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CHAPTER |

INTRODUCTION

Cancer

Cancer is a term for a group of diseases characterized by unrestrained
growth and spread of abnormal cells that, if unchecked, can result in death. It is
the second most common cause of death in the United States, exceeded only by
heart disease and accounting for nearly 1 of every 4 deaths [1]. Globally, one in
eight deaths is due to cancer; cancer causes more deaths than AIDS,
tuberculosis, and malaria combined. This year 1,596,670 Americans will be
diagnosed with cancer and 571,950 are expected to die from it. In the US, nearly
1in 2 men and 1 in 3 women will develop cancer in their lifetime. The 5-year
relative survival rate for all cancers diagnosed between 1999 and 2006 is 68%,
an improvement from 50% in 1975-1977 that reflects progress in diagnosing
certain cancers at an earlier stage and advances in treatment [1]. However, we
are still far from the goal of eliminating cancer as a major cause of sickness and

death.

Tumor Progression and Microenvironment
The process of malignant transformation, collectively known as tumor
progression, can be broken up into steps. Each step is driven by mutations that

activate or inactivate different genes. It is estimated that tumor cells posses 10*-



10° genetic changes [2]. The first step in tumor progression is initiation and
growth. Here, mutations aberrantly activate genes involved in cell growth and
division [3]. These genes are termed oncogenes. When functioning properly,
tumor suppressors recognize improperly activated oncogenes and halt
inappropriate cell division. However, additional mutations disable tumor
suppressors, resulting in uncontrolled proliferation and division of normally
quiescent cells.

The next step in tumor progression involves the recruitment and infiltration of
non-malignant cells into the tumor. Rather than being a homogeneous collection
of neoplastic cells, tumors also contain many non-malignant cells (Figure 1), [4].
Collectively, the cells, both malignant and non-malignant, and the conditions
within a tumor, i.e. hypoxic, necrotic, etc., comprise the tumor microenvironment
[5,6]. Fibroblasts and other stromal cells that support tumor growth are recruited
to the tumor. In a process known as immune surveillance, the host immune
system recognizes and attempts to halt tumor development [7]. Immune
inflammatory cells including lymphocytes and monocytes infiltrate into the tumor
[8]. However, tumors that progress evolve mechanisms to disable or re-program
the immune cells in order to escape host immune surveillance [7].

Like other normal tissues, tumors need nutrients and oxygen in order to grow
and divide. Tumors generally cannot grow larger than 1-2 mm without a blood
supply, due to a lack of oxygen and other nutrients [9]. Thus, gaining access to
the host vascular system and developing tumor blood vessels is an essential and

rate-limiting step in tumor growth and progression [10]. The process of blood
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Figure 1. The tumor microenvironment contains many non-malignant cells. The
tumor microenvironment refers to the different cell types present in the tumor as well as
the tumor stroma, blood vessels, secreted molecules and the local conditions within the
microenvironment (i.e. hypoxic, necrotic, etc.). In addition to malignant tumor cells,
tumors contain fibroblasts, endothelial cells and pericytes that make up blood vessels,
and numerous bone marrow-derived immune cells (BMDCs). Immune cells present in
the tumor microenvironment include lymphocytes, macrophages known as tumor-

associated macrophages (TAMs), neutrophils and myeloid-derived suppressor cells
(MDSCs).



vessel spouting from pre-existing vessels is termed angiogenesis; the induction
of tumor blood vessel growth is known as the angiogenic switch [10]. Hypoxia
and other stresses induce tumors to secrete vascular endothelial growth factor
(VEGF) and other angiogenic stimuli [11]. In response, endothelial cells sprout
from existing blood vessels, proliferate and migrate towards the stimuli [12]. They
adhere to one another as they migrate and mature into new vessel structures.
This process is often disorganized in tumor angiogenesis, resulting in chaotic,
irregular and leaky tumor blood vessels [13]. Tumor vessels also often lack
pericytes and are therefore unstable [14].

The hypoxic and inflammatory microenvironment within a growing tumor
applies selective pressure to on tumor cells escape [4,15,16]. Additional
mutations allow tumor cells to produce matrix metalloproteinases (MMPs) [17]
and/or to induce MMP production by tumor-associated myeloid-derived
suprressor cells (MDSCs) [18]. MMPs degrade the basement membrane and
extracellular matrix, resulting in VEGF and fibroblast growth factor (FGF) release,
which further stimulates angiogenesis [19]. Additionally, this facilitates the
escape and local invasion of tumor cells that have acquired motility in a process
known as epithelial to mesenchymal transition (EMT) [20]. Tumor cells migrate
along and towards blood vessels, often following a nutrient or oxygen gradient
[21]. In a process known as intravasation, tumor cells pass between endothelial
cells and enter the blood or lymphatic circulatory system [22]. Those cells that
can survive in the blood stream and spread to a secondary site generally reach

the capillary bed and adhere to the microvessel endothelium [23]. In a reversal of



EMT, tumor cells extravasate out of the vessel and colonize the secondary organ
[24]. Tumor cells that encounter hospitable sites or that can adapt to the new
microenvironment may to grow into metastases. However, to do so, these cells
must overcome the same pressures of the primary tumor, i.e. immune evasion

and angiogenesis [19].

Myeloid-Derived Suppressor Cells

MDSCs which have also been referred to as myeloid immune-suppressor
cells (MISCs) or myeloid suppressor cells (MSCs), are immature myeloid cells,
comprised of monocytes/macrophages, granulocytes and dendritic cells (DCs)
and other myeloid cells at earlier stages of differentiation [25,26]. In mice,
MDSCs are defined by the simultaneous expression of CD11b (Mac-1), a
myeloid macrophage/DC marker, and the granulocytic marker Gr-1. Furthermore,
they lack or have reduced expression of markers of mature myeloid cells, low
levels of major histocompatibility complex (MHC) class Il and co-stimulatory
molecules and suppress immune responses in vitro and in vivo [25]. Human
MDSCs are more difficult to define phenotypically since humans lack the Gr-1
gene. As a result, studies have reported many different markers for human
MDSCs. However, the consensus is that human MDSCs express the myeloid
markers CD11b and CD33 with no or minimal expression of myeloid maturation
markers [27]. MDSCs are increased in various pathological conditions including
cancer [28]. MDSC accumulation has been documented in the peripheral blood

of patients with melanoma, head and neck, breast, colon, renal, and non-small



cell lung cancers [29]. MDSCs are also significantly increased in the spleens,
blood and bone marrow of mice bearing large tumors in an assortment of tumor
models [18]. Furthermore, MDSC production and infiltration into tumors
increased as tumor size increased and with the duration of tumor growth.

MDSCs suppress tumor immunity through multiple direct and indirect
mechanisms, including inhibiting tumor-specific T-cell activation and proliferation
through the production of arginase [30] and nitric oxide synthase (iNOS) [31].
Arginine is a substrate for both of these enzymes and it is also essential for T-cell
proliferation and activation. Arginine metabolism by arginase and iNOS reduces
the amount available to T-cells, resulting in T-cell anergy. MDSCs have also
been demonstrated to suppress Natural Killer (NK) cell cytotoxicity via direct
contact [32], impair dendritic cell maturation through the production of reactive
oxygen species [33] and interact with macrophages to effect a tumor-promoting
type 2 response [34]. MDSCs may also induce regulatory T cells and thereby
promote immune tolerance of the tumor [35]. As such, the accumulation of
MDSCs is often associated with poor prognosis. Increased circulating MDSC
levels were shown to correlate with clinical cancer stage and metastatic tumor
burden [36]. Gemcitabine treatment to reduce MDSCs enhanced antitumor
immune activity in tumor bearing mice [37].

Recently, another tumor-promoting role has been demonstrated for MDSCs in
tumor angiogenesis. MDSCs from tumor-bearing mice express higher levels of
matrix metalloproteinase-9 (MMP-9), thereby increasing the bioavailability of

VEGEF [18] and promoting pericyte recruitment, which increases vascular stability



[38]. Moreover, MDSCs directly promote tumor angiogenesis by differentiating

into endothelial cells and directly incorporating into the tumor endothelium in vivo
[18]. MDSCs have also been implicated in mediating tumor refractoriness to anti-
VEGEF treatment [39]. MDSC-produced MMP-9 also enhances tumor cell invasion

and metastasis [40].

CCAAT/enhancer binding protein alpha (C/EBP«)

C/EBPa is the founding member of the CCAAT/enhancer binding protein
family of transcription factors, all of which bind a similar DNA consensus motif. It
was first identified as a heat-stable factor in rat liver nuclei that interacted with the
CCAAT box motif found in some viral promoters. C/EBPa was also
independently biochemically purified based on its specific interaction with a
degenerate sequence common to many animal virus enhancers. Reflecting these
interactions, it was eventually named CCAAT/enhancer binding protein (C/EBP)
[41]. Upon cloning of the C/EBPa gene, detailed studies resulted in the discovery
of the basic-leucine zipper (bZIP) class of DNA-binding and dimerization domain
proteins [42]. Five other C/EBPs, all sharing the highly conserved C-terminal
basic-leucine zipper domain DNA binding motif, have been identified. The six
C/EBP family members are identified by Greek letters (o, B, v, 9, €, €), indicating
the chronological order of their identification. Members of this family share N-
terminal transactivation domain(s) and the C-terminal bZIP domain, which is
made up of a basic-amino-acid rich DNA-binding region followed by the leucine

rich “leucine zipper” dimerization motif. In fact, C/EBP family members share



greater than 90% sequence identity in the C-terminal bZIP domain [42]. C/EBPa
forms homodimers and heterodimers with other C/EBPs as well as other leucine
zipper transcription factors, including the Fos/Jun and ATF/CREB families [43], to
precisely modulate the transcription of target genes [44]. Without dimerization
DNA binding cannot occur and DNA binding specificity results from amino acid

sequence of the basic region [44].

The C/EBPa gene

C/EBPa is encoded as an intronless 2783 base pair gene [45] but two
C/EBPa isoforms are generated due to utilization of alternate translation start
codons [46]. C/EBPa. is expressed in liver, adipose tissue, intestine, lung, adrenal
gland, skeletal muscle, pancreas, placenta, prostate gland, mammary gland and
peripheral blood mononuclear cells in similar levels in the mouse and human
[44]. In addition to regulating transcription of target genes, C/EBPa has growth-
arresting ability due to its protein-protein interactions and independent of its
DNA-binding activity [47]. C/EBPa has been shown to interact with numerous cell
cycle regulators, including p21 [48], Rb [49], E2F [50], and Cdk2 and Cdk4 [51].
Thus, C/EBPa. is positioned at the crossroads of differentiation and proliferation
control: it promotes differentiation by the up-regulation of lineage-specific genes

and limits proliferation through its protein interactions [52,53].
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Figure 2. Hematopiesis. The formation of the different cellular components of blood, or
hematopoiesis, initiates in the bone marrow. Hematopoitic stem cells (HSC) have the
ability to self-renew and give rise to common lymphoid progenitors (CLP), which produce
B and T cells, and the common myeloid progenitor (CMP). CMPs further differentiate
into granulocytes-monocyte progenitors (GMP), which can produce granulocytes and
monocytes, or megakaryocyte-erythrocyte progenitors (MEP) that can become
megakaryocytes erythrocytes.



Role of C/EBPa in hematopoiesis

Hematopoiesis, the formation and development of blood, involves the step-
wise acquisition of a specific lineage identity, accompanied by a reduction in self-
renewal capacity (Figure 2) [54]. Within hematopoiesis, C/EBPa. is expressed
predominantly in immature cells, including hematopoietic stem cells (HSC),
common myeloid progenitors (CMP) and granulocyte-monocyte progenitors
(GMP) [55]. C/EBPa plays a critical role in regulating the balance between
proliferation and growth arrest in hematopoietic progenitors [56]. C/EBPa
accomplishes this by inhibiting differentiation of erythroid cells while promoting
myeloid differentiation in multipotent progenitor cells [57]. C/EBPa is required for
the differentiation of bipotential GMPs from multipotential CMPs, as mice lacking
C/EBPa have normal CMP numbers but lack GMPs and all subsequent stages of
myeloid differentiation [56]. Once the GMP stage of hematopoiesis has been
reached however, C/EBPa. is no longer required for maturation to more
differentiated granulocytes and monocytes [58]. C/EBPa. has other roles in
hematopoiesis including regulating hematopoietic stem cell self-renewal [58] and
directing monocytic development from myeloid progenitors [59]. While C/EBPa
expression in undetectable in megakaryocyte/erythroid progenitors (MEP) and
common lymphoid progenitors (CLP), forced expression of C/EBPa in MEPs and
CLPs redirected them to the myeloid lineage. This revealed that C/EBPa has the
ability to activate latent myeloid differentiation programs and affect multilineage

homeostasis [60].
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C/EBPa target genes
C/EBPa regulates the expression of the myeloid growth factor receptors,
macrophage-colony stimulating factor receptor (M-CSFR) [61], interleukin-6
receptor (IL-6R), granulocyte colony-stimulating factor receptor (G-CSFR) [62]
and granulocyte-macrophage colony-stimulating factor receptor (GM-CSFR)
[63,64]. C/EBPa also induces the expression of lactoferin and collagenase,
neutrophil-specific secondary granule proteins [65], and the microRNA miR-223,

an important modulator of myeloid differentiation [66].

