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ABSTRACT
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Title: Folate Receptor Beta as a Marker of Immunosuppressive Myeloid Derived Suppressor
Cells and Tumor Associated Macrophages in the Tumor Microenvironment.
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Immunosuppression within a tumor environment is a key component of the development
and ultimately spread of cancer in the body. Myeloid Derived Suppressor Cells (MDSC) and
Tumor Associated Macrophages (TAMs) are two of the primary forces behind immunosuppression
within the tumor environment. MDSC are a functionally defined group of myeloid cells that have
the capacity to suppress anti-tumor T cell responses, induce regulatory T cells (Tregs), polarize
inflammatory macrophages to TAMs, and promote metastasis. This broad ability to control the
immune response has led to a great deal of focus on the function of these cells. However, despite
efforts to characterize and target these cells, it remains difficult to identify them with MDSC
isolated from the tumor and peripheral sites studied interchangeably. MDSC are divided into two
subsets, monocyte like MDSC (M-MDSC) and granulocyte like MDSC (G-MDSC). To overcome
the limitations in identification, we utilized folate receptor beta (FR) as a marker to isolate
MDSC. Only MDSC isolated from the tumor site possessed a functional FR that could take up
folate conjugates. Spleen isolated MDSC did not express FR. Currently, FR has been used as a
marker of TAMs for delivery of folate conjugated drugs. In this study, it was determined that FR
marks a population of highly functional TAMs and M-MDSC that are present only at the tumor
site. Interestingly, only under hypoxic conditions does FR segregate with suppressive function.
Additionally, FR segregates with iNOS expression and nitric oxide (NO) production as the key
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suppressive mechanism under hypoxic conditions in both M-MDSC and TAMs. This is an
interesting observation considering that PD-L1 has been characterized as the primary suppressive
mechanism of MDSC under hypoxic tension. Inhibition of PD-L1 by blocking antibody did not
impair M-MDSC suppressive function and only moderately reduced TAM suppression in the
FR+ populations. When utilizing an anti-FR antibody, FR could be targeted in an
inflammatory system to deplete MDSC only at the tissue site and not in peripheral sites. However,
in the MB49 solid tumor model the anti-FR antibody was unable to target MDSC or TAMs. This
suggests limitations to antibody depletion through FR but does not rule out future applications of
small molecule FR targeted drugs. It is not immediately clear how FR impacts suppressive
function or if it is simply a maker that segregates with suppressive populations, which led us to
utilize RNAseq to analyze FR positive and negative populations within M-MDSC and TAMs to
identify pathways that segregate with FR. The IL-6 pathway was identified to segregate with FR
in both M-MDSC and TAMs. This is a powerful tool for targeting M-MDSC and TAMs through
FR. IL-6 has been previously demonstrated to be necessary for both M-MDSC and TAM
development. However, total blockade of IL-6 impacts inflammatory components of the immune
system. Targeting IL-6 through FR would provide a means to block M-MDSC and TAM in a
manner that spares the rest of the immune component. Additionally, RNAseq analysis
demonstrated a possible differential role for M-MDSC and TAMs at the tumor site despite
similarities in suppressive function. FR+ M-MDSC had an expression profile that fit with a
phenotype of immunosuppression and cross-talk ability to promote an anti-inflammatory
environment while FR+ TAMs appeared well equipped to promote metastasis through expression
of MMPs and markers of vascularization. The use of FR as a marker of functional M-MDSC and
TAMs allows for a focused approach to identifying how these cells promote a pro-tumor
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environment. Additionally, pathways identified as important to function can then be immediately
targeted through FR by delivering folate conjugated drugs.
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CHAPTER 1. INTRODUCTION AND REVIEW

1.1 The Tumor Microenvironment

1.1.1 Understanding the Tumor Microenvironment
Tumors have long been characterized to express factors and modulate immune cells in a
manner that leads to immunosuppression and promotion of a pro-tumor environment. This
relationship between the tumor, infiltrating immune cells, and the surrounding stroma is referred
to as the tumor microenvironment (TME). Early studies into tumor modulation of the surrounding
microenvironment started with the observation that tumors could produce factors that would
stimulate endothelial cell growth. The factors were initially named tumor angiogenesis factor and
it was demonstrated to cause vascularization during early tumor development and was secreted by
the tumor 1, 2. This tumor angiogenesis factor was later renamed vascular endothelial growth factor
(VEGF) and has since been an area of intense study and attempts at targeting tumor derived factors
to treat cancer due to the ability of tumors to use vascularization to recruit anti-inflammatory
immune cells and escape into circulation leading to metastasis

3-9

. The observed role that VEGF

had in the recruitment of myeloid cells to the tumor site has drawn attention to how tumors are
able to modulate their environment through the immune system. Initial attempts to deal with the
TME and the tumor itself was to simply remove it surgically to restore an anti-tumor immune
response

10

. This study did serve to demonstrate that the tumor is responsible for the immune

dysfunction observed in cancer. It was also observed by Clemente et al. that the ability of
lymphocytes to infiltrate the tumor had prognostic value with “brisk” infiltration of lymphocyte
demonstrating a 5 and 10 year survival rate of 77% and 55%, respectively, in cutaneous melanoma
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while patients with poor infiltration of lymphocytes demonstrating a 5 and 10 year survival rate of
37% and 27%, respectively 11. These studies set the stage for better understanding of how the TME
could impact the immune system through the production of factors with the goal being to
understand how to restore the all-important lymphocyte infiltration into the tumor site to eliminate
the tumor.
Understanding vascularization in the tumor is but one component of the changes in the
TME that occur during tumorigenesis. The complex interplay between epithelial cells, immune
cells, extracellular matrix (ECM), and stromal cells leads to the changes necessary for a tumor to
progress. These changes in signaling and recruitment of immune cells leads to an organ like
environment unto itself as opposed to a random assortment of dysfunctional cells. Changes in the
ECM controlled by tumor activated fibroblasts causes collagen deposition and the characteristic
stiffness of a tumor12. These changes in collagen were further associated with increased
invasiveness and malignant phenotype13. The change in ECM and stroma is also characterized by
an inflammatory response as the tumor and activated fibroblasts produce cytokine and chemokines
to modulate and recruitment immune cells12, 14. Interestingly, this rapid infiltration of immune cells
is accompanied by a dysfunctional production of blood vessels that are often non-functional and
driven by VEGF production in M2 macrophages (tumor associated macrophages or TAMs)15. M2
macrophages are functionally anti-inflammatory while M1 macrophages are characterized as proinflammatory16. However, these dysfunctional vessels do not impact tumor growth but they do
limit drug delivery to tumor sites15. Another study by Granot et al. demonstrated that fibroblasts
injected into a murine model of ovarian cancer would traffic to the outer stroma of the tumor and
promote vascularization only at the perimeter and not the tumor nodule itself17. This suggests an
ability of the tumor to both vascularize for survival while remaining isolated. These studies nicely
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demonstrate the remarkable structure and function of a tumor and the surprising organization of
the TME. Another equally important aspect of the TME is the role of inflammation on the
progression and development of a tumor. Tumors have been demonstrated to directly produce both
cytokines and chemokines to recruit and modulate immune cells. A key tumor produced cytokine
is IL-6 that leads to direct promotion of proliferation, stimulation of VEGF production, induction
of matrix metalloproteinases (MMPs), and recruitment of immunosuppressive myeloid cells18-22.
The production of MMPs in the TME has been linked to an aggressive phenotype and progression
to metastasis along with control of pathways that promote cell proliferation23, 24. Tumors also
produce recruitment chemokines, such as, CCL2, which leads to the recruitment of Tregs and
regulatory myeloid cells25, 26. The two primary myeloid cell populations recruited to the TME are
tumor associated macrophages (TAMs) and myeloid derived suppressor cells (MDSC). Both
populations harbor a potent ability to prevent an anti-tumor response coupled with production of
factors that promote tumor progression27. Control of vascularization in the tumor through blocking
VEGF has been demonstrated to reduce key tumor cytokines and limit tumor infiltrating
immunosuppressive cells28. These observations taken together reinforce the assessment that the
TME is less about studying a dysfunctional system of associated cells and more about studying an
organized system that can uniquely modulate the surrounding environment to promote its own
growth and survival through rapid vascularization, compartmentalization, and control of the
immune response both locally and systemically.

1.1.2 Impact of the Tumor Microenvironment on the Immune Response
Expanding on the ability of the tumor to vascularize itself and generate pro-tumor
inflammation, it was discovered that the tumor could directly modulate an immune response
throughout lymphatics and bone marrow leading to anti-inflammatory responses systemically.
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Studies utilizing Lewis lung carcinoma demonstrated that the tumor produced a factor that could
“retrain” macrophages to a less tumoricidal phenotype that had poor chemotactic ability.
Additionally, these retrained macrophages were able to suppress cytotoxic T cell activity when
cultured with them29. This retraining phenomenon can also be coupled with the observation that
tumors dramatically increased the number of circulating and tumor infiltrating myeloid cells while
also reducing lymphocyte populations suggesting a systemic retraining of the immune system by
the tumor

30-33

. It was also observed that in addition to a reduction in lymphocyte populations,

lymphocytes that were present in the tumor site had reduced expression of IL-2 receptor and a poor
ability to respond to inflammatory stimuli34. Early studies did not specifically categorize the
mechanism by which tumor derived factors modulated the immune response, it was only
observable that secreted proteins from the tumor had this impact.
Specific factors were eventually characterized along with the mechanisms by which these
factors could control an anti-tumor immune response. Prostaglandin was discovered in mammary
tumors to control both T cells and macrophages with a general reduction in T cell function and an
anti-inflammatory phenotype in macrophages along with increased hematopoiesis35,

36

.

