculiures of WT macrophages with IL-1077 or IL-
67" MDSC displayed similar rends, except for OCL2, where
we ohserved a decrease in CCLE production.

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

Tumor cells produce proinflammatory mediators and there-
fore, may contribute o the polarizaton of myeloid cells in the
mmor microenvironment. To assess if there is crossalk be-
mween MDSC and wmor cells, 4T1, CT26, TS/A, or MC38 mu-
rine wmor cells were cultured by themselves or coculmred
with MDSC (Fig. 3). When culured alone, 4T1 and CT26 cells
produced 114, and TS/A, MC38, and MDSC produced no de-
tectable IL6. Culmres containing WT MDSC plus 4T1, CT26,
T5/A, or MC38 mumor cells conmined more 1L than cultures
of mmor cells alone, whereas culmres of 4T1, CT26, and
TS/A wmor cells plus IL67" MDSC produced intermediate

MDSC from WT, IL-10~"", and [L-6""~ BALBE/c mice with 4T1 wumors were assaved for dtheir ability to suppress the antigen-driven activation of
peptidespecific, MHC-restricted, transgenic CD4* (011,10} and CD3* (Clone 4) T cells. (B-D)} 4T1-induced MDSC and perisoneal macro-
phages (Mac) from WT, IL-10~"~ {10}, or IL6~~ (6~} BALE/c mice were cocultured, and supernatants were assayed for IL-10, IL-G, and
NO. (B Macrophages enhance MDEC IL-10, and MDSC decrease macrophage [L6. (C) 116 decreases MDSEC IL-10. (DY) IL-10 producton by
MDSC decreases macrophage [L-6 and TWFr and increases macrophage NO. (E) Neurralizing antibodies v IL-10 prevent the down-regulation of
macrophage 1146 and IL-12. (F) Exogenous IL-10 decreases MDSC and macrophage TNFx, decreases macrophage [L-6, and enhances macro-
phage NO. Macrophages or MDEC were culinred with IL-10 or denatured IL-10. (G} Macrophages activare STAT2 in response vo IL-10. Mac-
rophages (lefi) were culiwred for 5 min in the presence or absence of exogenous IL-10 {middle} or with supernatanis (media) from MDSC-
macrophage cocultures (right), subsequently fixed and permeabilized, and then stained for F4,/80, CD11b, and pSTATS. (H) Macrophages
and MDSC express the receprons for IL-10 and IL-6, respectively. (A-H) Data are from one of wo, 80, three, five, four, three, two, and wo
experiments, respectively. Searistical significance was determined by (A-E) Tukey's HSDY vest and (F) the Mann-Whitney tese. Different lower
case letvers above each value indicate that those values are seatistically, signihcantly different; values that share the same lowercase lewer are
not statistically, significantly differens
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Figure 3. Tumor cells induce MDSC w0 produce IL-6 and vice versa.
WT or ILG6™ 4Tl-induced MDSC were cultured with or withou: 4T1,
CT26, TS/A, or MC28 mumor cells, and the supernatants were assaved
for IL-6 by ELISA One of three independen: experiments {(left four
graphs); average percent increase of three independent experiments
comparing tumor cells with IL-6-" and WT MDSC (right two
graphs). Statistical significance for the independent experiments was
determined by Tukey's HSI} test.

levels of [L-6. Culmres of MCS8 mmor cells plus TL677
MDSC produced very low levels of [L6. Increases in IL6 pro-
duction in the presence of IL6~°" MDSC indicate that in
vitro, MDSC enhanced wmaor cell production of IL6. How-
ever, as IL-6 levels in cocultures of WT MDSC plus mumor cells
were oven higher than [L6 producnon in coculmres with IL-
677 MDSC, MDSC may also be induced by tumor cells to syn-
thesize 1L, Interesungly, MDSC, but not tumor cells, prolifer
ated duning the overnight culure (Supplemental Fig. 1C), so
the increase in IL-6 in this sening could be a resule of higher
numbers of MDSC. In conwast, mmor cells did not impace
MDSC production of TNF-, IL-12, or IL-10 (Supplemental
Fig. 2). These results demonsirae thar in vitro, reciprocal
cross-talk between MDSC and most umor cells increases 116
production, and there is no crossalk beoween MDSC and -
maor cells with respect o IL-10, IL-12, or TNF-mx

Tumaor cells increase macrophage IL-6 and NO

and decrease macrophage TNF-«

To assess if there 15 cross-mlk beoween macrophages and wmor
cells, 4T1, CT26, TS/ A, or MC38 mumor cells were culmred
with macrophages and the culmre supernatanis assayed for
IL6, NO, and TNF-x (Fig. 4). All four tumor lines increased
macrophage production of IL-6. Macrophages also increased
IL4 produced by 4T1, CT26, and T5/A wmor cells, as cul-
tures containing wmor cells plus IL6~"" macrophages pro-
duced more [1-6 than wmor cells alone. In coculmres of WT
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Figure 4. Tumor cells induce macrophapges w0 produce I1-6 and NO
but decrease macrophage TNF-o. WT or [L6~/~ macmphages were
culwred with or withous 4T1, CT26, TS/A, or MC38 mumor cells, and
the supernatanss were assayed for (A) IL-6, (B} NOy, or (C) TNFx.
Represeneative data (left graphs) from one of four, three, and four
independent experimen:s, respectively. Average percemt change of
pooled data from all experimends (right graphs). (A} Comparison of
wmor cells with 16—~ and WT macrophages. (B and C) Compari-
son of tumor cells with WT macrophages. (A-C) Statistical signihcance
was determined by Foess
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or [IL6 " macrophages with 4T1, TS/A, or MC38 tumor
cells, macrophages were the dominant producers of IL6 (Fig.
4A). In contrast, tumor cells were the dominane producers of
IL-6 in culiures of macrophages plus CT26 wmor cells, inds-
cating that some mumor cells have a greater response o macno-
phages. Crossalk-induced increases in [L-6 ranged from 43%
w 250%. These resulis indicate thar mmor cell productdon of
IL46 is differencially affecied by macrophages and thar macro-
phages produce IL6 in response w mmor cells.

4T1, CT26, and T5/A cells also increased macrophage pro-
duction of NO, and increases in NO ranged from 36% w 72%
(Fig_ 4B). In conwrast, macrophage production of TNF-o was
decreased significandy in the presence of the four mumors, as
culures of macrophages plus mumor cells produced signifi-
cantly less TNF-x compared with macrophages culmred alone.
Tumor cell-mediated decreases in TNF-x ranged from 24% w
58% (Fig. 4C). Macrophage producton of [L-10 and IL-12 was
not affecied by mmor cells (Supplemental Fig. 2). Increases in
macrophage NO and IL-6 were a resule of increased produc-
non by individual macrophages, as the macrophages did not
proliferate during the overnight culture period (Supplemenial
Fig. 1C). These resulis show thar macrophages and mmor cells
participate in crosstalk with each other, resulting in differen-
tal production of proinflammatory mediators, which are char-
acteristic of M1 (NOY) and M2 (TNF-o*™) macrophages.

Hewry of 2. MIDSC, macrophage, and tumor call cross-talk

MDSC prevent most tumor cells from increasing
macrophage IL-6

As MDSC and macrophages are present in the tumor mi-
croenvironment, we next wested if MDSC alier cross-talk be-
mween umor cells and macrophages. MDSC, macrophages,
and/or umor cells were cocultured, and IL-6 levels were
assessed (Fig. 5A). Culwres conmining 4T1, TS/A, or MC38
mmor cells plus MDSC and macrophages produced less 1L-6
than cultures without MDSC. MDSC-mediated decreases of
IL6 ranged from 0% w 37%. In conwrase, MDSC did not
decrease [L-6 in cultures of macrophages and CT26 wmor
cells. These resulis demonsiraie that in the presence of
most tumors, MDSC modesidy reduce macrophage 116,

MDSC increase macrophage NO in the presence of
mmor cells

To determine if MDSC affect the umor-driven increase in
macrophage NO, umor cells, macrophages, and MDSC were
comlmred (Fig. 5B). Culiwres of 4T1 or CT26 mumor cells with
macrophages and MD3C conmined more NO' than cultures
without MDSC. MDSC-mediated increases in NO ranged from
0% o 30%. In contrast, TNF-z, IL-10, and IL-12 were not af-
fected by MDSC (Supplemental Fig. 2). These resulis indicare
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Figure 6. Host cells are the dominant producers of 116 and IL-10 in the
e microemvirement. Fighs- wo 10knm diameser 4T1, CT26, and TS/A
wmors were excised from WT, IL6~_ and IL-10~"~ BALR/c mice, manms-
ally seased into small pleces, and incubased overngght and the supematants
amahaed by ELISA for IL46 and IL-10. Cyokine levels were normalized w | g
wmeor tsse ml media. Da are pooled from foar independent expers
ments. Statstl sipnificance was assessed by fest

thar MDSC alter the dynamic of umor cell and macrophage
cross@alk by enhancing NO producton.

Stromal cells are the dominant producers of I1-6 and
IL-10 in the mumor microenvironment

Chur in viro findings suggest that tumor-infiloanng cells and noc
mmor cells are the dominant producers of [L6 and [L-10. To
determine if this in vitro finding occurs in vive, we harvesied
4T1, CT26, and TS/A mmors from WT, IL6™, and 1107
mice and assayed the mmors for IL6 and IL-10 (Fig. 6). Tumors
in all WT mice contained IL6 and IL-10, whereas all wumors
from IL-107"" mice contained very linde or no IL-10. With the
excepion of one mouse with CT26 wumor, mumors from L6777
mice did not have IL4. Isolaied wmors did not contain detece-
able levels of TNF-x or NO (data not shown). These resulis dem-
onstrate that in vivo in the mmor microenvironment, stromal
cells and not tumor cells are the dominant sources of IL6
and [L-10.

8 Journal of Loukocyle Blology Volume o6, Decamiber 2014

DISCUSSION

Solid umors include muldple, diverse host cells thar conurbue
o an inflammatory wmor microemironment and facli@e o
mor progression. As macrophages and MDSC are present in most
solid mumors, we have examined the inerplay of these cells w
determine if and how their interacgons may influence the inos-
mmor environment. The stadies reporied here on 116, IL-10,
THF, and NO, plus our previous repons on [L-12, address
some of the most common molecules produced by MDSC and
macrophages that contnbue o mmor progression. Our findings
are summarized in Fig. 7A Collecavely, our resuls indicare thar
the levels of IL-6, IL-10, 1L-12, TNF, and NO are modulaed by
interacaons among MDSC, macrophages, and mmor cells.
MDSC induce some M2 macrophage chamacienstics (IL6"11-
12 TNFa**) bt simulmneously induce NO, which is charac-
wenisuc of M1 macrophages. These apparently opposing acuvines
are hoth regulated by MDSC production of IL-10. Tumor cells

A

IL-& enhances
tumar

[ ression,

activation, and

lumar call
destruction

Figure 7. Summary of cross-talk among MDSC, 5 (M),
and wsmor cells. (A) Cross-alk with respect vo IL-10, IL-6, I1-17,
THF-iz, and MO Solid arrows indicate direct effecs mediated by the
cell gype or IL-10. Dashed arrow indicates an indirec: effect by IL-6.
(B} Potential cycle by IL-6, IL-10, and MDSC cross+alk promotes in-
flammation and tumor progression.
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aleo regulate macrophage expression of molecules chamacteristc
of M1 (ILE*NO*) and M2 (TNF-«*) phenogpes, whereas m-
mor cells and macrophages enhance MDSC producoon of 116
and IL-10, respectively. As stromal cells are the dominant produc-
ers in vive of several of these oypiokines, the complex pateern of
cross-alk among MDSCs, macrophages, and mmor cells is likely
o have profound effecs on mmor progression.

N iz an imporant offector moleoule thar s differennally im-
pacted by [1-10 and promotes or inhibits umor progression de-
pending on the mmor model. NO' i produced by eNOS and
INOS, which are up-regulated [26] and down-regulated [27], re-
spectvely, by macrophage-produced IL-10. Pro- and ant-umor
roles have been avrbuted o NO/ANOS in multiple mmor sys-
wems {Supplemental Table 2). It is likely thar the apparent con-
flicung effects of WO are a result of many vanables, including,
b not limited o, the production of NO by different orpes of
cells, the locanon of the producer cells, neighboring cells tha
might be aliered by the released MO, and the concenranon of
NO. As a result of the complexity of NO on mmor progression
and the presence of muluple cell orpes in the mmor microenv-
ronment thar may panicipate in crossalk, elucidadng the role of
NO in mumor progression will be challenging.

IL-6 15 a pivotal cytokine thar promotes tumor progression
directly by enhancing mumor cell development, growth, metas-
masis, vasculanzaton, and inhibiting apoposis [9-11]. MDSC
were reponed 1o be a primary producer of IL6 in the tumor
microenvironment [20]. This observation is consistent with
our finding that stromal cells and not tumor cells are the ma-
jor producer of IL-6 in vivo and that tamor cells drove MDSC
IL46 producton. IL-6 also enhances MDSC accumulation and
suppressive acaviry [28-30] and decreases MDSC production
of [L-10, an anu-inflammatory cywkine [31]. Therefore, posi-
tve feedback between MDSC and tumor cells will potentally
main@in chronic inflammadon and promote mmor progres-
sion through the cycle shown in Fig. 7B.

Pro- and and-umor roles have been anmbuted o IL-10. Ie
down-regulates numerous immune-modulatory molecules thar are
essennal for an ant-umor immune response and s considered
an ant-nflammarory cyokine [15, 51]. For example, IL-10 im-
pairs anagen presenaton by dendnoc cells and macrophages by
down-regulating expression of MHC dlass [1, CDS0, and CDB6.
[L-10 also decreases production of IFN-y and I1-12, cyokines thar
are chamciensoc of and facaliae the development of oype [ and-
mmor effector and helper cells, and IL-10 overexpressing mumaor
cells have increased growth rates in vivo [32]. In cancer padenis,
socreton of [L-10 from basal or squamous cell carcinoma cells
prevents in vitro lysis of mmor cells by mmorinfilranng kmpho-
ovies. In vitro, pretreament of mmor cells (e, melanoma, m-
phoma) with [L-10 confers resisance wo CIamediaied s by de-
creasing expression of ransponer assocated with andgen processing
1 and 2 and subsequent surface expression of MHC L IL-10 also
conmbues w mmor progression by enhancing angiogencsis and
mmor cell proliferaton. As MDSC IL-10 is enhanced by macrophage
cross-lk, and [L-10 is produced predominandy by nimor-infikradng
stromal cells, crossalk by macrophages and MISCs is mose likely a
source of [L-10 in the mmor microsmironment.

However, IL-10 has also been linked o enhancing ang4umor
mmmunity [15]. For example, the reducton in MHC T by IL-10

v fauldbn.ong

Heury «i al.  MDSC, macrophage, and tumor cell cross-talk

renders wmor cells more susceprible 1o NE-mediated killing, and
a mmor cell-based glioma vaccine induced more effecove ano-
rumor immunity in WT mice than in IL-1077 mice. IL-10 also
actvated mmorresident CDE" T cells directly, faciliared mmor
rojection of PDVE squamous carcinoma [23], and served as an
adjmvant in immunotherapy. Treament of mice with pegylaed
IL-10, a form of IL-10 thar has an increased serum halfife, in-
duced [FN-y and granoyme-B producton by mmorinfilranng
CDE™ T cells in a mouse mammary mumor virus iwmor maodel
[24]. IL-10 also inhibited mmorigenesis in mice with colon carci-
noma and patenis with B cell lymphoma [21, 22]. Abladon of
IL-10 from CIM™ T cells enhanced mmor burden in APC***
mice [33], whereas IL-10"" mice bearing MC38 mumors dis-
played increased mmor growth, metasass, MDSC acoumulaton,
and enhanced suscepubility to chemical carcinogenesis [54].
Therefore, as reponed in the litermmre and shown in this repor,
the role of [L-10 in the promoton of mmor progression is de-
pendent on the tumor model.

STATS is acovaied by IL6 and IL-10; however, the wo cyto-
kines can result in differemt biological effocis as a resule of the
complexity of the STAT? pathway [35]. There are 1.3 % 10° po-
wenial binding sies for STATS in the mouse genome [56]; how-
ever, STATS only binds a few thousand sites ina given cell ope
[87]. STATS is a pleistropic transcription factor that regulares
mrget genes by acdng in conjuncion with a varery of manscnp-
donal coacovators. The expression of these coacovators is depen-
dene on the cell ype and signaling evenis thar ocour in a cell’s
lifeame. Many of these coacuvators are prebound w STATS @
get sites (reviewed inref. [37]). Therefore, a cell’s phenooype
following STATS signaling depends on is previous history with
respeect o STATS acivaton. The mmor microenvironment is a
complex miliew, so differenual expression of tanscripional co-
activators is likely. As MDSC-macrophage-tumor cell cross-mlk in-
volves acovation of STATS via [L6 and [1-10, and the relatve
amounts of these cytokines differ depending on the wpe of e
maor, crossalk i likely o conmibuee o the differendal effecs of
[L-10 on mumor progressiorn.

In addiion w the cells examined here, other stromal cells
also contribuee to inflammartion within the wmor microenyi-
ronment through their cross-alk wich MDSC [38, 39]. How-
ever, MDSC and macrophages are present at significant levels
in most solid mmors, and therefore, their conmibudons o the
inflammatory milicu are likely to be imporant.
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Indoleamine 2,3-diaxygenase (ID0) enzyme inhibitors have entered clinical trials

for cancer treatment based on preclinical studies, indicating that they can defeat
immune escape and broadly enhance other therapeutic modalities. Howewver, clear genetic evidence of
the impact of ID0 on tumorigenesis in physiologic models of primary or metastatic disease is lacking,
Investigating the impact of [dol gene disruption in mouse models of oncogenic KRAS-induced lung
carcinoma and breast carcinoma-derived pulmonary metastasis, we have found that IDO deficiency
resulted in reduced lung tumor burden and improved survival in both models. Micro- computed tomo-
graphic [CT) imaging further revealed that the density of the underlying pulmonary blood vessels was
significantly reduced in idol-nullizygous mice. During lung tumor and matastasis outgrowth, inter-
lewkin {IL}-& induction was greatly attenuated in conjunction with the loss of IDO. Biologically, this
resulted in a conseguential impairment of protumorigenic myeloid-derived suppressor calls (MDSC),
as restoration of IL-& recovered both MDSC suppressor function and metastasis susceptibility inldol-
nullizygous mice. Together, our findings define ID0 as a prototypical integrative modifier that bridges
inflammation, vascularization, and immune escape ta license primary and metastatic tumor outgrowth.

SIGNIFICANCE: This study provides preclinical. genetic proof-of-concept that the immuncregulatory
srzyme ID0 contributes to autochthonous carcinoma progression and to the creation of a metastatic
niche. ID0 deficiency in vivo negatively impacted both vascularization and IL-E&-depandent, MDSC-
driven immune escape, establishing ID0 as an overarching factor directing the establishment of a

protumarigenic environment. Concer Discov: 2(8); 722-35 £2012 AACR.

INTRODUCTION

Inflammatory tissue microenvironmants contribute strongly
to tumor progression, but due w the complex multfactorial
narure of inflammation, there remains limited understanding
of specific pathogenic components that might be targeted o
effectively treat cancer (1). In this context, the oyptophan-
cataboliring enzyme indoleamine 2,3-dioxygenase (I} has
emerged as an intriguing target implicated in tumoeral immune
escape (2, 3). ID0-inhibitory compounds have entered clinical
trials based on evidence of immune-based antitumor responses
in 2 variety of preclinical modals of cancer (4-10). Meanwhile,
inadvertent 1) targeting may already be providing benefits
to patients as illustrated by recent avidence thar the dinically
approved tyrosine kinzse inhibitor imatinib dampens 1DO
induction as 2 key mechanism for achieving therapeutic effi-
cacy in the treatment of gastrointestinal stromal tumors (11).
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Although results with DO pathway inhibitors are provoca-
tive, the conclusions that can be drawn are inherently limited
by drug specificity concerns, especially in the zhsence of inde-
pendent genetic validation. Addressing this issus, our studies
on the impart of Ido] gene deletion on 7,12-dimethylbenais)
anthracene/12-O-etradecanayi phorbol-l3-aretate {DMBATEA)-
elicited skin papillomagenesis established thar 0 has an
integral tumor-promotng role in the context of phorbol
ester-elicited inflammation (12, 13), but interpretation of
these results is tempered by the possibility that the chemical
exposures in this model may produce anomalies irrelevant
to the majority of spontanecus tumors. The lungs present a
particularly compelling physiclogic context in which to fur-
ther investigate the role of IDO in mmorigenesis as D0 is
known to be highly inducible in this tissue (14, 15), and there
is an urgent unmet medical nead for effective therapeutic
options to treat primary lung tumors and metastases. [n this
report, we investigated the consequences of 1M loss through
genetic ablation in the context of well-established, pulmo-
nary models of oncogenic KRAS-induced adenocarcinoma
and orthotopic breast carcinoma metastasis. Our findings
reveal previously unappreciated roles for IO in vasculariza-
tion and in the production of the proinflammatory cytokine
interleukin (IL}-6 that in turn dictates the development of
protumorigenic, myeloid-derived suppressor cells (MIDISC).