C/EBPa and cancer

Given its important role in hematopoiesis, it is not surprising that mutations
resulting in the loss of C/EBPa function have been found in acute myeloid
leukemia (AML). The C/EBPa gene is mutated in 7-9% of all AML cases.
Additionally, the AML1-ETO fusion protein, found in 12-15% of AML patients,
appears to suppress C/EBPa expression, and the PML-RARa fusion, which
blocks myeloid transcription factors including C/EBPa, occurs in 6-7% of AMLs
[67]. Reduced C/EBPa expression has also been observed in many solid tumors,

and it has been identified as a tumor suppressor in multiple tissues [68].
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Summary and Dissertation Goals

MDSCs play an important role in cancer progression and elucidating the
mechanisms involved in the accumulation and function of these cells is important
in the fight against cancer. To that end, a microarray comparing splenic Gr-
1+CD11b+ cells from tumor-bearing mice with tumor-free mice found C/EBPa
expression was reduced more than 4-fold in the tumor derived cells. Based on
published reports, we hypothesized that tumors induce MDSC expansion through
down-regulation of C/EBPa in myeloid cells. In Chapter Il, the role of C/EBPa as
a negative regulator of MDSC expansion was investigated. Deletion of myeloid
C/EBPa in mice yielded an increase in myeloid progenitors and a reduction in
mature myeloid cells. Upon inoculation with tumor cells, splenic MDSC
production was enhanced nearly two-fold in mice lacking C/EBPa in myeloid
lineage cells, while myeloid progenitor production was reduced, perhaps because
more progenitors became MDSCs in the absence of C/EBPa.

In Chapter Ill, we sought to determine whether C/EBPa is a negative
regulator of the immune suppressive and pro-angiogenic properties of MDSCs.
MDSC infiltration and tumor vascularization was significantly greater in C/EBPa
conditional null mice, resulting in markedly accelerated tumor growth. In an
experiment where equal numbers of MDSCs were injected with tumor cells into
mice, C/EBPa ablation resulted in an enhancement in the pro-tumor MDSC
phenotype: tumor growth and tumor angiogenesis was significantly greater. In

order to understand the mechanism behind our observations, we measured the

12



expression of genes involved in MDSC-mediated immune suppression and
angiogenesis. We found that C/EBPa deletion resulted in upregulation of MMP-9,
VEGF and iNOS expression as well as increased NO production. However, there
was no difference in arginase expression or immune suppression. Given that NO
can also regulate angiogenesis, we concluded that C/EBPa does not play a
major role in MDSC-mediated immune suppression.

As a whole, our findings reveal dual negative roles for C/EBPa in the
expansion and pro-angiogenic gene expression in MDSCs and suggest that
overcoming these functions through C/EBPa inhibition may be a critical step in
MDSC maturation. Our work indicates that therapy aimed at restoring C/EBPa

expression in MDSCs may be a viable weapon in the fight against cancer.
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CHAPTER Il

C/EBPa REGULATES MYELOID DERIVED SUPRESSOR CELL EXPANSION

Abstract

Myeloid-derived suppressor cells, a population of immature myeloid cells, are
greatly expanded in cancer patients and tumor-bearing mice. They infiltrate into
tumors and modulate the tumor microenvironment. In an effort to identify
molecular mediators responsible for expansion and the tumor-promoting function
of MDSCs, we discovered C/EBPa expression was significantly reduced in
MDSCs from tumor-bearing mice compared to non-tumor-bearing hosts. Tumor-
conditioned medium down-regulated C/EBPa expression, suggesting tumor-
secreted factors inhibit the gene expression. Consistent with the function of
C/EBPa in regulating the balance between proliferation and growth arrest in
hematopoietic progenitors, myeloid lineage specific deletion of C/EBPa resulted
in significantly enhanced MDSC proliferation and expansion, as well as an
increase of myeloid progenitors and a decrease of mature cells. Taken together,
our results suggest that C/EBPa functions to negatively regulate MDSC
production and that tumor-induced C/EBPa down-regulation in myeloid lineage

cells results in MDSC expansion.
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Introduction

MDSCs are a heterogeneous population of immature myeloid cells that are
greatly overproduced in numerous human cancer patients MDSCs are also
systemically expanded in the mice bearing implanted or spontaneous tumors.
MDSCs are recruited to tumors where they promote tumor growth through
mechanisms of immune suppression and angiogenesis in the tumor
microenvironment. As hallmarks of cancer, angiogenesis and immune
suppression are essential for tumor growth and progression. MDSCs possess
both tumor-promoting properties and are an intriguing target for cancer therapy.

While researchers have long observed the dramatic expansion of MDSCs in
tumor-bearing hosts, the molecular mechanisms regulating MDSC expansion
under tumor conditions remain less clear. We discovered C/EBPa. expression is
greatly reduced in MDSCs. Given the central role of C/EBPa. in regulating
myeloid differentiation, we hypothesized that C/EBPa is a negative regulator of

MDSC production and/or function.
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Materials and Methods

MDSC Isolation

3LL lung cancer cells or B16 melanoma cells were subcutaneously (s.c.)
implanted in C57BI/6 mice for 3 weeks (3LL) or 30 days (B16). After sacrificing
the mice, tumor tissues were removed and digested with collagenase A and
hyaluronidase (both from Sigma Aldrich, St. Louis, MO) at 37°C overnight. Single
cell suspensions were prepared from tumor and spleen tissues. MDSCs were
isolated by sequential antibody labeling and separation by magnetic column,
using anti-Gr1-PE (Cat. # 130-091-932) and anti-PE (Cat. # 130-48-801)
multisort beads, followed by CD11b (Cat. # 130-093-634) MicroBeads (all from

Miltenyi Biotech, Auburn, CA).

Quantitative RT-PCR

RNA was isolated from cells using the RNeasy Kit from Qiagen (Cat. no.
74104, Valencia, CA), according to their protocol. cDNA was synthesized from 1
Mg RNA with the iScript cDNA Synthesis Kit (Cat. # 170-8891, BioRad, Hercules,
CA) according to the manufacturer’s protocol. For quantitative real time PCR,
SsoFast EvaGreen Supermix (Cat. # 172-5201, BioRad, Hercules, CA) and a
CFX96 or MyiQ machine (BioRad, Hercules, CA) were used. The primer
sequences used for C/EBP-a are ACGGCGGGAACGCAACAACA and
GAAGATGCCCCGCAGCGTGT, for B-actin. GACAACGGCTCCGGCATGTGC

and TGGCTGGGGTGTTGAAGGTC. After an initial denaturing (95°C for 2:00),
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40 cycles of 5 s at 95°C and 9 s at 58.7°C were performed. Target and control
reactions were performed in triplicate and the average Ct value was calculated.

2—AACt

Relative changes in transcript levels were determined using the method

with B-actin as an internal control. Experiments were repeated three times.

Cell lines

32D myeloid cell line (# CRL-11346), Lewis lung cancer (3LL) cell line (#
CRL-1642) and B16 melanoma (# CRL-6475) cell line (all murine, C57BL/6J
mice) were purchased from ATCC (Manassas, VA). 32D cells were cultured in
RPMI 1640 + 10% fetal bovine serum (FBS) + 1% penicillin/streptomycin () +
10% IL-3 Culture Supplement (Cat. # 354040, BD Biosciences, San Jose, CA) at
37°C, 5% CO.. 3LL cells were grown in RPMI 1640 + 10% FBS + 1%
penicillin/streptomycin at 37°C, 5% CO,. B16 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) + 10% FBS + 1% penicillin/streptomycin at

37°C, 5% COs.

Mice

C57BL/6J and LysMcre [69] mice were purchased from Jackson Laboratories
(Bar Harbor, ME). Mice with a floxed Cebpa gene, called Cebpa™ " [70], were
a gift from Peter Johnson (NCI, Frederick, MD). The animals were housed in
pathogen-free units at the Vanderbilt University Medical Center, in compliance
with IACUC regulations. We generated mice with myeloid-specific deletion of

flox/flox

Cebpa by breeding Cebpa mice to LysMCre mice, which express Cre
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recombinase under the control of murine lysozyme M promoter. F1 LysMCre*"

fl/+

;Cebpa”” were then crossed to produce the genotypes used in the experiments.
Mice used were between 6 and 10 weeks of age. The studies were approved by
the Institutional Animal Care and Use Committee at Vanderbilt University Medical

Center and complied with all relevant institutional and federal guidelines and

policies.

Tumor allograft model

B16 or 3LL cells (1 x 10° cells) were injected subcutaneously into the left flank
of C57BI/6 mice. The size of tumors was determined by measurement of tumor
dimensions at 2-3 day intervals using calipers. The equation volume = length x
(width)? x 0.5 was used to calculate tumor volume. Tumor samples taken at days
21 (3LL) or 30 (B16) post-injection were flash frozen in Tissue-Tek OCT (Sakura,
Torrance, CA) and prepared for histology. Experiments were repeated at least

three times.

Flow cytometry

3LL lung cancer cells were implanted subcutaneously in mice for 3 weeks.
Single cell suspensions from spleens of tumor-bearing mice were labeled with
florescence-conjugated Gr-1 (Cat. # 553126, monoclonal, rat) and CD11b (Cat. #
553311, monoclonal, rat) antibodies (BD Biosciences, San Jose, CA) and

analyzed by flow cytometry using a BD LSRFortessa or BD FACScan.
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Proliferation assay

Cell proliferation was measured by BrdU incorporation using the BD
Pharmingen FITC BrdU Flow Kit (Cat. # 559619, BD Biosciences, San Jose,
CA). 3 weeks after subcutaneous implantation of 1 x 10° cells 3LL tumor cells,
mice were injected intraperitoneally with 2 mg of BrdU 2 hours prior to being
sacrificed. Single cell suspensions were prepared from the spleens and labeled
with florescence-conjugated Gr-1 (Cat. # 553126, monoclonal, rat), CD11b (Cat.
# 553311, monoclonal, rat) and BrdU (Cat. # 559619e, monoclonal, rat)
antibodies (BD Biosciences, San Jose, CA). BrdU incorporation in the
Gr1+CD11b+ double-positive MDSC population was measured on a BD

LSRFortessa cell analyzer. Assay was repeated twice.

Immunohistochemistry

Cryo-preserved tumor sections were blocked with M.O.M. solution (Vector
Laboratories, Burlingame, CA), incubated with antibodies to CD31 or Gr-1 (BD
Biosciences, San Jose, CA; 1:500 dilution or 1:200 dilution, respectively)
overnight (4° C), and visualized by using Texas Red-conjugated goat anti-rat 2nd
antibody (Jackson Immuno Research Laboratories, West Grove, PA; 1:10000
dilution). Images were captured with a fluorescent microscope. Vascular density
and MDSC infiltration was calculated in 10 randomly selected fields and counted

in a blinded manner. These experiments were repeated 3 times.
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Methylcellulose colony assays

Bone marrow cells were isolated by flushing the tibias and femurs of mice
with cold IMDM + 2% FBS and pooled from 2-3 mice per group. A single cell
suspension was prepared and plated in Methocult 3234 methylcellulose semi-
solid medium (Stemcell Technologies, Vancouver, BC) supplemented with 10
ng/ml IL-3, 10 ng/ml IL-6, and 50 ng/ml stem cell factor (SCF, all from R&D
Systems, Minneapolis, MN) with and without erythropoietin (StemCell
Technologies, Vancouver, BC; 3 U/ml). After 7-8 days incubation at 37°C in a
CO; incubator, colonies were scored based on cell morphology and colony
composition under an inverted microscope. Assays were performed in duplicate

and repeated three times.

Statistical Analysis
All data were averaged, analyzed using the Student’s t test (one-sided;
paired, equal variance) and were expressed as mean + standard error across

experiments.
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Results

C/EBFa is significantly reduced in tumor-derived MDSCs

MDSCs are vastly overproduced in cancer patients and tumor-bearing
animals. They infiltrate into tumors and promote tumor growth by promoting
tumor angiogenesis and immune suppression. To better understand what
regulates MDSC expansion under tumor conditions, we isolated MDSCs from the
spleens of C57/BL6 mice with or without Lewis Lung Carcinoma (3LL) tumors by
magnetic activated cell sorting (MACS). MDSCs were also isolated from the
tumors of the tumor-bearing mice. We compared C/EBPa expression quantitative
PCR and found that C/EBPa was significantly reduced in MDSCs isolated from
tumor-bearing mice compared to controls (Figure 3A). Furthermore, we found
that C/EBPa expression was nearly undetectable in MDSCs isolated from the

tumors.

C/EBPFa is significantly reduced in myeloid cells cultured under tumor conditions

Hypoxia is a hallmark of solid tumors. It promotes tumor growth and
progression. To test whether hypoxia regulates C/EBPa expression in myeloid
cells, we cultured 32D murine myeloid cells under hypoxic conditions (1% O3).
Interestingly, we found that C/EBPa expression was significantly reduced after 4
hours and even further reduced after 12 hours incubation (Figure 3B). In addition,
we cultured 32D cells in a mixture of fresh media and medium conditioned by

3LL tumor cells (TCM). C/EBPa expression was significantly reduced after 4
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Figure 3. C/EBPa is down-regulated in MDSCs from tumor bearing mice and in
myeloid cells cultured under tumor conditions. Gr-1+CD11b+ cells were isolated
from spleens (spln) of C57BL/6 mice with (+) or without 3LL (-) tumors as well as tumor
tissues (tumor). Gr-1+CD11b+ cells with greater than 95% purity were pooled from 5-7
mice, RNA was isolated and C/EBPa expression was measured by real-time PCR (A).
32D cells were cultured under normoxic or hypoxic (1% O) conditions. RNA was
isolated and C/EBPa expression was measured by real-time PCR (B). Media was
collected from 3LL tumor cells after 2-3 days in culture to make tumor-conditioned
medium (TCM). 32D cells were cultured in a 50:50 mixture of TCM and fresh media for 4
or 48 hours. RNA was isolated and C/EBPa expression was measured by real-time PCR
(C). 32D cells were treated with the TNF-a and cultured for 24 hours. RNA was isolated
and C/EBPa expression was measured by real-time PCR (D). * p < 0.05. The
experiment was done in triplicate and repeated twice.
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hours in TCM and longer exposure to TCM further reduced C/EBPa mRNA levels
(Figure 3C). Furthermore, treatment of 32D cells with the inflammatory cytokine

TNF-a reduced C/EBPa expression by nearly half (Figure 3D).