Additionally, tumors of various types were demonstrated to produce granulocyte macrophagecolony stimulating factor (GM-CSF), a potent cytokine that upregulates granulocyte and monocyte
production at the bone marrow level, along with increased numbers of circulating and tumor
trafficking myeloid cells4, 37, 38. However, despite GM-CSF being implicated in the recruitment
and promotion of myeloid cells at the tumor site, attempts at developing tumor vaccines have been
enhanced by GM-CSF secreting tumors39-41. Mechanistically, this may be due to the fact that low
dose GM-CSF (300 ng) is sufficient to recruit and expand CD4+ T cells and dendritic cells as a
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therapeutic dose, whereas, higher doses of GM-CSF (6000 ng) induced CD11b+ suppressive
myeloid cells that impaired CD4+ T cell expansion42.
More recently, the primary focus on tumor derived factors has revolved around the
discovery of programmed death ligand 1 (PD-L1). PD-L1 was characterized by its ability to
regulate T cell function and shut down activated T cells43, 44. PD-L1 engages T cells through PD1 on T cells that is part of the extended CD28 family of co-receptors45. PD-L1 has been detected
as an expressed surface protein on a variety of tumors with the ability to suppress an anti-tumor T
cell response46-49. Expression of PD-L1 can be used prognostically to indicate aggressiveness of a
tumor and likelihood of survival with high levels of PD-L1 associated with a poor prognostic
outcome48, 50. Arguably, the biggest development for PD-L1 in cancer has been the development
of anti-PD-L1 antibodies that are able to prevent down regulation of T cells by the ligand. These
treatments are currently approved for pancreatic cancer, non-small cell lung cancer, and bladder
cancer49, 51-53. However, even with the success of anti-PD-L1 therapy, MDSC and TAM, are still
able to prevent an anti-tumor response and it is necessary to utilize combo therapies to target
MDSC either through myeloid cell trafficking, CXCR2, or through inhibition of MDSC function
by PI3K inhibitors54, 55. It was demonstrated by Lu et al. using a unique model of spontaneous
prostate cancer in mice that inhibition of MDSC through PI3K inhibitors enhanced their ability to
target castration resistant prostate cancer through immune checkpoint inhibitors against CTLA-4
and PD-L1 by breaking the axis of MDSC enhancement by the tumor through cytokine signaling
in addition to direct down regulation of T cells by both MDSC and the tumor

56

. This study

demonstrated the need for broad combinatorial therapy against both the invading myeloid cells
and the tumor itself to generate an effective approach to immunotherapy.

6
1.2 Immunosuppressive Myeloid Cells

1.2.1 History of Myeloid Derived Suppressor Cells
MDSC are cells of myeloid lineage that develop in response to inflammatory stimuli that
are present in a variety of pathologies. MDSC have been shown to be recruited and play a role in
chronic inflammation, such as, cancer, in addition to viral, bacterial, and parasitic infections 57-59.
The common denominator in these instances of MDSC recruitment is the ability of MDSC to
suppress an inflammatory immune response that either promotes a chronic inflammatory
environment like cancer or inhibits inflammation after clearance of a disease. Irregular increases
in the number of circulating myeloid cells in human neoplasms had been observed early in the
study of cancer60. In the early years of detection of these myeloid cells it was theorized that factors
produced by the tumor were potentially responsible for their recruitment60. The suppressive
capacity of these myeloid cells eventually led them to be characterized as natural suppressor cells
with the ability to inhibit T cell (CD4+ and CD8+) and natural killer (NK) cells58, 61. Interestingly,
these natural suppressor cells did not have identifiable surface markers for T cells, B cells,
macrophages, or NK cells leading to the designation as natural suppressor cells or null cells62, 63.
Eventual studies into the abnormal myelopoiesis and suppressive nature of myeloid cells
in cancer patients characterized by high white blood cell count (WBC), often 20,000-30,000
WBC/L of blood in patients with a primary tumor to as high as 100,000 WBC/L of blood in
patients with malignant metastatic disease, led to the discovery of the heterogeneous nature of the
induced myeloid cell populations in addition to an immature phenotype60, 64-70. Currently, MDSC
are most studied in the context of their ability to contribute to the progression of cancer across
multiple species with human disease and rodent models being the primarily studied groups. MDSC
are defined functionally by their ability to suppress an inflammatory immune response71-73. This
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has led to issues in the ability to properly define MDSC for their isolation and study with only a
handful of broad myeloid markers used to isolate them. In mice, MDSC are defined generally as
CD11b+ GR-1+ with GR-1 being divided into two antigens, Ly-6C and Ly-6G. Ly-6C a phenotype
of MDSC that most closely resemble monocytes/macrophages (M-MDSC) in function and
morphology

while

Ly-6G

a

phenotype

of

MDSC

that

most

closely

resemble

granulocyte/neutrophilic (G-MDSC) in function morphology74, 75. The suppressive function of the
subsets can be divided into two distinct groups with M-MDSC relying primarily on nitric oxide
production and G-MDSC relying on arginase I (Arg1) for suppressive function74,

76, 77

. It is

important to note that despite MDSC appearing to suppress through soluble factors, MDSC require
direct cell to cell contact with T cells to exert their suppressive function through nitric oxide
production that alters antigen recognition in T cells78. Additionally, MDSC suppress T cell
function and proliferation in both an antigen non-specific manner and an antigen specific manner78,
79

. Aside from direct suppression of T cell activation, proliferation, and function, MDSC promote

tumorigenesis and immunosuppression through production of cytokines. MDSC promote Treg
differentiation through both production of IL-10 to both promote Treg differentiation and directly
suppress CD4+ T cell function80, 81. IL-10 is also able to act as a cross talk mechanism between
MDSC and TAMs in which MDSC skew M1 macrophages to an M2 phenotype82, 83. In humans,
the classification of MDSC appears to be more plastic with broader groups of myeloid cells
responsible for suppressive capacity but with ultimately the same outcome of impaired T cell
function as has been characterized in rodent models. A common marker set used to arrive at a
suppressive population in a cancer patient is CD11b+ HLA-DR- and then CD33+ to denote more
granulocyte like cells and CD14 to denote more monocyte like cells with CD66b often added to
identify more neutrophilic populations84-87. However, even this designation remains controversial
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with human myeloid nomenclature remaining much more complicated for MDSC. For example, a
fibrocyte-like population of circulating MDSC were identified as CD11b+ HLA-DR- but
possessed markers of a fibrocyte, such as, smooth muscle actin and collagen I/V88. Fibrocyte
MDSC populations suppress T cell proliferation and cross talk with Tregs to promote an antiinflammatory environment88, 89. The previously mentioned issue of identifying markers for MDSC
has led researchers to expand the definition of human MDSC and to consider more myeloid
populations as immunosuppressive or potentially immunosuppressive. Currently, in both the
human and murine environment, immunosuppression by myeloid cells is characterized
functionally without a single targetable marker that encompasses only immunosuppressive groups.
Additionally, in both humans and rodent models, MDSC are often isolated and characterized by
utilizing peripheral sites, blood in humans and spleen in rodents. This leads to issues with the
difference between MDSC that are distal to the tumor compared to MDSC that are in the TME.
Work conducted by Haverkamp et al. demonstrated that when MDSC are tested ex vivo from an
inflammatory site for suppressive function in a short term suppression assay with T cells to
determine immediate suppressive function only MDSC from the inflammatory site are functionally
suppressive, whereas, spleen isolated MDSC are not functional in a short term assay90. This
demonstrates the possibility that many studies are activating the myeloid cells in vitro while in the
presence of T cells when using longer term suppression assays as opposed to studying truly tumor
generated MDSC.

1.2.2 Tumor Associated Macrophage Overview
Tumor associated macrophages (TAMs) are immunosuppressive macrophages that are
described as a type II anti-inflammatory macrophage (M2 phenotype) that is resident at the tumor
site and can be identified by their increased expression of arginase I and decreased iNOS
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expression91-95. TAMs while immunosuppressive are functionally and phenotypically distinct from
MDSC. In murine models, TAMs/anti-inflammatory macrophages can be identified through
expression of CD11b+ Ly-6Clo F4/80+, whereas, MDSC are typically Ly-6Chi, suggesting a mature
phenotype compared to the immature phenotype of MDSC95-99. Human TAMs are isolated in
relation to MDSC as CD11b+ HLA-DR+ which is the primary designation to separate MDSC from
TAMs in humans with the addition of CD14- and CD16+ to denote a mature macrophage in
relation to a CD14+ CD16- monocyte100-102. However, additional markers of macrophages are
commonly used, including but not limited to CD163, CD68, CD205, CD23, and CD32 to denote
an M2 macrophage but there is overlap with M1 and M2 markers in regard to CD68, HLA-DR,
and CD205102. As demonstrated by murine and human MDSC studies, detection and isolation of
TAMs is complicated by the fact that marker sets are broad and often specific to the type of tumor
being studied. This phenomenon necessitates a more specific marker of suppressive activity in M2
macrophages that is not necessarily limited to one tumor environment or individual phenotype.
TAMs have suppressive capacity that is like and yet distinct from MDSC. As mentioned
earlier, TAMs are characterized as arginase I expressing compared to the monocyte like MDSC
subset that expresses iNOS for suppressive function. However, more recent studies have suggested
that suppressive function between MDSC and TAMs may be more similar. PD-L1 has been
demonstrated to be important in both TAMs and MDSC103,

104

. Additionally, it has been

demonstrated that both MDSC and TAMs can suppress immune function and promote tumor
growth through production of nitric oxide 92, 105, 106. An interesting difference between MDSC and
TAMs is the ability of TAMs to produce and secrete VEGF107. As discussed earlier, VEGF is
known for its ability to promote angiogenesis and has been of interest in cancer due the ability of
many tumor types to secrete VEGF leading to increased rates of metastasis and tumor growth 5, 7,
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108-110

. The role of VEGF in MDSC appears to be primarily linked to the accumulation of MDSC

at the tumor site, accompanied by rapid tumor growth and a reduction in anti-tumor inflammation
while TAMs directly secrete VEGF to drive angiogenesis107, 111, 112.