RESULTS

IDO Deficiency Prolengs the Survival of Mice with

Speradic Kras&20-Driven Lung Carcinomas
LEL-KrasBS1 | Lox-Seop-Loor Kras™**Y) transgenic mice develop

sporadic focal pulmonary adenocarcinomas following intra-

nasal administration of Cre-expressing adenovirus vecoor
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DO daficiency extands the survival of mice with KRAS-inducad lung ad despi ¥ d number of sarly lesions.
Figure 1.

A, Kaplan-Magier survival curves for cohorts of Lax-Kras® 2 (n = 23) and Idol -+ Lox-Kras='® (n- 14) mica mfoctndwnh 2.5 107 plaque-forming units
{pfu) of Ad-Cre virus. B, Kaplan-Maier survival curves for cohorts of Lax-Kras® {1 « 8) and Idol -+ Lax -Kras%3% fn = 5) mica infocted with 1.25 < 10%
pfu Ad-Cre virus. Significance for both data setswas assessed by 2-group log-rank test 3t P < 0.05. C total lung DNA prepared from 3 mica per time
pointwas analyzed for tha prasence of the virai Cre gore by real-time PCR at 0, 1, 3, and7 days postinfaction. Relative Cre levals determined from this
analysis arc plotted as means £ SEM. D, rapresentative hnmatutylm and ecsin (H&E)-stained smnm dop«ctng tha obsanmd differanca in early lesions
batwaen tha lungs of Lax Xras*?® andldo 1" L ax-Kras“**° mice at 6 weeks postinfection E, g of lasion fre-
quaency in HEE-stainad sections of lung biopsias from Lox-Kras%30 and Ido I L ax-Kras %122 mica at 6 md IZM postmfocunn (n25). The number of
lesions identifiable under low magnification within a defined region of each spacimen are graphed on the scattar plot with the means = SEM. Significance

was detarmined by 2-tailed Student t test at P < D.05. NS, not significant.

(Ad-Cre) to activate the latent oncogenic Kras™ allele (18).
These RAS-induced adenocarcinomas elicit a robust inflam-
matory response (17) wherein IDO may impart a protu-
morigenic skew (2). To investigate this hypothesis in an
autochthonous lung tumor setting, we introduced IdoI--
(homozygous Idol-null) alleles (18) into the LSL-Krasi22
mouse strain. Jdol~ Lox-Kras“"? mice displayed significantly

increased survival relative to Lox-Kras®™* mice at 2 different
multiplicities of Ad-Cre infection (Fig. 1A and B). Similar lev-
els of Cre were present in the lungs of both strains at 0, 1, 3,
and 7 days postinfection (Fig. 1C). Unexpectedly, histopatho-
logic examination at 6 weeks revealed that the frequency of
early precancerous lesions was actually about 3-fold higher in
the Idol-~ Lox-Kras“?® mice (Fig. 1D and E), substantiating
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that IDO deficiency does not interfere at the stage of
Ad-Cre-mediated oncogenic RAS activation required to initi-
ate these tumors (ref. 16; Supplementary Fig. S1A). While
early tumorigenesis may be negatively impacted by IDO-
mediated tryptophan catabolism, as previously proposed (19),
this phenomenon was transient with the differential no longer
significant by 12 weeks (Fig. 1E).

IDO Deficiency Impairs Tumor Outgrowth
and Vascular Development in the Lung

To assess the impact of Ido! loss on overt lung tumors, non-
invasive micro-ccmpmed Lcmo-gr:lphic (CT) scans were con-
ducted on groups of Lax-Knas“ and 1doI™ Lox-Kras®'* mice
at 18 and 24 weeks following Ad-Cre administration (Fig. 2A).
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Semiautomated quantitarive image anahysis (20) was conducted
on Fdimensional (3D) reconstructions of the thoradc cavity
excluding the heart o assess the combined mmor and vasm-
lature volume within this space. Although ling mumaor burden
did increase progressively in both cohorts, it was significaniy
reduced in the Mol Lov-Kras™™ mice relztive to the corre-
sponding Idsl-competent Lax-KrasS0 mice (Fig. 2B). Individual
micre-CT scan images paired with 31 reconstructions of total
chest space and functional lung volume visually highlight the
difference in lung tumor burden berwesn representative Idal™
Love-Kora 552 and Knas=12? animals (Fig. 24; Supplementary Vid-
ens). These results indicate that DO deficiency mitigates overt
lung tumor outgrowth, consistent with the increased survival
exhibited by these mice

Micro-CT analysis additionally revealed thar the densicy of
normal vasculature in the lungs of uninfected animals was
substantially diminished in the Idod~ animals (Fig. 24 and B).
Intriguingly, the differance in vascular density between 1DO-
deficient and IDM-competent cohorts was proportionacely
comparable with the difference in overt lung tumor burden
at the 18- and 24-week time points (Supplementary Fig. 51B),
suggesting an association between the extent of the underly-
ing basal vasculature and the capacity of the lungs to sup-
port tumor formation. Immunofluorescent staining of blood
vessels in the lungs confirmed the decrease in pulmonary
vascular density in Idof~ animals {Fig, 2C). The area within
the lungs occupied by vessels was reduced by about 1.6-fold
in Ide-- animals (Fig. 2D}, in line with the differential identi-
fied by micro-CT data analysis. Further analysis revealed that
the reduction in vascular density ocourred predominanthy
ar the level of small- to medium-sized veszals, which wera nzarly
twice 25 abundant in the wild-type (WT) animals, whereas
there was little difference in the number of large vessels
(Fig. 2E; Supplementary Fig. S1C).
DO Promotes IL-6 Elevation during
Lung Tumor Formation

In the lungs, IDO is highly responsive o pathogen or
cytokine exposure (14, 15). To determine whether lung tum-
origenesis also stimulates 100, we compared steady-state

levels of the oryprophan catabolite kynurenine at various
tmes after Krar"12® activation. Although baseline levels of
kynurenine in the lungs of uninfected Lox-Kras®" 22 mice were
significantly higher than in their IDO-deficient counterparts
(Fig. 34), these levels remained constant during lung tum-
origenesis (Fig. 34). In contrast, 2 multiplexed analysis of
inflammatory cytokines at 19 and 26 weeks revealed IL-6 to
be elevated by about 25- and 68-fold, respectively, in lungs
from tumor-bearing Lox-KrasS*? mice but only by about
1-and 3-fold in Idod™" Lox-Kras™™ mice (Fig. 3B). This find-
ing was notable given the known mmor-promoting role of
IL-6 in this model (21). Although not of the same magni-
mde, induction of CCLZ/MCP1 [chemokine (C-C motif] lig-
and 2] was likewise attenuated in tumor-bearing Lox-Kras™ "
mice lacking Idal (Fig. 3C). In contrast, ldpl loss did not
significantly affect the relative levels of IL-10, IFN-y, TNF-a,
or [L-12p70 (data not shown).

IDO Deficiency Impedes the Development
of Pulmeonary Metastases

Given the evidence that fdof~~ mice are resistant o the
outgrowth of primary lung tumors, we asked whether Jdof—+
animals might exhibit reduced susceptibility to pulmonary
metastasis development as well. This question was investi-
gated by orthotopic engraftment of mice with highly malig-
nant 4T 1 brezst carcinoma cells, which metastasize efhciently
o the lungs. Survival was increased significantly in fdai
hosts compared with WT hosts after challenge with either
a 4T1-luciferase-expressing subclone or with parental 4T1
cells, despite an overall shift in the curves (Fig. 44 and B). Mo
difference in primary tumor growth rate was observed (Sup-
plementary Fig. 524 and 52B), but merastatic lung nodules
it necropsy were unambiguously less pronounced in fdad
mice (Fig. 4C). Noninvasive micro-CT imaging also confirmed
2 marked reduction in metastatic burden in Idol™" mice
{Fig. 4C), which was quantified by an ex mive colomy-forming
assay (ref. 22; Fig. 4D). The metastasis differential was not
auributable to reduced intravasation because the same
numbers of tumor cells were present in peripheral blood
samples from both strains (Fig. 4D). In contrast to lung,
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no difference in metascatic burden was observed in liver,
although the presence of 4T1 cells was also nearly too low to
detect in this tissue (Supplementary Fig. 52C). Because exci-
sion of the primary tumor can alter immune-based effects
on metastasis (23), we evaluated the metastasis burden in
resected mice. Idol-~ mice continued to exhibit significant
resistance to metastasis development (Fig. 4E), indicating
that IDO-mediated support of metastatic development in
lung is not dependent on the presence of the primary tumor.
We also examined pulmonary VEGF levels but found that
these increzsed comparably in both WT and fdol™ lungs
during metastasis development and were actually some-

what higher at baseline in the el lungs (Supplementary
Fig. S2D).

IDQ |5 Activated during Metastatic Lung
Colonization and Potentiates IL-6 Induction

In WT mice, DO protein and kynurenine levels both
inoezsed in the lungs during 4T1 metastasis development,
particularly at 5 and & weeks postengraftment (Fig, 54 and B).
The principal source of 1] expression in this context appears
to be the native stroma rather than the engrafted 4T1 tmor
cells becanse no D] protein was detectable in the ings of
Idal~ mice (Fig, 5A), even at 7 weeks postengrafiment when
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the metastatic tumor burden was high. However, a weak but
significant increase in kynurenine was observed in the lungs of
Idol~ mice (Fig. 5B), suggesting that merastasis development
may be associared with induction of an alternative mechanism
of kynurenine production, such as D02 (24) or TDOZ2 (oyp-
tophan 2,3-dioxygenase; ref. 25), either in conjunction with or
in the zhsence of IO

#Ax in the Kras-driven primary lung tumor model, Idol
competence in the pulmonary metastatic setting was linked
to enhanced elevation of IL-6, with levels increasing up
o 15-fold over baseline in WT animals (Fig 5C). On the
other hand, the IL-6 levels in Ido!~ lungs remained zhout
2- to +fold over baseline even when evaluated at an extended
time point to account for the differential in mmor burden
(Fig. 5C). Thus, like the autochthonous lung tumor stud-
ies, results from this lung merastasis model led us to infer a
positive regulatory link between DO and [L-6 production.
Diirect interrogation of this hypothesis was carried out in a
cell-based assay with known 1D inducers. Lipopolysaccha-
ride (LP5) induced both 1D activity and [L-6 production

in monocytic U937 cells whereas IFM-y on its own elicited
little response but greatly elevated the level of IO activity
in combination with LPS that was mirrored by a comparable
enhancement of 1L-6 production (Fig, 6A). In both instances,
inclusion of the competitive DM -inhibitory compound
MTH-tryptophan (§) significantly suppressed the observed
increases in [0 activity as well 2z IL-6 production (Fig. 64).
MTH-tryptophan-mediared suppression of IL-6 induction
was confirmed in a second monocytic cell line HL-60
(Fig. 6B). Likewise, siRMA-mediated interference with Idal
gene expression also significantly suppressed [L-6 induction
(Fig. &C). Taken together, these results are consistent with
our in wive findings suggesting that DO activity can potenti-
ate the elevated production of [L-6.

IDO Drives MDSC Expansion and
Immunosuppressive Function

Studies in Nr {IL-1 receptor-nullixygous) mice have shown
a crucial role for [L-6 in 4T1 pulmonary metastasis develop-
ment (26). At the cellular level, IL-1p enhances development
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of tumor-promoting MDSCs with [L-6 serving as a critical  (Fig. 74; Supplementary Fig. $34); however, an early delay
downstream mediator of this process (26). Because fdol loss in the expansion of Gr1*CIM 1b" cells in Idod mice, similar
attermared [L-6 induction and metastatic colonization in the to that observed in Hir* animals {26}, was noted (Fig. 7BL
lung, we hypothesized that MDSCs may be compromised at Moreover, circulating MIDSCs isolated from fdol™ hosts were
some level in tumor-bearing ldol* mice. MDSCs isolared  functionally impaired in their ability to suppress T cells (Fig.
from WT and Hdel™ mice did not differ phenotypically  7C). We did not detect 1M1 protein in Gr1*CD11b* cells
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obtained from tumor-bearing WT hosts (Supplementary Fig.
53B), consistent with the hypothesis that the observed func-
tional impairment of MD&Cs is 2 non-cell-autonomous effect
of IDD deficiency in which IL-6 may act as a key intermediary.

IL-& Is Critical to IDO-Driven MDSC Activity
and Pulmonary Matastasis

To directly test the ability of IL-6 to functionally restore
MIDSC-suppressive activity in Jdol~ mice, orthotopic tumors
were established using 4T1-1L-6 cells (26), a 4T1 cell populs-
tion engineered to constitutively express IL-6. MIDSCs isolated
from Idof mice engrafted with 4T1-IL-6 cells exhibited an
elevared T-cell-suppressive activity similar to thar of MDSCs
isolated from WT hosts engrafted with parental 4T1 cells
{Fig. 7I). Further enhancement of MDSC-suppressive activity
could be achieved by engrafting 4T1-1L-6 cells into WT mice
{Fig. 7I), indicating that the endogenous IL-6 levels stimulated
by parental 4T1 tumor cells in WT animals were not fully sam-
rating with regard to promoting MI¥SC suppressor function.

We next asked whether restoring [L-6 levels could also
reverse the metastatic resistance exhibited by Idol~ mice. In
the orthotopic setting, high levels of IL-6 produced in primary
tumors formed by 4T 1-IL-6 cells complicated the analysis by
impairing the efficiency of pulmonary metastasis [possibly
reflecting the recruitment of metastaric cancer cells back o
[L-5-expressing primary tumors as documented previously
(ref. 27)]. However, as our results in orthotopically engrafied
mice had indicared that the Idol allelic scatus does not affect
4T1 intravasation, we reasoned that 2 valid assessment of the
impact of IDO deficiency on pulmonary metastasis could
be made by introducing the metastatic tumor cells directly
into the circulation. Accordingly, we confirmed that intrave-
nously engrafted Ide1-~ mice maintained their resistance to
pulmonary metastasis formation, with the apparent mean
metastatic tumor burden being 30.4- and 31.6-fold lower
in Idol~ versus WT mice challenged with 4T1 and 4T1-
IL-6 cells, respectively (Fig. 7E). The proportional increase
in metaseatic burden observed in the 4T1-IL-6 challenged
cohorts is also in line with the proposed interpretation of
the MDSC functional data that 1L-6 is not being produced at
saturating levels in the 4T1-challenged WT animals. Becanse
of the significantly higher metastasis burden produced
by 4T1-IL% cells, comparison of 4T1-IL challenged Idot+
mice to 4T1 challenged WT mice yielded a differential in
mean metastatic tumor burden of only 4.8-fold (Fig 7EL
Thus, IL-6 supplementation not only rescued WT levels of
MDEC suppressor function in 4T1 mmor-challenged fdal~+
mice but also markedly restored their susceptibility to pul-
monary metastasis development.

DISCUSSION

The idea of immune escape as a “hallmark of cancer”
{28, 29) represents a groundbreaking although stll largely
untested paradigm within the field of cancer biology. The pre-
sumption that tumors exploit 100 activity as 2 mechanism of
immune escape, initially inferred from the pioneering studies
on maternal immune tolerance of Munn and colleagues (30),
has become increasingly accepted despite 2 fundamental
deficit in genetic support for the role of IDO in tumor devel-

opment. This study addresses this gap with direct genetic
validation of the importance of 10 in well-established mod-
els of lung cancer and metastasis that offers novel insights
into the impact of 1O on wmor pathogenesis. Moreover,
these findings strongly encourage the prioritization of clini-
cal investigations into the use of DO pathway inhibitors for
treating lung adenocarcinomas and pulmonary metastases
where more effective modalities are urgently needed.

While IDO activity was not elevated in lung tissue beyond
baseline levels during KRAS-driven lung tumor develop-
ment, the ohserved reduction in pulmonary vascularizaton
in Idol™ animals even before initiation of rumorigenesis
implied that the loss of steady-state 1M in this context was
sufficiently consequential to impact physiologic processes
important to tumor outgrowth. Enhanced tumor vasculari-
zation has been reported in tumor xenograft models invol-
ing exogenous [IM) overexpression (31, 32), but our smudy
is the first to identify a role for I in supporting vascular
development under native physiologic conditions. Our find-
ings likewise genetically establish the importance of DO
artivity in nontumor cells for supporting pulmonary metas-
tasis. In this manmner, IDO activity may influence metastatic
dissemination to tissues such as the lung where its expression
is particularly robust. This may, however, be less relevant
substantially elevared within the umor cells themsslves (8, 33),
enabling the malignancy to preemptively shape its surround-
ings through intrinsic tryptophan catabolism. As such, DO
activity that originates from stromal cells of the tumor micro-
environment or from the tumor cells themselves may contrib-
ute to directing tumor cutgrowth,

The positive association betwesn DX and IL-6 in lung
tumorigenesis and metastasis was not necessarily antici-
pated, given that it runs counter to expectations based on
ID-mediated induction of liver-enriched inhibitory protein
(LIP}, a negative regulatory isoform of the If§ gene expres-
sion promoting transcription fartor CFEBPR (24, 34). The
precise regulatory impact of LIP on Ié expression is not
clear cut, however, insofar as other findings have indicared
that LIP can interact with NF-xB to induce rather than
limit 16 transcriprion (35). Our findings zre also consistent
with evidence thar a downstream product of IDO-mediared
catabolism, kynurenic acid, can potentiate [L-6 producton
in the context of inflammation by signaling through the aryl
hydrocarbon receptor (3a). IL-6 is a pleiotropic cytokine that
is widely implicated in supporting neoplastic out in
the context of chronic inflammation (37). Clinically, IL-6
has been established as 2 marker of early relapee of resecred
lung tumers (38). Analyses of DMNA polymorphisms in the
IL-6 promoter region have identified positive correlations
between IL-6 inducibility and lung cancer susceptbility in
the context of concurrent inflammatory disease (39) as well
a5 micrometastatic disease in patients with high-risk breast
cancer (40). Functionally, IL-6 induction has been ident-
fied 2s an essential downstream component of RAS-induced
tumorigenesis (41) that i directly linked to lung tumor
development in the Lox-Kras“20 transgenic mouse model
{21). Mumerous other studies indicate chat IL-& can also
coniribute to tumor promotion by supporting angiogenesis
and necvascularization of mmors (42, 43). Thus, biologically,
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the epideminlogic and functional data for 1L-6 are consistent
with the tumor-promoting activity that we have ascribed to
1D through mouse genetics.

Tumor responses to [DO-inhibitory compounds require
functional host immunity (5, &, 8, 9), but the mechanisms
through which IO promotes immune escape have yet to be
fully delineated. Connecting I1L-6 to IDO provides valuahle
insight in this regard [L-6 has previously been identified
in the 4T1 metastasis model as critical to the induction
of MDSCs, which act as potent inhibitors of antitumor
immunity (44). MDSC accumulation is known to be driven
by several factors that are produced by tumor cells and the
tumor stroma, including the potent inflammatory media-
tors prostaglandin E2 and IL-1B (45-47). Genetic ablation
of IL-1p signaling can affect both the early accumulation
of MD&Cs as well as their immunosuppressive capahility
(28), and IL-6 has been determined to be 1 downstream
mediator for the effects of IL-1p on MDSC populations in
tumor-bearing animals (2&). In this context, cur findings
identify IDO as a key determinant of 1L-6-elicited MDSC
accumulation and suppressor activity. Interestingly, 1L-1p
may dynamically potentiate the contribution of 1T to IL-6
induction given that IL-1f can promote the upregulation
of IFMGRI (48) that enhances Ido! inducibility in response
to IFM-p. In contrast, IL-6 may exert a counter-regulatory
feedback effect by inducing S0OCS3 (suppressor of gtokine
signaling 3), which not only artenuates IL-6 signaling (49)
but alen limits D0 transcription and (DO enzyme stabil-
ity (50, 51). Thus, 1D is well situated to act as 2 dynamic
modifier of inflammatory states in the microenvironment of
primary tumaors or budding metastases.