Conditional deletion of myeloid C/EBPa increases MDSC expansion under tumor
conditions

Based on the critical role of C/EBPa in regulating the balance between
proliferation and growth arrest in hematopoietic progenitors [56], as well as the
down regulation of C/EBPa in tumor derived MDSCs (Figure 3A), we suspected
an inhibitory function for C/EBPa in MDSC expansion and tumor promotion. To
test the hypothesis in vivo, we utilized a system of conditional myeloid-lineage
gene deletion. C/EBPa was deleted in cells of the myeloid lineage by breeding

flox/flox

Cebpa mice with LysMCre mice, which express Cre recombinase under the
control of a murine lysozyme M promoter. Murine lysozyme M is exclusively
expressed in cells of the monocyte/macrophage and granulocyte lineages of
hematopoietic differentiation [71] and its expression correlates with myeloid
maturation, progressively increasing during myeloid differentiation [72].

The conditional deleted mice are healthy, fertile and grossly normal. We
isolated Gr1+CD11b+ MDSCs from the spleens of wild-type littermates and
Cebpa™/™°*:| ysMCre*"* conditional null mice and confirmed C/EBPa deletion by
real-time RT-PCR. In this system, C/EBPa was ablated in approximately 75% of
the Gr1+CD11b+ MDSCs (Figure 4A). This reduction in C/EBPa mRNA levels

was similar to what was observed in MDSCs isolated from tumor tissues (Figure
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Figure 4. MDSC expansion and proliferation is greater in C/EBPa conditional null
tumor-bearing mice. (A) Gr-1+CD11b+ cells were magnetically purified from spleens of
C/EBPa™™* (\WT) and C/EBPa™":LysMCre (CN) mice, RNA was isolated and
C/EBPa expression was analyzed by semi-quantitative PCR. Wild-type (C/EBPa"°%)
and myeloid conditional null (C/EBPa™"*:LysMCre) mice were injected with 1x 10° 3LL
or B16 tumor cells in the hindlimb. After 21 days, spleens were isolated from the mice,
processed into single-cell suspensions and stained with Gr-1 and CD11b fluorescent
antibodies. The percentage of Gr-1+CD11b+ cells was analyzed by flow cytometry (B). 2
hours prior to sacrifice, the tumor bearing mice were injected with BrdU and BrdU
incorporation was measured in the Gr-1+CD11b+ cells by flow cytometry (C). * p < 0.05.
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3A). Next we examined the role of C/EBPa in MDSC expansion under tumor
conditions. We injected 3LL tumor cells subcutaneously (s.c.) into the flanks of
Cebpa™/™°*:| ysMCre*"* (CN) and Cebpa"/"°*:L ysMCre™ (WT) litter mates for
several weeks. Single cells suspensions from the spleens of mice with similar
sized tumors were stained with anti-Gr-1 and anti-CD11b antibodies. Flow
cytometry analysis revealed a significant increase in Gr1+CD11b+ MDSCs in
tumor-bearing C/EBPa conditional null mice (CN) compared to littermate controls

(WT) (Figure 4B).

Conditional deletion of myeloid C/EBPa enhances MDSC proliferative capacity

Given that C/EBPa inhibits proliferation in myeloid progenitors [73], we
wondered if proliferation was greater in MDSCs from C/EBPa conditional null
mice. Prior to sacrificing the mice, mice bearing similar sizes of tumors were
injected intra-peritoneally (i.p.) with BrdU. Flow cytometry analysis revealed that
BrdU incorporation in MDSCs from Cebpa™"*%;LysMCre*"* mice was nearly
double that of littermate control MDSCs (Figure 4C). These data suggest that
C/EBPa inhibits MDSC expansion, likely through inhibition of cell proliferation,
and tumor conditions resulted in an expansion of MDSCs through down

regulation of C/EBPa in myeloid cells.
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Conditional deletion of myeloid C/EBPa increases myeloid progenitors

Next, we attempted to determine the mechanism of C/EBPa in MDSC
expansion. C/EBPa is known to inhibit proliferation and induce differentiation of
myeloid progenitors [57]. Since MDSCs are immature myeloid cells, and deletion
of C/EBPa led to an increase of MDSCs in vivo, it suggests a role of this
transcription factor in myeloid cell maturation. To test the hypothesis, colony-
forming unit (CFU) assays in semi-solid methylcellulose medium were performed.
Single cell suspensions were prepared from bone marrow of
Cebpa™/™°*:| ysMCre*" mice and Cebpa""*:L ysMCre™ littermate controls and
cultured in methylcellulose for about a week. We observed a significant increase
in the total number of colonies in bone marrow isolated from C/EBPa conditional
null mice (Figure 5A,B). The number of multi-potential progenitor (CFU-GEMM),
macrophage (CFU-M) and erythroid (BFU-E) progenitor colonies was also
significantly greater than littermate controls (Figure 5B). Furthermore, in a similar
CFU assay for GM (granulocyte-monocyte), M (monocyte) and G (granulocyte)
progenitors, an increase in the total colony number and in the number and

percentage of CFU-M progenitor colonies was observed (Figure 5C).
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Figure 5. Myeloid Progenitors are Increased in C/EBPa Conditional Null Mice. Bone
marrow was isolated from myeloid conditional null (Cebpa™":LysMCre**, CN) mice
and Cebpa™™*:| ysMCre™" littermate controls (WT). Single cell suspensions were made
and plated in MethoCult 3434 (A-B) or 3534 (C-D) semi-solid media. After 7-9 days
incubation, colony types were evaluated and counted using inverted microscope. The
number of individual colony types (A-D) and total colonies (B) was quantified. Bone
marrow was pooled from 3 animals and experiments were repeated four times. * p <
0.05.
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Conditional deletion of myeloid C/EBPa decreases circulating monocytes

We also analyzed the effect of myeloid-lineage C/EBPa ablation on circulating
blood cells by performing complete blood counts (CBCs) on peripheral blood
(Table 1). We found that the number of circulating monocytes was significantly
decreased in Cebpa™/"°*:LysMCre*"* mice compared to controls. Other white
blood cells were also decreased, although these differences did not reach
statistical significance. Otherwise myeloid conditional null mice were not different
from their littermate controls or from the normal range for their species,
consistent with myeloid lineage-specific deletion of C/EBPa. Taken together,
these findings show that deletion of C/EBPa in myeloid cells yields an increase in

myeloid progenitors and an accompanying decrease in circulating mature cells.
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WT CN
RBC (M/ulL) 10.15 + 1.49 11.10 + 0.45
Hemoglobin (g/dL) 13.13+1.86 13.87 £ 0.50
HCT (%) 42.27 £ 5.48 45.23 £ 1.40
Platlet (K/uL) 132.67 £+ 64.50 | 341.33+341.73
Total WBC (K/ulL) 3.03+1.78 2.89 +1.03
Lymphocyte (%) 61.74 £ 6.41 56.25 + 6.08
Neutrophil (%) 24.83+£7.00 30.35 £ 5.90
Monocyte (%) 10.48 £+ 1.47 10.33 £1.20
Eosinophils (%) 2.12 +1.20 2.14 + 0.95
Basophils (%) 0.83x0.20 0.72 £0.69
Lymphocyte (K/uL) 2.36 £0.23 1.66 +0.71
Neutrophil (K/uL) 1.23 +0.23 0.85+0.26
Monocyte (K/ulL) 0.45 + 0.05 0.29 +0.09
Eosinophils (K/uL) 0.09 £ 0.05 0.06 *0.04
Basophils (K/uL) 0.04 *+0.02 0.03 + 0.02

Table 1. Peripheral blood differential counts of myeloid conditional null mice and
littermate WT mice. Red blood cell (RBC), Hemoglobin (Hgb), Hematocrit (HCT), total
white blood cell (WBC) and individual WBCs in peripheral blood were determined with
an automated cell counter (HemaVet 960) in wild-type littermate Cebpa™"*;LysMCre™,
(WT) and myeloid conditional null (Cebpa"";LysMCre*"*, CN) mice. Shown are the
numbers from 3 mice * standard deviation. The experiment was repeated twice.
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Figure 6. Myeloid Progenitors are Reduced in tumor-bearing C/EBPa Conditional
Null Mice. Bone marrow was isolated from myeloid conditional null
(Cebpa™™*: L ysMCre**, CN) mice and Cebpa"*"*;LysMCre™ littermate controls (WT).
Single cell suspensions were made and plated in MethoCult 3434 (A-B) semi-solid
media. After 7-9 days incubation, colony types were evaluated and counted using
inverted microscope. The number of individual colony types (A-B) and total colonies (B)
was quantified. Bone marrow was pooled from 3 animals and experiments were
repeated four times. * p < 0.05.

30



Conditional deletion of myeloid C/EBPa decreases myeloid progenitors in tumor-
bearing mice

Methylcellulose CFU assays were also performed on bone from tumor-
bearing mice in order to understand the effect of tumor conditions on myeloid
progenitor proliferation and differentiation and the role C/EBPa plays in that
process. We found that tumor conditions significantly reduced the number of
total colonies (Figure 6A) as well as the number of myeloid progenitors (CFU-M
and CFU-G) in Cebpa"/™*:| ysMCre*"™ mice relative to control tumor-bearing
mice. (Figure 6B) Intriguingly, there was no difference in the percentage of each

individual colony type between wild-type and CN mice.

Conditional deletion of myeloid C/EBPa increases circulating white blood cells in
tumor-bearing mice

Complete blood counts were also performed on tumor-bearing mice (Table 2).
Cebpa™/™°*:| ysMCre*" mice had a significantly higher WBC count and
significantly more eosinophils than wild-type mice. Additionally the percentage of
lymphocytes was significantly decreased and the percentage of neutrophils was
significantly increased in tumor-bearing C/EBPa conditional null mice.
Furthermore, the monocyte percentage was decreased and the basophil
percentage elevated in peripheral blood from tumor-bearing mice with a myeloid-
lineage deletion of C/EBPa. Taken together, we found that deletion of C/EBPa in
myeloid lineage cells resulted in decreased myeloid progenitor production and

increased circulating white blood cells in tumor bearing mice.
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WT CN
RBC (M/ulL) 6.78 + 0.64 7.31+1.87
Hemoglobin (g/dL) 7.60 + 1.14 8.10+1.82
HCT (%) 30.93+3.93 33.10+6.11
Platlet (K/uL) 89.67 +63.69 | 87.33+21.08
Total WBC (K/uL) 3.29+3.24 5.32 + 4.26
Lymphocyte (%) 69.24 +3.45 | 54.92 +10.66
Neutrophil (%) 18.02 +5.53 | 35.10+12.95
Monocyte (%) 11.20 + 2.74 7.53 +2.72
Eosinophils (%) 1.31+0.46 2.07 £ 0.63
Basophils (%) 0.23 £ 0.06 0.38 £ 0.07
Lymphocyte (K/uL) 2.21+2.08 2.63+1.68
Neutrophil (K/uL) 0.71+0.86 2.21+2.33
Monocyte (K/uL) 0.32 +£0.23 0.35 +0.20
Eosinophils (K/uL) 0.05 * 0.06 0.10 £ 0.08
Basophils (K/uL) 0.00 * 0.01 0.02 + 0.02

Table 2. Peripheral blood differential counts of myeloid conditional null mice and
littermate WT tumor-bearing mice. Red blood cell (RBC), Hemoglobin (Hgb),
Hematocrit (HCT), total white blood cell (WBC) and individual WBCs in peripheral blood
were determined with an automated cell counter (HemaVet 960) in wild-type littermate
Cebpa"™*: ysMCre™, (WT) and myeloid conditional null (Cebpa™"*:LysMCre**, CN)
mice bearing large tumors. Shown are the numbers from 3 mice + standard deviation.
The experiment was repeated twice.
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Discussion

Based on the critical role of C/EBPa in myeloid differentiation [56], we
hypothesized that C/EBPa plays a negative role in MDSC expansion. We found
that C/EBPa expression is down-regulated in MDSCs from the spleens of tumor-
bearing mice. Furthermore, C/EBPa expression was nearly undetectable in
MDSCs from the tumor microenvironment. These results were mirrored and
confirmed by our in vitro studies. Treatment of myeloid cells with tumor-
conditioned media reduced C/EBPa mRNA in a time-dependent manner,
suggesting that tumor-produced factors inhibit C/EBPa expression.

One such tumor-derived factor is TNF-a, which we found reduced C/EBPa
expression in myeloid cells in a concentration-dependent manner. Others have
shown that TNF-a decreases C/EBPa production by inhibiting the transcription
and decreasing the stability of C/EBPa mRNA (Figure 7) [74]. TNF-a is an
inflammatory cytokine produced by both tumor and host cells during tumor
growth. It has been shown to recruit monocytes to the tumor as well as to
promote tumor angiogenesis and impair immune surveillance [75]. Thus, TNF-a
appears to participate in the recruitment of MDSCs from the bone marrow and
spleen to the tumor, while at the same time down-regulating C/EBPa expression
in MDSCs. Another long-range signal in the spleen could be IL-6, a cytokine
produced by tumors or tumor-associated myeloid cells that is involved in MDSC
expansion. IL-6 has been shown to inhibit C/EBPa transcription by activating

MYC, which directly binds the CEBPA promoter and represses it (Figure 7) [76].
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Figure 7. Diagram of the C/EBPa promoter and known regulatory elements. Soluble
tumor-derived factors (TDFs) such as the inflammatory cytokines TNF-a, IL-1B and IL-6
are potential long-range signals responsible for C/EBPa downregulation in MDSCs.
These signals activate the SP-1 transcription factor, which binds and inhibits the C/EBPa
promoter. IL-6-induced Myc also represses C/EBPa transcription. Once in the tumor
microenvironment, these TDFs and hypoxia, signaling through hypoxia-inducible factor
(HIF-1a), which binds and represses a hypoxia-responsive element (HRE) in the
C/EBPa promoter, might further reduce C/EBPa expression in MDSCs. Additionally,
calreticulin (CRT) and TNF-a inhibit C/EBPa mRNA stability and translation,

respectively.
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We also found that hypoxia down-regulated C/EBPa expression in myeloid
cells in a time-dependent manner. Hypoxia is a hallmark of solid tumors and is
critically important in tumor growth and progression [77]. In addition to promoting
tumor cell survival and angiogenesis, hypoxia signaling is involved in MDSC
recruitment and activation. Hypoxia represses C/EBPa transcription in multiple
cell types [78,79]. The C/EBPa promoter contains a hypoxia-responsive element
(HRE), which is bound by hypoxia-inducible factor (HIF)-1 alpha and is essential
for down-regulation of C/EBPa transcription in hypoxia (Figure 7) [78].
Additionally, calreticulin (CRT), a chaperone protein normally located in the
endoplasmic reticulum, but is released into the extracellular matrix during
hypoxia and other cancer-induced stresses binds C/EBPa mRNA and inhibits its
translation [80]. In addition to hypoxia, other short-range signals that may down-
regulate C/EBPa in the tumor microenvironment include the cytokines IL-1 and
GM-CSF, which induce MDSC expansion. These cytokine signaling pathways
(and TNF-a signaling) converge on the SP1 transcription factor, which is
overexpressed in many cancers. SP1 directly binds the C/EBPa promoter
represses it [81].