1.2.3 Origin of Myeloid Cells at Inflammatory or Tumor Site
The varied immunosuppressive role of MDSC and TAMs complicates their identification
and study. Furthering this complication is the way in which MDSC and TAMs are recruited and
activated. It is generally accepted that MDSC traffic to the tumor site through chemotactic
signaling controlled by CCL2 with CCL2 considered an important component of tumor
progression due to this fact25, 26, 113-115. However, there are other mechanisms by which MDSC are
recruited to the tumor site, such as, indolamine secretion by tumor cells activates Tregs, which in
turn recruit and promote MDSC accumulation and function81. It has also been demonstrated that
S100A9, which has recruitment function in myeloid cells, constitutes a marker of functional
MDSC in human peripheral blood85. These observations suggest that there may be multiple
mechanisms for MDSC recruitment in addition to the primary CCL2 mechanism. The recruitment
and accumulation of TAMs is not as clear-cut with several hypotheses having been presented. It
has been demonstrated that macrophages with a type I inflammatory phenotype can be
reprogrammed or “polarized” by tumor derived factors to an anti-inflammatory phenotype94, 116,
117

. This pathway to polarization has been demonstrated to be controlled by a down-regulation of

notch signaling along with an increase in NF-B signaling through IL-1R and MyD88 pathway118,
119

. An increase in notch signaling demonstrated a pro-inflammatory phenotype while blockade of

NF-B signaling led to pro-inflammatory phenotype with both studies demonstrating a restoration
of IL-12 secretion and iNOS production118, 119. Polarization stands as a means to generate antiinflammatory macrophages, however, it has also been suggested that M2 macrophages may
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accumulate from proliferation of tissue resident macrophages. A study by Jenkins et al. compared
thioglycollate recruitment of macrophages, which has been used as a model of monocyte
recruitment and differentiation, to infection with a parasite that generates a strong M2 macrophage
phenotype. In the study, thioglycollate recruited large numbers of Ly-6C+ monocytes that
eventually led to the presence of F4/80+ macrophages. However, infection with the parasite led to
virtually no accumulation of Ly-6C+ monocytes but there was still a large F4/80+ macrophage
population. They demonstrated that the tissue resident macrophages in the parasitic infection were
highly positive for KI67, suggesting proliferation as opposed to accumulation120. A final proposed
component of TAM accumulation is a process of differentiation from Ly-6C+ myeloid cells that
traffic to the tumor site. There have been conflicting studies regarding the fate of MDSC that traffic
to the tumor site. It has been demonstrated that through silencing retinoblastoma through histone
deacetylase 2 at the tumor site led to M-MDSC differentiation into Ly-6G+ G-MDSC. This
specific phenomenon was observed to only occur in M-MDSC and not Ly-6C+ monocytes from
non-tumor bearing mice121. However, additional studies have demonstrated an ability for MDSC
at the tumor site to differentiate into TAMs that are functional at the tumor site especially in the
context of hypoxia at the tumor 122-124. Under the hypoxic tension of the tumor, increased activity
of CD45 phosphatase led to decreased STAT3 allowing M-MDSC to differentiate into TAMs as
measured by expression of F4/80122. These studies demonstrate various mechanisms by which
suppressive myeloid cells accumulate at the tumor site but there is not a clear consensus as to the
fate of the tumor resident myeloid cells or how M2 macrophages develop.
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1.2.4 The role of Hypoxia on Myeloid Suppression
An increasingly studied component of the TME is the role of hypoxia and how it impacts
the infiltrating immune cells, as well as, the tumor itself. Tumors have been clearly demonstrated
to be a zone of hypoxic tension that greatly modulates all aspects of the TME125. Early studies of
how tumors respond to hypoxic conditions suggested that hypoxia had a protective effect for the
tumor in regard to radiation therapy126. Additional studies suggested that hypoxia did ultimately
alter the ability of tumor cells to metabolize glucose compared to non-cancerous cells, suggesting
a resistance to the effects of hypoxia and an ability to grow under those conditions127, 128. The focus
of hypoxia research in the TME for several decades was the impact of hypoxia on radiosensitivity
and the impact on chemotherapy drugs. Most research agreed that hypoxia could enhance tumor
resistance to radiation and to chemotherapy drugs through enhanced production of glutathione and
enhanced metabolic processing of chemo drugs129, 130. Additionally, hypoxia in a tumor site has
also been used as a prognostic marker and indicates poorer disease free survival with increased
metastasis131.
More recent research has focused on the role of hypoxia and how it impacts immune cells
in the TME. Particularly, how hypoxia regulates the tumor’s ability to accumulate and promote
suppressive myeloid cells. Corzo et al. demonstrated that hypoxia directly regulates the function
of MDSC through HIF-1 induction of iNOS and a dependency on HIF-1α to maintain suppressive
function at the tumor123. Alternatively, Noman et al. demonstrated under hypoxic tension HIF-1
induces the expression of PD-L1 which acts as a key component of MDSC immunosuppression at
the tumor site104. This shows some conflict in the literature as to the exact role that hypoxia and
HIF-1 plays in MDSC suppression. Hypoxia can also drive certain inflammatory factors for the
recruitment of MDSC. Hong et al. demonstrated that tumors deficient in pericytes lacked the
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ability to properly vascularize and suffered from increased hypoxia leading to increases in IL-6
expression that recruited MDSC132. It has also been shown that HIF-1 promotes tumors to
produce factors, such as, ENTPD2 that maintain the immature phenotype of MDSC, leading to
stronger suppressive function and poorer prognostic outcome133. It is important to note that despite
a variety of mechanisms to drive MDSC function and accumulation, the common feature is
hypoxia driving HIF-1 that drives multiple mechanisms in both MDSC and tumor cells.
TAMs like their MDSC counterparts are also regulated by the effects of hypoxia at the
tumor site. Recent studies have demonstrated that hypoxia and HIF-1 broadly regulate M1 and
M2 phenotype polarization with a skewing toward M2 phenotype by decreasing co-stimulatory
molecules, chemokine receptors, and loss of pro-inflammatory cytokine production134. Highly
hypoxia zones in tumors have also been correlated with increased infiltration of TAMs and
associated with poor prognosis in cancer patients135,

136

. Interestingly, TAMs are typically

characterized as Arg1 expressing and iNOS non-expressing, which is induced by lactic acid
production by the tumor under hypoxia conditions94. Additionally, lactic acid participates in the
repolarization of macrophages to an M2 Arg1 expressing phenotype94. However, under hypoxic
tension M2-like macrophages as characterized by their ability to suppress activated T cells have
been shown to utilize nitric oxide production like MDSC to carry out immunosuppression106. This
demonstrates the more complicated nature of hypoxia and the way immunosuppression is
regulated under these conditions along with the way TAMs are defined. As discussed with MDSC,
VEGF and angiogenesis are important components of immunosuppression at the tumor site
involving TAMs. TAMs can promote the process of angiogenesis as well through direct production
of VEGF137. However, TAMs appear to possess a unique ability while under hypoxic tension
regarding vascularization. It has been observed by Barnett et al. that TAMs under hypoxic tension
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develop a vascular mimicry phenotype. This is characterized by the expression of CD31 on a subset
of TAMs that are able to form a tube like network in the tumor that acts as functional
vasculature138. This observation shows that infiltrating myeloid cells into hypoxic sites can take
on unique phenotypes to adapt to hypoxia and promote a wound healing phenotype. The important
point of hypoxia at the tumor site ultimately is the enhanced recruitment of MDSC and the
repolarization of macrophages into an M2 phenotype with both coming together to promote a protumorigenic environment that is almost always correlated with a poor prognostic outcome in
cancer patients.

1.3 Myeloid Immunosuppression and Tumor Immunotherapy

1.3.1 Targeting MDSC in Immunotherapy
Recently, anti-cancer therapies have begun to focus on modulating the immunosuppressive
TME to enhance anti-tumor immunotherapy, i.e., PD-L1 and CTLA-4, but often MDSC can
continue to suppress T cells leading to a decrease in efficacy of immunotherapy while depleting
MDSC can enhance these therapeutic approaches, as well as, enhance anti-tumor vaccine
strategies139-143. A more specific example of the emerging use of anti-MDSC/anti-TAM therapies
with immunotherapy is the current use of sipuleucel-t (Provenge) for the treatment of late stage
castration resistant prostate cancer. This attempt at T cell adoptive transfer therapy was based on
the work done originally in metastatic melanoma where regression of disease could be achieved
by activating T cells against tumor antigen and infusing the activated T cells back into the
patient144. Men with prostate cancer that have recurrent disease following hormone ablation
therapy can be treated by generating activated T cells against prostate cancer antigen, prostatic
acid phosphatase (PAP). This is achieved through leukapheresis of the patient’s PBMC that are
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then activated with PA2024, a fusion protein of PAP and GM-CSF generating antigen presenting
cells loaded with PAP that activate the patient’s own T cells ex vivo. These activated T cells are
then injected back into the patient to target the prostate tumor145. While successful at prolonging
life in patients with advanced prostate cancer the treatment is far from curative but it is an
important step in demonstrating that anti-tumor immunity can be achieved through modulation of
the immune response. It is interesting to note the use of GM-CSF that has been previously
demonstrated to be a poor prognostic indicator in cancer due to its ability to recruit and induce
MDSC146. However, GM-CSF has been used effectively as an adjuvant in anti-tumor vaccine
techniques due to its ability to recruit and induce antigen-presenting cells that enhance vaccine
efficacy41, 147, 148. Overall, it has been shown that efficacy of Provenge can be enhanced by blocking
anti-T cell mechanisms in the patient. Once such study by Schloz et al. demonstrated that treating
patients currently receiving Provenge with increasing doses of ipilimumab (anti-CTLA4)
increased antibody production against PA2024 and PAP compared to Provenge therapy alone149.
Also, in late stage melanoma patients that are actively treated with ipilimumab it was observed
that patients that had high levels of circulating MDSC had poorer outcome from therapy and
reduced survival150. These studies demonstrate that modulating T cell responses against the tumor
can ultimately be inhibited by suppressive myeloid cells and often just targeting one aspect of the
immune response is insufficient to generate a lasting anti-tumor response. This sets the stage for a
better understand of MDSC function and better approaches at controlling MDSC in addition to
currently successful immunotherapies.
Work in controlling MDSC carried out by Srivastava et al. demonstrated that simply
eliminating MDSC in a rodent tumor model using a depleting GR-1 antibody was sufficient to
reduce tumor burden in treated animals139. This simple observation made the case for MDSC being
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a primary driving force behind tumorigenesis and a necessary cell type to target for the treatment
of cancer. However, despite promising results the mechanism in which the GR-1 antibody
functions continues to be a source of controversy. Research predating the 2012 report on the
depletion of MDSC by Srivastava demonstrated that the GR-1 antibody had an anti-suppressor
effect on MDSC through STAT signaling in the bone marrow compartment and GR-1 was only
able to deplete MDSC at distal sites151. Besides simply depleting MDSC, there have been a variety
of attempts to exploit various components of MDSC trafficking and function to inhibit their
suppressor abilities. Attempts to block trafficking have been accomplished through inhibition of
tumor-derived production of prostaglandin-E2 through blocking prostaglandin-endoperoxide
synthase (COX-2) in murine 4T1 tumor cells152. This approach was ultimately able to reduce
accumulation of MDSC in the spleen of the tumor bearing animals along with increased tumor
clearance. Additionally, utilizing a B16 melanoma model treated with an anti-tumor vaccine
against tyrosinase (Tyr) demonstrated that clearance of the tumor through a robust anti-tumor
response elicited by the vaccine could reduce infiltrating MDSC by reducing tumor derived
trafficking factors, such as, monocyte chemoattractant protein-1 (MCP-1), IL-10 and C-X-C motif
chemokine 5 (CXCL5)153. This report is encouraging since a strong enough immune response
could overcome MDSC suppression by breaking the tumor/MDSC axis. As described previously,
CCL2 is important for myeloid trafficking and is a key component of MDSC accumulation at
tumor sites. Neutralization of CCL2 will reduce MDSC numbers at the tumor site and reduce tumor
burden through loss of MDSC-mediated suppression26.
Aside from trafficking and accumulation, researchers have sought to control MDSC by
modulating differentiation and their ability to carry out immunosuppression. Tian et al. discovered
that inhibition of micro RNA (miR)-9 promoted differentiation of MDSC and ultimately impaired
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their ability to suppress anti-tumor responses154. miR-9 acted through runt-related transcription
factor 1 driving MDSC to differentiate to a more mature macrophage like phenotype characterized
by the expression of MHC class II, F4/80, and CD86. This miR-9 modulated differentiation of
MDSC led to reduced tumor growth in vivo in a murine model of lung carcinoma154. Modulating
MDSC differentiation through toll-like receptors has been demonstrated to be a potential means to
alter their suppressive function. Spinetti et al. demonstrated treating MDSC with toll-like receptor
7 (TLR7) agonists would induce differentiation to a more mature macrophage phenotype leading
to reduced tumor burden in a murine model of colon cancer155. Another well characterized means
of controlling myeloid cells has been through control of STAT3 and prostaglandins. Antagonists
against both have been demonstrated to reduce MDSC accumulation and suppressive function by
reducing immature cell populations in favor of more mature inflammatory M1 macrophages156, 157.
These studies clearly demonstrate that controlling MDSC is an effective means of controlling
tumor development and burden. However, these studies continue to focus on MDSC accumulation
or elimination with only a few studies beginning to look at targeting of suppressive mechanisms.
This reinforces the need for a highly specific marker of suppressive MDSC that can be used to
identify and study only the relevant suppressive MDSC.