Ohur results deepen the concept that IDO activiey profoundly
influences the pathogenic character of the tumor microenyi-
ronment by identifying the cytokine IL-6 as a crucial IDO effec-
vor for establishing “cancer-associated” inflaimmartion. IL-6 is
2 far-reaching, pleiotropic signaling molecule that can elicit
beoth intrinsic and extrinsic effects on tumor development (e,
increased malignancy and survival as well 25 increased angio-
genesis and immune escape). The ramifications of our resuls
thus extend beyond the constrained effects that local 1TMO-
mediated tryptophan catabolism might exert on the proximal
microemvironment, and one would expect the potentiation
of IL-& expression by IDO to affect diverse aspects of tumor
development with the relative weighting of earh aspect being
an important focus of future study. Indeed, further investiga-
tions of 11H3 as a nexus for control of tumorigenic inflammea-
tion, vasoularization, and immune escape will be invaluable in
formularing rational strategies to guide the best application of
1D inhibitors that have entered clinical development.

METHODS

Transgenic Mouse Strains

Congemic Idol~ mice on CS57BLAG and BALRE strain backgrounds
were provided by A Mellor (Georga Health Sciences University,
GEHU, Augnsta GA), and corresponding control strains were pur-
chased from Jackson Laboratory. LSL-Krs™™ Oreinducible trans-
genic mice on a mixed 1 295y]-C57BLG stran background (16) were
obtamed through the Mowse Models of Human Cancer Consortium
[MCI-Frederick, Fredenck, MD). Adminisrabon of Ad-Cre vins oo

activate the latene Kras2 allele in hings of LSL-Kre™ ransgenic
mice {referred 0 as FooeRpe™20 m'iu:q ref. 16) was camed out as
described (52). Doubly mutant Hal~ LSL-Kna™'*" mice were gener-
ated through breeding of the 2 transgenic strains. Mating pairs of
BALB/c and T-cell recepeor (TR} transgenic [d31 110 BALB/ mice
{I-Aé-restricted, specific for chicken cvalburming g, 1..) were cbeined
from The Jackson Laboratory. Mabing pairs of TcR transgenic Clone
4 BALB/c mmioe [H-2B-restricted, specific to mfluenza hermagglutinin
{HA) peptide,;y s2c] and Tch transgemic TS1 BALR/c muce (I-EY-
restriceed, specific ;o HA peptide; g 115) were provided by E Fuchs
{Johns Hopkins, Balomore, M) All procedures mmaohing mice were
approved by either the Lankensu Instiuee for Medical Research
{LIMR; Wynmewood, PA) or University of Manydand Baltimore County
{UMBC) Institusional Animal Care and Use Commuittes (1ACUC).

Micro-LT Scanning

Three-dimensonal micro-CT images were acquired from anesthe-
tized mice wsimg an Impek Micro-CT scanner operated at 40-kVp,
500-pA, 250-millisecond per frame, 5 frames per wiew, 360 views,
and 1-degree increments per view. Contiguous axial DICOM-format-
ted i.m:.g: thmu.gh each mouse |:|'u:-m, with vouels of dimensions
91 pm x 81 pm x 91 pm were compiled mto 30 format using Amia
vi.l software and normalized to Hounsheld unis. Using the seg-
mentation editor, mamual selections of the chest cavity minus the
heart were conducted on every other slice followed by interpolason
of these selections. Map'c wand tool selection was conducted at the
threshold range defining air (determined to be between —750 and
—350) to dehne the functonal lung volume, which was automancally
suberacted from the total dhest space to identify the wolume repre-
senting vasculature and omors (20).

4T1 Tumer Cell Metastasis

Parental 4T1 mouse mammary carcinoma cells and 4T1-denved
cell hines u.'plun'ng luciferase (4T1-luc) or mouse 06 (4T1-11-6)
were maintained as described (3, 22, 26). Primary tumor growth was
Tllﬂll'itﬂlﬂ:l[:lfﬂjiper Measuremenis c{nrthugcna] diameters. Tumor
volume was calculated using the formula for determining a prolapsed
elhipeosd [(& = /0.52], where d = the shorter of the 2 orthogo-
nal tx. To enhance visuahranion of metastasic nodoles,
lungs were insufflated with India ink dye, washed, and bleached in
Fekete's solution. The clonogensc assay to assess metastatic borden
was conducted as descnbed (2201

Real-time PCR

Lung DMA was analyeed by Real Time-PCHR containing SYBR
green PCR master mux (Applied Biosystems) and primers to amplify
Cre (F-GGAGCOGOGOGAGATA-Y and 5-GOCACCAGCTTGOAT-
GATC-3) and endogenous mouse Cd8! (5-TOGOCAAGGATGT-
GAAGCA-3 and 5-CATTGTTGGCATCATCATOCA-3). Asmays were
conducted in quadmplicate, and relasve quanntabon of the vl
Cre gene present in ]u.ng assue was calculared usi:ng; the cnn'rp.'l.ﬁ.ﬁv:
threshold cycle () method {User Bulleon 2, Applied Biosystems)
normalizng the @rget O values to the mternal housekeeping gene
{CdEI).

Histology

Tissues were salated and fed n 10% neutral-buffered formalin
or 4% paraformaldehyde, sectioned, and stained for histopathologic
analyms with hematoylin and eosin using standard methods. For
immunofluorescent statning, 4-pm paraffin sections were deparaffin-
ized in xylene and rehydrated with a graded alcohol senes. Follow-
ing antigen retneval (vector], sscoons were washed and placed in
0.1% Triton for 10 minotes. Tissue was blocked m 40 pg'ml goat
aNE-mouse [gE-Fab {H+L) I:]:a:lunn ImmunoResszrch] followed Evy
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10% normal goat serum (Jackson ImmumoResearch). Rabbit ant-
mouse caveolm-1 (1:200; Cell Signaling) was mcubated overnight
at 4"C. Sertions were washed and incubated with goat anti-rabbat
Cy3 (1:200; Jackson ImmunoResearch). Tisues were mounted using
Prolong Gold wich DAPT (Imatrogen). To quantitate the blood vess=]
areas present within defined felds of caveolin-1-stamed lung =m-
ples, 4 images were acquired per mouse from 3 WT and 5 Jdal~* mice.
Vemel boundares were identified by caveolin-1 staining, and the area
of every vessel within each fheld was determined using AmoVizon
Release 4.6 software

Immunoprecipitation-Western Blot Analysis

Immunoprecipitanon of 1M1 protein from mouse lung nsoe
with punfied rabbit polyclonal antibody (7) followed by Western
blotting-based detection with @t monoclonal anobody (clone
mI[M-4E; BioLegend) was camied out as descobed (9).

Flow Cytometry for Cytokine and Cell Analysis

Flow cytometnc data were acquired on a FACSCanto [ or Cyan
ADP flow cytometer and analyred wsing FACSDIVA (BD Biosciences)
or Summut v4.3.02 { Beckman/ Coulter) software. Mulbplexed cytokine
analysis was conducted using the Inflammanon Bead Array (BD Bio-
sciences). Lung homogenates were cenenfuged and supernatant added
to beads in the array according to the manufacmirer's instructons.
Flow cytometric analysms of MDSCs harvested from digested lung
samples or from blood was conducted with the following antibodses
25 indicated: Grl-FITC, Lyfds-PE, LySC-SITC, and COIZE4 (IL-4Ra)-PE
{BD Biosciences); C1)1 1b-Pack, CD1 15-PE, and F4/80-PE (BioLegend);
LyiC-PerCP (eBinscience); and arginase and 1M0S (BD Transducson
Labs). Second step goat ant-mouse [g(G-Aleva 647 for arpnase and
induchble MO synthas (iINOS) was from Invitrogen. Isotype control
antibodses wene from BD Biosoenoes,

Kynurenine Assay

Lungs were homogenized in PRS conmining dithsothreitol (TT)
and protease and phosphatase inhibitors {1:3 wtfwal). Deproteinated
lysates were analyzed by high-pedformance hiquid chromatography
{HPLC) coupled o electrospray 1onization hiqusd chromatography/
tandem mass spectroscopy (LOMS-M5) analysis as descnbed (9).

Cell Culture

U937 and HL-60 monocytc cell ines {Amencan Type Culoore Col-
lection) were expanded for frozen storage after receipt and freshly
thawed cells culiured in Dulberco’s Modified Eagle's Media + 10%
FBS were used at early passage for expenments. Mo additional authen-
tication was conducted by the authors. Twengy-four-hour treatment
of cells wath LPS (100 ng'mL; Sigma) and/or [FMN-y (100 ng/ml;
R&I} systems) was carmed oot in triplicate on 1 3 10° cells per well
in a M-well dish. MTH-Trp {methylthichydantoin-DL-tryprophan;
100 pmal/L; Sigma) was also included at the tme of induction
as indicated. Bynurenine and IL-6 levels in the supernatant were
analyzed as described abowe Idol gene “knockdoan™ sudies were
conducted with siANAs (Dharmacon) targeting Idal (catalog no.
E-010337-00) or Gapdh (catalog no. D-001930-01) uang the Accell
HL-60 cells were plated at 1 10° per well in 2 %6-well dish and cul-
tured with 1% FBS m the Accell growth media. Twenty-four-howr
treatment of cells with LPS and IFM-y was mitated at 48 hours
following incubation with siRMNA. Western blottmg o detect D01
'pml::i:n in cell ]y:z]:u was conducted E:l]awing standard 'pmc,ndu.ru
using rabbit polydonal ang-1201 (7) and mbbit monocdonal ant-
Practin {13E5; Cell Signaling) as a loading control. Detection was
carried out with goat ang-rabbit IgG, horssradish perocidase (HRP)-
linked secondary annbody (cataleg no. 7074; Cell Signaling) using

the SuperSignal West Femto Chemiluminescent substrate (Thermo
Scientific).

T-cell Suppression Assay

MDEC-suppressve acbvity was measured as previously described
(53} using ransgenic splenocytes and their cognate pepodes in
the presence of 25 Gy-iradiated, blood-denved MDSCs from 4T1
tumor-bearmg mice. Hiuy ogn HAyg 1 and Ovag, o pepiides
were synthesized in the Biopolymer Core Faclity at the University
of Maryland, Baltimore, MID. ELISA duo set méAbs for mILG were
from R&D Systems. Monoclonal antbody VBE.1LS.2-PE was from
B PharMingen.
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Appendix 3: Myeloid-derived suppressor cells: critical cells

driving immune suppression in the tumor microenvironment
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Abstract

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of immature
rryeloid calls that suppress innate and adaptive immunity. MOSCs are present in many
disease settings; however, in cncer, they are a major obstacke for both natural anti-
turnar immunity and immunotherapy, Tumor and host calls inthe turmor microenvron-
ment (TME) produce a myriad of pro-inflammatory mediators that activate MDSCs and
drive their accumulation and suppressive activity. MDSCs utilize avariety of mechanisms
to suppress T call activation, induce other immunesupprassive cell populations, regu-
late inflammation inthe TME, and promote the switching of the immune systerm to one
that telerates and enhances tumor growth. Because MDSCs are present in most cancer
patients and are potent immunesuppressive cells, MDSCs have been the focus of
intense research in recent years. This review describes the history and identification
of MOSCs, the role of inflammation and intracellular signaling events governing MOSC
accumulation and suppressive activity, immune-supprassive mechanisms utilized by
MDSCs, and recent therapeutics that target MDSCs to enhance antiturmor immunity.

1. MYELOID-DERIVED SUPPRESSOR CELL HISTORY

Abnormal myelopoiesis and neutrophilia were observed in cancer
patients for many years; however, the role of these pathologies was not
appreciated until relauvely recently, when myeloid-derived suppressor cells
(MIDSCs) were identified and associated with immune suppression. Studies
from the early and middle 19805 in tumor-free mice identified a population
of so-called natural suppressor cells that inhibited T cell proliferation and the
generation of cytotoxic T lymphocytes in an antigen and MHC-
independent manner (Strober, 1984). In the 1990s, studies of patients with
head and neck cancer described CD34™ suppressive myeloid cells that had
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the capacity to differentiate into dendritic cells (IDCs) (Garrity etal., 1997).
Soon after theiridentification in head and neck cancer patients, similar cells
were discovered in patients with various other forms of cancer. These cells
prevented the in vive and in vitro activation of T cells and were chemo-
attracted to the tumor microenvironment (TME) by tumor-produced vas-
cular endothelial growth factor (VEGF) (Almand et al., 2001; Young et al.,
2001). Mice with transplanted or spontaneous tumors also produced sup-
pressive myeloid cells (Gabrilovich, Velders, Sotomayor, & Kast, 2001;
Melani, Chiodoni, Fomi, & Colombo, 2003), which expressed the gran-
ulocyte and macrophage markers Grl and CD11b/Macl, respectively.
Their accumulation correlated with tumor-produced granulocyte/
monocyte-colony-stimulating factor (GM-CSF) (Bronte et al., 1999),
and they inhibited antigen-specific CD8™ T cell activation in a contact-
dependent manner (Gabrlovich et al, 2001). Early studies used a
variety of terms to identify the cells, including “immature myeloid cells
(IMCs),” “immature macrophages (iMacs),” or “myeloid suppressor
cells (MSCs).” In 2007, the terminology “myeloid-denved suppressor
cells” (MIDDSCs) was adopted to reflect that the cells are the product of
abnormal myelopoiesis (Gabrilovich et al., 2007).

MDSCs differentate from a common myeloid progenitor cell that also
gves nse to normal DCs, monocytes, macrophages, and granulocytes
(Fig. 1). Unlike other fully differendated myeloid cells that are relatively
homogeneous, MDSCs are a heterogeneous population of celk since they
represent vared stages in myelopoiesis. This heterogeneity is tumor depen-
dent and s most likely spawned from the unique inflammatory milieu
released by different tumors. These tumor-released factors, in mm, modu-
late the recruitment and suppressive potency of tumor-infiltrating MDSCs.
The phenotype and functions of MIDSCs may also vary with cancer progres-
sion since tumor celk evolve and change through immunoediting (Dunn,
Bruce, lkeda, Old, & Schreiber, 2002). Within this wide array of variation,
human and mouse MDSCs have been separated into two major categories:
monocytic (MO-MDSC) and granulocytic (PMN-MDSC).

1.1 Mouse MDSCs

MDSCs have been identified in the bone marrow, liver, blood, spleen, and
tumor of tumor-bearing mice based on their expression of surface markers
and their ability to prevent T cell acivation. All murine MDD SCs express the
plasma membrane markers Grl and CD11b. The granulocyte marker Grl
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Figure 1 Myeloid cell differentiation under normal and tumor-induced conditions. Mye-
loid cells originate from bone marrow-derived hematopoietic stem cells (HSCs) that dif-
ferentiate 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 MO-MDSCs or PMN-MDSCs. H5C, hematopoietic stem cell;
CMP, common myeloid progenitor; DC, dendritic cell; Md, macrophage; MO-MDSCs,
monocytic myeloid-derived suppressor  cells; PMN-MDSCs, polymorphonuclear
myeloid-derived suppressor cells.

includes the isoforms Ly6C and Ly6G. The differential expression of these
molecules distinguishes MO-MDSCs from PMN-MDSCs. MO-MD5Cs
are CD11b"Ly6C Ly6G™ ~; PMN-MDSCs are CD11b"Ly6C Ly6G ™.
MO-MDSCs are mononuclear and side scatter'™", while PMN-MDSCs
are polymorphonuclear and side scatter™. The two subsets use different
modes of suppression. PMN-MDSCs utilize reactive oxygen species
(ROS) and the enzyme arginase 1 (AR G1), while MO-MDSCs use nitric
oxide synthase 2 (NOS2) and ROS. These phenotypes apply to tumor-
infiltrating MIDSCs, as well as MDSCs residing in the spleen and blood of
tumor-bearing mice. Tumor-infiltrating MDSCs are more suppressive than
blood or splenic MIDSCs on a per cell basis. Tumor-free mice contain cells
with the same phenotype (Gr17CD11b7) in the blood, spleen, and bone
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marrow; however, they are present at much lower levek compared to
tumor-bearing mice (Sinha et al., 2008, 2011).

The markers Grl and CD11b as well as the polymorphonuclear mor-
phology of PMN-MDSCs are ako characterstics of neutrophils, raising
the question of whether MDSCs are different from neutrophils. MDSCs
are not neutrophils; however, MDSCs can differentate into neutrophils.
Tumor-associated neutrophils have been categonized as NI, anti-
tumengenic, and as N2, protumongenic, with their induction dependent
on the presence of IFNf or TGEf, respectively (Fridlender et al., 2009;
Jablonska, Leschner, Westphal, Lienenklaus, & Weiss, 2010). N1 neutro-
phils are characterized as TNFa™, CCL3"™  ICAM-1", and AR G1'*", while
N2 neutrophils are high in CCL2, 3,4, 8, 12, and 17 as well as in CXCL1, 2,
6, and 16 (Sionov, Fridlender, & Granot, 2014). In contrast to MIDSCs, neu-
trophils do not express C1D244 (M-CSF receptor), are more phagocytic than
MDSCs, produce lower levels of ROS, have enhanced chemokine secre-
tion, express higher levels of TNFa, and most importantly cannot suppress
T cell activation (Youn, Collazo, Shalova, Biswas, & Gabrilovich, 2012).

1.2 Human MDSCs

Human MDSCs have been isolated from patients with solid mmors whe dis-
play elevated MDSC levels that directly correlate with clinical cancer stage
and metastatc burden. MIDSCs have been found in patients with breast can-
cer (Alizadeh et al, 2014; Diaz-Montero et al., 2009), head and neck squa-
mous cell carcinoma (Brandau et al, 2011), nonsmall cell lung cancer
(Huang et al., 2013; Srivastava et al., 2008), colon and colorectal cancer
(OuYang etal., 2015), renal cell carcinoma (Rodrguez et al., 2009), bladder
cancer (Eruslanov et al., 2012), gastrointestinal cancer (Wang et al., 2013),
pancreatic adenocarcinoma (Porembka et al., 2012), esophageal cancer
(Gabitass, Annek, Stocken, Pandha, & Middleton, 2011}, prostate cancer
(Vuk-Pavlovic et al., 2010), urothelial tract cancer (Brandau et al., 2011),
sarcoma, carcinoid, gall bladder, adrenocortical, thyroid, and hepatocellular
carcinoma (Shen, Wang, He, Wang, & Zheng, 2014). Patients with multiple
myeloma and non-Hodgkin’s lymphoma ako exhibit elevated levels of
MDSCs in their blood (Brimnes et al., 2010; Lin et al., 2011).

Since humans lack an analog to Grl, human MIDSCs are characterized
by the monocyte/macrophage marker CD11b, the monocyte differentia-
tion antigen CD14, the mature monocyte marker CD15, the myeloid
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lineage markers CD33, and the absence of HLA-DR., which is commonly
expressed on myeloid cells (Dumitru, Moses, Trellakis, Lang, & Brandau,
2012). Similar to munne MDSCs, human MDSCs lack lineage markers
characteristic of other hematopoietic-derived celk. Human PMN-
MDSCs are CD11b"CD14~ CD15 "HLA-DR'™™'~CD33"; MO-MDSCs
are CD11b"CD147CD 157 1L4Ra  HLA-DR®YCD33™ (Montero, Diaz-
Montero, Kyrakopoulos, Bronte, & Mandruzzato, 2012). Since none of
the individual markers are unique to MDSCs, definitive identificaton of
MDSCs requires demonstration of immune-suppressive function.

2. MDSCDEVELOPMENT AND SUPPRESSIVE FUNCTIONS
ARE INDUCED BY INFLAMMATION

Studies evaluating patients on long-term use of nonsteroidal ana-
inflaimmatory drugs, epidemiological analyses, and trials involving blockade
of inflammatory molecules have demonstrated that inflimmation contnb-
utes to the onset of cancer (Balkwill & Mantovani, 2001). Four main sources
of inflaimmation promote carcinogenesis: environmental inflammation,
therapy-induced inflimmaton, tumor-associated inflammation, and
chronic inflammation or infection.