When mice with a conditional deletion of C/EBPa in myeloid-lineage cells
were inoculated with tumor cells, we observed a significant increase in MDSC
production in the spleens of those mice. C/EBPa regulates cell-cycle progression
through many mechanisms including E2F inhibition [82]. We observed nearly a
two-fold enhancement in the proliferative capacity of MDSCs isolated from tumor-

bearing mice lacking C/EBPa in myeloid lineage cells.
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Genetic deletion of C/EBPa results in an increase in immature myeloid cells
and a complete lack of mature granulocytes [83]. Conditional deletion of C/EBPa
in myeloid cells our system yielded similar results. We saw an increase in the
number and percentage of myeloid progenitors in the bone marrow and a
decrease in the number of circulating monocytes in the peripheral blood of these
mice. We observed the opposite in tumor-bearing mice: C/EBPa conditional null
mice had fewer myeloid progenitors in the bone marrow and more circulating
white blood cells. Importantly, we didn’t observe any difference in the relative
percentages of the myeloid progenitors. Instead there were fewer total colonies
and less of each individual progenitor in the bone marrow of C/EBPa conditional
null tumor-bearing mice. Thus it appears that increased myeloid progenitor
production in the bone marrow yielded greater MDSC expansion in tumor-
bearing mice. Perhaps the increase in white blood cells observed in the
peripheral blood of C/EBPa conditional null tumor-bearing mice resulted from
increased MDSC production and expansion in those mice. Taken together, these
data support the hypothesis that signals in the tumor microenvironment, including
hypoxia and TNF-a secretion, down-regulate C/EBPa expression in myeloid

lineage cells, resulting in MDSC proliferation and expansion.
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CHAPTER I

C/EBPa REGULATES PRO-ANGIOGENIC FUNCTIONS OF MYELOID-

DERIVED SUPRESSOR CELLS IN THE TUMOR MICROENVIRONMENT

Abstract

MDSCs are capable of suppressing tumor immunity through multiple direct
and indirect mechanisms on T-cells, dendritic cells and natural killer cells.
MDSCs also directly promote tumor growth through mechanisms of tumor
angiogenesis. Conditional deletion of C/EBPa in myeloid-lineage cells resulted in
enhanced MDSC infiltration into tumors and increased tumor angiogenesis,
resulting in accelerated tumor growth. Deletion of C/EBPa in MDSCs enhanced
the pro-angiogenic and pro-tumorigenic behavior of these cells by upregulating
the production of iINOS and nitric oxide, as well as MMP-9 and VEGF. However,
myeloid lineage specific deletion of C/EBPa did not increase MDSC-mediated

immune suppression.
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Introduction

Immune suppression and angiogenesis are hallmarks of cancer and are
necessary for tumor growth and progression [84]. MDSCs posses both tumor-
promoting functions; these cells have long been known to suppress the host
immune response to cancer. MDSCs also directly promote tumor growth through
mechanisms of tumor angiogenesis and vasculogenesis. They express higher
levels of MMP-9, thereby increasing the bioavailability of VEGF [18] and
promoting pericyte recruitment, which increases vascular stability. As such,
MDSCs have been reported to mediate tumor refractoriness to anti-VEGF
treatment by providing and alternative source of VEGF [39].

MDSCs from tumor-bearing mice have been shown to directly promote tumor
angiogenesis and growth [18]. When MDSCs from mice with myeloid-lineage
ablation of C/EBPa were combined with tumor cells in a co-injection study, tumor
angiogenesis and growth was further increased. MDSCs promote tumor
angiogenesis and tumor cell invasion through the production of MMP-9 and
VEGEF [18,40]. The expression of MMP-9 and VEGF was significantly increased
in MDSCs purified from tumor-bearing C/EBPa conditional null mice.

The immune suppressive properties of MDSCs are largely due to arginase
and iINOS activity. These enzymes metabolize L-arginine, thereby reducing its
availability to T-cells, which require it for activation and proliferation. INOS
expression and activity was significantly greater in MDSCs isolated from tumor-
bearing mice with a myeloid-lineage deletion of C/EBPa. However, we did not

observe any difference in arginase expression between the two groups.
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Additionally, when C/EBPa was deleted in MDSCs, we observed no change in
their capacity to suppress antigen-specific T-cell proliferation. Taken together,
these data suggest that in addition to inhibiting MDSC production, C/EBPa
negatively regulates the pro-angiogenic functions of MDSCs in the tumor

microenvironment.

Materials and Methods

MDSC Isolation

3LL lung cancer cells or B16 melanoma cells were subcutaneously implanted
in C57BI/6 mice for 3 weeks (3LL) or 30 days (B16). After sacrificing the mice,
tumor tissues were removed and digested with collagenase A and hyaluronidase
(both from Sigma Aldrich, St. Louis, MO) at 37°C overnight. Single cell
suspensions were prepared from tumor and spleen tissues. MDSCs were
isolated by sequential antibody labeling and separation by magnetic column,
using anti-Gr1-PE (Cat. # 130-091-932) and anti-PE (Cat. # 130-48-801)
multisort beads, followed by CD11b (Cat. # 130-093-634) MicroBeads (all from

Miltenyi Biotech, Auburn, CA).

Quantitative RT-PCR

RNA was isolated from cells using the RNeasy Kit from Qiagen (Cat. no.
74104, Valencia, CA), according to their protocol. cDNA was synthesized from 1
Mg RNA with the iScript cDNA Synthesis Kit (Cat. # 170-8891, BioRad, Hercules,

CA) according to the manufacturer’s protocol. For quantitative real time PCR,
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SsoFast EvaGreen Supermix (Cat. # 172-5201, BioRad, Hercules, CA) and a
CFX96 or MyiQ machine (BioRad, Hercules, CA) were used. The primer
sequences used for C/EBP-a are ACGGCGGGAACGCAACAACA and
GAAGATGCCCCGCAGCGTGT, for iNOS (NOS2):
ACCTTGTTCAGCTACGCCTT and CATTCCCAAATGTGCTTGTC, for VEGF-A:
CCCGGGCCTCGGTTCCAGA and GCCTGGGACCACTTGGCATGG, for B-
actin:. GACAACGGCTCCGGCATGTGC and TGGCTGGGGTGTTGAAGGTC.
After an initial denaturing (95°C for 2:00), 40 cycles of 5 s at 95°C and 9 s at
58.7°C were performed. Target and control reactions were performed in triplicate
and the average Ct value was calculated. Relative changes in transcript levels
were determined using the 27*2“* method with B-actin as an internal control.

Experiments were repeated three times.

Cell lines

32D myeloid cell line (# CRL-11346), Lewis lung cancer (3LL) cell line (#
CRL-1642) and B16 melanoma (# CRL-6475) cell line (all murine, C57BL/6J
mice) were purchased from ATCC (Manassas, VA). 32D cells were cultured in
RPMI 1640 + 10% fetal bovine serum (FBS) + 1% penicillin/streptomycin () +
10% IL-3 Culture Supplement (Cat. # 354040, BD Biosciences, San Jose, CA) at
37°C, 5% CO.. 3LL cells were grown in RPMI 1640 + 10% FBS + 1%
penicillin/streptomycin at 37°C, 5% CO,. B16 cells were cultured in DMEM + 10%

FBS + 1% penicillin/streptomycin at 37°C, 5% COs,.
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Mice

C57BL/6J, LysMcre [69] and OT-1 [85] mice were purchased from Jackson
Laboratories (Bar Harbor, ME). Mice with a floxed Cebpa gene, called
Cebpa™™°* [70], were a gift from Peter Johnson (NCI, Frederick, MD). The
animals were housed in pathogen-free units at the Vanderbilt University Medical
Center, in compliance with IACUC regulations. We generated mice with myeloid-

XX mice to LysMCre mice, which

specific deletion of Cebpa by breeding Cebpa
express Cre recombinase under the control of murine lysozyme M promoter. F1
LysMCre*";Cebpa™* were then crossed to produce the genotypes used in the
experiments. Mice used were between 6 and 10 weeks of age. The studies were
approved by the Institutional Animal Care and Use Committee at Vanderbilt

University Medical Center and complied with all relevant institutional and federal

guidelines and policies.

Tumor allograft model

B16 or 3LL cells (1 x 10° cells), with or without Gr1+CD11b+ cells (1 x 10*
cells), were injected subcutaneously into the left flank of C57BI/6 mice. The size
of tumors was determined by measurement of tumor dimensions at 2—3 day
intervals using calipers. The equation volume = length x (width)? x 0.5 was used
to calculate tumor volume. Tumor samples taken at days 21 (3LL) or 30 (B16)
post-injection were flash frozen in Tissue-Tek OCT (Sakura, Torrance, CA) and

prepared for histology. Experiments were repeated at least three times.
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Single-cell sorting

Single cell suspensions of splenocytes from tumor-bearing mice were stained
with fluorescence-labeled Gr-1 (Cat. # 553126, monoclonal, rat) and CD11b (Cat.
# 553311, monoclonal, rat) antibodies (BD Biosciences, San Jose, CA) for 15
minutes at 0°C. Gr-1+CD11b+ cells were sorted with a BD FACSAria cell sorter
in the VA or VUMC Flow Cytometry Resource and collected for tumor growth

experiments.

Immunohistochemistry

Cryo-preserved tumor sections were blocked with M.O.M. solution (Vector
Laboratories, Burlingame, CA), incubated with antibodies to CD31 (BD
Biosciences, San Jose, CA; 1:500 dilution) overnight (4° C), and visualized by
using Texas Red-conjugated goat anti-rat 2nd antibody (Jackson Immuno
Research Laboratories, West Grove, PA; 1:10000 dilution). Images were
captured with a fluorescent microscope. Vascular density was calculated in 10
randomly selected fields and counted in a blinded manner. Average pixel density
was measured with ImagedJ software (http://rsb.info.nih.gov/ij/). These

experiments were repeated 3 times.

Enzyme activity
NO production was measured as the product of NO3” and NO; in culture
media using a Nitrate/Nitrite Assay Kit (Alexsis Biochemicals, Farmingdale NY,

Cat. # 850-001-Kl01) according to manufacturer’s instructions. Assay was
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performed in triplicate and repeated twice.

Suppression of antigen-specific T-cell proliferation

MDSCs magnetically purified from the tumors of myeloid conditional null mice
and wild-type littermates were cultured with various ratios with OT-1 [85]
splenocytes that had been labeled with CFSE (Molecular Probes, Eugene, OR)
and activated with ovalbumin (Thermo Fisher Scientific, Pittsburg, PA, Cat. #
BP2535-5; 125 ug/mL). After 4 days in culture, CFSE fluorescence was
measured by flow cytometry. The average number of cell divisions was

calculated [86] and plotted. Assay was performed in triplicate and repeated twice.

Statistical Analysis
All data were averaged, analyzed using the Student’s t test (one-sided;
paired, equal variance) and were expressed as mean + standard error across

experiments.
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Results

Conditional deletion of myeloid C/EBPa increases tumor growth

C/EBPa has been identified as a tumor suppressor in multiple tissues based
upon its role in inhibiting proliferation. Because of this and our finding that
C/EBPa inhibits MDSC proliferation and expansion, we wanted to determine the
role of myeloid C/EBPa in tumor growth. Toward that end, we injected
Cebpa™ /"% | ysMCre*"* conditional null mice and Cebpa""%;LysMCre™
littermates with 3LL tumors subcutaneously in the hindlimb. Tumor size was
measured by caliper. We found that the tumor growth rate was significantly
increased in C/EBPa myeloid conditional null mice compared to littermate
controls (Figure 8A). We also inoculated mice with B16 melanoma cells and
obtained similar results (Figure 8B). These results suggest a negative role for

myeloid C/EBPa in tumor growth and progression.
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Figure 8. Tumor growth is accelerated in C/EBPa conditional null mice. (A) Wild-
type (C/EBPa"™* \WT) and myeloid conditional null (C/EBPa"™*:LysMCre, CN) mice
were injected with 1x 10° 3LL (A) or B16 (B) tumor cells in the hindlimb. Tumor
dimensions were measured every 2-3 days with caliper and tumor volume was
calculated and plotted with time. * p < 0.05, n = 10 mice per group. The experiment was

repeated 4 times.

45



Tumors from C/EBPa myeloid conditional null mice have increased MDSC
infiltration and vascularization

MDSCs are known to infiltrate into tumors and modulate the tumor
microenvironment to promote tumor progression [18]. We therefore compared
MDSC infiltration in tumors harvested from Cebpa™*"%;LysMCre*™* and
Cebpa™/™°*:| ysMCre™" littermates 21 days after inoculation with 3LL tumor cells.
We stained tumor sections with anti-Gr-1 antibody (Figure 9A) and Gr1+ cells
were counted as a measure of MDSC infiltration. We observed a significant
increase in MDSC infiltration into the tumors of C/EBPa conditional null mice
relative to littermate controls (Figure 9B).