1.3.2 Targeting Tumor Associated Macrophage in Immunotherapy
Prior to attempts at controlling MDSC in immunotherapy work had been conducted to
control tumor-associated macrophages. Work in tumor-associated macrophages has been like
MDSC targeting but with a few key differences. There have been attempts at simply eliminating
them from the tumor site but this has been coupled with reprogramming anti-inflammatory
macrophages to an inflammatory phenotype158-160. Depletion studies of tumor associated
macrophages have been carried out not by antibody like in MDSC but using bacterial toxins to
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deplete macrophages. Galmbacher et al. used shigella toxin derived from S. flexneri to induce
apoptosis in macrophages. Treatment of a murine model of melanoma and a murine model of
breast carcinoma with shigella toxin demonstrated a loss of TAMs and a regression of tumors 158.
In an EL4 tumor model treatment with an anti-CD115 antibody, which targeted colony stimulation
factor 1 (CSF-1) receptor on TAMs, depleted tumor resident macrophages and prolonged
survival161. Macrophage CSF-1 receptor can also be targeted through small molecule inhibitors.
This reinforces the antibody studies that demonstrated decreased TAM accumulation at the tumor
site leads to prolonged survival162. As observed in MDSC, treatments that prevent production of
myeloid promoting cytokines, such as, CCL2 and CSF-1, reduce infiltration and polarization of
TAMs as demonstrated by Jang et al163. Utilizing epigallocatechin gallate (EGCG) in a 4T1 tumor
model showed decreased expression of those cytokines by the tumor and thus decreasing TAM
infiltration and polarization163. Zhang et al. sought to understand the ability of a tumor to progress
despite treatment with chemotherapy. They analyzed sorafenib-treated breast cancer xenografts
and discovered that after sorafenib treatment increased numbers of macrophages could be detected
at the tumor site. Combining sorafenib with zoledronic acid or clodronate liposomes to deplete
macrophages demonstrated increased reduction in tumor burden159. It is important to note that
zoledronic acid was more effective at reducing tumor burden as a combo therapy159. This
observation may be due to the fact that zoledronic acid also has the capacity to repolarize tumorassociated macrophages into an inflammatory phenotype164. This demonstrates that in TAMs,
repolarization is often an effective means of targeting TAMs. These types of studies are only
beginning to emerge in the study of MDSC.
As demonstrated in MDSC regarding differentiation studies, micro-RNA targeting has
proven effective in driving repolarization of TAMs to an inflammatory phenotype. Overexpression
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of miR-155 in TAMs led to the conversion to a proinflammatory phenotype characterized through
increased expression of Nos2 and IL-12 with decreased expression of Arg1 and IL-10160. The
mechanism by which miR-155 reprogramming occurs is currently unknown160. Yin et al.
combined MDSC differentiation with repolarization of TAMs to M1 macrophages. Treatment with
an antibody against phosphatidylserine promoted the differentiation of MDSC to M1 macrophage
and the repolarization of TAMs to M1 macrophages
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. Interestingly, c-myc, which is better

known as an oncogene in cancer was determined to be a key component of TAM maturation with
c-myc deficient macrophages displaying delayed maturation into TAMs with reduced expression
of tumorigenic factors VEGF, MMP9, and HIF-1166. Targeting mechanisms in macrophages that
elicit an inflammatory response can be exploited to reprogram TAMs into an M1 phenotype.
Infusions with immunoglobulin can engage immunoglobulin receptors on TAMs and trigger an
inflammatory response which is anti-tumor in nature167. Like MDSC, toll-like receptors can be
exploited to generate an inflammatory response. Combination of TLR9 agonists with TLR7/8
agonists can decrease MDSC and TAMs while increasing M1 macrophages at the tumor site
leading to the elimination of established tumors in a murine model of colon cancer168. TLR
targeting also takes advantage of bacterial components to elicit an inflammatory response from
TAMs. Treatment of tumor bearing mice with attenuated Listeria monocytogenes generated a proinflammatory response from TAMs that enhanced tumor lysis169. Perhaps most interesting was an
observation made by Zanganeh et al. when characterizing an anti-tumor effect of ferumoxytol, an
iron oxide supplement used in the treatment of iron deficiencies. Treatment of tumor-bearing mice
with ferumoxytol decreased TAM function and promoted M1 macrophages with increased
expression of Nos2 and reduced growth of solid tumors170. Studies involving MDSC and TAMs
have demonstrated multiple avenues by which MDSC and TAMs can be eliminated or
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reprogrammed. However, many of these studies suffer from limitations in delivery of drugs to the
tumor site or potential side effects due to the broad nature of some of these drugs that is
complicated by the heterogeneity of MDSC and TAMs in cancers.

1.4 Folate Receptor Targeting

1.4.1 Folate Receptor Targeting in Cancer
The need for rapid and specific delivery of drugs to a tumor led to the discovery of a unique
aspect of cancer biology. Tumor cells often express a functional folate receptor on the surface of
only malignant cells with this receptor not being found on “normal” cells in the body that utilize a
reduced folate carrier for folic acid uptake171-173. The surface folate receptor is a high affinity
receptor that is able to take up folate at low concentrations171. Malignant tissues express folate
receptor  in contrast to myeloid cells that express folate receptor 171,

174

. Folate receptor

expression in tumors appear to be far reaching and encompasses many different types of cancers
including various types of ovarian, kidney, endometrial, lung, and breast as the highest expressers
of folate receptor 175. This provided a highly specific delivery system to the folate receptor that
could be utilized in a variety of tumor types. Early approaches to folate targeting utilized small
conjugated molecules on methotrexate, a drug that interferes with dihydrofolate reductase
(DHFR), that is taken up by reduced folate carriers present on all cells176. This approach had to
utilize dual targeting to specify tumor tissue combined with drug delivery through the reduced
folate carrier176. Early attempts at labeling tumor cells for destruction by targeting antibodies to
tumor folate receptor proved to be successful177. Initial drug delivery studies involved delivering
radio-labeled folate conjugates to malignant tissue through the folate receptor172, 178,

179

. This
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system was also utilized for transfection of cell lines that expressed a folate receptor180. These
initial successes demonstrated the versatility of this delivery approach along with its specificity
that eliminated the need for dual targeting. This led to the development of more varied conjugates
with folate including nanoparticles and the ability to deliver DNA to tumor cells demonstrating
the possibility of gene therapy through the receptor181, 182. Tran et al. demonstrated that folate
receptor  positive tumors treated with a glucocorticoid receptor agonist would display increased
folate receptor expression enhancing targeting abilities through the receptor while not affecting
non-malignant tissues183. The ability to target conjugates to tumors was expanded to imaging
agents for rapid and highly accurate tumor visualization184, 185. This technique was adapted to live
fluorescent imaging used in ovarian cancer to rapidly find malignant tissue during surgery and
allow for a means to ensure that tumor tissue is completely removed during surgery186. Use of
fluorescent folate conjugates can be used diagnostically in vitro to target malignant cells for easy
diagnosis of cancer187. Ponte et al. demonstrated that a folate receptor targeted antibody/drug
conjugate for the delivery of maytansinoid, a strong anti-mitotic agent, enhanced treatment of
ovarian tumor xenografts in mice188. This demonstrates the ability of folate receptor targeting to
expand beyond the current clinical applications of imaging to delivery of potent therapeutic drugs
to tumors. Recent studies have sought to combine imaging techniques with drug delivery for
simultaneous diagnostic evaluation and treatment. Bonvin et al. developed a folic acid iron oxide
nanoparticle that targeted to prostate cancer cells allowing for imaging by magnetic resonance
imaging (MRI) and MRI directed hyperthermia therapy that was highly specific for prostate cancer
cells and distal metastatic lesions of prostate cancer189. These techniques demonstrate the varied
nature of folate conjugate treatment and diagnostics. The ability to link any number of drugs or
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nanoparticles to folate will pave the way for designer treatments and diagnostics in numerous
cancers.