Particulates from tobacco smoke are an example of an environmental
source of inflaimmation. They cause chronic obstructive pulmonary disease
which is associated with increased lung cancer (Punturieri, Szabo, Croxton,
Shapiro, & Dubinett, 2009). Therapy-induced inflimmation occurs follow-
ing radiation and chemotherapy. It causes necrotic death of cancer celk and
tumor stromal celk and initiates an inflammatory response similar to
wound-healing (Zong & Thompson, 2006). Therapy-induced inflamma-
tion may enhance presentation of umor antigens; however, it may ako cre-
ate tumor-promoting inflaimmation (Zitvogel, Apetoh, Ghinnghelli, &
Kroemer, 2008). Many tumors are inherendy inflimmatory due to their
production of inflammatory mediators such as IL-6 and prostaglandins.
The resuling inflaimmation recruits immunosuppressive celk that also
release cytokines and feed the inflammatory environment. As solid mmors
outpace their blood supply and become deprived of nutrients and oxygen,
necrosis sets in causing the chronic release of pro-inflammatory mediators
such as IL-1 and high-mobility group box 1 (HMGB1), which in turn pro-
mote neoangiogenesis (Vakkila & Lotze, 2004). Long-term infection may
also cause chronic inflimmation and increased cancer risk. Examples include
hepatocellular carcinoma in patients infected with hepattis B or C viruses

226



Turnar-Induced Myelold-Derived Suppressar Cells 1m

(Karin, 2006), and bladder and colon cancer in individuals infected
with Schistosoma or Bacteroides, respectively (Mostafa, Sheweita, &
(’Connor, 1999; Wu et al., 2009).

Chronic inflammation promotes tumor development through various
mechanisms including the production of proangiogenic factors, matrx
metalloproteinases (MMPs), and damage-associated molecular pattern mol-
ecules (DAMPs), all of which drive MDSC accumulation and MDSC sup-
pressive functions. Proangiogenic factors such as VEGF stimulate tumor
neovascularization, while MMPs facilitate invasion and metastasis
(Shacter & Weitzman, 2002). DAMPs such as S100A8/A9 chemoattract
leukocytes and promote the expansion of MDSCs leading to an influx of
inflammatory molecules within the TME (Cheng et al., 2008; Sinha
et al., 2008).

The TME is a complex network that includes both tumor celk and host
celk. MIDSCs in this environment are therefore subjected to diverse pro-
inflammatory factors. Since the TME varies between tumor types and
individuals with cancer, as well as with stage of tumor progression, it is
not surprising that MDSCs are a heterogeneous population that may vary
from individual to individual.

Almosta decade ago, the connection between MIDSCs and inflammation
was established with the findings that the pro-inflammatory cytokines IL-1p,
IL-6, and PGE, promote MDSC accumulation and suppressive function
(Bunt, Sinha, Clements, Leips, & Ostrand-Rosenberg, 2006; Bunt et al.,
2007; Ezernitchi et al., 2006: Sinha, Clements, Fulton, & Ostrand-
R.osenberg, 2007; Song et al., 2005). Other studies demonstrated that
addiional cytokines, transcription factors, and DAMPs, including, but
not limited to, C5a, PGE,, COX,, VEGF, GM-CSF, G-CSF, IL-17,
DO, HMGBI1, and S100A8/A9, C/EBPp, and chop, also drive MDSCs.
The effects of these factors are discussed in the following section and are
illustrated in Fig. 2.

2.1 Vascular Endothelial Growth Factor

VEGF is a pro-inflammatory growth factor that simulates angiogenesis, and
tumors producing high levels of VEGF have a poor prognosis. VEGF
inhibits nuclear factor kappa-light-chain-enhancer (NF-kB) actvation
which blocks DC development while simultaneously driving MDSC aceu-
mulation (Gabrilovich et al, 1998). MDSCs express the VEGF receptor
enabling VEGF to function as a chemoattractant for MDSCs. ROS
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Figure 2 Inflammation drives MDSC development and function. Chronic inflammation
induces the production of HMGB1, S100A8/A9, IL-1f, IL-6, C5a, and IL-17, all of which
induce the accumulation of MDSC. Induction of MDSCs by IL-1f is mediated through
IL-17 and IL-6. IL-1p induces Th17 cells to produce IL-17 which induces the production
of IL-6. IL-6 production is also upregulated by IDO produced by DCs and macrophages
(M®). JEBPB, which is activated by chop following MDSC production of ROS, also
induces IL-6. MDSCs also produce VEGF, IL-6, IL-13, HMGB1, and S100A8/A9, thereby
perpetuating their accumulation. Tumor cells may produce COX,, PGE;, VEGF, IL-6,
G-CSF, GM-CSF, S100A8/A9, and HMGB1 all of which induce the accumulation of MDSCs
and may increase the suppressive potency of MDSCs.
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production by MDSCs increases oxidative stress which upregulates MDSC
expression of the VEGF receptor (Kusmartsev et al., 2008). Since other
factoss in solid tumoss also contribute to oxidative stress, the TME is a
crtical factor in determining the responsiveness of MIDSCs to VEGFE

In addition to tumor cells, MDSCs themselves produce VEGF, thereby
creating an autocrine feedback loop that sustains MDSC accumulation
(Kujawski et al., 2008). VEGF has been shown to be released from the
extracellular mawix by MMPY, a2 mawmix degrading enzyme (Bergers
et al., 2000). Soluble MMP® is produced by tumor cells and promotes
MDSC  accumulation and tumor anglogenesis (Melani, Sangalett,
Barazzetta, Werb, & Colombo, 2007). Therefore, MDSCs have multiple
modes of generating VEGEF.

2.2 Granulocyte-Macrophage Colony-Stimulating Factor and
Granulocyte Colony-Stimulating Factor

GM-CSF 15 a growth factor for leukocytes. It is required for DC differen-
tiation and is used to expand DC ex vivo. However, high levels of GM-CSF
induce MDSC accumulation in vivo and in vitro, while i vivo knockdown of
GM-CSF reduces MDSC expansion (Morales, Kmieciak, Knuson, Bear, &
Manjili, 2010; Serafini et al., 2004). Inclusion of GM-CSF in cultures of
bone marrow progenitor celk drives the differentiation of MDSCs, demon-
strating that GM-CSF 1s a growth factor for MDSCs (Nefedowva et al., 2004).
MDSC differentiation is also positively regulated by the growth factor
granulocyte colony-stimulating factor (G-CSF). G-CSF plays a critical role
in mobilizing bone marrow stem cells and is essential for differentation of
granulocytic lineages (Lieschke et al., 1994). Administration of G-CSF to
tumor-bearing mice drives tumor growth and angiogenesis, while blockade
of G-CSF reduces MDSC levek (Okazaki et al., 2006). G-CSF also precon-
ditions metastatic sites by mobilizing MDSCs (Kowanetz et al., 2010).
When G-CSF and VEGEF are both inhibited, tumor growth is reduced
(Okazaki et al, 2006). 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 Gr1™CD11b"
celk that were less suppressive than Gri™CD11b™ cells, while in
MMTV-PyMT transgenic mice with mammary carcinoma, G-CSF caused
CD11b " Ly6G Ly6C™ celk to secret Bv8. Bv8 is an endocrine analog of
VEGF and functions as a proangiogenic protein that promotes hematopoi-
esis (Dolcetti et al., 2010; Kowanetz et al., 2010). Therefore, G-CSF
differentially affects MDSC function depending on the type of tumor.
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2.3 Prostaglandin E2 and Cycooxygenase 2

Prostaglandin E2 (PGE,) 1s a potent inflaimmatory mediator that is generated
by cyclooxygenase 2 (COX,) conversion of arachidonic acid. PGE; sup-
ports tumor growth by promoting angiogenesis, stimulating tumor-cell pro-
liferation, and protecting tumor cells from apoptosis. Many human and
mouse tumors as well as mmor-infilrating cells produce COX, and
PGE.. PGE; promotes MDSC differentiation at the expense of DC, while
inhibition of COX; or PGE; in tumor-bearing mice blocks MDSC differ-
entiation and delays tumor progression (Erudanov, Daurkin, Ortiz,
Vieweg, & Kusmartsev, 201(0; Sinha, Clements, Fulton, et al., 2007). In
the TME, PGE. 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 (Sinha, Clements, Fulton, et al., 2007). Blockade of PGE, or EP4
in tumor-bearing mice reduces MDSC production of ARG1 (Rodriguez
et al., 2005). PGE; promotes the differentiation of progenitor cells in human
blood to MDSCs (CD11b7CID33™ cells) from human blood progenitor cells
that have elevated levek of NOS2, ARG1,1L-10, and IL-4R.a (Obermajer,
Muthuswamy, Lesnock, Edwards, & Kalinski, 2011). Therefore, for mouse
and human MDSCs, PGE; not only regulates the differentiation of MIDSCs,
but several suppressive mechanisms as well.

2.4 CCAAT/Enhancer Binding Protein  and C/EBP Homologous
Protein

C/EBP proteins are a family of leucine zipper transcnption factors that
regulate inflammation and myeloid cell differentation. While there are var-
ious isoforms of C/EBP proteins, CCAAT/enhancer binding protein p
(C/EBPP) acts during stress/inflammation-induced myelopoiesis. C/EBPP
has three 1soforms: LAP* and LAP (liver-enriched activator proteins), and
LIP (liver-enriched inhibitory protein). LAP* and LIP are transcriptional
activators that dnve inflaimmatory myelopoiesis by inducing IL-6 and
ARGI. In contrast, LIP inhibis LAP signaling promoting an ant-
inflimmatory response. In inflimmatory settings such as the TME, LAP*
and LAP are active and drive inflaimmaton-induced myelopoiesis. C/EBPP
is also required for the ex vivw generation of immunosuppressive MDSCs
from bone marrow progenitor cells, via IL-6 and GM-CSF (Margo
et al, 2010).
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2.5 Complement Component C5a

C5a (ako known as anaphylatoxin) is a pro-inflaimmatory member of the
complement and lectin pathway. When the complement pathway is acti-
vated, C5a in the blood becomes fixed in tissues. C5a tnggers degranulation
of mast cells (MCs), aids in vascular permeability, and stimulates smooth
muscle contraction. In a tumor setting, C5a increases MDSC-mediated
immune suppression by chemoattracting C3a receptor” MDSCs to tumor
vasculature and by increasing MDSC production of ROS and ARGI
(Markiewski et al., 2008).

2.6 S100A8/A9

ST00AS/ A9 proteins are pro-inflammatory danger signak. They are calcium
binding proteins that are localized in the cytoplasm or nucleus of myeloid
celk, and are released in response to cell damage, infection, or inflammation.
Mice deficient in S100A9 reject transplanted umors, while elevated expres-
sion of S100A8/AY in solid tumors perpetuates inflaimmation by che-
moattracting leukocytes that produce additonal inflammatory molecules
(Cheng et al., 2008; Sinha et al., 2008). MDSCs are one of the leukocyte
populations that are chemoattracted by S100A8/A9, and chemoattraction
is dependent on signaling through receptor for advanced glycation end-
products (RAGE) (Sinha et al., 2008). Heterodimeric ST00AB/ A9 mediates
it’s pro-inflammatory effects by binding to the plasma membrane receptors
TLR4, carboxylated N-glycans, RAGE, or heparin sulfate (Bresnick,
Weber, & Zimmer, 2015). MDSCs amplify their own accumulation by
secreting S100A8/A9, thus creating a selfsustained feedback loop (Sinha
et al., 2008).

2.7 High-Mobility Group Box 1

HMGB1 is the second most abundant protein within a cell and is released
from myeloid cells as a danger response to sepsis, infection, or arthntis.
HMGB1 can signal through a number of receptors including throm-
bospondin, CID24, TLR2, 4, 7, and 9, as well as RAGE. HMGB1 consists
of two functional domains, the A and B boxes, and an acidic tail. The A box
is a RAGE antagonist and prevents HMGB1-mediated release of IL-1p and
TNFua. The B box and part of the linker before the acidic tail is a RAGE
agonist with pro-inflimmatory properties (Bianchi & Manfredi, 2007).
The B box signak via TLR4 on macrophages which initiate the release of
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IL-1p, IL-6, TNFa, MIP-2, and IL-10. The A box is anti-inflammatory as it
prevents HMGB 1-mediated release of IL-1p and TNFa. Whether HM GBI
functions in a pro-inflimmatory or ant-inflammatory manner is determined
by its redox state. In the normal extracellular environment, the disulfide
bridge between residues Cysy; and Cysys maintains the A box in a dysfunc-
tional conformation, so the B box is exclusively active. With inflammation,
the microenvironment becomes oxidatvely stressed and ROS is produced.
ROS terminally oxidizes Cysas and Cysys, thereby breaking the disulfide
brdge and allowing A box to resolve the inflammation (Venereau
et al, 2012).

Elevated levels of HMGB1 are associated with numerous cancers and
are known to directly promote tumor growth. However, HMGB1 also
drives umor progression by modulating MDSCs. Inhibition of HMGB1
prevents the expansion of MDSCs from bone marrow progenitor cells
i vitro, demonstrating that HMGB1 is required for the differentiation
of MDSCs. In vive inhibition of HMGB1 in tumor-bearing mice reduces
MDSC levels in the tumor, spleen, and blood, confirming HMGBE1
as a driver of MDSCs. MDSC-mediated downregulation of T cell
L-selectin (CD62L) is also HMGB1 dependent, since HMGB1 increases
MDSC extracellular expression of A disintegrin and metalloproteinase
17 (ADAMI17), a protease that cleaves L-selectin. Secretion of the
protumor cytokines IL-10 and IL-1p by MDSCs 15 also increased
by HMGB1 (Parker, Sinha, Hom, Clements, & Ostrand-Rosenberg,
2014), and HMGB1-driven MDSC accumulaton facilitates metastasis
(Li et al., 2013). Preliminary studies indicate that HMGB1 mediates its
effects on MDSCs through RAGE and/or TLR4 (K.H. Parker &
S. Ostrand-Rosenberg, unpublished). HMGBI1 also binds to other recep-
tors, but it is unknown if MDSCs are activated through additional
rece ptors.

2.8 IL-1f, IL-6, and Indoleamine 2,3-Dioxygenase

The causative relatonship between inflammation, cancer, and immune sup-
pression was first proposed following the finding that IL-1p was a potent
inducer of MDSC accumulation and suppressive activity (Ostrand-
F.osenberg & Sinha, 2009). Mice bearing 4T1 tumor cells that were trans-
fected to consttvely express high levels of IL-1f exhibit increased MDSC
accumulation and more suppresive MDSCs compared to mice bearing
parental 4T1 tumors. 4T1 tumor-bearing mice that lack the IL-1 receptor
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antagonist, an inhibitor for IL-1f, also develop elevated levek of MDSCs
that are more suppressive. Similarly, mice deficient for the IL-1R display
slower tumor growth and their MDSCs are less suppressive (Bunt et al,,
2006, 2007; Elkabets et al., 2010; Song et al., 20053). Since IL-1P induces
the production of other mediators, including VEGF, IL-6, PGE,, and
GM-CSF, some of the effects of IL-1f on MDSCs may be indirect. 4T1
tumor celk transfected to consamtvely express IL-6 induce elevated levels
of MI?SCs and restore MDSC levels in mmor-bearing IL-1 receptor knock-
out mice, indicating that IL-6 effects on MDSCs are either downstream of
IL-1p, or have an overlapping mechanism of action with IL-1p (Bunt et al.,
2007). Since MDSCs produce IL-6 and IL-1f, these studies also raise the
question of whether MDSC production of IL-6 is regulated by IL-1p,
and if MDSC production of IL-1f enhances MDSC production of 1L-6.
Indole amine 2,3 dioxygenase (IDO), which is utilized by MDSCs as an
immune-suppressive mechanism, also regulates 1L-6, and tumor-bearing
O 1-deficient mice have less suppressive MIDSCs, reduced levels of
IL-6, and delayed primary mumor growth and metastatic disease (Smith
et al,, 2012). Provision of IL-6 to tumor-beanng indoleamine 2,3-
dioxygenase (IDO) knockout mice restores MDSC levek and suppressive
potency (Smith et al., 2012).

29 IL-17

IL-17 is a pro-inflaimmatory cytokine secreted by CID4 Th17 and CDE Tcl7
cels. Tumor growth is suppressed and MDSC levels are decreased in
IL-17-deficient mice, while administration of IL-17 raises MDSC levels
(He et al., 2010; Wang et al., 2009). 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 MDSCs (Yazawa et al.,
20013). The effects of IL-17 may be either direct or indirect. Most cells have
IL-17 receptors so MDSCs may be directly impacted. However, IL-17 trg-
gers the production of IL-6 which in tum activates STAT3, so many effects
on MDSCs may be directly mediated by IL-6 and indirecdy by IL-17
(Chatterjee et al., 2013; Wang et al., 2009).

3. MDSC ARE REGULATED BY MULTIPLE MOLECULAR
MECHANISMS

Multiple signal ransduction pathways, transcription factors, and micro-
RNAs (miRNAs) regulate MDSC accumulation and function (Fig. 3).
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Figure 3 Multiple signal transduction pathways, transcription factors, and microRNAs
regulate MDSC accumulation and function. (A) The differentiation of MD5Cs from
HSC and CMP is regulated by the transcription factors IRF-8, Notch, STATE, and STAT3.
IRF-8 and STATE regulate normal myelopoiesis and the differentiation of CMP to mature
granulocytes and DCs. During abnormal myelopoiesis, which accurs in individuals with
cancer, immature myeloid cells fail to terminally differentiate giving rise to elevated
levels of MDSCs. Notch inhibits the differentiation of MD5Cs, while CK2 blocks Notch
and thereby increases MD5SCs. STAT3 promotes MDSC development and suppressive
potency. (B) Tumor and host cells produce multiple inflammatory molecules that per-
turb myelopoliesis and induce the expansion of MDSCs by activating orinactivating tran-
scription factors. Pro-inflammatory mediators in the tumor microenvironment, such as
IL-10, HMGE1, and GM-CSF, drive the expansion of MDSCs by activating C/EBPJ, NF-«kB,
STAT1, STAT3, and miRNA-494 and downregulating IRF-8. Indu ction of miRNAs 146a and
223 prevents the expansion of MDSC. miRNA-494 promotes the expression of MMPs
and inhibits PTEN function resulting in STAT3 induction. miRNA-146a inhibits NF-xB sig-
naling, while miRNA-223 blocks C/EBPR from binding to the c-myc promoter which
downregulates STAT3 expression. (C) MDSC function is positively regulated by C/EBP,
MNF-xB, HIF-1a, STAT1, STATG, and STAT3. The miRNAs 155 and 21 inhibit PTEN and
SHIP1, negative regulators of STAT3, resulting in the activation of STAT3 and increased
MDSC function. miRNAs 17-5 and 20a have the opposite effect by blocking STAT3 and
ROS which negatively regulates MDSC function. MDSCs the mselves also promote tumor
growth by activating miRNA-101 in cancer cells.
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3.1 Signal Transducer and Activator of Transcription 1

MDSC function is positively regulated by STATL. STAT1 is activated by
IFNy or IL-1p and regulates the inducton of NOS2 and ARGI1
(Kusmartsev & Gabrilovich, 2005). MDSC accumulition is also dependent
on STAT1 as tumor-bearing mice deficient in STAT1 exhibit reduced
MDSC levels (Hix et al., 2013). Whether IFNy is the ligand that actvates
MO-MDSCs is unclear. Early studies indicated that IFNy was essential for
the development of MO-MDSCs (Movahedi et al., 2008); however, subse-
quent experiments demonstrated that MIDSC function, accumulation, and
phenotype are independent of IFNy as mmor-bearing IENy™ ™ IFNy ™,
IFNYR ™", and IENYR ™" mice with equal-sized tumors contained equal
numbers of equivalently suppresive MDSCs (Sinha, Parker, Hom, &
Ostrand-R.osenberg, 2012).

3.2 Signal Transducer and Activator of Transcription 3 and 6

MDSC accumuliion and function are enhanced by activation of both
STAT3 and STAT6. Activation of STAT6 occurs from the binding of
IL-4 or IL-13 to IL-4Rau resultng in the upregulation of AR.G1 and TGFp
(Bronte et al, 2003; Sinha, Clements, & Ostrand-Rosenberg, 2005a;
Terabe et al., 2003). In STAT6-deficient mice, signaling through IL-4Ru
does not occur, MDSCs are less suppressive and accumulate more sowly,
and spontaneous metastatic disease 15 delayed (Sinha, Clements, &
Ostrand-Rosenberg, 2005b). STAT3 activation increases the half-life and
proliferation of both human and mouse MDSCs by driving the expression
of the antapoptotic genes Bel-xL, c-myc, and the proliferation gene cyclin
I (Nefedova et al., 2005; Xin et al., 2009). STAT?3 also increases the dif-
ferentiation of MDSCs by inducing the pro-inflimmatory mediators
S100AB/A9 (Cheng et al., 2008) and by downregulating the transcription
factor PKCP 11 in hematopoietic progenitor cells (Farren, Carlson, &
Lee, 2010). Since MDSCs and DCs are derived from a common progenitor
cell, the increase in MDSC differentiation is accompanied by a decrease in
DC expansion. In addition to regulating MDSC expansion, STAT3 also
enhances MDSC suppressive activity (Kujawski et al,, 2008). Tumor-
derived exosomes containing heat-shock protein 72 on their membranes
induce MDSC production of IL-6 which subsequently acavates STAT3
and increases MDSC-mediated T cell suppression (Chalmin et al., 2010).
C/EBPp is another ranscription factor activated by STAT3. Activated
C/EBPf binds to the c-myc promoter and induces c-myc expression which
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sumulates cell proliferaton. C/EBPP is a key molecule for induction of
MDSCs since multple factors (GM-CSF, G-CSF, and IL-6) activate
MDSCs via C/EBPR, (Mango et al., 2010). C/EBPp regulaton of MDSCs
is assocated with chop. ROS produced by tmumors upregulates MDSC
expression of chop (Thevenot et al., 2014). Chop expression in MDSCs
activates C/EBPP and induces STAT3 signaling. MDSCs from chop-
deficient mice have decreased ability to inhibit T cell proliferation and accu-
mulate to lower levels. This reduced accumulation and decreased potency of
MDSCs is attributed to lower levels of IL-6 and reduced phosphorylation of
STAT3. Overexpression of IL-6 in chop-deficient mice rescues MDSC sup-
pressive activity (Thevenot et al., 2014).