It is well established that MDSCs directly promote tumor growth through
increased tumor angiogenesis [18]. We next analyzed tumor vascular density by
staining tumor sections harvested from both groups with an anti-CD31 antibody
(Figure 9C) and counted CD31+ blood vessels. A significantly higher blood
vessel density was observed in the tumors grown in C/EBPa conditional null mice

than in controls (Figure 9D).
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Figure 9. Tumors from C/EBPa conditional null mice have increased MDSC
infiltration and vascularity. Size-matched tumors were harvested from myeloid
conditional null (C/EBPa™"*:LysMCre, C/EBPa CN) and control litermate mice
(C/EBPa™ ™* 'WT), sectioned and stained with Gr-1 (A) or CD31 (C) fluorescent
antibodies. Representative images are shown. The number Gr-1+ cells (B) and CD31+

vascular structures (D) were quantified in 10 randomly selected fields under microscopy.
*p <0.05.
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MDSCs from C/EBPa conditional null mice have increased capacity to promote
tumor growth

We observed increased myeloid progenitor production in mice with a myeloid-
lineage deletion of C/EBPa. Upon inoculation of those mice with tumor cells, we
observed greater MDSC expansion and infiltration into the tumors, increased
tumor angiogenesis and accelerated tumor growth. We sought to determine if
MDSCs were responsible for increased tumor angiogenesis and accelerated
tumor growth in the conditional null animals. Additionally, we wanted to establish
whether that effect was due solely to greater MDSC expansion in those mice. We
next performed a reconstitution experiment where Gr1+CD11b+ cells were
sorted from the spleens of Cebpa™"**;LysMCre*"* (CN) and wild-type
(Cebpa"™*:| ysMCre™, WT) tumor-bearing littermates by FACS. We
consistently achieved greater than 95% purity. Next, 1 x 10* purified
Gr1+CD11b+ cells were mixed with 1 x 10° 3LL tumor cells (1:10 ratio) and co-
injected subcutaneously into the flanks of C57BL/6 mice. C57BL/6 mice were
also injected with tumor cells alone and tumor cells mixed with MDSCs isolated
from wild-type mice as controls. Tumor size was measured with a caliper and
tumor volume was calculated. As expected, the tumor growth rate was greater
when tumor cells were co-injected with Gr1+CD11b+ MDSCs from wild-type
tumor-bearing mice compared to tumor cells alone (Figure 10). Interestingly,
when mice were injected with tumor cells mixed with Gr1+CD11b+ MDSCs from
tumor-bearing Cebpa™/"*%;LysMCre*"* mice, tumor growth was further

accelerated (Figure 10). This led us to conclude that MDSCs contributed to the
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Figure 10. MDSCs from C/EBPa conditional null mice promote tumor growth and
angiogenesis. Wild-type (C/EBPa™ " WT) and myeloid conditional null
(C/EBPa™ ™% ysMCre, CN) mice were injected with 1x 10° 3LL tumor cells in the
hindlimb. After 21 days, Gr-1+CD11b+ cells were purified from the spleens by FACS.
Wild-type C57BL/6 mice were injected with 1x 10° 3LL tumor cells or 3LL cells combined
with 1x 10* Gr-1+CD11b+ cells from wild type (WT MDSC) or C/EBPa conditional null
mice (CN MDSC). Tumor dimensions were measured every 2-3 days with caliper and
tumor volume was calculated and plotted with time. * p < 0.05 (CN MDSC vs. WT
MDSC), # p < 0.05 (CN MDSC vs. WT MDSC and 3LL alone).
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increased angiogenesis and accelerated tumor growth we observed in
Cebpa™/™°*:| ysMCre*"* mice. Since equal numbers of MDSCs were injected with
tumor cells, the only difference was whether C/EBPa had been deleted in the
MDSCs. We hypothesized that conditional C/EBPa deletion in
Cebpa"/™°*: | ysMCre*"* mice had somehow enhanced MDSC tumor-promoting

properties within the tumor microenvironment.

MDSCs from C/EBPa conditional null mice have increased capacity to promote
tumor angiogenesis

Next we sought to determine if the accelerated tumor growth we observed in
mice injected with MDSCs from Cebpa™/"*;LysMCre*"* mice was due to
increased tumor angiogenesis. After an analysis of tumor vascularity by staining
the tumor sections with CD31 antibody, we observed a significant increase in
vascular density in the tumors co-injected with Gr1+CD11b+ MDSCs from
Cebpa"/™°*:| ysMCre*"* mice compared with controls (Figure 11B). Furthermore,
the blood vessels in tumors from mice co-injected with Gr1+CD11b+ MDSCs
from tumor-bearing myeloid conditional null mice were bigger and had larger
lumens (Figure 11A). These data collectively support dual roles of C/EBPa in
MDSC biology; it negatively regulates MDSC expansion, as well as the pro-

angiogenic and pro-tumor activities of MDSCs.
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Figure 11. MDSCs from C/EBPa conditional null mice promote tumor
angiogenesis. Wild-type (C/EBPa™ " WT) and myeloid conditional null
(C/EBPa™ ™% ysMCre, C/EBPa CN) mice were injected with 1x 10° 3LL tumor cells in
the hindlimb. After 21 days, Gr-1+CD11b+ cells were purified from the spleens by FACS.
Wild-type C57BL/6 mice were injected with 1x 10° 3LL tumor cells or 3LL cells combined
with 1x 10* Gr-1+CD11b+ cells from wild type or C/EBPa conditional null mice. Tumors
were harvested; sections were cut and stained with CD31 fluorescent antibody.
Representative images are shown (A). The number CD31+ vascular structures were
quantified in 5 randomly selected fields under microscopy (B, upper). CD31+ vascular
area was quantified in 5 randomly selected fields as average pixel area using ImageJ (B,
lower). * p < 0.05.
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C/EBPa negatively regulates angiogenic gene expression in MDSCs.

MDSCs infiltrate into tumors and modulate the tumor microenvironment
through production of growth factors and cytokines. Based on our findings that
C/EBPa negatively regulates the angiogenic and tumor-promoting activities of
MDSCs (Figure 11), we measured the expression of genes involved in MDSC-
mediated immune suppression and angiogenesis. MDSCs were purified from the
spleens of tumor-bearing mice by magnetic cell sorting. We found that C/EBPa
ablation resulted in increased the expression of inducible nitric oxide synthase
(iINOS), with no effect on arginase 1 expression (Figure 12A). The production of
nitric oxide, a mediator critical for immune suppressive functions of MDSCs as
well as angiogenesis, was also significantly increased in Cebpa"/"*:L ysMCre*’*
(CN) MDSCs (Figure 12B). Additionally, we found that levels of MMP-9 and
vascular endothelial growth factor A (VEGF-A), two important angiogenic
mediators associated with MDSCs, were also significantly elevated in MDSCs
from Cebpa™ /%L ysMCre*"* mice. Furthermore, overexpression of C/EBPa in
32D cells resulted in decreased iNOS and VEGF-A expression when compared
to vector control (Figure 12C). These data provide molecular evidence supporting
a negative role of C/EBPa in the pro-angiogenic properties of MDSCs by

inhibiting angiogenic gene expression.

52



>
ve

4 12 71 *
s | N _I_
3
s _ O
= s 9
i =
< ~ *
=z 2 c
o 2 *
€ S 6
- E o
2 o
o o
(]

Arg1 iNOS MMP-9 VEGF
0 g
Nitrate Nitrite Total
1.5

Relative mRNA Expression

1.0 + ‘}
*
. . - R
CN
05 +t ﬂ_‘ D
0 o

Arg1 iNOS MMP-9 VEGF

Figure 12. C/EBPa negatively regulates angiogenic gene expression. Gr-1+CD11b+
MDSCs were magnetically purified from spleens of C/EBPa conditional null (CN) and WT
littermate 3LL tumor bearing mice (n= 5 mice pooled together per group). RNA was
isolated and arginase 1 (Arg1), inducible nitric oxide synthase 1 (iNOS), matrix
metalloproteinase 9 (MMP-9) and VEGF-A expression was measured by real time PCR
(A). Gr-1+CD11b+ MDSCs from tumor bearing mice were cultured for 3 days. Nitrate
and nitrite production was measured in the culture supernatants with Nitrate/Nitrite
Assay Kit and total NO production was calculated (B). 32D cells were transfected with a
C/EBPa expression plasmid or vector control. RNA was isolated and arginase (Arg1),
inducible nitric oxide synthase 1 (iNOS), matrix metalloproteinase 9 (MMP-9) and VEGF-
A expression was measured by real time PCR (C). *p < 0.05. The experiment was done
in triplicate and repeated 3 times.
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C/EBPa does not play a major role in MDSC-mediated immune suppression
Given the ability of MDSCs to suppress anti-tumor immune responses and
our gene expression data, we wondered if C/EBPa regulates the immune-
suppressive function of MDSCs. We therefore performed an immune
suppression assay. MDSCs were purified from the tumors of
Cebpa™/™°*: [ ysMCre*"* (CN) mice and littermate controls and cultured with
activated splenocytes that had been labeled with CFSE. After a few days in
culture, we quantified CFSE dilution on a flow cytometer as a measure of
proliferation. We observed no difference in the ability to inhibit antigen-specific T-
cell proliferation between MDSDs from Cebpa™"%;LysMCre*™* mice and
littermate controls (Figure 13). We concluded that C/EBPa does not play a major

role in MDSC-mediated immune suppression.
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Figure 13. C/EBPa does not play a major role in MDSC-mediated immune
suppression. Gr-1+CD11b+ MDSCs were magnetically purified from spleens of
C/EBPa conditional null (CN) and WT littermate 3LL tumor bearing mice (n=5 mice
pooled together per group). OT-1 splenocytes labeled with CFSE and stimulated with
ovalbumin were cultured with the purified MDSCs. CFSE fluorescence was measured
and the number of cell divisions was calculated. Differences between WT and CN were
not significant. This experiment was repeated twice.
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Discussion

MDSCs infiltrate into tumors where they promote tumor angiogenesis and
suppress the host immune response to cancer. MDSCs from tumor-bearing mice
have been shown to directly promote tumor angiogenesis and growth [18]. We
observed that tumor growth was significantly accelerated in mice harboring a
conditional deletion of C/EBPa in myeloid-lineage cells. Furthermore, the tumors
had greater MDSC infiltration and increased vascular density. When MDSCs
from mice with myeloid-lineage ablation of C/EBPa were combined with tumor
cells in a co-injection study, tumor angiogenesis and growth was further
increased.

MDSCs promote tumor angiogenesis and tumor cell invasion through the
production of MMP-9 and VEGF [18,40]. We found that the expression of MMP-9
and VEGF was significantly increased in MDSCs purified from tumor-bearing
C/EBPa conditional null mice. The immune suppressive properties of MDSCs are
largely due to arginase and iNOS activity. Although we did not observe any
difference in arginase expression, we observed that INOS expression and activity
was significantly greater in MDSCs isolated from tumor-bearing mice with a
myeloid-lineage deletion of C/EBPa. In addition mediating the immune
suppressive properties of MDSCs, NO also regulates angiogenesis [87].

Intriguingly, when we overexpressed C/EBPa in 32D myeloid cells, arginase
expression was significantly reduced. This apparent discrepancy may be due to
differences between primary cells and cell lines. Though a literature search

yielded no reports of C/EBPa regulating arginase expression, the arginase 2
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promoter does contain a predicted C/EBPa binding site. Additionally we observed
no effect on MMP-9 expression when C/EBPa was overexpressed in 32D cells
despite a modest but significant increase in its expression in MDSCs isolated
C/EBPa conditional null mice. Although the human, mouse and rat MMP-9
promoters have predicted C/EBPa binding sites, there are no reports of C/EBPa
inhibiting MMP-9 expression.

Regardless, the overexpression data did confirm our observations regarding
iINOS and VEGF expression in C/EBPa null MDSCs. C/EBPa overproduction
inhibited INOS and VEGFA expression in the 32D myeloid cell line. The human
iINOS and VEGFA promoters both contain confirmed C/EBPa binding sites.
Furthermore, macrophages isolated from tumor-bearing mice display reduced
C/EBPa binding to the iINOS promoter [88]. C/EBPa is also a negative regulator
of VEGFA expression in the heart [89].

In order to rule out a role for C/EBPa in immune suppressive properties of
MDSCs, we compared the ability to suppress T-cell proliferation between MDSCs
purified from C/EBPa conditional null mice and littermate controls. We observed
no difference between the groups and therefore, concluded that C/EBPa does
not play a major role in MDSC-mediated immune suppression. The results
suggest that, in addition to inhibiting MDSC expansion, C/EBPa also functions as
a negative regulator of MDSC activation and function. Through the ability to
repress iINOS and VEGF expression and NO production, C/EBPa inhibits the

promotion of tumor angiogenesis in MDSCs.
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CHAPTER IV

PRELIMINARY DATA

Materials and Methods

Single-cell sorting

Single cell suspensions of splenocytes from tumor-free mice were stained
with fluorescence-labeled Gr-1 (Cat. # 553126, monoclonal, rat) and CD11b (Cat.
# 553311, monoclonal, rat) antibodies (BD Biosciences, San Jose, CA) for 15
minutes at 0°C. Gr-1+CD11b+ cells were sorted with a BD FACSAria cell sorter
in the VA or VUMC Flow Cytometry Resource and collected for tumor growth

experiments.

Cell lines

Lewis lung cancer (3LL) cell line (# CRL-1642) and B16 melanoma (# CRL-
6475) cell line (all murine, C57BL/6J mice) were purchased from ATCC
(Manassas, VA). 3LL cells were grown in RPMI 1640 + 10% FBS + 1%

penicillin/streptomycin at 37°C, 5% CO..

Mice
C57BL/6J and LysMcre [69] mice were purchased from Jackson Laboratories

flox/flox

(Bar Harbor, ME). Mice with a floxed Cebpa gene, called Cebpa [70], were

a gift from Peter Johnson (NCI, Frederick, MD). The animals were housed in
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pathogen-free units at the Vanderbilt University Medical Center, in compliance
with IACUC regulations. We generated mice with myeloid-specific deletion of

flox/flox

Cebpa by breeding Cebpa mice to LysMCre mice, which express Cre

recombinase under the control of murine lysozyme M promoter. F1 LysMCre*"

fl/+

;Cebpa”” were then crossed to produce the genotypes used in the experiments.
Mice used were between 6 and 10 weeks of age. The studies were approved by
the Institutional Animal Care and Use Committee at Vanderbilt University Medical

Center and complied with all relevant institutional and federal guidelines and

policies.