1.4.2 Folate Receptor Targeting in Myeloid Cells
Like malignant cells, myeloid lineage cells express a functional folate receptor beta. Folate
receptor  (FR) like folate receptor  is a high affinity scavenging receptor for folic acid with the
primary difference being FR is restricted to hematopoietic stem cells and cells of myeloid
lineage190-192. FR has been characterized in the myeloid compartment in both macrophages and
neutrophils174, 193. Interestingly, in macrophages a functional folate receptor is only expressed
during macrophage activation and can be used a marker for fully functional macrophages194. FR
has been specifically targeted as a marker of M2 phenotype macrophages as well193. Some of these
studies are conflicting in nature due to the claims that FR specifically marks TAMs while other
studies have demonstrated that activated M1 macrophages express FR as well193, 194. It is possible
that FR is simply a marker of an active phenotype. Regardless, targeting macrophages through
FR has been demonstrated to be an effective means of controlling macrophage populations.
Nagayoshi et al. demonstrated that a truncated FR antibody carrying Pseudomonas endotoxin
could eliminate macrophages from the synovial spaces in joints of a murine model of rheumatoid
arthritis reducing inflammation195. Nagai et al. (part of the same laboratory group as Nagayoshi)
demonstrated that TAMs in a murine model of glioma could be depleted using the truncated FR
antibody carrying Pseudomonas toxin and was sufficient to reduce tumor growth in glioma
xenografts196. Shen et al. studied the ability to identify macrophages using folate conjugated
imaging agents that could identify M2 phenotype macrophages. These M2 macrophages were
characterized by gene expression and activity of anti-inflammatory markers, such as, Arg1 in a
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murine model of airway inflammation197. Work has been carried out utilizing CAR (chimeric
antigen receptor) T cells, transgenic T cells with modified T cell receptors, carrying an anti-FR
antibody in place of the T cell receptor has been successful in targeting and eliminating murine
models of human myeloid leukemia by targeting TAMs198. Overall, studies utilizing folate receptor
to target and deplete myeloid cells are limited and bear resemblance to techniques utilized for FR
targeting in tumor models to eliminate the target populations. Delivery of repolarizing treatments
through FR has not yet been explored.

1.5 Introduction to Research Questions and Methodology

A common issue in MDSC research in both human disease and murine models is the ability
to clearly define the immunosuppressive populations of MDSC. Reports have suggested that the
two subsets of MDSC (M-MDSC and G-MDSC) have different suppressive capacities with a few
reports going so far as to say that only M or G-MDSC are suppressive86
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. Regardless, what is

clear is that the ability to identify suppressive myeloid cells whether they be TAM or MDSC is
necessary for the effective treatment of disease. Haverkamp et al. as part of the Ratliff lab group
previously demonstrated that only MDSC isolated from a tumor or inflammatory environment are
immediately immunosuppressive90. Combining Haverkamp’s observation with observations made
by Dr. Philip Low and Dr. Dominguez-Soto that macrophages induce a functional folate receptor
during activation194 and FR is expressed by TAMs193, respectively, the Ratliff lab sought to
identify any subsets of MDSC that express a functional folate receptor and how that receptor
relates to suppressive function in MDSC. The overarching hypothesis is that only MDSC present
at the tumor site will express a functional FR and more importantly, only fully active MDSC will
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express FR. Additionally, TAMs expressing FR will be the primary suppressive population
present at the tumor site amongst macrophages. This will provide a highly specific and targetable
means to both identify and therapeutically target MDSC and TAMs at the tumor site. The main
questions to be answered by this project are as follows: 1) Can FR be used to identify highly
suppressive MDSC at the tumor site? 2) Do only immunosuppressive TAMs express FR? 3) Does
the tumor microenvironment influence MDSC and TAM expression of FR?
To answer these questions, we utilized the RM-1, murine prostate cancer cell line, MB49,
murine bladder cancer cell line, and the POET-3 inducible inflammatory prostate as model systems
to generate MDSC and TAMs for ex vivo studies (as discussed in Chapter 2). For human MDSC
studies we collected samples from patients with renal carcinoma to isolate MDSC and TAMs for
ex vivo studies from tumor and peripheral blood. To identify folate receptor expression, we assayed
MDSC isolated from both tumor environments and spleens of tumor bearing animals for mRNA
expression of murine folate receptor genes along with key suppressive mediators, such as, Arg1
and iNOS.

Identification of FR expressing populations was carried out utilizing folate

fluorescent conjugates provided through a collaborative project with Dr. Philip Low at Purdue
University. These fluorescent folate conjugates bind surface folate receptors but cannot be
transferred by reduced folate carriers allowing for both delivery of compounds to FR expressing
cells, as well as, fluorescent surface labeling of the cells for fluorescent assisted cell sorting
(FACS). A murine FR antibody was also provided through a collaborative project with Dr.
Dimitrov at the National Institutes of Health. Isolated MDSC and TAMs were tested for
immunosuppression by utilizing a short-term suppression assay developed in the Ratliff lab to test
immediate ex vivo suppressive capacity90. This model relies on testing suppression against the OT1 transgenic T cell in an antigen specific manner. These studies hope to characterize the nature of
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immunosuppressive myeloid cells at the tumor site and shed light on possible strategies to
eliminate or reprogram them.

1.6 Purpose of Studies

The purpose of this project is to identify a surface marker of MDSC and TAMs that can be
used to isolate highly suppressive populations of those cells for further study along with the ability
to target both cell types therapeutically. Current work in targeting both MDSC and TAMs has
relied on non-specific treatment strategies that could be further refined if a single suppressive
population was identified in both cell types. This also gives the ability to only target the
suppressive populations while potentially sparing inflammatory type I macrophages. Also,
expanding observations in murine MDSC and TAMs with folate receptor labeling to human cancer
where the maker sets are not as well defined could provide a powerful tool for the identification
and isolation of human suppressive myeloid populations across human cancers.
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CHAPTER 2. RESEARCH METHODOLOGY

2.1 Common Methods

2.1.1 MDSC and TAM Recruitment Models
Studies were carried out using murine models of human cancer for prostate and bladder
cancer utilizing the RM-1 and MB49 cell lines, respectively, as well as, the POET-3 inducible
model of prostate inflammation. The RM-1 prostate cancer cell line was developed in 1995 by
Sehgal and Thompson by transducing myc 9 into a C57BL/6 prostate with a recombinant
retrovirus200. This led to the isolation of epithelial tumor lines RM-1, RM-9, and RM-2 that based
on expression of cytokeratin 18 appeared to originate from a luminal epithelial phenotype in the
prostate200. All variants of the RM-1 cell lines expressed androgen receptor and grew in vivo and
in vitro only in the presence of androgen200. Interestingly, RM-1 cells were characterized as weakly
immunogenic due to low expression of MHC Class I and ultimately required NK-cell mediated
inflammation for elimination201, 202. However, it has also been demonstrated that RM-1 tumors can
be targeted and cleared by CD8+ T cells suggesting some level of functional MHC Class I
expression203. Additional studies utilizing RM-1 have demonstrated the ability of RM-1 tumors to
recruit immunosuppressive tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSC)90, 204 RM-1 tumors produce granulocyte-macrophage colony-stimulating
factor (GM-CSF) that recruits both TAMs and MDSC to the tumor site205, 206.
For this project, RM-1 were implanted in the intraperitoneal space (i.p.) to generate a tumor
induced exudate that contains infiltrating immune cells. This was done to minimize the need for
tumor digestion and processing of the samples to isolate active immunosuppressive myeloid cells.
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This technique is based on the approach utilized by Dr. Dimitry Gabrilovich for the isolation of
MDSC from i.p. tumors92, 123. MDSC were isolated by implanting 1x106 RM-1 cells i.p. and
harvesting by washing the i.p. space with phosphate-buffered saline (PBS) after 7 days of tumor
growth. Spleens were also harvested from tumor-bearing mice and mechanically disrupted to
isolate splenocytes. The tumor exudates were minimally bloody in appearance and samples that
appeared to contain frank hemorrhage were excluded to prevent contamination by circulating
monocytes and neutrophils. MDSC from both the tumor exudate and spleen were labeled for
surface markers CD11b, Ly-6C and Ly-6G with TAMs isolated by CD11b+ Ly-6C- and F4/80+
using live cell sorting by fluorescent activated cell sorting (FACS). MDSC populations were
segregated into M-MDSC (Ly-6C+ Ly-6G-) and G-MDSC (Ly-6G+ Ly-6Clo) during sorting.
MB49 tumors were utilized to test that results from the RM-1 model were reproducible in
a tumor line that is generally more immunogenic than the RM-1 model. It was demonstrated in
one study by Tham et al. that up to 35% of mice implanted with MB49 spontaneously rejected
them207. The model has also been suggested as a unique immunogenic model that expresses several
tumor-associated antigens, such as, bladder cancer-4 and prostate cancer-specific membrane
antigen208. MB49 were first generated by Summerhayes and Franks in 1979 by transformation of
mouse bladder epithelium primary cultures by treatment with 7,12-dimethylbenz(a)anthracene209.
After implantation into syngeneic mice, carcinomas formed characterized by a heterogeneous
structure of mainly solid urothelial carcinoma209. These cells have demonstrated the ability to
present antigen through both MHC Class I and II allowing for potent immunotherapy with
mycobacteria treatment210, 211. For this project, MB49 tumors were implanted in the i.p. space of
syngeneic mice at a concentration of 1x106 and harvested by washing the i.p. space 7 days later
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and harvesting the spleen in a similar fashion to the RM-1 i.p. model. MDSC and TAM were
isolated by the same technique used in the RM-1 i.p. model.
Alternative to a tumor model the Prostate Ovalbumin Expressing Transgenic (POET-3)
mouse was utilized for a model of prostate inflammation. The POET-3 model was developed by
Dr. Timothy Ratliff to induce inflammation in the prostate in an autoimmune fashion without the
need for instilling bacteria into the prostate212-214. This model utilizes ovalbumin peptide (OVA)
expressed only in the prostate by placing OVA under transcriptional control of probasin, a prostatespecific promoter212. When this model is injected with activated OT-1 transgenic T cells, which
are specific against OVA, the prostate is targeted by the OT-1 T cells to induce prostate specific
inflammation214. This creates tissue destruction in the prostate followed by immunological changes
including the recruitment of macrophages and MDSC to the prostate90, 204, 214. This model system
allows for “clean” inflammation to recruit MDSC and macrophages that is not dependent on
tumor-derived factors or bacterial infection.
For this study, POET-3 mice were inflamed by injection of 5x106 activated OT-1 by retroorbital injection for direct delivery into circulation. After 6 days, inflamed POET-3 prostates were
harvested and digested in collagenase type II (ThermoFisher Scientific) for 1 hour at 37C with
shaking. Spleens are harvested from inflamed mice and disrupted mechanically to isolate
splenocytes. After the prostate tissue is digested into a suspension the sample is filtered to generate
a single cell suspension. MDSC and macrophages are stained for as described for the RM-1 model
and isolated by the same technique along with the spleen.
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2.1.2 Murine MDSC and TAM Functional Analysis.
MDSC and TAMs isolated from the recruitment models were tested ex vivo for their ability
to suppress activated T cells. Our approach for functional testing of MDSC and TAMs depended
on a short-term ex vivo suppression developed by Haverkamp et al. to test the immediate
suppressive activity of MDSC against pre-activated T cells90, 204. This model system utilizes preactivated OT-1 T cells where OT-1 splenocytes are cultured for 24 hrs. in the presence of OVA
peptide SIINFEKL at a concentration of 5x105 cells/mL of OT-1 splenocytes with 1 g/mL of
SIINFEKL (Bachem). After 24 hrs. of culture the activated T cells are isolated by gradient
centrifugation using mouse mononuclear Ficoll (Atlanta Biologicals). The activated OT-1 T cells
are plated in complete RPMI-1640 with 10% fetal bovine serum (FBS) (Sigma Aldrich) media
with MDSC at 1:2 MDSC to T cell ratio for 18 hrs. under either normoxic (20% O2) or hypoxic
(1% O2). Hypoxic cultures were maintained by incubating the samples in a hypoxic chamber (Stem
Cell Technologies) after purging the hypoxic chamber with an air blend of 1% O2 5% CO2 and
94% N2 medical grade gas (Indiana Oxygen). Suppression is measured by the ability of
MDSC/TAMs to inhibit OT-1 proliferation as measured by treatment of suppression assay samples
with EdU 1 hr. prior to harvest to detect T cell proliferation. EdU (Invitrogen) is a DNA analog
that is integrated during S-phase of mitosis and is detected by a fluorescent azide through click
chemistry215. This method is comparable to BrdU detection of proliferation215. Percent suppression
of MDSC is calculated as (1-Prolifreation with MDSC/Proliferation without MDSC) x 100. MDSC
and TAMs are analyzed for suppression using the same assay90.
Ex vivo isolated MDSC and TAMs from the recruitment models were sorted directly into
TRK lysis buffer (Omega Bio-tek) from the EZNA total RNA kit and were analyzed for messenger
RNA (mRNA) expression of key suppressive mediators, arg1 and nos2, after conversion to cDNA
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using the qScript cDNA SuperMix (Quantabio). Gene expression was assayed by pre-made
Integrated DNA Technologies (IDT) PrimeTime quantitative PCR (qPCR) probes for each gene
of interest, arg1 (Mm.PT.58.8651372 Ref Seq NM_007482) and nos2 (Mm.PT.58.43705194 Ref
Seq NM_010927), with 18s ribosomal RNA (rRNA) (ThermoFisher Scientific Cat no. 4319413E)
expression as an internal control. Detection of folate receptors by mRNA expression was carried
out using the same technique with IDT probes for folr1 (Mm.PT.58.29881172 RegSeq
NM_001252553),