MDSC producton of ROS is ako regulated by STAT3. R.OS are gen-
erated intracellularly by the NAD(P)H oxidase enzyme complex (NOX),
which consists of membrane-bound gp9l and p22, and cytosolic p40,
p47, and p67. This complex catalyzes the production of superoxide through
the reduction of oxygen, with NAIP)H serving as the one electron donor.
Activation of STAT3 increases R OS levels through upregulation of p47 and
gp91 (Corzo et al., 2009); however, it is not known which of the several
activators of STAT3 upregulate p47 and gp91. Solid tumors contain oxida-
tively stressed hypoxic regions, and cells within these regions contain act-
vated hypoxia-inducible factor-1 alpha (HIF-1a). Activated HIF-1a
induces STAT3 signaling. Therefore, STAT3 inducton of ROS may be
regulated by HIF-1a.

3.3 Nuclear Factor Kappa-Light-Chain-Enhancer

Activation of NFxB also promotes MDSC accumulation and functdon and
occurs following ligation of MyD88-dependent TLRs. Exposure to a vari-
ety of pro-inflimmatory mediators including S100A8/A%, HMGBI, and
IL-1p activates the NF-xB pathway in MDSCs (Parker et al., 2014; Sinha
et al., 2008; Tu et al., 2008).

3.4 Interferon Regulatory Factor-8

Interferon regulatory factor 8 (IRF-8) is a transcription factor thatis essential
tor the normal development of granulocyte/monocyte lineage cells. IRF-8-
deficient mice have myeloproliferative disorders and accumulate high levels
of MDSCs. Expression of IRF-8 1s downregulated by G-CSF and GM-CSF,
so treating mice with these cytokines blocks IR F-8 activation and drives the
accumulaton of MDSCs (Stewart, Liewehr, Steinberg, Greenelwch, &
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Abrams, 2009; Waight et al., 2013). TR F-8 may also negatively regulate
MDSC survival as IRF-8 downregulates antapoptotic genes Bel-2 and
Bel-xL and upregulates the proapoptotic gene caspase-3 (Burchert et al.,
2004: Gabriele et al., 1999). Inhibiton of Bcl2 and Bel-xL enhances
MDSC susceptibility to Fas-mediated apoptosis (Hu et al., 2013).

3.5 Notch

Another transcnption factor implicated in the development of MIDSCs from
hematopoietic progenitor cells is Notch. Notch signaling permits the differ-
entiaion of MDSCs inte D Cs. Inhibition of notch signaling by casein kinase
2 (CK2) drives abnormal myeloid cell differentiation (Cheng et al., 2014).

3.6 Hypoxia-Inducible Factor-1 Alpha

The HIF complex consists of the subunits HIF-1a and HIE-1p, both of
which are constitutively expressed. Hypoxia stabilizes HIF-1a and allows
it to translocate from the cytoplasm into the nucleus where it dimerizes with
HIF-1p. The HIF complex upregulates multiple target genes (e.g., VEGF,
NOS2, and MMPs) by associating with their hypoxia response elements.
HIF-1w 15 overexpressed in vanous cancers, where it increases MDSC
expression of AR G1 and NOS2, rendering MDSCs more immune suppres-
sive and facilitating their convemion to tumor-associated macrophages
(TAMs) (Corzo etal., 2010). The capacity of HIF-1a to modulate the func-
tion of MDSCs highlights the plasticity of MDSCs and further demonstrates
that MDSC function is governed by their environment.

3.7 MicroRNAs

miR NAs are noncoding single-stranded B.NAs approximately 22 nucleo-
tides long that regulate gene expression. miF.NAs in the RNA-induced
silencing complex bind to complementary target mRNAs causing target
mBR.NA degradation. The generation of miRNAs is regulated by cell-
and tissue-specific ranscription factors as well as proteins involved in the
processing of miRNA, both of which can be influenced by chronic inflam-
mation (El Gazzar & McCall, 2012).

miRNAs enhance and inhibit MDSC accumulaton and suppressive
potency. For example, miRNAs 146a and 223 prevent MDSC accumula-
tion (Boldin et al., 2011; Liu et al., 2011). miRNA-146a blocks inflamma-
tion, while miRINA-223 is needed for the development of granulocytes. In
contrast, mi R NAs 494, 155, and 21 facilitate the accumulation of MIDSCs.
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mi R NA-494 induces MMPs 2, 13, and 14 which dnve MDSC growth and
survival signals, and by inhibiting phosphatase and tensin homolog (PTEN)
which promotes STAT3 activation (Liu et al., 2012). miRNAs 155 and
21 promote MDSC accumuhton by activating STAT3, which, as previ-
ously discussed, drives both MDSC accumulation and suppressive potency
(Li et al., 2014). miRNAs also negatively regulate MDSC suppressive func-
tion. These include miRNAs 17-5 and 20a which silence STAT3, thereby
reducing MDSC production of ROS and hydrogen peroxide (H.0-)
(Zhang et al., 2011).

MDSCs ako use miRNAs to modulate cancer cell growth. An example
is the MDSC-mediated activation of miRNA-101 in ovarian cancer cells
(Cuietal, 2013). miRNA-101 increases cancer cell stemness as well as met-
astatic and tumorigenic potential (Cui et al., 2013).

3.8 MDSC Turnover

MDSC mmover in vitro and in vive varies with tumor type, with half-life
ranging for only a few days. T cells may contnbute to this mpid mmover
since when activated, T cells express FasL and cause apoptosis of Fas™
MDSCs. Inflammation counteracts the T cell effect by increasing MDSC
resistance to Fas-mediated lysis (Chomoguz et al., 2011; Sinha et al., 2011).

4, MDSCs UTILIZE A NETWORK OF EFFECTOR AND
SIGNALING MOLECULES TO MODULATE THE
INFLAMMATORY MILIEU AND DECREASE IMMUNE
SURVEILLANCE

MDSCs utilize multiple suppresive mechanisms to induce a
tolerogenic, tumor-promoting environment. MDSCs directly suppress
T cells by starving them of amino acids, inducing apoptosis, reducing hom-
ing to lymph nodes, or inhibiting their intracellular signaling pathways
required for activation. MDSCs also indirectly suppress T cells by altering
the ability of antgen-presenting cells (APCs) to activate T cells and by
inducing immunosuppressive T regulatory cells (Tregs). In addition,
MIDSCs impact other cells involved in an antitumor response because they
alter the inflaimmatory milieu in the TME by cros rlk with macrophages,
tumor cells, and MCs. These mechanisms are described below and are illus-
trated in Fig. 4.
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Figure 4 MDSCs suppress T cells and regulate the inflammatory milieu by multiple
mechanisms. MDSCs regulate antitumor immunity by (i) secretion of IL-10, which
induces Tregs; (ii) secretion of IL-6 and TGFf, which induces Th17 cells;
(iii) production of ROS and TGFf, which inhibits NK cell function; (iv) degradation of
amino acids essential for T cell activation and proliferation; (v) production of NO and
0, , 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 protumor environment.
Question marks denote an unknown mechanism or signaling molecule.
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4.1 MDSC Depletion of Amino Acids

Following inital contact with antagen, T celk undergo metabolic changes
that are essential for their activation and clonal expansion. MIDSCs limit sev-
eral amino acids necessary for these processes and thereby inhibit T cell aca-
vaton. An early event of amino-acid starvation is the accumulation of empty
aminoacyl tRRNAs, which activate senine—threonine kinase GCN2. GCN2
phosphorylates elF2a, which binds elF2B and suppresses the trandation ini-
tation 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 transeription of genes required for
the synthesis of amino acids (Wang & Green, 2012). MDSCs deplete the
local environment of r-arginine (L-Arg), r-tryptophan (-Trp), and
L-cysteine (1-Cys) through different mechanisms.

One of the first suppressive mechanisms attributed to MDSCs was the
inhibition of T cell activation and proliferation by the depletion of L-Arg.
L-Arg is a nonessential amino acid and s a substrate for several enzymes:
(i) NOS 1, 2, and 3 which metabolize L-Arg into L-citrulline and nitric oxide
(NO); (i1) ARG 1 and 2 which convert 1-Arg to r-ornithine and urea;
(i11) arginine:glycine amidinotransferase which ransfers the amidino group
from r-Arg to r-glycine, yielding r-ornithine and glycocyamine; and
(iv) arginine decarboxylase, which catalyzes the reacton of L-Arg to
agmatine and CO; (Bronte & Zanovello, 2005).

In the absence of L-Arg, T cells decrease their expression of CD3L, which
is required for signal transduction through the antigen-specific T cell recep-
tor (TCR) (Rodnguez et al., 2002; Zea et al., 2004). 1-Arg-depleted T cells
are arrested in Gg=Gy due to the failure to upregulate cyclin D3 and cyclin-
dependent kinase 4 (cdk4). Cyclin D3 and cdk4 are not upregulated due to
decreased mRINA stability and lower translation rates (Rodrguez et al.,
2010). Despite their inability to proliferate, 1-Arg-starved T cells express
early activation markers and secrete IL-2, indicating that the early events
of T cell activation are not r-Arg dependent (Fletcher et al., 2015).
In vivo studies confirmed the cntical role of MDSCs in - Arg depletion since
renal cell carcinoma patients and mice with chronic inflammation have ele-
vated levels of MDSCs and low levels of serum 1-Arg, which is correlated
with decreased T cell activation (Ezernitchi et al., 2006; Zea et al., 2005).
Depletion of -Arg is mediated by ARGI1, and MDSC synthesis of
ARGI is regulated by PGE, (Rodriguez et al, 2005). Tumor-derived
MDSCs deplete their local environment of 1-Arg by intemabzing 1-Arg
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through the cationic amino-acid ransporter 2B (Rodniguez et al., 2004) and
by secreting ARG1 (Rodriguez et al., 2009).

L-Trp metabolism by MIDSCs also facilitates T cell suppression. MDSCs
express 1120, which degrades the essential amino-acid -Trp into
N-formylkynurenine. DO causes T cell suppression by enhancing
GCN2 kinase in a similar manner as 1-Arg starvation (Munn et al., 2005).
Expression of IDO in MDSCs is regulated by STAT3 (Yu et al., 2013).
However, not all MDSCs express IDO (Smith et al., 2012), indicating that
IO is not a universal mechanism utilized by MDSCs to suppress T cell
activation.

MDSCs also prevent T cell activation by sequestering 1-Cys. In the
extracellular oxidizing environment, 1-Cys exists as the dipeptide cystine
(1-Cyss). Natve T cells must acquire t-Cys from APCs because they lack
the cystine transporter X, and therefore cannot import L-Cys,, and can-
not de novo synthesize 1-Cys because they lack cystathionase, the enzyme
that converts methionine to 1-Cys. MDSCs also lack cystathionase and
therefore must scavenge 1-Cys,. Since MDSCs do not export t-Cys
due to their lack of the neutral amino-acid alanine-serine-cysteine trans-
porter 1 (ASC), high levels of MDSCs quickly deplete their local envi-
ronment of L-Cys,, thereby limiting the ability of APCs to provide T cells
with 1-Cys. The role of MIDSCs and their biological relevance in 1-Cys
depletion is supported by the correlation between high levels of MDSCs
and reduced serum 1-Cys; in tumor-bearing mice (Srivastava, Sinha,
Clements, Rodrnguez, & Ostrand-Rosenberg, 2010). Since activated
T cells express x.~, theoretically they should be resistant to this suppres-
sive mechanism (Levring et al., 2012). However, since AR G1 production
by MDSCs suppresses T cell activation, it is unclear if T cell upregulation
of x. 1 functionally relevant.

4.2 MDSC Production of NO

NOS ako catabolizes 1-Arg and contributes to MDSC-mediated immune
suppression (Bronte & Zanovello, 2005; Raber et al., 2014). MDSCs pro-
duce NO by the action of NOS2 and NOS3. PMN-MDSCs are
NOS2"NOS3™, while MO-MDSCs are NOS2'NOS3'™™  (Raber
et al., 2014). NOS2 generates more NO than NOS3 and is induced by
pro-inflammatory cytokines, endotoxin, hypoxia, and oxidative stress,
while NOS3 is consttutvely expressed (Fukumura, Kashiwagi, &

Jain, 2006).
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MNO is labile and reacts with multiple compounds to produce many toxic
and regulatory factors. For example, NO reacts with (i) cysteine thiol groups
on proteinsand peptides, which form S-nitrosothiols, thereby altennga pro-
tein’s tertary structure; (i) superoxide anions (O, ), which form per-
oxynitrite (PNT, ONOOQO™), a molecule that alters protein structure;
(i) divalent cations (e.g., Fe™  and Zn”"), which regulate the function of
varous transcription factors and enzymes; (iv) nucleic acids, which cause
mutagenesis; and (v) unsaturated lipids, which lead to the formation of nitro-
lipids that can have pro- or anti-inflaimmatory activity (Bogdan, 2015). Since
NO influences many biological processes, it is not surprising that NO is
capable of pro- and antitumor activity. NO can induce tumor—cell apoptosis
and inhibit metastasis, or enhance tumor-cell invasion, proliferation, and
angiogenesis (Fukumura et al.,, 2006). However, MDSC-produced NO
negatively impacts T cells. NO inhibits JAK3, STATS, ERK, and AKT,
which prevents IL-2 signaling, thereby impairing the generation of effector
and memory T cells (Mazzoni et al, 2002). NO directly inhibits these
signaling proteins by S-nitrosothiolation, or indirectly by activating
guanylate cyclase and cyclic-GMP-dependent kinases (Serafini, 2013).
S-nitrosothiolation of ARG1 enhances ARG affinity for t-Arg which
subsequently increases ARG1 activity, thereby establishing a synergistic
relationship between ARGI1- and NO-mediated immune suppression
(Santhanam et al., 2007).

4.3 MDSC Production of ROS

NOX is a membrane-bound enzyme complex that is utilized by MDSCs to
suppress T cell activation. MDSCs from tumor-bearing mice have enhanced
expression of the NOX subunits gp91, p22, and p47 and produce more
R.OS than MDSCs from tumor-free mice (Corzo et al., 2009). NOX gen-
erates superoxide which spontaneously reacts with many molecules to pro-
duce avariety of ROS including H, O, hydroxyl radical, and hypochlorous
acid. These ROS damage proteins, lipids, and nucleic acids, thereby enhanc-
ing inflammation and promoting apoptosis. For example, H20 5 production
in cancer patients reduces T cell producton of cytokines and expression of
CD3L (Schmielau & Finn, 2001). Superoxide also reacts with NO to form
PNT, which is produced by PMN-MDSCs through the action of gp91 and
NOS3 (Raber et al., 2014). PNT nitrates/nitrosylates the TCR and MHC
(Lu & Gabrilovich, 2012), thereby disrupting TCR-MHC 1/peptide
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binding and rendenng mmor cells resistant to CTL-mediated apoptosis
(Lu et al., 2011). Due to the short half-life of PNT, these reactions are lim-
ited to short distances and require close cell-to—cell contact. PNT also reacts
with the chemoattractant CCL2, thereby inhibiting T cell infiltration into
tumors (Molon et al., 2011).

4.4 MDSCs Inhibit T Cell Migration by Downregulating L- and
E-Selectins

Actvaton of mmor-reactive T cells requires entry of naive T cells into
tumor-draining lymph nodes or migration to the TME. L-selectin mediates
the first step in extravasation by facilitating T cell adhesion to high endothe-
lial venules (HEVs). Naive T cells with low expression of L-selectin do
not adhere efficiendy to HEVs and fail to enter lymph nodes (]. Mihich,
S. Evans, S. Abrams, & S. Ostrand-Rosenberg, unpublished data). In
tumor-bearing mice, MDSCs prevent T cell entry into lymph nodes by
downregulating L-selection through their extracellular expresion of
ADAMI17, the enzyme that cleaves L-selectin on naive T cells (Hanson,
Clements, Sinha, Ilkovitch, & Ostrand-Rosenberg, 2009; Parker
et al., 2014).

In squamous cell carcinoma padents, MDSCs also prevent the homingof
T celk to tumor sites by downregulating E-selectin on tumor vessek. In
order for T cells to adhere to mumor vessels and subsequendy enter the mumor
mass, they must first bind to E-selectin. However, NO produced by MIDSCs
decreases E-selectin levek, thereby limiting T cell acces to tumor (Gehad
et al., 2012).

4.5 MDSCs Express Programmed Death-Ligand 1

Tumor cells escape anttumor immunity through their expression of
programmed death-ligand 1 (PD-L1). When PD-L1 binds to its receptor
PD-1 on T cells, it induces T cell exhauston/apoptosis. MDSCs from
some tumor-bearing mice and patients express PD-L1 (Youn, Nagaraj,
Collazo, & Gabrilovich, 2008; Zhang, Wang, et al., 2013). Some tumor-
infiltrating MIDSCs have elevated expression of PD-L1 due to hypoxia-
induced upregulation of HIF-1a (Noman et al., 2014). However, MDSCs
do not universally express PD-L1, and PD-L1 blockade does not always
decrease MDSC suppressive activity (Youn et al., 2008).
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4.6 MDSCs Induce Tregs and Th17 Cells

Tregs play an important role in the control of immune reacavity againstself-
and non-self-antigens, and in some animal models, they protect umors from
antitumor immunity. Tregsare characterized as CD4” FoxP3™ cells. MDSCs
induce/expand Tregs in vitro and in vive in multiple tumor models (Adeegbe
etal., 2011; Huang et al, 2006; MacDonald et al., 2005; Zoso et al., 2014).
MDSCs induce Tregs by secreting 1L-10 and TGF (Hoechst et al., 2008;
Huanget al., 2006) and activate Tregs by presenting tumor-specific antigens
inan AR G-dependent and TGFf-independent manner (Serafini, Mgebroff,
Noonan, & Borrello, 2008). MDSC expression of CID40 is required for
MDSC-mediated Treg induction, since CD40-deficient MDSCs do not
drive Treg expansion (Pan et al., 2010). Given the link between MDSCs
and Tregs, therapies targeting MDSCs may ako reduce Treg populatons.
Th17 cells are a pro-infimmatory CD47 T cell subset
(CD4 RORtTIL-177). Since they have both pro- and antitumor effects,
their role in antitumor immunity is controversial (Ye, Livergood, & Peng,
2013). MDSCs induce Th17 celk by producing IL-6 and TGF (Chatterjee
et al., 2013). IFNy- or TNFa-activated MDSCs also recruit Th17 cells
through their production of CCL4, which s a Thl7 chemoattractant
(Ortiz et al., 2015). As previously mentioned, IL-17 drives the accumulation
of MDSCs, Therefore, MDSCs and Th17 cells may induce each other.

4.7 MDSCs Impair NK Cell-Mediated Cytotoxicity

MDSCs impair NK function via contact-dependent mechanisms. MDSCs
produce TGFEp and H,O; which decrease NK cell expression of the activat-
ing receptors NKG2D, NKp46, and NKp44, thereby making NK cellsmore
difficult to activate (Elkabets et al., 2010; Mao et al., 2014). MIDDSCs also
decrease the ability of NK cells to induce apoptosis by downregulating
NK cell production of perfonn which is essential for NK-mediated target
cell lysis. In addition, MDSCs suppress NK cells by limiting their response
to IL-2, a growth factor that enhances NK cell proliferation and cytolytic
activity (Liu et al., 2007).