Tumor isograft model

3LL cells (1 x 10° cells), with or without Gr1+CD11b+ cells (1 x 10* cells),
were injected subcutaneously into the left flank of C57BI/6 mice. The size of
tumors was determined by measurement of tumor dimensions at 2-3 day
intervals using calipers. The equation volume = length x (width)? x 0.5 was used

to calculate tumor volume. Experiments were repeated at least three times.

Statistical Analysis
All data were averaged, analyzed using the Student’s t test (one-sided;
paired, equal variance) and were expressed as mean + standard error across

experiments.

59



Results

Gr-1+/CD11b+ cells from tumor-free C/EBPa conditional null mice promote tumor
growth.

Our finding that C/EBPa inhibits pro-angiogenic gene expression led us to
wonder whether MDSCs isolated from tumor-free CN mice might also promote
tumor growth. To that end, Gr-1+/CD11b+ cells were isolated from tumor-free
C/EBPa conditional null mice by FACS. Since they were purified from normal
mice, i.e. mice that did not have tumors, these Gr-1+/CD11b+ cells are not
technically MDSCs [25]. Intriguingly however, when mixed with 3LL tumor cells
(1:10) and injected into wild-type C57BI/6 mice, they behaved liked MDSCs and
tumor growth was significantly accelerated (Figure 14). This finding was obtained
in a pilot experiment that must be repeated with control Gr-1+/CD11b+ cells from
wild-type tumor free mice. With that caveat, this is the first instance to our
knowledge of Gr-1+/CD11b+ cells from tumor-free mice phenotypically mimicking

MDSCs. This data hints that C/EBPa may be key regulator of MDSCs biology.
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Figure 14. Gr-1+/CD11b+ cells from tumor-free C/EBPa conditional null mice
promote tumor growth. FACS-purified Gr-1+/CD11b+ cells from the spleens of
C/EBPa conditional null mice were mixed with 1x 10° 3LL tumor cells (1:10) and injected
s.c. into the flanks of C57BL/6 mice (3LL+Gr1/CD11b). C57BI/6 mice were injected with
1x 10° 3LL tumor cells as a control (3LL alone). Tumor dimensions were measured

every 2-3 days with caliper and tumor volume was calculated and plotted with time.
*p <0.05, " p<0.01.
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CHAPTER V

CONCLUSION

Summary

In this work, we sought to elucidate the role of C/EBPa in regulating myeloid-
derived suppressor cell expansion and the pro-tumor activities of these cells. In
Chapter Il, we present evidence that C/EBPa is a negative regulator of MDSC
expansion through its ability to inhibit proliferation. Deletion of myeloid C/EBPa in
mice yielded an increase in myeloid progenitors, accompanied by a reduction in
circulating monocytes. Upon inoculation with tumor cells, splenic MDSC
production was enhanced nearly two-fold in mice lacking C/EBPa in myeloid
lineage cells.

In Chapter Ill, we give evidence that C/EBPa is a negative regulator of the
pro-angiogenic properties of MDSCs. Conditional deletion of C/EBPa in myeloid
lineage cells enhanced MDSC infiltration and tumor vascularization, resulting in
markedly accelerated tumor growth in those mice. In an experiment where equal
numbers of MDSCs were injected with tumor cells into mice, C/EBPa ablation
resulted in an enhancement in the pro-tumor MDSC phenotype: tumor growth
and tumor angiogenesis was significantly greater. In order to understand the
mechanism behind our observation, we measured the expression genes involved
in MDSC-mediated immune suppression and angiogenesis. We found that

C/EBPa deletion resulted in upregulation of MMP-9, VEGF and iNOS expression,
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as well as increased NO production. Additionally, overexpression of C/EBPa in
myeloid cells caused a significant reduction in INOS and VEGF expression. We
did not, however, observe any difference in the ability to suppress T-cell
proliferation. Given that NO can also regulate angiogenesis, we concluded that
C/EBPa does not play a major role in MDSC-mediated immune suppression.

The process of MDSC production begins in the bone marrow, where tumor-
produced or tumor-induced expansion signals initiate MDSC expansion. Many of
the growth factors that normally induce myeloid progenitors to proliferate and
mature, including granulocyte macrophage colony-stimulating factor (GM-CSF),
macrophage colony-stimulating factor (M-CSF) and granulocyte colony-
stimulating factor (G-CSF), also serve as expansion signals for MDSCs in the
bone marrow and spleen. Inflammatory molecules and cytokines such as IL-1,
IL-6 and PGE; are also involved in MDSC expansion. These signals activate the
JAK-STAT pathway and the STAT-3 transcription factor in particular.
Interestingly, many of the receptors for these signals are C/EBPa target genes,
including GM-CSFR, M-CSFR, G-CSFR and IL-6R, suggesting that C/EBPa
initially may be required in the MDSC pathway.

Tumor and stromal cells also secrete chemokines that recruit MDSCS from
the bone marrow, spleen and liver to the tumor. This process involves multiple
pathways, including CCL2-CCR2 and SDF-1-CXCR4 interactions. TNFa is also
involved in MDSC recruitment and our data suggests that it may participate in
down-regulation of C/EBPa in the spleen and tumor. Once MDSCs are recruited

and infiltrate into tumors, numerous signals within the tumor microenvironment
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activate MDSCs. Hypoxia signaling through HIF-1a is indispensible for MDSC
activation. Other signals for MDSC activation include interferon-y, IL-1B and stem
cell factor. The hypoxic and inflammatory microenvironment strongly inhibits
C/EBPa expression, allowing for increased MDSC proliferation and resulting in
the up-regulation of MMP-9, NO and VEGFA production.

The ability of MDSCs to promote tumor growth and metastasis has made
uncovering the regulators of MDSC expansion and function a priority. While we
have a good understanding of the molecules crucial for MDSC biology, much
less is known about the negative regulation of MDSCs. A recent study
determined that a micro-RNA, miR-223, suppresses accumulation of tumor-
induced CD11b+Gr1+ MDSCs [90]. This coincides with the data presented here,
as miR-223 is a known C/EBPa target gene; C/EBPa up-regulates miR-223
expression during granulocyte differentiation [91]. Another recent article identified
interferon (IFN) regulatory factor 8 (IRF-8) as a potential inhibitor of MDSC
production and demonstrated that modulation of IRF-8 levels in tumor-induced
CD11b+Gr-1+ cells can significantly abrogate their pro-tumorigenic behavior [92].
IRF-8 is a hematopoietic transcription factor that facilitates myeloid differentiation
[93]. Interestingly, forced IRF-8 expression in a model of CML, BCR/ABL-
transformed myeloid cells, specifically restored C/EBPa expression [94]. To our
knowledge, this is the only report linking IRF-8 and C/EBPa expression and more
work is needed to determine the specific role of these transcription factors in

inhibiting MDSC expansion and activation.
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A recent study indicated a critical role for C/EBPf in the immune suppressive
functions of MDSCs [29]. Marigo et al. provided evidence that hematopoietic
deletion of C/EBPf, a member of the same family of proteins as C/EBPa, led to a
decrease in the number of MDSCs and a loss in the tolerance promoting
activities of MDSCs, accompanied by a difference in the differentiation of myeloid
cells [95]. Additionally, C/EBP® regulates VEGFC signaling in lymphangiogenesis
through HIF-1a [96]. These findings, along with our findings, point to important
roles for this family of transcription factors in MDSC biology.

An emerging model proposes that a shift from ‘steady-state’ hematopoiesis
driven by transcription factors such as C/EBPa to transcription factors that
promote inflammatory ‘emergency granulopoiesis,’ including C/EBPf is
necessary for MDSC maturation [97]. C/EBPa appears to function as an inhibitor
of this process. Notably, C/EBPa activates the protease that cleaves full-length
C/EBPg to generate LIP (liver-enriched transcriptional inhibitory protein), a
dominant-negative transcription inhibiting isoform [98]. Therefore, tumor-induced
down-regulation of C/EBPa may be a required step in MDSC maturation and/or
activation. This would simultaneously release the brakes on proliferation and
activate angiogenesis-inducing VEGF and NO production. Additionally, reduced
LIP conversion allows the active isoform of C/EBPf critical for immune
suppression to predominate.

Therapeutic targeting of MDSCs in cancer and other pathological conditions
is an area of intense and ongoing research. Recently proposed strategies include

promoting myeloid-cell differentiation, inhibiting MDSC expansion, inhibiting
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MDSC function and elimination of MDSCs [99]. Our work suggests that restoring
C/EBPa expression in MDSCs may promote their differentiation while inhibiting
MDSC expansion and function. The validity of this approach has already been
demonstrated in the myeloid leukemia field, where reintroduction of C/EBPa in
CD34+ leukemic cells impaired their self-renewal capacity and enhanced myeloid
differentiation [100]. More promising is a recent report that nanoparticles were
used to efficiently deliver C/EBPa to mesynchymal stem cells [101]. If successful,
restoring C/EBPa expression could lead to fewer MDSCs in the tumor
microenvironment due decreased MDSC proliferation. It could also result in
MDSC differentiation into mature, functional immune cells able to recognize and
destroy the tumor. Furthermore, it might also result in increased LIP generation
and decreased C/EBPf activity. When C/EBPf was conditionally deleted in the
hematopoietic system, the percentage of MDSCs was decreased [102]. This was
accompanied by reduced arginase and NO production and the inability to
suppress immune responses. Thus, it may be possible to reduce MDSC-
mediated immune suppression and angiogenesis, while increasing immune
surveillance by reactivating or re-expressing C/EBPa in MDSCs.

Taken together, our findings reveal dual negative roles for C/EBPa in the
expansion and pro-angiogenic gene expression in MDSCs. Our work suggests
that therapy aimed at restoring C/EBPa expression in MDSCs may be promising

and effective in the treatment of solid tumors.
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Future Directions

Our finding that C/EBPa inhibits pro-angiogenic gene expression led us to
wonder whether Gr-1+/CD11b+ isolated from tumor-free C/EBPa conditional null
mice might also promote tumor growth. To that end, wild-type C57BI/6 mice were
injected with either Gr-1+/CD11b+ cells isolated from tumor-free C/EBPa
conditional null mice mixed with 3LL tumor cells (1:10) or tumor cells alone.
Intriguingly, we found that Gr-1+/CD11b+ cells from tumor-free CN mice, when
mixed with tumor cells, promote tumor growth and tumor growth was significantly
accelerated in those mice. Thus, conditionally deleting C/EBPa in myeloid cells
from tumor-free mice produces Gr-1+/CD11b+ cells that phenotypically mimic
MDSCs in tumor-bearing mice.

Our preliminary data suggests that C/EBPa may be a key regulator of MDSC
biology. However, this finding was obtained in a pilot experiment and must be
confirmed with control Gr-1+/CD11b+ cells from wild-type tumor-free mice. If
C/EBPa is a key regulator of MDSC biology, it is expected that conditional
C/EBPa deletion in Gr-1+/CD11b+ cells might phenocopy the pro-tumor activities
of MDSCs. To confirm this, tumor size and growth rate could be compared
between wild-type mice injected with tumor cells alone, tumor cells mixed with
Gr-1+/CD11b+ cells from tumor-free wild-type or C/EBPa conditional null mice,
and tumor cells mixed with MDSCs from tumor-bearing wild-type or C/EBPa
conditional null mice. The number and percentage of MDSCs in tumor tissues

could be measured with flow cytometry and compared between the experimental
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groups. It would be particularly interesting to compare the tumor-promoting
phenotype of Gr-1+/CD11b+ cells from tumor-free C/EBPa conditional null mice
with that of MDSCs from wild-type and null tumor-bearing mice. Additionally,
MDSC infiltration and vascular density could be measured in tumor sections from
those mice to determine if Gr-1+/CD11b+ cells from C/EBPa null mice
phenocopy the ability of MDSCs to infiltrate into tumors and promote tumor
angiogenesis. Finally iINOS, MMP-9 and VEGF expression could be measured by
real-time PCR in Gr-1+/CD11b+ cells isolated from C/EBPa null mice and
compared with MDSCs from tumor-bearing mice.

We hypothesize that the mechanism behind the ability of Gr-1+/CD11b+ cells
to promote tumor growth is similar to that of MDSCs lacking C/EBPa, namely the
capacity of C/EBPa to inhibit MDSC expansion and negatively regulate MMP-9
and VEGF expression in MDSCs. As in MDSCs with C/EBPa ablation, Gr-
1+/CD11b+ cells with reduced C/EBPa expression are expected to have
increased proliferative capacity and greater expression of MMP-9 and VEGF. To
test this, one could measure and compare BrdU incorporation between MDSCs
from wild-type and C/EBPa null tumor bearing and tumor-free mice. We could
also compare MMP-9 activity by zymography and assay the net effect of MMP-9
and VEGF expression by performing a VEGF ELISA on tumor tissues from wild-
type and C/EBPa null mice.

To determine whether increased VEGF bioavailability in the C/EBPa null
tumors is responsible for increased tumor growth, in vitro angiogenic assays

could be performed with a VEGF inhibitor. MDSCs isolated from tumor tissues of
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wild type or C/EBPa null mice are cultivated overnight. Endothelial cells,
(HUVECS) are cultivated in the conditioned media from the MDSCs with or
without a VEGF inhibitor or neutralizing antibody on Matrigel, allowing vascular
tube structures to form. Branch points are counted at various intervals. One could
also perform Boyden chamber migration assays to assess the ability of
endothelial cells to migrate towards wild type and null MDSCs. For this assay,
MDSCs are isolated from the tumor tissues of wild type and C/EBPa myeloid null
mice and cultivated overnight. Then, HUVECs are placed in the top of a Boyden
chamber with or without a VEGF inhibitor or neutralizing antibody and allowed to
migrate toward the bottom chamber containing the MDSCs for 3.5 hours.