folr2

(Mm.PT.58.42405698

RefSeq

NM_008035),

and

folr4

(MM.PT.58.9954991 RefSeq NM_176807) in mice. In human folr1 (HS.PT.58.23094025 RefSeq
NM_000802), folr2 (HS.PT.58.1381187 RefSeq NM_00113536), folr3 (HS.PT.58.22256297
RefSeq NM_000804), and folr4 (HS.PT.58.22927288 RefSeq NM_001199206) were analyzed.
Relative mRNA expression was calculated as 2-(Ct of gene-Ct of 18s rRNA), where Ct is the
threshold cycle value with data normalized to 18s rRNA expression90.

2.1.3 Isolation of Human MDSC and TAM
Human MDSC were isolated from patients with renal cell carcinoma at IU Health
University Hospital at Indiana University Purdue University Indianapolis (IUPUI, Indianapolis,
IN). In patients with renal cell carcinoma (RCC) MDSC accumulation has been directly correlated
with disease progression and survival with higher levels of MDSC associated with reduced rate of
disease free survival216. MDSC isolated from renal cell carcinoma have been primarily
characterized as granulocyte like with Arg1 being the main mechanism of immunosuppression59,
86

. For this study, RCC derived MDSC and TAMs were isolated from 1-2 gram tumor samples

acquired from IU Health University Hospital that were minced and digested with collagenase type
II for 1 hr. at 37C with shaking. Peripheral blood MDSC were isolated by collecting 10 mL blood
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matched to tumor sample and lysing the sample with ACK lysis buffer (ThermoFisher Scientific)
to remove red blood cells. For both blood and tumor samples, MDSC were isolated as CD11b+
HLA-DR- CD33+ CD14- or CD11b+ HLA-DR- CD33+ CD14+. TAMs were isolated as CD11b+
HLA-DR+ CD14+ CD16- or CD11b+ HLA-DR+ CD14+ CD16+ by live cell sorting by FACS.
Functional testing of human MDSC for suppression involved isolating MDSC populations
and culturing them with activated peripheral blood T cells. T cells were activated by isolating
peripheral blood mononuclear cells (PBMC) by human mononuclear Ficoll Paque (GE Healthcare)
gradient centrifugation. PBMC were plated at 1x105 cells per well in a 96 well plate coated with
anti-CD3 (BioLegend clone UCHT1) and treated with 5 g/mL soluble anti-CD28 antibody
(BioLegend clone CD28.2) in complete RPMI-1640 media with 10% FBS. PBMC were activated
at a minimum of 6 hrs. prior to addition of tumor isolated MDSC or TAMs. MDSC were added at
a 1:2 MDSC to T cell ratio and incubated as described for the murine suppression assay.
Suppression was measured by T cell proliferation as described for the murine suppression assay.

2.1.4 Folate Receptor Detection
Folate receptor beta (FR) detection in myeloid cells was carried out utilizing folate
fluorescent conjugates generated by Dr. Philip Low at Purdue University as part of a collaborative
project. The folate receptor conjugates involve attaching a drug or fluorescent molecule to a protein
linker and then bound to folate178. These conjugates have the unique ability to bind only to surface
folate receptors, including alpha and beta, and not the reduced folate carrier that most cells utilize
to uptake folate178, 181, 194, 217.
For this study EC17218, a fluorescein isothiocyanate (FITC) folate conjugate, was utilized
to identify myeloid cells in the tumor or spleen of a tumor bearing animal that possessed a surface
folate receptor. These studies were carried out utilizing two different staining approaches using
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EC17. One approach was to isolate MDSC and TAMs from the previously described RM-1 or
MB49 i.p. tumor model and staining the tumor exudate and spleen for MDSC/TAM markers along
with EC17. The other approach involved keeping mice on a folate deficient diet (Envigo
TD.95247) for two weeks and then implanting flank RM-1 tumors at 1x106 cells per mouse. After
10 days when tumors were approximately 1 cm in size, mice were treated with 100 nmols of EC17
by retro-orbital injection and tumors were harvested 2 hrs. later. Tumors were then digested by
mincing and shaking in RPMI-1640 media with 10% FBS with collagenase II for 1 hr. at 37C.
EC17 uptake in vivo was compared between tumor resident MDSC and spleen MDSC. In vivo
uptake was also compared in the POET-3 inflammation model.
Antibody detection of FR surface protein was carried out utilizing an anti-murine
antibody against FR generated by Dr. Dimiter Dimitrov at the National Institutes of Health. The
antibody was generated by screening FR protein against a human antibody phage library. The
antibody was then made chimeric by replacing the human FC portion of the antibody with murine
IgG2a FC. This antibody was tested both in vitro and in vivo for labeling of FR and depletion of
FR+ cells. In vitro testing was done utilizing the MB49 and RM-1 recruitment model on both
MDSC and TAMs by surface antibody labeling. In vivo testing was done utilizing the POET-3 and
MB49 flank recruitment models by injecting 5 day inflamed POET-3 or 1 cm MB49 mice with
500 mg of anti-FR antibody and harvesting the prostate 24 hrs. later to analyze myeloid cell
depletion.