4.8 Cross Talk Between MDSCs, Macrophages, Tumor Cells,
and MCs Enhances Inflammation and Promotes MDSC
Suppressive Activity

Solid mmors are a complex and frequently inflamed microenvironment. Both
tumor and host (macrophages, DCs, MCs, MDSCs, and fibroblasts) cells
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within solid tumors participate in cross talk that regulates the release of pro-
and ant-inflammatory cytokines and drive the accumulation and suppressive
function of immune-suppressive cells such as Tregs, TAMs, and MDSCs.

Macrophages can be either tumoricidal (M1-like) or mmor-promoting
(M2-like) (Sica & Mantovani, 2012). MDSCs subvert macrophages toward
an M2 phenotype through their production of IL-10 which downregulates
macrophage production of IL-12 and TNFa, while simultaneously enhanc-
ing macrophage production of NO (Beury et al., 2014; Sinha, Clements,
Bunt, Albelda, & Ostrand-Rosenberg, 2007). 1IL-12 downregulation is
mediated by both intact MDSCs and MDSC-derived exosomes (Burke,
Choksawangkarn, Edwards, Ostrand-Rosenberg, & Fenselau, 2014).
MDSC production of IL-10 involves TLR4 signaling and is increased by
inflammation and direct cell-to—cell contact with macrophages (Bunt,
Clements, Hanson, Sinha, & Ostrand-Rosenberg, 2009; Sinha, Clements,
Bunt, et al., 2007), and wvia the adenosine A2A receptor (Cekic, Day,
Sag, & Linden, 2014). MDSCs also decrease macrophage expression of
MHC II through both IL-10-dependent and -independent mechanisms
(P. Sinha, D. Beury, V. Clements, & 5. Ostrand-Rosenberg, unpublished)
and upregulate PD-L1 on macrophages in the liver (Ilkovitch &
Lopez, 2009).

MDSCs and tumor cells ako pardcipate in cross talk. Tumor cells
increase MDSC production of IL-6, and in tum, MDSCs enhance
tumor-cell production of IL-6. IL-6 also increases MDSC suppressive activ-
ity, butinhibits MDSC production of IL-10 (Beury et al., 2014). In addition,
tumor cells enhance MDSC production of IL-28, which facilitates tumor-
cell invasion, migration, and angiogenesis (Mucha, Majchrzak, Taciak,
Hellmen, & Krol, 2014).

MCs and MDSCs also interact. MDSC and MC cross talk drives inflam-
mation by increasing production of TNFa, CCL3, IL-4, IL-13, IL-6, and
CCL2 (Danelli et al., 2015; Martin et al., 2014; Saleem et al., 2012). The
latter two molecules are regulated by ligation of MC CD40OL to CID40
on MDSCs. Activated MCs release histamine which signals through hista-
mine receptors 1, 2, and 3 on MDSCs and enhances MDSC expression of
IL-4 and IL-13. Histamine upregulates AR.G1 and NOS2 in MO-MDSCs
and decreases ARG1 and NOS2 in PMN-MDSCs (Martin et al., 2014).
Since histamine increases MO-MDSC production of NO and down-
regulates immune-suppressive mediators of PMN-MDSC, the net effect
of histamine is to increase MO-MDSC suppressive activity (Danelli
et al., 2015).
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5. MDSCs IN NONCANCER SETTINGS

MDSCs are also elevated in noncancer settings, where they can be
either detrimental or beneficial. For example, elevated levels of MDSC
decrease immune responsiveness in patients with toxoplasmosis (Veisin,
Buzoni-Gatel, Bout, & WVelge-Roussel, 2004) and typanosomiasis
(Godii, Alcaide, & Fresno, 2002). MD5Cs are also elevated in mice with
antigen-induced autoimmune enterocolitis, where adoptive transfer of
additional MDSCs reduces disease symptoms, suggesting a protective role
for MDSCs (Haile et al., 2008). Likewise, mice with experimental auto-
immune encephalomyelitis have elevated levels of immune-suppressive
MIDSCs in their spleens and blood, which are likely to be beneficial in
limiting autoreactivity (Zhu et al., 2007). Elevated levels of MDSCs
are also found in the serum of patients with sepsis where they polarize
immunity toward an antibody-promoting Type 2 response (Delano
et al., 2007). Whether the MDSCs are beneficial or detnmental in sepsis
is unclear.

Both stress and aging are also associated with increased MDSC
levels. For example, postsurgery traumatic stress in mice is accompanied
by increased levels of splenic MDSCs that suppress T cell proliferation
by an ARGI1-dependent mechanism (Makarenkova, Bansal, Matta,
Perez, & Ochoa, 2006). Psychological stress in breast cancer patients
further elevates circulaing MDSCs (Mundy-Bosse, Thornton, Yang,
Anderen, & Carson, 2011). MDSCs also increase with aging as shown
in a study of adults ages 19-59, 61-76 (seniomns), and 67-99 (elderly).
The elderly cohort had the highest levels of MDSCs as well as increased
serum levels of IL-6 and IL-1f (Verschoor et al., 2013). Swdies in aging
mice similarly show increases in MDSCs (Grizzle et al., 2007; Hanson
et al., 2009).

MDD SCs have also been implicated in driving asthma, an allergy caused by a
hyper Th2 response that disrupts the normal Th1/Th2 balance. Children with
asthma have elevated serum levek of MIDSCs and [L-10, and reduced levels
of IL-12 (Zhang, Luan, et al, 2013). Since MDSCs produce IL-10 which
decreases macrophage production of IL-12 (Sinha, Clements, Bunt, et al.,
2007), MDSCs are likely increasing the seventy of disease by exacerbating
polarization toward a type 2 response. In contrast, in a mouse asthma model,
MIDSCs appear to reduce disease because injection of umor-derived MDSCs
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restored the Th1/Th2 balince by reducing the type 2 cytokine IL-4
and increasing the type 1 cytokine IFN-y (Song et al., 2014).

MDSCs may play a beneficial role in obesity, which is considered a
chronic low-grade inflammatory disease. Obese individuals have elevated
levels of MDSCs in their peripheral tisues. These MDSCs counterbalance
some of the detrimental effects of obesity by promoting insulin sensitivity
and reducing inflammation. This latter effect occurs because MDSCs in adi-
pose tissue skew macrophages toward an anti-inflimmatory M2 phenotype
(Xia et al., 2011), possibly by their production of IL-10. However, MDDSCs
may be detrimental in obese individuals undergoing vaccination, since mice
with diet-induced obesity and elevated levels of MDSC displayed decreased
antigen-specific T cell responses following vaccinagon (Chen et al., 2015).

Because of their immunosuppressive potency, MDSCs have been tested
as therapeutic agents for autoimmune diseases or when tolerance is required.
For example, adoptive transfer of bone marrow-generated MDSCs has been
used to combat graft-versus-host disease (Highfill et al., 2010), ameliorate
experimental autoimmune encephalomyelitis (loannou et al., 2012), aid
in the retention of allogeneic islet grafts (Chou et al., 2012), and induce
Tregs to protect against type 1 diabetes (Yin et al., 2010). MDSCs may also
be needed in mice to maintain matemal—fetal tolerance dunng the develop-
ment of allogeneic fetuses (P. Sinha & S. Ostrand-Rosenberg, unpublished).
The presence of elevated levels of immune-suppressive MDSCs in both
mice and women pregnant with allogeneic embryos further supports the
concept that MDSCs contribute to matemal—fetal tolerance and suggests
that reduced levek of MDSCs in pregnant women could lead to miscarfage
(Késtlin et al., 2014).

6. THERAPEUTIC TARGETING OF MD5Cs

Because of their central role in immune suppression, many investiga-
tors have focused on neutralizing MDSCs in individuals with cancer.
Strategies include targeting MDSC suppressive mechanisms, inducing
MDSCs to differentiate into nonsuppressive mature APCs, blocking devel-
opment of MDSCs, and killing of MDSCs. Table 1 lists recent approaches.
Older therapies are reviewed in Wesolowski, Markowitz, and Carson
(2013). It should be noted that none of these approaches universally
neutralize MDSCs.
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Table 1 Recently Reported Experimental Therapies Targeting MDSC Development, Viability, or Function

Therapy

Mechanism Model

Effect

“2aG4 (phosphatidyl- Reverses immunosuppressive

serine antibody)

LNCaP and PC3 prostate cancers

effects by phosphatidyl-serine (SCID mice)

Induces MDSC differentiation into
M1 macrophages and DC; reduces

MDSC numbers in tumor

P5_AZA (5- Inhibits DNA methyltransferase  TRAMP-C2 prostate adenoma  Reduces MDSC ARG expression,
azacytidine) and TC-1/A9 pancreatic adenoma VEGF production, and suppressive
(C57BL/6 mice) activity; reduces MDSC
accumulation.
“5-AZA+ENT ENT is a class [ HDAC inhibitor CT26 colon carcinoma and 4T1  ENT causes apoptosis of PMN-
(entinostat) mammary carcinoma (BALB/c MSDC in vitro, while 5-AZA has no
mice) effect on MDSCs; causes rejection of
tumor when 5-AZA +ENT is used in
combination with aPD-1+ aCTLA-4
immunotherapy
SABT-737 Inhibitor of Bel-2, Bel-xL, and CT26 colon carcinoma and 4T1  Increases MDSC susceptbility to
Bel-w mammary carcinoma (BALB/c FASL-mediated apoptosis; increases
mice) apoptosis of MDSC in vivo, not in vifro;
decreases MDSC accumulation
“Antaxinib VEGFR antagonist RENCA renal cell carcinoma Inhibits STAT3 in MDSC; decreases

(BALB/c mice)

MDSC ROS and ARG1; increases
MDSC apoptosts

'ATRA (all-trans
retinoic acid)

Agonist for retinoic acid receptor SCLC patients

Causes apoptosis of PMN-MDSCs;
differentiates MO-MDSCs to
macrophages and DCs; reduces
MDSCs in SCLC patients; enhanced
the number of responders to p53
vaccine

CD16XCD33 BiKE

Targets NK cells to CD337 cells  Myelodysplastic syndrome (MDS)

patients

Induces NK cell-mediated killing of
MDSCs

I . .
"Corosolic acid

(Triterpenoid from

apple pomace)

Blocks activation of STAT3 and
NF-xB; inhibits polarization of
macrophages to M2 phenotype

LMB85 osteosarcoma (C3H mice)

Reduces MDSC suppressive activity

‘Dopamine

Signals through D1-like DA
receptors which inhibited
MO-MDSC decreasing NO

LLC and B16 melanoma (C57BL/
6 mice)

Reduces MDSC suppressive activity

JGemcitabine +

Gemcitabine is a nucleoside Pancreatic cancer patients

No direct effect on MDSCs alone, but

Capecitabine analog. Capecitabine is a prodrug reduces MDSCs in patients receiving
that is enzymatically converted to GM-CSF as an adjuvant for GV1001
fluorouracil (GV1001 is a telomerase vaccine)

“Gemcitabine Rosiglitazone activates PPARy,  Panc02 pancreatic carcinoma Rosiglitazone reduces early MDSC

+ R osiglitazone thereby acting as an anti- (C57BL/6 mice) accumulation; combination therapy
inflammatory agent reduces late-stage MDSC

accumulation

132 PI3K inhibitor 4T1 mammary carcinoma Causes PMN-MDSC apoptosis; no

(BALB/¢ mice) effect on tumor growth alone; causes
tumor rejection in mice when used in
combination with aPD-1+ aCTLA-4
immunotherapy

"Lenalidomide Inhibits NF-kB, COX-2 activity, A20 lymphoma (BALB/c mice) Reduces MDSCs in vivo, but does not

(thalidomide and angiogenesis; has alter MDSC levels in naive mice

derivative) immunomodulatory effects
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Table 1 Recently Reported Experimental Therapies Targeting MDSC Development, Viability, or Function—cont'd

Therapy Mechanism Model Effect
TMI-319 HDM?2 inhibitor Human renal cell carcinoma (nude Reverses sunitinib-induced MDSC
mice) infiltration into tumor (sunitinib is a
RTK inhibitor and reduces
anglogenesis)
"Polyphenon Unknown mechanism Neuroblastoma mouse models: Differentiates MO-MDSCs into

E (green tea extract)

TH-MY CN transgenic mice,
human SHSY5Y (NOD/SCID
mice), Neuro 2A (A/] mice)

PMN-MDSCs; reduces suppressive
activity of MO-MDSCs; decreases
ARG1 in MDSCs

"SAR131675 Inhibits VEGFR-3 tyrosine kinase 4T1 mammary carcinoma Reduces the number of MDSCs in
(BALB/c mice) tumor; promotes M1 macrophages
PSilibinin Anti-inflammatory flavonoid 4T1 mammary carcinoma Reduces tumor volume, increases
(BALB/¢ mice) survival of tumor-bearing mice;
decreases total number of MDSCs
ITadalafil PDE5 inhibitor Human HNSCC patients Lowers MDSCs and Treg numbers;
increases tumor-specific CD8™ T cells
in a dose-dependent manner
"TCBA Restores Notch signaling EL4 lymphoma (C57BL/6 mice), Induces differentiation of MDSCs to
(tetrabromocinnamic CT26 colon carcinoma and DCs
acid) MethA sarcoma (BALB/c mice)
“Vemurafenib Inhibitor of B-RAFY®WE 4 Cutaneous melanoma patients Inhibits the release of soluble factors

mutation leading to constitutive
activation of MAP kinase pathway

from melanoma cells involved in the
generation of MO-MDSC in vitro;
decreases MO-MDSC in vivo

“Withaferin A (extract Antioxidant with antitumor
from ashwagandha

plant) and NF-kB activation

effects; inhibits Notch signaling

4T1 mammary carcinoma
(BALB/c mice)

Decreases MDSC production of ROS
and IL-10; decreases MDSC
suppressive activity; reduces MDSC
accumulation

*¥1in, Huang, Lynn, and Thorpe (2013).
h.\"l]k}":k()\v’.l et al. (20

“Kim et al.
Ay et al. (
“Yuan et al
‘Iclozan, Antomia, Chiappori, Chen, and Gabrilovich (2013).
5Gleason et al. (2014).

"Horlad et al
W et al. (2015).

'Annels et al. (2014).

Bunt, Mohr, Bailey, Grandgenett, and Hollingsworth (2013).
1Sakamaki et al. {2014).

"Panka, Liu, Geissler, and Mier (2013).
"Santilli et al. (2013).

“Espagnolle et al. (2014).

PForghani, Khorramizadeh, and Waller (2014).
TWeed et al. (2015).

"Cheng et al.
*Schilling et al. (2013).

*Sinha and Osmrand-Rosenberg (2013).
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7. CONCLUSIONS

MDSCs encompass a range of immature immune-suppressive mye-
loid cells. Their suppressive activity and accumulation are induced by many
inflaimmatory mediators with unique and redundant signaling pathways.
MDSCs inhibit antitumor immunity through several mechanisms including
(i) depleton of the local environment of the amino acids t-Arg, 1-Trp, and
1-Cys, which inhibits T cell activation and/ or proliferation; (ii) secredon of
NO, PNT, and ROS, which causes T cell apoptosis, inhibits peptide rec-
ognition by T celk, and inhibits T cell activation; (iii) induction of immu-
nosuppressive Tregs; and (iv) impairment of T cell wafficking to lymph
nodes. MDSCs also alter the inflammatory milieu by inducing inflammatory
Th17 cells, participating in cross talk with macrophages, tumor cells, and
MCs which promotes a protumor environment that enhances tumor-cell
growth, invasion, and metastasis. Therefore, neutralizing MDSCs s an obvi-
ous strategy to enhance natural angmumor immunity and boost the efficacy of
immunotherapies.

The concept of activating a patient’s immune system to destroy their
endogenous cancer cells has been a goal of immunotherapy for many years.
Unfortunately, many cancer immunotherapy clinical tnak have failed to
show therapeutic efficacy. MDSCs may be responsible for at least some of
these failures since they are present in many cancer patients, and have the
ability to prevent T cell activation. Analysis of blood samples from non-
responder patients indicated a correlation between lack of response and
MDSC levels (Kimura et al., 2013). Reegardless of the outcome of such std-
ies, it is likely that cancer immunotherapies involving in vivo activation or
proliferation of mumor-reactive T cells will require adjunctive treatment that
neutralizes MDSCs.

Accumulation and suppressive potency of MDSCs are regulated by a
complex milien of inflaimmatory mediators. Environmental conditions such
as hypoxia and inflammation act through similar signaling networks. These
networks converge on common transcription factors such as STAT3 and
NF-kB and regulate additional transcrption factors, miRNAs, and proteins
that mediate MDSC accumulation and suppression. Since multiple ligands
initiate signaling through these pathways, MDSC regulation is highly redun-
dant. This redundancy allows for the development of MDSCs under a broad
range of conditions and may explain why MDSCs are so widespread in can-
cer patients. The redundancy also complicates therapeutic approaches for
neutralizing MDSCs, since different inducers compensate for each other.

250



Turnor-Induced Myeloid-Derived Suppressar Cells 127

The past decade has seen remarkable progress in recognizing MIDSCs as
key players that inhibit antitumor immunity and facilitate tumor progres-
sion. Advances in understanding the mechanisms that drive MDSC accumu-
lation and function have also been extensive. Hopefully, these studies will
lead to the development of therapeutic strategies that are universally effec-
tive in neutralizing or eliminating MIDSCs in cancer patients.
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ARTICLE INFO ABSTRACT

Keywards: The tumor microenvironment is a complex miliew of tumor and host cells. Host cells can include tumor-
'Illlmurimmunir)' reactive T cells capable of killing tumaor cells. However, more frequently the tumor and host components
MIMUnE BsCape

Tumar microenvironment
Tumar-zssaciated macrophages

interact to generate a highly immune suppressive environment that frustrates T cell cytotoxicity and pro-
mates tumar progression through a variety of immune and non-immune mechanisms. Myeloid-derived
suppressor cells [MDSC) are a major host component contributing to the immune suppressive environ-

ment. In addition to their inherent immune suppressive function, MDEC amplify the immune suppressive
activity of macrophages and dendritic cells via cross-talk. This article will review the cell-cell interactions
used by MDSC to inhibit anti-tumor immunity and promote progression, and the role of inflammation in
promoting cross-talk between MDSC and other cells in the tumor microenvironment.

© 2012 Published by Elsevier Lid.

The past decade has seen a large expansion in the number of
experimental cancer immunotherapies being tested in clinical tri-
als. Despite isolated responses in some patients, most of these trials
have shown minimal impact on the clinical status of the majority
of patients, The exceptions have been trials focused on reducing
immune suppressive mechanisms that are present in most can-
cer patients, and include treatment with the mAbs ipilimumab
and MDX-1106 which inhibit Cytotoxic T Lymphocyte Activation-
4 (CTLA-4) [1,2] and Programmed Death-1 (PD-1) [3] inhibitory
malecules on T cells, respectively. In conjunction with extensive
animal data showing that immune suppression is wide-spread in
cancer patients, these clinical trials indicate that successful cancer
immunotherapy will necessitate decreasing/eliminating immune
suppressive mechanisms, In addition to suppression via molecules
such as CTLA-4 and PD-1, myeloid lineage cells constitute a net-
work of immune suppressive cells that are present in most cancer
patients and which profoundly inhibit the generation of anti-tumor
immunity. This network includes myeloid-derived suppressor cells
(MDSC), tumor-associated macrophages (TAMS), and dendritic
cells (DC). Each of these cell populations has inherent immune sup-
pressive activity which is enhanced through their interactions with
each other, These interactions can be either one-way interactions
or mutually beneficial interactions {cross-talk) that are often exac-
erbated by inflammation in the tumor micreenvironment. After
a brief description of each of these cell populations, this article

* COMESPONGNE JUNCT 3t UMBC, Dept. Biological Sciences, 1000 Hilltop Grcke,
Baltimore, MD 21250, United States. Tel.: +1 410 455 2237; fax: +1 410 455 3875
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will focus on how interactions and cross-talk between the var-
ious myeloid cell populations enhance immung suppression and
promaote tumaor growth,

1. Myeloid-derived suppressor cells (MDSC)

MDSC are immune suppressive immature myeloid cells that
are elevated in virtually all patients and experimental mice
with malignancies. MDSC include two major subpopulations of
cells: monocytic and granulecytic (polymorphonuclear) MDSC, as
defined by their expression of plasma membrane markers and their
content of immune suppressive molecules, They enhance tumaor
growth through both non-immune and immune suppressive mech-
anisms. Their principle non-immune mechanism is the promotion
of angiogenesis [4]. They inhibit both adaptive and innate anti-
tumor immunity through a variety of diverse mechanisms, (i) MDSC
inhibit T cell activation and function by producing reactive oxygen
and nitrogen species (RO% and RNS) which down-regulate or dis-
sociate the CD3-associated £ chain from the T cell receptor (TcR)
[5.6], by disrupting signaling through the IL-2 receptor [7], and by
preventing antigen/MHC peptide recognition by nitrating the TcR
[B] and MHC class | [9] molecules, {ii] MDSC deplete their envi-
ronment of arginine [10] and L-cysteine [11], amino acids required
for T cell activation and proliferation, (iii) MDSC disrupt T cell
migration to lymph nodes by releasing ADAM 17 which down-
regulates the homing receptor CDG2L (L-selectin) on T cells [12]
and they inhibit intratumaoral migration of effector CD&* T cells
by peroxynitrite modification of the chemoattractant CCL2 [13].
{iv) MDSC promote the expansion of natural T regulatory cells and
drive the development of induced T regulatory cells through their
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production of IL-10, TGFR, 1PN+ and through CO40-CD40L interac-
tions [14-16].