Recent studies have reported that C/EBPa expression is reduced in a number
of human cancers [78,103-109]. Additionally, mutations in the C/EBPa gene and
disruptions in its function have been observed in a majority of acute myeloid
leukemias [43,110-112], a cancer of myeloid lineage blood cells characterized by
the aberrant accumulation of immature myeloid cells. Loss of C/EBPa function in
myeloid progenitor cells results in a block of differentiation and deregulated
proliferation, which are characteristic features of AML [113]. The similarity
between AML cells and MDSCs and the observation of C/EBPa down-regulation
in human cancers suggests that C/EBPa expression may be reduced in MDSCs
from human cancer patients. Humans lack the Gr-1 gene, making MDSCs more
difficult to define phenotypically human cancer patients. As a result, studies have
reported many different markers for human MDSCs. However, the consensus is

that human MDSCs express the myeloid markers CD11b and CD33 with no or
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minimal expression of myeloid maturation markers [27]. It would be interesting to
measure C/EBPa expression and protein levels in MDSCs purified from the
peripheral blood of human cancer patients and compare it to tumor-free
individuals.

Given that C/EBPa is a transcription factor, it would be interesting to
determine if it regulates the expression of known MDSC genes/cytokines. This
could be investigated with 2 approaches. First, a cytokine array could be
performed comparing MDSCs isolated from WT and null tumor bearing mice and
the results could be confirmed with real-time PCR. Additionally, C/EBPa is
regulated by and/or regulates the expression of a number of genes that have
been demonstrated to play a role in MDSC biology, including IL-23, IRF-8, NF-
kB, STAT-1, STAT-3 and TGF-3. The expression of these genes could be
measured by real-time PCR and compared between MDSCs from wild-type and
conditional null mice. C/EBPa could also be overexpressed in myeloid cell lines
and gene expression measured and compared to vector control. This approach
may even be possible in MDSCs as technology allowing their isolation and

culture improves.
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Final remarks

In conclusion, this body of work established the important role of C/EBPa in
MDSC biology and cancer growth and progression. It identified C/EBPa as a
negative regulator of both MDSC expansion and MDSC function. C/EBPa
suppresses MDSC production by inhibiting proliferation in myeloid progenitors
and MDSCs. As a transcription factor, it inhibits pro-angiogenic gene expression
in MDSCs. Therapeutic activation of this pathway in cancer could promote MDSC
differentiation and decreased angiogenesis, resulting in delayed or halted tumor

progression.

71



REFERENCES

. (2011) American Cancer Society. Cancer Facts & Figures 2011. Atlanta:
American Cancer Society; 2011.: 1-60.

. Ashworth A, Lord CJ, Reis-Filho JS (2011) Genetic interactions in cancer
progression and treatment. Cell 145: 30-38.

. Hahn WC, Weinberg RA (2002) Rules for making human tumor cells. N Engl J
Med 347: 1593-1603.

. Joyce JA, Pollard JW (2009) Microenvironmental regulation of metastasis. Nat
Rev Cancer 9: 239-252.

. Whiteside TL (2008) The tumor microenvironment and its role in promoting
tumor growth. Oncogene 27: 5904-5912.

. Littlepage L, Egeblad M, Werb Z (2008) The tumor microenvironment in
cancer progression. 1-11.

. Chow MT, Mdller A, Smyth MJ (2012) Inflammation and immune surveillance
in cancer. Seminars in cancer biology: 1-10.

. Allavena P, Sica A, Garlanda C, Mantovani A (2008) The Yin - Yang of
tumor - associated macrophages in neoplastic progression and immune
surveillance. Immunological reviews 222: 155-161.

. McDougall SR, Anderson ARA, Chaplain MAJ (2006) Mathematical modelling
of dynamic adaptive tumour-induced angiogenesis: Clinical implications

and therapeutic targeting strategies. Journal of Theoretical Biology 241:
564-589.

10. Bergers G, Benjamin LE (2003) Angiogenesis: Tumorigenesis and the

angiogenic switch. Nat Rev Cancer 3: 401-410.

11. Dor Y, Porat R, Keshet E (2001) Vascular endothelial growth factor and

vascular adjustments to perturbations in oxygen homeostasis. Am J
Physiol Cell Physiol 280: C1367-1374.

72



12.

13.

14.

15.

16.

17.

18.

19.

20.

Carmeliet P, Jain RK (2000) Angiogenesis in cancer and other diseases.
Nature 407: 249-257.

Potente M, Gerhardt H, Carmeliet P (2011) Basic and therapeutic aspects of
angiogenesis. Cell 146: 873-887.

Jain RK (2005) Normalization of tumor vasculature: an emerging concept in
antiangiogenic therapy. Science 307: 58-62.

Phillips RJ, Mestas J, Gharaee-Kermani M, Burdick MD, Sica A, et al. (2005)
Epidermal growth factor and hypoxia-induced expression of CXC
chemokine receptor 4 on non-small cell lung cancer cells is regulated by
the phosphatidylinositol 3-kinase/PTEN/AKT/mammalian target of
rapamycin signaling pathway and activation of hypoxia inducible factor-
1alpha. J Biol Chem 280: 22473-22481.

Mizukami Y, Fujiki K, Duerr EM, Gala M, Jo WS, et al. (2006) Hypoxic
regulation of vascular endothelial growth factor through the induction of
phosphatidylinositol 3-kinase/Rho/ROCK and c-Myc. J Biol Chem 281:
13957-13963.

Bergers G, Brekken R, McMahon G, Vu TH, Itoh T, et al. (2000) Matrix
metalloproteinase-9 triggers the angiogenic switch during carcinogenesis.
Nat Cell Biol 2: 737-744.

Yang L, DeBusk L, Fukuda K, Fingleton B, Green-Jarvis B, et al. (2004)
Expansion of myeloid immune suppressor Gr+ CD11b+ cells in tumor-
bearing host directly promotes tumor angiogenesis. Cancer cell 6: 409-
421.

Brooks SA, Lomax-Browne HJ, Carter TM, Kinch CE, Hall DMS (2009)
Molecular interactions in cancer cell metastasis. Acta histochemica 112: 3-
25.

Yang L, Huang J, Ren X, Gorska A, Chytil A, et al. (2008) Abrogation of
TGF Signaling in Mammary Carcinomas Recruits Gr-1+ CD11b+ Myeloid
Cells that Promote Metastasis. Cancer Cell 13: 23-35.

73



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Li CY, Shan S, Huang Q, Braun RD, Lanzen J, et al. (2000) Initial stages of
tumor cell-induced angiogenesis: evaluation via skin window chambers in
rodent models. J Natl Cancer Inst 92: 143-147.

Blood CH, Zetter BR (1990) Tumor interactions with the vasculature:
angiogenesis and tumor metastasis. Biochim Biophys Acta 1032: 89-118.

Auerbach R, Lu WC, Pardon E, Gumkowski F, Kaminska G, et al. (1987)
Specificity of adhesion between murine tumor cells and capillary
endothelium: an in vitro correlate of preferential metastasis in vivo. Cancer
Res 47: 1492-1496.

Tsuji K, Yamauchi K, Yang M, Jiang P, Bouvet M, et al. (2006) Dual-color
imaging of nuclear-cytoplasmic dynamics, viability, and proliferation of
cancer cells in the portal vein area. Cancer Res 66: 303-306.

Gabrilovich DI, Bronte V, Chen S-H, Colombo MP, Ochoa A, et al. (2007)
The Terminology Issue for Myeloid-Derived Suppressor Cells. Cancer
Research 67: 425-425.

Yang R, Roden RB (2007) The Terminology Issue for Myeloid-Derived
Suppressor Cells. Cancer Research 67: 426-426.

Greten TF, Manns MP, Korangy F (2011) Myeloid derived suppressor cells in
human diseases. International Immunopharmacology: 1-5.

Talmadge JE (2007) Pathways Mediating the Expansion and
Immunosuppressive Activity of Myeloid-Derived Suppressor Cells and
Their Relevance to Cancer Therapy. Clinical Cancer Research 13: 5243-
5248.

Marigo I, Dolcetti L, Serafini P, Zanovello P, Bronte V (2008)
Tumor - induced tolerance and immune suppression by myeloid derived
suppressor cells. Immunological reviews 222: 162-179.

Rodriguez P, Zea A, DeSalvo J, Culotta K, Zabaleta J, et al. (2003) L-
arginine consumption by macrophages modulates the expression of CD3
{zeta} chain in T lymphocytes. The Journal of Immunology 171: 1232.

74



31.

32.

33.

34.

35.

36.

37.

38.

39.

Nagaraj S, Gupta K, Pisarev V, Kinarsky L, Sherman S, et al. (2007) Altered
recognition of antigen is a mechanism of CD8+ T cell tolerance in cancer.
Nat Med 13: 828-835.

Liu C, Yu S, Kappes J, Wang J, Grizzle WE, et al. (2007) Expansion of
spleen myeloid suppressor cells represses NK cell cytotoxicity in tumor-
bearing host. Blood 109: 4336-4342.

Kusmartsev S (2003) Inhibition of myeloid cell differentiation in cancer: the
role of reactive oxygen species. Journal of Leukocyte Biology 74: 186-196.

Sinha P, Clements VK, Fulton AM, Ostrand-Rosenberg S (2007)
Prostaglandin E2 Promotes Tumor Progression by Inducing Myeloid-
Derived Suppressor Cells. Cancer Research 67: 4507-4513.

Huang B (2006) Gr-1+CD115+ Immature Myeloid Suppressor Cells Mediate
the Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy
in Tumor-Bearing Host. Cancer Research 66: 1123-1131.

Diaz-Montero CM, Salem ML, Nishimura MI, Garrett-Mayer E, Cole DJ, et al.
(2009) Increased circulating myeloid-derived suppressor cells correlate
with clinical cancer stage, metastatic tumor burden, and doxorubicin—
cyclophosphamide chemotherapy. Cancer Immunol Immunother 58: 49-
59.

Suzuki E (2005) Gemcitabine Selectively Eliminates Splenic Gr-1+/CD11b+
Myeloid Suppressor Cells in Tumor-Bearing Animals and Enhances
Antitumor Immune Activity. Clinical Cancer Research 11: 6713-6721.

Chantrain CF, Shimada H, Jodele S, Groshen S, Ye W, et al. (2004) Stromal
matrix metalloproteinase-9 regulates the vascular architecture in

neuroblastoma by promoting pericyte recruitment. Cancer Res 64: 1675-
1686.

Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, et al. (2007) Tumor
refractoriness to anti-VEGF treatment is mediated by CD11b+Gr1+
myeloid cells. Nat Biotechnol 25: 911-920.

75



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Yang L, Huang J, Ren X, Gorska A, Chytil A, et al. (2008) Abrogation of TGF
[beta] Signaling in Mammary Carcinomas Recruits Gr-1+ CD11b+ Myeloid
Cells that Promote Metastasis. Cancer Cell 13: 23-35.

Johnson P, McKnight S (1989) Eukaryotic transcriptional regulatory proteins.
Annual review of biochemistry 58: 799-839.

Ramiji D, Foka P (2002) CCAAT/enhancer-binding proteins: structure,
function and regulation. Biochemical Journal 365: 561.

Pabst T, Mueller B, Zhang P, Radomska H, Narravula S, et al. (2001)
Dominant-negative mutations of CEBPA, encoding CCAAT/enhancer
binding protein-a (C/EBPa), in acute myeloid leukemia. nature genetics
27: 263-270.

Fuchs O (2007) Growth-inhibiting activity of transcription factor C/EBPalpha,
its role in haematopoiesis and its tumour suppressor or oncogenic
properties in leukaemias. Folia biologica 53: 97.

Hendricks-Taylor LR, Bachinski LL, Siciliano MJ, Fertitta A, Trask B, et al.
(1992) The CCAAT/enhancer binding protein (C/EBP alpha) gene
(CEBPA) maps to human chromosome 19q13.1 and the related nuclear
factor NF-IL6 (C/EBP beta) gene (CEBPB) maps to human chromosome
20g13.1. Genomics 14: 12-17.

Khanna-Gupta A (2008) Sumoylation and the function of CCAAT enhancer
binding protein alpha (C/EBP [alpha]). Blood Cells, Molecules, and
Diseases 41: 77-81.

McKnight SL (2001) McBindall--a better name for CCAAT/enhancer binding
proteins? Cell 107: 259-261.

Timchenko NA, Harris TE, Wilde M, Bilyeu TA, Burgess-Beusse BL, et al.
(1997) CCAAT/enhancer binding protein alpha regulates p21 protein and
hepatocyte proliferation in newborn mice. Mol Cell Biol 17: 7353-7361.

Chen PL, Riley DJ, Chen-Kiang S, Lee WH (1996) Retinoblastoma protein
directly interacts with and activates the transcription factor NF-IL6. Proc
Natl Acad Sci U S A 93: 465-4609.

76



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Timchenko NA, Wilde M, Darlington GJ (1999) C/EBPalpha regulates
formation of S-phase-specific E2F-p107 complexes in livers of newborn
mice. Mol Cell Biol 19: 2936-2945.

Wang H, lakova P, Wilde M, Welm A, Goode T, et al. (2001) C/EBP [alpha]
arrests cell proliferation through direct inhibition of cdk2 and cdk4.
Molecular Cell 8: 817-828.

Mduller C, Alunni-Fabbroni M, Kowenz-Leutz E, Mo X, Tommasino M, et al.
(1999) Separation of C/EBPa-mediated proliferation arrest and
differentiation pathways. Proceedings of the National Academy of
Sciences of the United States of America 96: 7276.

Nerlov C (2007) The C/EBP family of transcription factors: a paradigm for
interaction between gene expression and proliferation control. Trends in
cell biology 17: 318-324.

Weissman |, Anderson D, Gage F (2001) STEM AND PROGENITOR CELLS:
Origins, Phenotypes, Lineage Commitments, and Transdifferentiations.
Annual review of cell and developmental biology 17: 387-403.

Koschmieder S, Halmos B, Levantini E, Tenen DG (2008) Dysregulation of
the C/EBP Differentiation Pathway in Human Cancer. Journal of Clinical
Oncology 27: 619-628.

Heath V (2004) C/EBPa deficiency results in hyperproliferation of
hematopoietic progenitor cells and disrupts macrophage development in
vitro and in vivo. Blood 104: 1639-1647.