2.1.5 Flow Cytometry
MDSC and TAMs were isolated from all recruitment models utilizing fluorescent activated
cell sorting (FACS) both for analysis and live cell isolation. Samples were prepared as previously
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described for each model until a single cell suspension was achieved. Single cell suspensions of
cells were treated with 10 mL ACK lysis buffer (ThermoFisher Scientific) to remove red blood
cells. Samples were then diluted with 40 mL of phosphate buffered saline (PBS) and centrifuged
at 300xg for 5 min. Samples were resuspended in 100 L of PBS and treated with 1 L per sample
of Zombie Violet viability dye (BioLegend) and incubated at room temperature in the dark for 15
min. An additional 100 L of complete RPMI-1640 media with 10% FBS and treated with 2 L
of each surface marker antibody. Samples were then incubated for 30 min to 1 hr. at 4C in the
dark. Samples were then diluted with 1 mL of PBS and centrifuged at 300xg for 5 min to remove
excess antibody. Analysis samples were then treated with 10% formalin and stored in the dark at
4C for up to one week until samples were analyzed on a BD LSRFortessa flow cytometry (BD
Biosciences). Live cell sorting samples were resuspended in 1 mL complete RPMI-1640 media
with 10% FBS at stored on ice in the dark until ready for same day sorting on an BD FACSAria
III instrument (BD Biosciences). Samples were sorted into complete RPMI-1640 media with 10%
FBS for functional analysis or into TRK lysis for qPCR analysis.
Any samples requiring intracellular staining were treated with 10% formalin and then
washed in 1 mL PBS and centrifuged at 300xg for 5 min to remove formalin and resuspended in
100 L permeablization buffer (0.1% saponin, 0.5% bovine serum albumin, and 0.01% sodium
azide diluted in PBS). Intracellular antibodies were then added to the cell suspension in
permeabilization buffer and incubated for 20 min in the dark at room temp. Samples were then
washed in 1 mL of permeabilization buffer and centrifuged at 300xg for 5 min and resuspended in
500 L of permeabilization buffer and stored in the dark at 4C for up to one week prior to analysis
on a BD LSRFortessa flow cytometry.
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Murine MDSC were isolated using antibodies for CD11b (clone M1/70), Ly-6C (clone
HK1.4), Ly-6G (clone 1A8). Murine TAMs were isolated using antibodies for CD11b (M1/70),
Ly-6C (clone 1A8), and F4/80 (clone BM8). Human MDSC were isolated using antibodies for
CD11b (clone M1/70), HLA-DR (clone L243), CD33 (clone P67.6), and CD14 (clone 63D3).
Human TAMs were isolated using antibodies for CD11b (clone M1/70), HLA-DR (clone L243),
CD14 (clone 63D3), and CD16 (clone 3G8). All antibodies were sourced from BioLegend.
Analysis of flow cytometry data was carried out using FlowJo Version 9/10 (TreeStar Software).

2.1.6 Statistical Analysis
Data were represented as the mean +/- standard error of the mean (SEM). Statistical
analysis was performed as unpaired two-tailed student’s t-test, one-way, or two-way ANOVA and
analyzed with GraphPad Prism 6 software.
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CHAPTER 3. FOLATE RECEPTOR MARKS A HIGHLY FUNCTIONAL
POPULATION OF TUMOR ASSOCIATED MACROPHAGES AND MDSC
ADAPATED TO THE TUMOR MICROENVIRONMENT

3.1 Abstract

Myeloid derived suppressor cells (MDSC) and tumor associated macrophages (TAMs)
both play a role in immunosuppression and ultimately tumor progression. Currently, these cells
have been defined functionally and accurate means of identifying and targeting these cells,
particularly MDSC, has proven difficult. Previous work with TAMs and macrophages in general
has demonstrated a role for FR in the activation state of macrophages and has been defined as a
potential marker for TAMs. Work in MDSC involving FR has been unexplored up to this point.
Additionally, work involving MDSC has not always made a clear distinction between the
functional differences between peripheral site MDSC, i.e. splenic or peripheral blood, and MDSC
isolated from the tumor or inflammatory site. This leads to conflicting and varied reports of
important markers or functional capabilities of MDSC.
This study demonstrates a clear segregation of FR with tumor resident monocyte like
MDSC. Splenic resident MDSC do not express FR. This is true for both in vitro identification by
antibody and folate conjugates and in vivo delivery of folate conjugates. FR also marked a highly
suppressive subset of both MDSC and TAMs under hypoxic conditions. This FR subset of MDSC
and TAMs depended on nitric oxide production as a means of suppression and did not appear to
require PD-L1 for suppressive function under hypoxic conditions. FR marks a highly suppressive
subset of both MDSC and TAMs that are resident only at the tumor site with both FR+ MDSC
and TAMs requiring nitric oxide production for suppressive ability. This finding paves the way
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for a more accurate means of defining immunosuppressive myeloid cells at the tumor site coupled
with a means to therapeutically target them.

3.2 Introduction

MDSC and TAMs have been clearly defined as a key mechanism of tumor progression.
The way in which in this occurs can be attributed to a variety of mechanisms including
vascularization of the tumor, promotion of metastasis, promotion of anti-inflammatory cell types,
such as, Tregs, and direct suppression of cytotoxic T cells with infiltration of MDSC being
associated with poor prognostic outcome9, 80, 83, 104, 115, 216, 219. MDSC have currently been studied
from both the tumor site and peripheral sites, such as, the spleen or peripheral blood,
interchangeably38, 74, 78, 122. However, more recent studies have suggested that only MDSC isolated
from a tumor site or site of inflammation are immediately suppressive90. This suggests key
differences in the behavior of MDSC in the tumor compared to the spleen and the role that the
tumor microenvironment (TME) plays. These studies lead to confusion in how MDSC are
characterized and what components of suppressive function are important. A significant problem
in studying MDSC is there is no clear system for isolating only functional MDSC as the same
marker sets are used regardless of where the MDSC are isolated. A specific marker that can
identify only functionally suppressive MDSC is needed to isolate and study the mechanisms by
which the truly immunosuppressive cells prevent an anti-tumor response and promote tumor
progression.
FR has been used in TAMs as a potential marker of M2 phenotype macrophages in tumor
environments and has been expanded to targeting of TAMs to eliminate them from tumors193, 195.
This application has not been tested or applied to MDSC despite functional similarities to TAMs
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with some studies reporting that M-MDSC ultimately differentiate into TAMs122. Folate receptor
targeting conjugates have been used in a variety of tumor models to target FR on the surface of
tumor cells for both delivery of drugs to eliminate cancer cells and for imaging purposes to aid in
surgical removal of tumors179, 186, 188. FR targeting has not received the level of development that
has been applied to FR. Thus far, studies have demonstrated that FR can be used as a marker
for TAMs193. However, it has also been demonstrated that FR is induced upon activation of
macrophages and may constitute a marker of functional macrophages separate from M1 vs M2
phenotyping194. Despite controversy regarding expression of FR in macrophages, it has been
effectively used in macrophages as a means of delivering toxic agents to TAMs to eliminate them
from a tumor. This technique was effective in reducing tumor burden in a murine model of
glioma196. Combining what is known about FR and FR shows a powerful tool for identification
and targeting of folate receptor expressing cells. A marker that can identify only functionally
suppressive MDSC would be a powerful tool that would lead to faster identification of
immunosuppressive myeloid cells at the tumor site and provide a means to directly inhibit both
MDSC and TAMs.

3.3 Methods

3.3.1 FR labeling and depletion
An anti-mouse FR antibody was produced by the Dr. Dimitrov lab group at the NIH using
a phage display library of human antibodies by screening recombinant murine FR protein. An
identified antibody against murine FR was then converted to a murine depleting by generating a
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chimeric human/mouse antibody. The human variable region of the antibody was left intact while
the FC portion was replaced with a mouse IgG2a.
This generates an antibody that can deplete targeted cells as well as label them. The FR antibody
was preconjugated with a fluorophore using the ThermoFisher antibody Alexa Fluor labeling kit.
The conjugated antibody was utilized for analysis and live cell sorting. Purified unlabeled antibody
was used for in vivo depletion by treating with a 500 mg dose of antibody delivered by i.p.
injection. Folate conjugate labeling was carried out according to section 2.4 of Chapter 2.

3.3.2 Anti-PD-L1 and L-NMMA Suppression Assay
Anti-PD-L1 antibody (clone 10F.9G2) from Biolegend as a low endotoxin azide free
antibody was utilized for blocking assays of PD-L1104. Suppression assays for both MDSC and
TAMs were set up according to section 2.2 of Chapter 2 for the antigen specific murine suppression
assay with the addition of 5 g/mL final concentration of anti-PD-L1 antibody. Additionally, a
murine CD3/CD28 activated T cell suppression assay was used to test splenic MDSC for inhibition
by anti-PD-L1 antibody. CD3 (clone 145-2C11) and CD28 (clone 37.51) from BioLegend were
used to stimulate naïve C57bl/6j splenocytes by plating 5g/mL of CD3 antibody in 50 L PBS
into the well of a 96 well plate and allowed to bind overnight at 4C. The antibody PBS mixture
was removed prior to plating splenocytes by aspiration followed by 100 L of a splenocyte prep
at a density of 1x106 cells/mL with soluble CD28 antibody at 5g/mL. Splenocytes were incubated
at 37C for 24 hrs. to activate T cells. Splenic MDSC were then added after 24 hrs. for a hypoxic
assay as described in section 2.2 of Chapter 2. In both the antigen specific and the CD3/CD28
suppression assays L-NMMA (Sigma Aldrich) was added at a final concentration of 0.5 mM to
inhibit NO production or anti-PD-L1 antibody to block PD-L1 function.
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3.3.3 Determination of Hypoxia
Anti-mouse HIF-1 antibody (clone ESEE122 Abcam) was used for flow cytometry
labeling of MDSC and TAMs. Intracellular labeling was carried out according to section 2.5 of
Chapter 2. Detection of carbonic anhydrase 9 (CA9) was carried out utilizing a reagent generated
by Dr. Low at Purdue University. The CA9 reagents works by only fluorescing after interaction
with active CA9. Staining was carried out at 37C under hypoxic conditions for 1 hr. followed by
primary antibody labeling at 4C. Pimonidazole (Hypoxyprobe, Inc) labeling was carried out by
injecting RM-1 i.p. tumor bearing mice with 60 mg/kg of Pimonidazole by i.p. injection with
tissues harvested after 90 minutes. Under hypoxic conditions pimonidazole forms thiol adducts in
proteins that can then be detected by antibody (clone 4.3.11.3 Hypoxyprobe, Inc.)215. Intracellular
antibody labeling for pimonidazole was performed based on section 2.5 of Chapter 2.

3.3.4 Differentiation assay
The differentiation assay was carried out by isolating MDSC as FR+/- M-MDSC from
the tumor or as splenic M-MDSC. 2x105 MDSC in 200 L complete RPMI-1640 with 10% serum
were then cultured with tumor explant supernatant (TES) for 72 hrs. at 37C. TES was used to
maintain similar cytokine signaling as is present in the tumor. TES was generated according a
protocol provided by Dr. Gabrilovich. Generation of TES was carried out by implanting C57bl/6j
mice with either EL4 or EG7 as a flank tumor. After 10 days tumors were harvested and minced
into very small pieces that were then cultured in complete RPMI-1640 with 10% FBS and no
sodium pyruvate for 18 hrs. Media was then collected and filter sterilized. The resulting cell free
supernatant was used as TES for culturing of ex vivo isolated MDSC. After culturing with TES,
samples were analyzed for expression of F4/80 to determine transition to a macrophage-like
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phenotype122. pSTAT3 labeling was performed with an intracellular anti-mouse pSTAT3 (Tyr
705) antibody (clone 13A3-1 BioLegend). Intracellular staining was performed according to
section 2.5 Chapter 2.