In addition to these mechanisms which directly affect CD4*
and CD8* T cells, MDSC also use diverse mechanisms to sup-
press innate immunity. They inhibit natural killer cell cytotoxicity
and inhibit NK cell production of [FNy through a cell-contact-
dependent mechanism [17-20] that involves membrane-bound
TGFR [17] or recognition of the NK cell receptors NKp30 [21]
or NKG2D [17]. Innate anti-tumor immunity is also impacted
by the effects of NKT cells on MDSC, There are two types of
MKT cells; NKT 1 or inducible NKT (iNKT) cells facilitate tumor
rejection [22] while MKT II cells promote tumor growth [23].
IL-13 production by NKT 11 cells increases the accumulation of
MDSC [23,24].

2. Tumor-associated macrophages

In healthy individuals macrophages are key cells that promote
host survival by regulating adaptive immunity, promoting wound
healing, and eliminating infectious agents {reviewed in [25]), Simi-
lar to MDSC, macrophages are a diverse population of myeloid cells
and facilitate tumor progression via both immunological and non-
immunological mechanisms. They form a continuwous spectrum of
cells that range in phenotype from M1-like or classically activated
macrophages to M2-like or alternatively-activated macrophages
[26]. M1-like macrophages are typically activated by IFNv and
lipopolysaccharide, and are characterized by their high expres-
sion of [L-12 and low expression of IL-10, This cytokine profile
promotes the development of a type 1 T cell response which facili-
tates anti-tumor immunity, In addition, M1-like macrophages can
be tumoricidal, In contrast, M2-like macrophages are activated by
IL-4, IL-13,1L-10, and glucocorticoid hormones, produce high levels
of IL-10 and low levels of IL-12, and promote tumor progression.
Recent studies have identified up to seven phenotypically dis-
tinct macrophage subpopulations within tumors, demonstrating
the complexity of this cell population [27]. Macrophage phe-
notype is driven by their local tissue microenvironment and
the tumor microenvironment strongly polarizes macrophages
towards an M2-like phenotype, giving rise to so-called “tumor
associated macrophages”™ (TAMs), In addition to their immune sup-
pressive activity, TAMs also promote tumor progression through
multiple non-immune mechanisms including facilitating angio-
genesis [28], promoting tumor cell invasion and metastasis
[29], and protecting tumor cells from chemotherapy-induced
apoptosis [30].

3. Dendritic cells

The major function of dendritic cells (DC) is to process and
present antigen for the activation of CD4* and CDE* T cells. Endo-
cytosis of antigen by immature DC drives DC maturation and the
subsequent presentation of antigen to T cells. However, the tumaor
microenvironment systemically perturbs this process by increasing
the accumulation of immature DC and decreasing DC maturation
[31]. As a result, DC fail to activate tumor-reactive T cells and/or
become tolerogenic. Defective dendritic cell function has been
found in many patients with a variety of cancers, as well as in
most mice with transplanted or spontaneous tumors [31-37], Mul-
tiple conditions and factors within the tumor microenvironment,
including hypoxia, lactic acid build-up, and adenosine accumula-
tion, cause DC abnormalities (reviewedin [ 38]). As discussed below,
many of these same conditions also foster cross-talk between the
myeloid cell populations.

4. Bidirectional cross-talk between MDSC and macrophages
exacerbates immune suppression

In individuals with tumors, the accumulation and suppressive
activity of MDSC and TAMs is initiated by factors produced by
tumor cells. Many of these factors act directly on MDSC and TAMs.
However, interactions between MDSC and macrophages further
exacerbate suppression by these cells by altering cytokine produc-
tizn and expression of cell surface molecules important for cellular
function (Fig. 1)

Tumoricidal M1-like macrophages have a phenotype of IL-
12MIL-10' and are activated by LPS and IFN~. However, co-culture
of LPS and IFM~-activated peritoneal macrophages with tumor-
induced MDSC for 16 h down-regulates macrophage production of
IL-12 by =80% [39]. Similar to MDSC suppression of T cell activa-
tion [7.40.41], MDSC-mediated down-regulation of IL-12 requires
MDSC-macrophage cell contact. MDSC produce high levels of IL-10
and IL-10 is a key cytokine for regulating IL-12 transcription [42].
Co-cultures of tumor-induced MDSC from IL-10-deficient mice
with wild type macrophages confirmed that MDSC production of
IL-10 mediated IL-12 down-regulation. Interestingly, macrophages
themselves exacerbate their polarization towards an M2 pheno-
type because they stimulate MDSC to synthesize more IL-10[39].

Increased MDSC production of IL-10 and decreased macrophage
production of IL-12 are also likely to impact CD4* T cells and natu-
ral killer {NK) cells, IL-10 drives the differentiation of type 2 CD4*
T (Th2) cells, while IL-12 induces differentiation of type 1 D4+
T (Th1] cells and NKE cells. Increased production of IL-10 and the
absence of IL-12 therefore favor the development of Th2 cellsand a
decrease in NK cells, Th2 cells counter-act the development of cyto-
toxic CD8* Tcells(CTL). They also produce IL-4 which contributes to
the development of tumor-associated macrophages [43]. Because
IL-10 is also a potent inducer of CD4* T regulatory cells {Tregs) [44],
MDSC-produced IL-10is also likely to facilitate the development of
Tregs.

MDSC and macrophage bidirectional cross-talk also alters
macrophage expression of MHC class 1l molecules, Although not
as efficient as DC, macrophages are effective antigen presenting
cells and cross-prime and cross-present both MHC class [ and MHC
class ll-restricted peptides, Co-culture studies with tumor-induced
mouse MDSC and macrophages demonstrated that MDSC signifi-
cantly reduced macrophage expression of MHC Il molecules, MHC
Il down-regulation required MDSC-macrophage cell-to-cell con-
tact and experiments with IL-10-deficient MDSC indicated that the
reduction was mediated by IL-10 produced by MDSC (Clements
and Ostrand-Rosenberg, unpublished results), IL-10 may down-
regulate MHC Il by increasing transcription of March 1, a ligase that
ubiquitinates the cytoplasmic tail of MHC Il molecules in mono-
cytes [45-47]. The net result is that macrophages are less effective
antigen presenting cells, further diminishing T cell activation and
enhancing immune suppression/tolerance.

Studies with human monocytes/macrophages and T cells
from mice with Leishmania donovani have demonstrated that
IL-10 and IL-12 are at least partially regulated through the
phosphatidylinositol-3-kinase (PI2K) - mammaliam target of
rapamycin (mTOR) pathway. In these reports, rapamycin, an
inhibitor of the mTOR pathway, reduced IL-10 production in
macrophages [48] and in Th2 CD4* T cells [49], and increased
IL-12 production in Th2 CD4* T cells [49). These findings
raised the possibility that rapamycin may inhibit macrophage-
MDSC cross-talk and reduce MDSC production of IL-10 and
restore macrophage production of IL-12. MDSC-macrophage co-
cultures treated with rapamycin produce less [L-10 and more
IL-12. However, rapamycin is only effective if both MDSC
and macrophages are present, indicating that the drug is
not acting directly on MDSC to inhibit IL-10 production or
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Fig. 1. Cross-talk between MDSC and macrophages polarizes immunity towards 2 type 2 response that promotes tumor progression. MOSC and macrophages interact
with each other through a variety of soluble mediates and cell contact-dependent mechanisms that enhance the suppressive activity of each cell type. Cross-talk results
in increasad production af IL-10, decreased production of IL-12 and 1L-6, and down-ragulation of macrophage MHE 1L The down-stream effects are the activation aof CD4*
Th2 and T regulatory cells and decreased antigen presentation which impair cytoboxic CO8+ T cell activity and impairment of N cell cytotaxicity. Green amows indicate
milecules that are increasad; small red arrows indicate maleoales that are decreasads large ura.nm‘r\ensemi-mnuararmwsinni:ate danor to I.'E‘ip’i!ﬂt cell effects.

directly on macrophages to promote IL-12 production (Clements
and Ostrand-Rosenberg, unpublished results). These findings
suggest that rapamycin or other mTOR inhibitors, may be
useful therapeutic agents to diminish MDSC-macrophage cross-
talk.

The bidirectional nature of MDSC-macrophage interactions sig-
nificantly amplifies the levels of IL-10 and decreases the levels
of IL-12. Therefore, in the tumor microenvironment where both
MDSC and macrophage co-exist, IL-10 and IL-12 levels are most
likely dramatically increased or decreased, respectively, relative to
the cytokine level of either cell population by itself. As a result,
MDSC-macrophage bidirectional cross-talk has the potential to fur-
ther enhance immune sUPPression.

5. Inflammation exacerbates bidirectional cross-talk
between MDSC and macrophages

The accumulation of MDSC as well as the immune suppres-
sive mechanisms used by MDSC are exacerbated by chronic
inflammation [50-53], and inflammation also increases cross-talk
between MDSC and macrophages (Fig. 2). The effect of inflamma-
tion on MDSC-macrophage cross-talk was demonstrated using two
approaches to increase the inflammatory miliew, In one approach,
tumor cells were transfected with the gene encoding IL-13 so
the tumor microenvironment contained heightened levels of IL- 13
which is upstream of many additional pro-inflammatory media-
tors, In a second approach MDSC were generated in IL-1 receptor
antagonist-deficient (IL-1Ra~'-) mice. In the absence of IL-1Ra,
mice cannot attenuate IL-1P signaling and therefore have height-
ened inflammation, MDSC induced under conditions of high IL-13
[*inflammatory™ MDSC) synthesize more [L-10 than MDSC induced
in less inflammatory settings (“conventional” MDSC), and the pres-
ence of macrophages further increases the production of IL-10
by inflammatory MDSC |54]. This increase in IL-10 is due to
macrophage production of IL-G since co-cultures of MDSC and
IL-G-deficient macrophages contain less IL-10 than co-cultures of
MDSC and wild type macrophages (Beury and Ostrand-Rosenberg,
unpublished results), Since IL-1B is a key regulator of IL-6 [55],

IL-13 most likely increases MDSC production of IL-10 by increas-
ing macrophage and MDSC synthesis of IL-6 which in turn increases
MDSC production of 1IL-10.

In addition to IL-13, pro-inflammatory bioactive lipids also
increase MDSC-macrophage cross-talk to promote immune sup-
pression, Prostaglandin E2 (PGE3), a product of arachidonic acid
metabolism, binds to all four prostanoid receptors (EP-1, -2, -3,
and -4} and Butaprost, a PGE; analogue that only binds to EF2,
both drive the differentiation of MDSC from c-kit* hematopoi-
etic progenitor cells [56). PGE; and Butaprost also increase MDSC
production of IL-10 in the presence of macrophages. In contrast
to the effects of IL-1B, this cross-talk-mediated increase in IL-10
dees not require MDSC-macrophage cell-to-cell contact, indicating
that strictly soluble factors are responsible (Clements and Ostrand-
Rosenberg, unpublished data).

At a mechanistic level, the increase in IL-10 is mediated by
signaling through MDSC-expressed TLR4 because MDSC from
TLR4-deficient mice do not have higher levels of IL-10, Inter-
estingly, macrophage-induced up-regulation of IL-10 by MDSC
also requires signaling through TLR4 on macrophages since TLR4-
deficient macrophages are unable to increase MDSC production of
IL-10.

The MDSC-macrophage cross-talk experiments described
above were performed in the presence of lipopolysaccharide (LPS),
a known activator of macrophages, Signaling through TLR4 typi-
cally involves the binding of LPS to the LPS binding protein, which
subsequently transfers LPS to the membrane-bound receptor CD14.
CD14 then complexes with TLR4 to initiate TLR4 signaling and
down-stream activation of NFxB [57]. CD14 levels are increased on
inflammatory MDSC during cross-talk with macrophages and this
increase is TLR4-dependent because TLR4-deficient inflammatory
MDSC do not display elevated levels of CD1 4 [54]. Therefore, inflam-
mation moest likely increases CD14 levels which may make MDSC
more responsive to LPS and other TLR4 activating ligands, thereby
driving MDSC production of IL-10 and the resulting in immune
SUppression.

As a result of their increased production of IL-10, inflamma-
tory MDSC are significantly more efficient at down-regulating
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macrophage production of IL-12. These findings demonstrate a
direct role of inflammation in promoting M2 polarization of
macrophages and thereby promoting immune evasion,

6. Inflammation increases MDSC-NK cell cross-talk

In addition to their cross-talk with other myeloid cells, MDSC
also impact NK cells and reduce their suppressive activity [18].
and inflammation increases these effects in a unidirectional fash-
ion [ 20]. NK cell differentiation is characterized by the expression of
(D27 onimmature MK cells and increasing expressionof CD1 1band
KLRG-1 as NK cells mature [58], Inflammation, via IL-1B, decreases
the levels of (D27 onimmature CDZ7* NK cells in the bone marrow,
and eliminates CD11b*KLRG-1* NK cells in the spleen. Inflamma-
tion also decreases NE cell expression of the NK cell activating
receptor NKG2D, presumably making it more difficult to activate
WK cells, and reduces NK cytotoxic activity. These effects are medi-
ated by a Ly subpopulation of granulocytic MDSC which are
preferentially expanded by IL-15 [20].

In contrast to the LyGC'™ MDSC population of the previous
paragraph, monocytic MDSC have been reported to express the
MK activating ligand Rael and activate NK cells through the NK
receptor NKG2D. NK cells activated by MDSC subsequently kill

MDSC [59]. This report and that of [20] each used only one tumaor.
Therefore, not enough studies have been completed using different
tumor systems to determine if NK cell suppression and activation
are characteristic of granulocytic LyGC and monocytic MDSC,
respectively, or if these findings are limited to the MDSC induced
by the particular tumors used in these reports,

7. MDSC-macrophage cross-talk reduces inflammation

Within the tumor microenvironment tumor cells and stro-
mal cells, including MDSC and macrophages, generate a pro-
inflammatory environment, Different tumor cells produce a
variety of pro-inflammatory mediators including prostaglandins,
cyclooxygenases, IL-G, TNFa, as well as many other mediators [60],
Although inflammation drives MDSC accumulation and suppres-
sive potency [53], and MDSC themselves produce inflammatory
mediators [61,62], MDSC also reduce inflammation through their
production of the anti-inflammatory cytokine IL-10, MDSC further
decrease inflammation by down-regulating macrophage produc-
tizn of the pro-inflammatory cytokine IL-6. This down-regulation
requires MDSC-macrophage cell-to-cell contact, and is enhanced
by rapamycin treatment { Beury, Clements, and Ostrand-Rosenberg,
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Fig 1. Cross-talk between MDSC and dendritic cefls impairs DC function and promotes tumor progression. Tumar-associated DC produce 1L-23 wiich reduces bumor
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unpublished results), consistent with the concept that IL-6 is at
least partially regulated by mTOR [63 ]

The ability of MDSC-macrophage cross-talk to both promote
and reduce inflammation may at first appear to be contradic-
tory. However, these dual functions may exist as mechanisms
to homeostatically balance the tumor microenvironment. Chronic
inflammation is needed to promote the development of MDSC
and TAMs; however, acute inflammation activates adaptive T
cell immunity with the potential to mediate tumor rejec-
tion. By modulating the inflammatory tumor microenvironment,
MDSC-macrophage cross-talk reduces the opportunity to activate
tumor-reactive T cells and thereby provides an environment for
immune escape and continued tumor progression.

8. MDSC-DC cross-talk contributes to DC dysfunction

In contrast to MDSC-macrophage interactions, there is less
information on cross-talk between MDSC and DC. As discussed
above, in many cancer patients the numbers of mature DC are
reduced and D function is deficient. Although multiple factors
are likely to contribute to DC dysfunction, evidence is accumulat-
ing that MD53C-DC cross-talk may at least be partially responsible.
In vitro studies in which mouse MD3SC were differentiated from c-
kit* bone marrow progenitor cells in the presence of IL-4, GM-CSF,
and PGEz demonstrated that the numbers of mature DC decreased
proportionately to the increasing numbers of MDSC [56). The dif-
ferentiation of murine DC was similarly reduced when mixtures
of murine myeloid cells were treated with LPS and IFN~ [G64]. IL-
10 produced by hepatocellular carcinoma-induced MDSC has also
been shown to decrease DC production of IL-12 [65]. Since MDSC
and DC share a commaon progenitor cell, the reduction in mature
DC observed in cancer patients may be due to the skewing of the

commaon MDSC/DC progenitor towards the preferential differenti-
ation of MDSC at the expense of DC (Fig. 3).

Recent in vitro studies assessing the effects of MDSC from
cancer patients on DC differentiation further support a role for
MDSC-DC cross-talk. Studies with MDSC from melanoma patients
demonstrated that MDSC impaired DC maturation by reducing
antigen uptake, preventing migration of immature and mature DC,
blocking the ability of DC to induce IFMv-producing T cells, and
skewing DC cytokine production towards an anti-inflammatory
phenotype [66]. DC production of the pro-inflammatory cytokine
IL-23 and its downstream induction of Th17 cells may contribute
to the effects of MDSC on DC, IL-23 closely resembles [L-12; how-
ever, it drives a divergent immunological pathway [67]. Whereas
IL-12 induces IFM~-producing Thi cells which mediate cytotoxic
responses and tumor rejection, [L-23 promotes fumor progression,
IL-23 mediates these effects by driving the proliferation and
inflammatory function of Th17 cells [68], which suppress immune
surveillance and promote metastasis by impacting adaptive [G0]
and innate [70] immunity. To determine if MDSC impact IL-17
levels and DC production of [L-23, bone marrow-derived DC from
healthy mice were co-cultured with MDSC and the DC subse-
quently sorted and incubated with transgenic CD4* T cells and
cognate peptide. IL-23 (p19/p40) levels were significantly reduced
and IL-17 (IL-17A and IL-17AF) levels were modestly reduced
in the presence of MDSC-conditioned DC relative to cultures
with non-MDSC-conditioned D (Sinha and Ostrand-Rosenberg,
unpublished results). Because 1L-23 and IL-17 promote tumor
progression, these findings suggest that MDSC may reduce tumor
progression by limiting IL-23 and IL-17 production, Therefore,
the two studies identify apparently opposing roles for MDSC,
These apparent differences could be due to the different species
and subpopulations of MDSC used in the two studies since
Poschke et al. used monocytic MDSC from melanoma patients
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and peripheral blood-derived human DC, while our study used
murine granulocytic MDSC and bone-marmmow-derived murine
DC, In addition, Poschke et al did not assess IL-23 or IL-17
levels, However, these fndings may also represent the
schizophrenic nature of MDSC as seen in their ability to limit
tumor progression by activating NK cells [59]. Further studies are
needed to clarify the role of MDSC in regulating DC function, and
the complexity of the tumor microenvironment with respect to
the milieu of cytokines and chemokines is likely to make this task
difficult,

9. Conclusions

The tumor microenvironment includes diverse host cells that
are chemoattracted and induced by tumor-produced factors to
generate a highly immune suppressive environment. This review
has described some of the host cell cross-talk between MDSC,
macrophages, and DC that results in suppressing anti-tumor immu-
nity, Because we are just beginning to understand the complexity of
the tumor microenvironment, it is likely there are additional inter-
actions that further promote tumor progression through currently
unknown immunological and non-immunclogical mechanisms.
Cross-talk between MDSC, macrophages, and DC promotes synergy
amongst these cells and thereby amplifies the immune suppressive
effects of the individual cell populations, In addition, induction of
one population favors the development of the other populations,
and chronic inflammation further increases sUPpPressive potency.
As a result, MDSC, macrophages, and DC in the tumaor microen-
vironment are inextricably interconnected such that functions of
one population are impacted by the quantity of the other popu-
lations, This co-dependency benefits the tumor, but also implies
that therapies that down-regulate one population may also reduce
the immune suppressive activity of other cell populations. This
outcome is most likely applicable to MDSC and macrophages
since these two myeloid populations directly impact each other
in a reciprocal fashion via their production of IL-10 and I1L-G,
respectively. Reducing MDSC quantity or function is also likely to
increase T cell activation by macrophages since macrophage lev-
els of MHC Il will be restored. Antigen presentation by DC is also
likely to improve since reduced numbers of MDSC will eliminate
the competition between MDSC and DC and promote the expan-
sion and maturation of immunocompetent DC, Whether therapies
that uniquely target DC will have down-stream effects on MDSC
and macrophages remains unclear, since DC have not as yet been
shown to impact MDSC or macrophage development or function,
Regardless of whether DC affect MDSC and macrophages, future
studies should be aimed at developing therapies that interfere with
MDSC-macrophage-DC interactions such that the potent synergis-
tic activity of these cells is neutralized and immune competence can
be restored.