Suh HC (2006) C/EBPa determines hematopoietic cell fate in multipotential
progenitor cells by inhibiting erythroid differentiation and inducing myeloid
differentiation. Blood 107: 4308-4316.

Zhang P, Iwasaki-Arai J, Iwasaki H, Fenyus M, Dayaram T, et al. (2004)
Enhancement of Hematopoietic Stem Cell Repopulating Capacity and
Self-Renewal in the Absence of the Transcription Factor C/EBP [alphal.
Immunity 21: 853-863.

Wang D, D&apos;Costa J, Civin C, Friedman A (2006) C/EBPa directs
monocytic commitment of primary myeloid progenitors. Blood 108: 1223.

7



60.

61.

62.

63.

64.

65.

66.

67.

68.

Fukuchi Y, Shibata F, Ito M, Goto-Koshino Y, Sotomaru Y, et al. (2006)
Comprehensive analysis of myeloid lineage conversion using mice
expressing an inducible form of C/EBPa. The EMBO Journal 25: 3398-
3410.

Zhang D, Hetherington C, Meyers S, Rhoades K, Larson C, et al. (1996)
CCAAT enhancer-binding protein (C/EBP) and AML1 (CBF alpha2)
synergistically activate the macrophage colony-stimulating factor receptor
promoter. Molecular and cellular biology 16: 1231.

Zhang P, Iwama A, Datta M, Darlington G, Link D, et al. (1998) Upregulation
of interleukin 6 and granulocyte colony-stimulating factor receptors by
transcription factor CCAAT enhancer binding protein a (C/EBPaq) is critical
for granulopoiesis. The Journal of experimental medicine 188: 1173.

Hohaus S, Petrovick M, Voso M, Sun Z, Zhang D, et al. (1995) PU. 1 (Spi-1)
and C/EBP alpha regulate expression of the granulocyte-macrophage
colony-stimulating factor receptor alpha gene. Molecular and cellular
biology 15: 5830.

Smith L, Hohaus S, Gonzalez D, Dziennis S, Tenen D (1996) PU. 1 (Spi-1)
and C/EBP alpha regulate the granulocyte colony-stimulating factor
receptor promoter in myeloid cells. Blood 88: 1234.

Radomska H, Huettner C, Zhang P, Cheng T, Scadden D, et al. (1998)
CCAAT/enhancer binding protein alpha is a regulatory switch sufficient for
induction of granulocytic development from bipotential myeloid
progenitors. Molecular and cellular biology 18: 4301.

Fazi F, Rosa A, Fatica A, Gelmetti V, De Marchis M, et al. (2005) A
minicircuitry comprised of microRNA-223 and transcription factors NFI-A
and C/EBP [alpha] regulates human granulopoiesis. Cell 123: 819-831.

Rosenbauer F, Tenen DG (2007) Transcription factors in myeloid
development: balancing differentiation with transformation. Nat Rev
Immunol 7: 105-117.

Loomis KD, Zhu S, Yoon K, Johnson PF, Smart RC (2007) Genetic ablation
of CCAAT/enhancer binding protein alpha in epidermis reveals its role in
suppression of epithelial tumorigenesis. Cancer Res 67: 6768-6776.

78



69.

70.

71.

72.

73.

74.

75.

76.

77.

Clausen B, Burkhardt C, Reith W, Renkawitz R, Foérster | (1999) Conditional
gene targeting in macrophages and granulocytes using LysMcre mice.
Transgenic research 8: 265-277.

Lee Y, Sauer B, Johnson P, Gonzalez F (1997) Disruption of the c/ebp alpha
gene in adult mouse liver. Molecular and cellular biology 17: 6014.

Cross M, Mangelsdorf |, Wedel A, Renkawitz R (1988) Mouse lysozyme M
gene: isolation, characterization, and expression studies. Proceedings of
the National Academy of Sciences of the United States of America 85:
6232.

Bonifer C, Bosch F, Faust N, Schuhmann A, Sippel A (1994) Evolution of
gene regulation as revealed by differential regulation of the chicken
lysozyme transgene and the endogenous mouse lysozyme gene in mouse
macrophages. European Journal of Biochemistry 226: 227-235.

Porse BT (2005) Loss of C/EBPa cell cycle control increases myeloid
progenitor proliferation and transforms the neutrophil granulocyte lineage.
Journal of Experimental Medicine 202: 85-96.

Stephens J, Pekala P (1992) Transcriptional repression of the C/EBP-a and
GLUT4 genes in 3T3-L1 adipocytes by tumor necrosis factor-alpha.
Regulations is coordinate and independent of protein synthesis. Journal of
Biological Chemistry 267: 13580.

D'Mello C, Le T, Swain MG (2009) Cerebral microglia recruit monocytes into
the brain in response to tumor necrosis factoralpha signaling during
peripheral organ inflammation. J Neurosci 29: 2089-2102.

Shamsasenjan K, Otsuyama K-i, Abroun S, Igbal MS, Mahmoud MS, et al.
(2009) IL-6-induced activation of MYC is responsible for the down-
regulation of CD33 expression in CD33(+) myeloma cells. International
Journal of Hematology 89: 310-318.

Hanahan D, Weinberg RA (2011) Hallmarks of Cancer: The Next Generation.
Cell 144: 646-674.

79



78.

79.

80.

81

82.

83.

84.

85.

86.

87.

Seifeddine R, Dreiem A, Blanc E, Fulchignoni-Lataud M-C, Belda M-ALF, et
al. (2008) Hypoxia Down-regulates CCAAT/Enhancer Binding Protein-a
Expression in Breast Cancer Cells. Cancer Research 68: 2158-2165.

Anderson ER, Taylor M, Xue X, Martin A, Moons DS, et al. (2012) The
Hypoxia-Inducible Factor-C/EBPa Axis Controls Ethanol-Mediated
Hepcidin Repression. Molecular and Cellular Biology 32: 4068-4077.

Schardt JA, Eyholzer M, Timchenko NA, Mueller BU, Pabst T (2010)
Unfolded protein response suppresses CEBPA by induction of calreticulin
in acute myeloid leukaemia. J Cell Mol Med 14: 1509-1519.

. Tang QQ, Jiang MS, Lane MD (1999) Repressive effect of Sp1 on the

C/EBPa gene promoter: role in adipocyte differentiation. Molecular and
Cellular Biology 19: 4855-4865.

Porse B, Pedersen T, Xu X, Lindberg B, Wewer U, et al. (2001) E2F
Repression by C/EBP [alpha] Is Required for Adipogenesis and
Granulopoiesis In Vivo. Cell 107: 247-258.

Zhang D, Zhang P, Wang N, Hetherington C, Darlington G, et al. (1997)
Absence of granulocyte colony-stimulating factor signaling and neutrophil
development in CCAAT enhancer binding protein a-deficient mice.
Proceedings of the National Academy of Sciences of the United States of
America 94: 569.

Hanahan D, Weinberg RA (2011) Hallmarks of cancer: the next generation.
Cell 144: 646-674.

Hogquist KA, Jameson SC, Heath WR, Howard JL, Bevan MJ, et al. (1994) T
cell receptor antagonist peptides induce positive selection. Cell 76: 17-27.

Hawkins ED, Hommel M, Turner ML, Battye FL, Markham JF, et al. (2007)
Measuring lymphocyte proliferation, survival and differentiation using
CFSE time-series data. Nat Protoc 2: 2057-2067.

Ridnour LA, Isenberg JS, Espey MG, Thomas DD, Roberts DD, et al. (2005)
Nitric oxide regulates angiogenesis through a functional switch involving
thrombospondin-1. Proceedings of the National Academy of Sciences of
the United States of America. pp. 13147.

80



88.

89.

90.

91.

92.

93.

94.

95.

96.

Torroella-Kouri M (2005) Diminished Expression of Transcription Factors
Nuclear Factor kB and CCAAT/Enhancer Binding Protein Underlies a
Novel Tumor Evasion Mechanism Affecting Macrophages of Mammary
Tumor-Bearing Mice. Cancer Research 65: 10578-10584.

Montano MM, Doughman YQ, Deng H, Chaplin L, Yang J, et al. (2008)
Mutation of the HEXIM1 Gene Results in Defects During Heart and
Vascular Development Partly Through Downregulation of Vascular
Endothelial Growth Factor. Circulation Research 102: 415-422.

Liu Q, Zhang M, Jiang X, Zhang Z, Dai L, et al. (2011) miR-223 suppresses
differentiation of tumor-induced CD11b+Gr1+myeloid-derived suppressor
cells from bone marrow cells. International Journal of Cancer: n/a-n/a.

Eyholzer M, Schmid S, Schardt JA, Haefliger S, Mueller BU, et al. (2010)
Complexity of miR-223 regulation by CEBPA in human AML. Leukemia
research 34: 672-676.

Stewart TJ, Liewehr DJ, Steinberg SM, Greeneltch KM, Abrams SI (2009)
Modulating the expression of IFN regulatory factor 8 alters the
protumorigenic behavior of CD11b+Gr-1+ myeloid cells. The Journal of
Immunology 183: 117-128.

Tamura T, Ozato K (2002) Review: ICSBP/IRF-8: its regulatory roles in the
development of myeloid cells. Journal of interferon & cytokine research
22: 145-152.

Burchert A, Cai D, Hofbauer LC, Samuelsson MKR, Slater EP, et al. (2004)
Interferon consensus sequence binding protein (ICSBP; IRF-8)
antagonizes BCR/ABL and down-regulates bcl-2. Blood 103: 3480-3489.

Chen MJ, Yokomizo T, Zeigler BM, Dzierzak E, Speck NA (2009) Runx1 is
required for the endothelial to haematopoietic cell transition but not
thereafter. Nature 457: 887-891.

Min Y, Ghose S, Boelte K, Li J, Yang L, et al. (2011) C/EBP-delta regulates
VEGF-C autocrine signaling in lymphangiogenesis and metastasis of lung
cancer through HIF-1alpha. Oncogene 30: 4901-4909.

81



97. Sonda N, Chioda M, Zilio S, Simonato F, Bronte V (2011) Transcription
factors in myeloid-derived suppressor cell generation. Current Opinion in
Immunology: 1-7.

98. Welm A, Timchenko N, Darlington G (1999) C/EBPa regulates generation of
C/EBPg isoforms through activation of specific proteolytic cleavage.
Molecular and Cellular Biology 19: 1695.

99. Gabrilovich DI, Nagaraj S (2009) Myeloid-derived suppressor cells as
regulators of the immune system. Nat Rev Immunol 9: 162-174.

100. Schepers H, Wierenga ATJ, Van Gosliga D, Eggen BJL, Vellenga E, et al.
(2007) Reintroduction of C/EBP in leukemic CD34+ stem/progenitor cells
impairs self-renewal and partially restores myelopoiesis. Blood 110: 1317-
1325.

101. Yang HN, Park JS, Woo DG, Jeon SY, Do HJ, et al. (2011) C/EBP-alpha
and C/EBP-beta-mediated adipogenesis of human mesenchymal stem
cells (hMSCs) using PLGA nanoparticles complexed with
poly(ethyleneimmine). Biomaterials 32: 5924-5933.

102. Marigo |, Bosio E, Solito S, Mesa C, Fernandez A, et al. (2010) Tumor-
induced Tolerance and Immune suppression Depend ong the C/EBP3
Transcription Factor (Supplemental Information). Immunity 32: 790-802.

103. Jost E (2009) Aberrant DNA methylation of the transcription factor C/EBP a
in acute myelogenous leukemia. Leukemia research 33: 443-449.

104. Koschmieder S, Halmos B, Levantini E, Tenen DG (2008) Dysregulation of
the C/EBPa Differentiation Pathway in Human Cancer. Journal of Clinical
Oncology 27: 619-628.

105. Costa D, Li S, Kocher O, Feins R, Keller S, et al. (2007)
Immunohistochemical analysis of C/EBPa in non-small cell lung cancer

reveals frequent down-regulation in stage Il and IlIA tumors: A correlative
study of E3590. Lung Cancer 56: 97-103.

106. Schuster M, Porse B (2006) C/EBPa: A tumour suppressor in multiple
tissues? Biochimica et Biophysica Acta (BBA)-Reviews on Cancer 1766:
88-103.

82



107.

108.

109.

110.

111.

112.

113.

Shim M, Powers K, Ewing S, Zhu S, Smart R (2005) Diminished Expression
of C/EBPa in Skin Carcinomas Is Linked to Oncogenic Ras and
Reexpression of C/EBPa in Carcinoma Cells Inhibits Proliferation. Cancer
Research 65: 861-867.

Loomis KD, Zhu S, Yoon K, Johnson PF, Smart RC (2007) Genetic Ablation
of CCAAT/Enhancer Binding Protein a in Epidermis Reveals Its Role in
Suppression of Epithelial Tumorigenesis. Cancer Research 67: 6768-
6776.

Bennett KL, Hackanson B, Smith LT, Morrison CD, Lang JC, et al. (2007)
Tumor Suppressor Activity of CCAAT/Enhancer Binding Protein a Is
Epigenetically Down-regulated in Head and Neck Squamous Cell
Carcinoma. Cancer Research 67: 4657-4664.

Paz-Priel |, Friedman A (2011) C/EBPa dysregulation in AML and ALL.
Critical reviews in oncogenesis 16: 93-102.

Hackanson B, Bennett KL, Brena RM, Jiang J, Claus R, et al. (2008)
Epigenetic Modification of CCAAT/Enhancer Binding Protein a Expression
in Acute Myeloid Leukemia. Cancer Research 68: 3142-3151.

Gombart A, Hofmann W, Kawano S, Takeuchi S, Krug U, et al. (2002)
Mutations in the gene encoding the transcription factor CCAAT/enhancer
binding protein a in myelodysplastic syndromes and acute myeloid
leukemias. Blood 99: 1332.

Reckzeh K, Cammenga J (2010) Molecular mechanisms underlying
deregulation of C/EBPa in acute myeloid leukemia. Int J Hematol 91: 557-
568.

83