Acknowledgements

The authors thank Ms. Lakshmi Gorrepati for performing
the initial IL-23 experiments and Jonathan Weiss for suggest-
ing the rapamycin and mTOR experiments. Original studies were
supported by NIH RO1CA115880, RO1CAB4232 (S0R), and Amer-
ican Cancer Society IRG-97-153-07 (PS). DWE is supported by
a pre-doctoral fellowship from the DOD Breast Cancer Program
(WEBTXWH-11-1-0115).

References

[1] Trial watch: ipilimomab success in melanoma provides boost for cancer
immunatherapy. Nat Rev Drog Discov 2010:9:584.

[2] Hodi F5, 0Dy 51, McDermatt DF, Weber RW, Sosman JA, Haznen J8, et al,
U'HPFD'PEﬂ. survival 'Ni.ﬂ'l.'ipil‘il'ﬂl.'ll'l'ﬂ]] in FlitiEl.'IE with metastatic melanoma. N
Engl ] Med 20105363:711-23,

[3] Branmer JR, Drake CG, Wallner |, Powgerly J0, Picus |, Sharfman WH, et al. Phase
I study of single-agent anti-programmed deatn-1 (MDX-1106) in refractary
solit tumors: safety, clinical activity, pharmacodynamics, and immonologic
correlates. | Clin Oncol 2010:28:3167-75.

[4] Yang L, DeBusk LM, Fukuda K, Fingleton B, Green-Jarvis B, Shyt ¥, et al. Expan-
Sion of myeltid immune suppressor Gr+C00 10+ cefls in tomar-bearing host
directly promaotes tamar angicgenesis. Cancer Cell 2004:6:403- 21,

[5] EZemitchi AV, Vaknin I, Cohen-Damiel L, Levy O, Manaster £, Halabi A, et zl.
TCR zeta down-regulation under chronic inflammation is mediated by myeloid
suppressor cells diferentially distributed between various lymphatic organs. |
Immuno] 2006:177 :4763-72.

[6] Magaraj 5, Schrum AG. Cho HI. Celis E, Gabrilovich DL Mechanism of
T cell tolerance induced by myelgid-detived suppressor cells. | Immunol
2010;184:3106- 16.

[7] Mazzani A, Bronte V., Visintin A, Spitzer [H, Apolloni E, Seraftn P, et 2l Myeloid
suppressor Enes infabit T cell Fesponses by an NO-Gependent machanism. |
Immuno] 2002: 168:6E0-05,

[8] Magaraj 5. GUpLa K. Pisarev V. Kinarsky L. Sherman S, Kang L. et a1, Altered
remgnih‘m urantigen i5 2 mechanism of CD8+ T cell tolerance in cancer. Mat
Med 2007;13:828-35.

[9] LuT, Ramzkrishnan &, Altioks, Youn |L Cheng . Celis E, et aL Tamor-infitrating
myeigia cells induce Mmor cell resistance to cytotoxc T cells in mice. | Ckn
Invest 2011;121:4015-29.

[10] Rodrignez PC, Quiceno DG, Zabaleta |, Ortiz B, Zea AH, Fiazuelo ME, et al,
Arginase | production in the mor microenvircnment by mature myeloid
Cells inhibits T-Cell TRCEPLOT eXpression and antigen-5pacine T-0ell Tespanses.
Cancer Res 20D4:54:5835- 49,

[11] Srivastava MK, Sinha P. Clements VK. Rod F. Ostrand-Rmsenberg 5.
Myeigid-derived suppressar cells inhibit T-cedl activation by depleting cystine
and cysteine. Cancer Res 2010;70:68-77.

[12] Hanson EM, Clements VK, Sinha P, llkgvitch D, Ostrand-Rosenberg 5. Myeloid-
OEMived SUPQressor Cells QoWn-Tegulate L-5electin exXpression on COd= and
CO8+ Tcells. | Immunal 2000; 1E3:037-44,

[13] Matan B, Ugel 5, Del Peezo F, Soldani €, Ziko S, Avella D, et al. Chemakine
nitration ts intrarumaral inflitration of antigen-specific T cells. | Exp
Med 201 1;208: 1945-62.

[14] Huang B, Fan PY, Li Q, Sato Al, Levy DE, Bromberg |, et al. Gr-1+CD115+
immatare myeloid suppressor cells mediate the development of tumor-
induced T regulatory cells and T-cell aneTgy in tumar-bearing host. Cancer Res
2006:66:1123-31.

[15] Fan F¥, Ma C. Weber K], Ozac-Choy | Wang G, ¥in B, et I, Immune stimu-
Latory Teceptar CD40 is required for T-cefl soppression and T regulatory cell
activation mediated by myeloid-derived suppressor cells in cancer. Cancer Res
2010:70:99- 108

[16] Serafini F, MEebroeT 5, Moonan K, Bormello L Myeloid-derived suppressar cells
promote Cross-tolerance in B-cell [ymphama by expanding regalatary T cells.
Cancer Bes J008:68:5430- 49,

[17] Li H, Han ¥, Gup Q, Zhang M, Cao X Cancer-expanded myeloid-derived sup-
pressor cefls induce anergy of NK cells through membrane-bound TGE-beta 1.
JImmunal 2009; 152:240-3.

[18] Liu €. ¥u 5 Kappes |, Wang |, Grizzle WE, Zinn K&, et al. Expansion of spieen
myelgid suppressor cells represses N cell Cytobaxicity in tumsar-bearing host.
Blood 2007 109:4335- 42,

[19] Sruki E, Kapoor V. Jassar AS, Kaiser LR, Albelta SM. Gemcitabine
salectively eliminates splenic Gr-1+/CD11b+ myeloid suppressor cedls in
l'IJFHUF-DEE.[‘iI'G animals and enhances antitumaor immuane B.Eﬁ'l'it)'.cl'il'l Cancer
Res 200571 1:6713-21.

[20] Elkabets M, Rabeiro Vs, Dinarelky CA, Ostrand-Rosenberg 5, Di Santo JF, Apte
RM, ot al. IL-1beta regulates 3 navel myelsid-gerived suppressor cell sub-
sat that impairs NK cell development and fanction. Eur | mmuncl 2010;40;
3347-57.

[21] Hoechst B, Voigtizender T, Ormandy L, Gamrekelsiwili |, Zhao F, Wede-
meyer H, et al. Myeipid derived suppressar calls inhibit natural killer calls in
patients with hepatocellular carcingma via the NKp30 receptor. Hepatoiogy
2000;50:793-B07.

[22] Stewart T], Smyth M], Fernando GJ, Frazer [H, Leggatt GR. Inhibition of eariy
tumar growth requires | alpha 18-pasitive (namral killer T) cells. Cancer Res
2003;63:3058-50.

[23] Terabe M, Swann |, Ambrosino E, Sinha P, Takakn 5, Hayakawa ¥, et al. A
nonclassical non-Valpha 14jalpna 18 CO1d-restricted (type I1) NKT cell is suMm-
cient for down-regalation of tumor immunosarveillance, | Exp Med 2005:202:
1627-33.

[24] Terabe M, Matsui §, Fark JM, Mamuora M, Noben-Trauth N, Donaldson DD,
et al. Transforming growth tactor-beta production and myeloid cells are an
effector mechanism through which CO1d-restricted T cells biock cytotaxic T
Iymphocyte-mediated fumor immunosurveillance; abrogation prevents bumor
recurrence. | Exp Med 2003 166: 1741-52.

[25] Masser DM, Edwards JP. Exploring the full spectrum of macrophage activation.
Mat Rew Immunol 2008 :E: G56-60

[26] Mantovari A, Sica A, Allavena P, Garlanda €, Locati M. Tumor-associated
macrophages and the related myeloid-derived suppressor cells as a2
paradigm of the diversity of macrophage activation. Hum Immunol 200570;
135-30.

270



5. Ostrand- Rusenberg et al / Seminars in Cancer Bology 22 (2012) 275-281 281

[27] Movahedi K, Laoui D, Gysemans C, Baefen M, Stange G, Van den Boss-
che ||, et al. Different tumar microenronments contain fandeonally distinct
subsets of macrophages derived from LyGCihigh) manocytes. Cancer Res
201070 5T2E-39.

[28] Lin EY, Li JF, Gnatowskiy L, Deng ¥, Zho L, Gzesik DA, et al. Macrophages reg-
ulate the angiogenic switch in 2 mouse model of breast cancer. Cancer Res
2006:66:11238-46.

[23] Qian B, Deng ¥, Im JH, Muaschel RJ, Zou ¥, Li | et al. A distinct macrophage
population mediates metastatic breast cancer cell exiravasation, establishment
and growth. PLaS One 20059:4:26562.

|30] Zheng ¥, Cai Z, Wang 5. Zhang X, Gian |, Hong §, et al. Macrophages are an
abundant component of myeloma microenvironment and protect myeloma
cells from chematherapy drog-induced apogptosis. Blood 2009:114:3625-8.

[31] Gabrilovich D. Mechamsms and functional significance of tomour-indsced
dendritic-cell defiects. Mat Rew Immunal 2004, 4:941-532.

[32] Belioned, Carbone A, Smarme C, 5cinglli T, Buoling A, Mowarino A, et al. Cooper-
atiwe induction of 2 tolerogenic dendritic cell phenatype by cytokines secretad
by pancreatic carcinoma cells. | Immunal 2006; 177 :3448-600

[33] Lee BN, Folien M, Rodriguer G, Shen DY, Malpica A, Shearer WT, et al. Deficien-
ies in myeloid antigen-presenting cells in women with cervical squamoas
inraepithelial lesions. Cancer 2006; 107-999- 1007 .

[34] Ormandy LA, Farber A, Cantz T, PELTYkOwska 5, Wedemeyer H, Homing M,
et 2l. Direct ex vivD analysis of dendritic cells in patients with hepatoceflular
carcinoma. World | Gastroenterol 2006:12-3177 5-82.

[35] Perrotl Blanchard D, Freymond N, 15aac 5, Guibert B, Pacheco Y, et al. Dendritic
cells inflitrating human non-small cell umg cancer are blocked at immatore
stage. | Immunal 2007 178:2763-5.

[35] Pircon-Charry A, Ho G5, Maxwell T, MoGuckin MA, Schmadt C, Furmival C et al
Numerical and Minctional defects of blood dendritic cefls in early- and late-
stage breast cancer. Br | Cancer 2007:97:1251-9.

[37] Finzon-Charty A, Maxwell T, Lopez JA. Dendritic cell dysfanction in cancer: a
meciianism fof immunasuppressson. Immuana Cell Beol 2005:83:451-61.

[38] Gabrilovich D, Ostrand-Rosenberg 5, Bronte V. Coordinated regulation of
myeloid cells by tumors. Mat Rew Immundal, in press.

[39] Sinha P, Clements Vi, Bunt SE, Albeida 5M, Ostrand-Rosenberg 5. Cross-t2lk
betwieen myeloid-derived suppressar cells and macrophages subverts tumor
immunity toward 2 type 2 respanse. | Immunol 2007; 179:077-83.

[40] Kusmartsev S, Nefedova Y, Yoder D, Gabrilowich DL Antigen-spacific inhibition
of CDE+ T cell response by immature myeloid cells in cancer is mediated by
reactive oxygen species. | Immunal 2004; 172-080-05.

[41] Sinha P, Clements VK, Ostrand-Rosenberg 5. Reduction of myeloid-derived
suppressar cells 2nd induction of M1 macrophages facilitate the rejection of
established metastatic disease. | Immunal 2005: 17 4:636-45.

[42] C20 5, Lin | Chesi M, Bergsagel PL, Ho IC, Dannelly BF, et al. Diflerential regu-
lation af IL-12 and IL- 10 gene Xpression in Macrophages by he basic leucine
Zipper ranscription factor c-Mar Abrosarcama. | Immunod 2002; 16557 15-25.

[43] DeNardo DG, Barreto JB, Andreu P, Vasquez L, Tawnk D, Kolnatkar N, et al
CD4{+) T cells regulate pulmonary metastasis of Mammary carcinomas by
enhancing Profumar properties of macraphages. Cancer Cell 2009:16°91- 102

[44] Muorai M, Tarovskaya O, Kim G, Madan R, Karp CL. Cheroutre H, et al. Inter-
leukin 10 acts on regulatory T cells bo maintzin expression of the ranscription
factor Foxp3 and suppressive fanction in mice with colitis. Nat Immunal
2009: 10C117B-B4.

[45] Thibodeau |, Bourgenis-Daigneanlt MC, Huppe G, Tremibiay | Aumoni A, Houde
M, et 2l. Interleukin-10-induced MARCH 1 mediates infracellular sequestration
of MHC class Il in monocytes. Eur | Immunol 2008:38: 1225-30

[45] Shin J5, Ebersold M, Pypaert M, Delamarre L, Hartley A, Mellman L Surface
expression of MHC class I1in dendritic cells is controlled by regalated ubiqui-
tinatson. Mature 2006:444:115-E.

[47] van Kiel G, Wubbeits R, Ten Broeke T, Buschow 51, Ossendorp FA, Meliel CJ, et al.
Dendritic cells regulate expasune of MHC dlass I 2t their plasma membrane by
cligoubéquitination. Immunity 2006:25:885-94.

[48] Baker AK, Wang R, Mackman N, Luyendyk JP. Rapamyvcin enhances LPS induc-
tion of tissue Factor and tomor necrosis factor-alpha expression in macrophages
by reducing [L- 10 expression. Mol Immunal 2009;45:2243-55,

[45] Ohtani M. Magai 5, Konda 5, Mizuno 5, Nakamura K, Tanabe M, et al Mammalian
target of rapamycin and glycogen synthase kinase 3 differentially regulate
lipopolysaccharide-induced interienkin- 12 production in dendritic cells. Blood
2008 112:635-43.

[50] Bunt 5K, Sinha F, Clements VK, Leips |, Ostrand-Rosenberg 5. Inflammation
induces myeloid-derived suppressor cefls that facilitate tamor progression. |
Immuno] 2008 17628450,

[51] Bunt 5K, Yang L, Sinha F, Clements Vi, Leips |, Ostrand-Rosenberg 5. Redoced
inflammation in the tumor microenviranment delays the accumulation of
myelgid-derived suppressor cells and mits tumar progression. Cancer Res
20767 1001326

[52] Song X, Krelin¥, Dvarkin T, Bjorkdahl 0, Segal 5, Dinarello CA, et al. CO 10+ Ge-
1+ immature myeioid cells mediate suppression of T cells in mice bearing
tumaors of IL-1beta-secreting cells. | Immuncl 2005: 175 8200-8.

[53] Ostrand-Rosenberg 5, Sinha P. Myelgid-detived suppressor cefls: linking
inflammation and Cancer. | Immuonal 2009; 1E2:4499-506.

[54] BuntSK, Oemenis Vi, Hanson EM, Sinha P, Ostrand-Rosenberg . Inflammation
ENMNances myel oid-Lerived sUppressor el cross-talk by signaling through Tall-
ke receptar 4. | Leukac Biol 200285 996 1004.

[55] Cahill CM, Rogers JT. Interleukin {IL) 1beta induction of 1L-6 is mediated by
1 novel phosphatidylinosital 3-kinase-oependent AKTIkappak kinsse aipha
pathwzy [argeting activatar progein-1. ) Bial Chem 2008:283:75900- 12

[36] Sinha P, Clements Vi, Fulton AM, Ostrand-Rosenberg 5. Frosiaglandin E2 pro-
mates tumor progression by inducing myeloid-derived suppressar cells. Cancer
Res 2007674507 13.

[57] Jiang Q. Akashi 5, Miyake K, Petty HE. Lipopolysaccharide induces pinysi-
cal proximity bebween CD14 and toil-like receptor 4 (TLR4) prior to moclear
translocation of NF-kappa B. | Immunod 2000; 165:3541-4.

[58] Huntington ND, Vosshenrich CA, Di Sanio |P. Developmental pathways that
generate natural-killer-cell diversity in mice and humans. Nat Rev Immunod
207770314

[53] Mausch N, Galami IE, Schiecker E, Cerwenka A. Maononuclear myeloid-derived
suppressor cells express RAE-1 and activate natural killer cefls Elood
2008:112:4080-2.

[60) BalkwillF, Charles KA, Mantovani A. Smaldering and polarized inflammaticn in
the initiation and promotion of makignant disease. Cancer Cell 2005:7:211-7.

[E1] Cheng P, Corzo CA, Luetteke N, Yo E, Nagaraj S, Bui MM, et al. Inhibition of
dendritic cell differentiation and accumulation of myeloid-derived suppressor
cells in cancer is regulzted by 510049 protein. | Exp Med 2008;205:2235-40,

[62] Sinha P, Okoro C, Foell D, Freeze HH, Ostrand-Rosenberg S, Srikrichna G.
Proindflammatary 5100 proteins regulate the accumulation of myeloid-derived
suppressar cefls. | Immunal 2008: 181 4666-75.

[G3] SchaefTer W, Arbabi 5, Garcia 1A, Knoll ML, Cuschieri |, Bulger EM, et al. Role of
thie MTOR patnway in LPS-activated Monocytes: inflaence of nypertonic sakine.
J5urg Res 20112171 762-T6.

[64] Greifenberg W, Ribechini E, ROssner S, LUtz ME. Myeloit-0erived suppressor
Cell activation by combined LPS and IFN-gamma treatment impairs DC devel-
opment. Eor | Immunol 2005; 35 2855-76.

[E5] Hu CE, Gan |, Zhang RD, Cheng ¥R, Huang G). Up-regulated myeloid-gerived
suppressor cell contributes fp hepatocellular carcinoma development by
impairing dendritic cefl function. 5cand J Gastroemterod 2011:462156-64.

[66] Poschiee L Maa Y, Adamsan L, Salazar-Omfray F, Masacei G, Kiessking B Myeloid-
derived suppressor cells impair the quality of dendritic cell vacrines. Cancer
Immuno] Immunather 201 1.

[67] Mckenzie BS, Kastelein RA, Cua D). Understanding the IL-23-IL-17 immune
pathway. Trends Immunol 2006: 272 17-23.

[G8] Langrish CL, Chen ¥, Blumenschein WM, Mattson |, Basham B, Sedgwick |,
et al. IL-23 drives a pathogenic T cell population that induces autoimmune
mnflammation. | Exp Med 2005:201:333-40.

[83] LanguuslnjLInang:.WuLMansnnJD Chen T, Smith K, et al [L-23 promates
tumour incidence and growth. Mature 2006;442:451-5

[70] Teng MW, Andrews DM, Mclzughlin N, von Scheidt B, Ngiow SF, Maller
A, et al. IL-23 suppresses innate immune response independently af IL-17A
during carcinogenesis and metastasis. Proc Matl Acad 5a U 5 A 2000 107
E32B-31.

271



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

elF — 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

Grl — Granulocyte marker 1

HDAC1 — Histone deacetylase 1

HIF-1a — 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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IFNy — 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

Keapl — 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-1a — Macrophage inflammatory protein 1 alpha

MIP-2 — Macrophage inflammatory protein -2

MDSC — Myeloid-derived suppressor cells

MHC — Major histocompatibility complex

MMP — Matrix metallopeptidases

274



NF-kB — 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

PGE; — Prostaglandin E2

P13 — phosphatidylinositide 3-kinases

RAG-2 — Recombination activating gene 2

RAGE - Receptor for advanced glycation endproducts

ROS — Reactive oxygen species

SBNO?2 — 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

TGFp — Transforming growth factor beta

TLR — Toll-Like Receptor

TME — Tumor microenvironment

TNFa — 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

X¢ — Cystine/glutamate antiporter

XCT — Solute carrier family 7 (anionic amino acid transporter light chain, x¢” system),

member 11

Zfp36 — Zinc finger protein 36 homolog
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