3.4 Results

To test the role that FR played in the function of TAMs, they were isolated from an
intraperitoneal (i.p.) RM-1 model defined as CD11b+ Ly-6C- F4/80+ and divided into FR+/subsets by labeling with anti-mouse FR antibody (provided by Dr. Dimitrov, NIH). Expression
of FR did not demonstrate distinct individual populations and was expressed as a gradient from
low to high expression. Therefore, the lowest range (FR-) of expression encompassing roughly
20% of the population and the highest range (FR+) of expression encompassing roughly 20% of
the population leaving the mid-level expressing cells was isolated (Fig 3.4.1a). These two
populations were analyzed as FR+ and FR-. F4/80+ positive macrophages were isolated from
the spleens of tumor bearing animals for comparison. FR+/- TAMs were tested against preactivated OT-1 T cells in an antigen specific short-term suppression assay to test immediate ex
vivo suppression. Under normoxic atmospheric conditions FR+ and FR- TAMs had nearly
identical suppressive capacity (Fig. 3.4.1b). However, when hypoxic conditions were applied to
mimic the tumor environment, FR+ TAMs demonstrated suppressive capacity while FR- TAMs
no longer demonstrated suppressive ability (Fig. 3.4.1b). Under both conditions the splenic
macrophages did not demonstrate suppressive ability. When using Pimonidazole, a compound that
forms antibody detectable adducts in protein only under hypoxic tension, labeling to detect if tumor
resident TAMs were under hypoxic tension, it was observed that the FR+ TAM population was
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under a higher level of hypoxic tension than FR- based on Pimonidazole labeling in vivo (Fig
3.4.1c). While it is not clear if FR directly influences suppressive capacity, these data demonstrate
that FR+ expression segregates with a tumor resident population of TAMs that are under hypoxic
tension. This population also appears to be uniquely equipped for suppressive capacity under
hypoxic tension. Interestingly, both under normoxic and hypoxic conditions FR+ TAMs had a
higher level of nitric oxide (NO) production compared to FR- while the splenic macrophages did
not produce detectable NO (Fig 3.4.2a). Additionally, it was observed that FR+ and splenic
macrophages had a high level of PD-L1 expression compared to FR- TAMs (Fig 3.4.2b). AntiPD-L1 antibody was added to the antigen-specific suppression assay under hypoxic conditions
with FR+ TAMs to test if PD-L1 inhibition could prevent suppression. A significant decrease in
suppression was observed with anti-PD-L1 antibody present (Fig 3.4.2c). However, it was not a
complete blockade of suppressive function and was only able to inhibit suppressive capacity by
about 30% (Fig 3.4.2c). In contrast, L-NMMA treatment to prevent NO production completely
inhibited FR+ suppression under hypoxic conditions (Fig 3.4.2d). Based on these observations it
appears that PD-L1 may play a role in suppressive function in TAMs but it is NO production that
appears to be an essential component of suppressive function for FR+ TAMs.
To determine if FR plays a role in myeloid suppressive function in general or is a
phenomenon unique to macrophages, we tested MDSC for expression of FR. MDSC were
isolated from both spleen and i.p. space of an i.p. RM-1 tumor bearing animal. MDSC were
identified as CD11b+ Ly-6C+ monocyte like (M-MDSC) or Ly-6G+ granulocyte like (G-MDSC)
(Fig 3.4.3a). Folate receptor expression was determined by a fluorescent folate conjugate (provided
by Dr. Low) or by an anti-mouse FR antibody. It was observed that both M-MDSC and G-MDSC
expressed a functional folate receptor based on fluorescent conjugate labeling, which based on

42
antibody labeling appeared to be FR and this receptor was restricted to tumor resident MDSC
(Fig 3.4.3c). However, G-MDSC had a lower level of conjugate uptake and lower levels of protein
expression based on antibody labeling (Fig 3.4.3c). RT-PCR analysis of murine folate receptors
demonstrated that only FR was detectable in both M-MDSC and G-MDSC at the tumor site and
a low level of folr4, folate receptor delta (FR), was detected in splenic M-MDSC (Fig 3.4.3b).
However, this FR was not functional as the splenic populations did not bind folate conjugate (Fig
3.4.3c). Finally, treatment of flank RM-1 tumor bearing animals that had been kept on a folate
deficient diet for two weeks with folate-FITC fluorescent conjugate (EC17) showed uptake in both
tumor resident MDSC populations that was significantly higher than uptake by splenic MDSC (Fig
3.4.3d). These data demonstrate that MDSC present at the tumor site possess a functional FR that
is like their TAM counterparts. M-MDSC displayed a higher level of functional surface protein
despite a lower level of mRNA compared to G-MDSC (Fig 3.4.3b,c). Interestingly, this suggests
a possible association of FR with tumor resident monocyte like cells, i.e. M-MDSC and TAMs.
To compare broader implications of FR expression, FR expression was tested in MB49, a
murine bladder cancer model, i.p. tumors. Both M-MDSC and TAMs, isolated in the same manner
as the RM-1 model, at the tumor site expressed FR while splenic resident macrophage and MMDSC did not (Fig 3.4.4a,b). In contrast to the RM-1 model, G-MDSC did not express FR by
antibody detection at either the tumor site or spleen (Fig 3.4.4b). These data demonstrate a clear
association of FR with M-MDSC and TAMs but G-MDSC expression of FR is at a lower level
and inconsistent in the studied tumor models leading to a focus on M-MDSC. Analysis of renal
cell carcinoma (RCC) patients demonstrates folate receptor positive populations. CD11b+ HLADR+ CD16+ CD14+ and CD11b+ HLA-DR+ CD16- CD14+ populations both bound EC17 in an
in vitro labeling assay compared to peripheral blood counterparts (Fig 3.4.5a). CD16+ CD14+
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double positive population had a higher level of binding than CD16- CD14+ (Fig 3.4.5a). Within
MDSC populations, CD11b+ HLA-DR- CD33+ CD14- did not demonstrate EC17 binding
compared to peripheral blood counterparts while CD33+ CD14+ MDSC did demonstrate EC17
binding (Fig 3.4.5a). Quantitative PCR analysis of human folate receptors reinforces what was
seen in the EC17 binding with EC17 binding directly correlated to expression of folr2 (Fig 3.4.5b).
The other human folate receptors were not readily detected in the populations with only the CD14+
CD16+ population showing low level expression of folr1 and folr3 (Fig 3.4.5b). These data
demonstrate that human MDSC and TAM populations appear to contain FR+ populations and
not all MDSC and TAM candidate populations express FR.
Further analysis of FR+/- populations in both M-MDSC was carried out by live cell
sorting by isolating CD11b+ Ly-6C+ (M-MDSC). M-MDSC were divided into high and low
expressing groups yielding FR+/- M-MDSC by antibody labeling (Fig 3.4.6). mRNA analysis of
individual tumor bearing animals a clear segregation of folr2 mRNA with the FR+ isolated MMDSC population indicating successful sorting of FR+/- populations (Fig 3.4.7a). G-MDSC did
not have a significant difference in mRNA expression between tumor and splenic populations (Fig
3.4.7a). Ultimately, the G-MDSC population was inconsistent in their isolation and were not
analyzed further based on FR expression. Like TAMs, FR+ M-MDSC under both hypoxic and
normoxic had higher levels of NO production compared to FR- M-MDSC with splenic M-MDSC
lacking detectable levels of NO (Fig 3.4.7b). Under hypoxic conditions FR+ M-MDSC were
highly suppressive while FR- M-MDSC were not and like the TAM suppression assays, under
normoxic conditions both FR+ and – populations were suppressive (Fig 3.4.7c). These data
closely resemble the outcome of the TAM studies demonstrating a segregation of suppressive
function with FR only under hypoxic conditions. Tumor resident M-MDSC were under hypoxic
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tension based on pimonidazole labeling while splenic M-MDSC were not under hypoxic tension
(Fig 3.4.8a). Additionally, FR+ M-MDSC were under a higher level of hypoxic tension based on
pimonidazole labeling compared to FR- M-MDSC (Fig 3.4.8b). A cellular marker of hypoxia,
carbonic anhydrase 9 (CA9) was also tested in FR+/- and splenic M-MDSC populations220. In
line with pimonidazole labeling, CA9 was detected at high levels in FR+ M-MDSC but not in
FR- M-MDSC (Fig 3.4.8c). A subpopulation of splenic M-MDSC expressed CA9 despite not
being under hypoxic tension based on pimonidazole labeling (Fig 3.4.8c). Finally, HIF-1 was
detected at a higher level in FR+ M-MDSC compared to both splenic M-MDSC and FR- MMDSC (Fig 3.4.8c). These data demonstrate that M-MDSC at the tumor site are under hypoxic
tension and FR segregates with cells that are under the highest level of hypoxic tension. It is not
clear if FR is associated with an ability to survive and function under hypoxic tension but it does
segregate with cells that appear to be adapted for that environment.
Finally, suppressive mechanisms of M-MDSC were tested, primarily, PD-L1 and NO
production. Expression of PD-L1 was limited to FR+ M-MDSC and not FR- or splenic MMDSC (Fig 3.4.9a). However, in a hypoxic suppression assay anti-PD-L1 antibody was unable to
block FR+ M-MDSC suppressive function (Fig 3.4.9c). To ensure proper function of the assay,
OT-1 T cells were assayed for expression of PD-1, which was highly expressed on activated OT1 T cells (Fig 3.4.9b). In contrast, L-NMMA completely blocked FR+ M-MDSC suppressive
function (Fig 3.4.9d). These data are somewhat in contrast to TAMs with MDSC showing no
response to anti-PD-L1. However, NO production continues to be an important component of
suppression. It is important to note that PD-L1 has been previously demonstrated to be an
important component of MDSC suppression, particularly under hypoxic conditions. However,
those studies were conducted with spleen isolated MDSC in an antigen non-specific assay
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compared to the antigen specific system used in the presented studies104. To further test the role of
PD-L1 an antigen specific and non-specific suppression assay were compared utilizing splenic MMDSC and G-MDSC from an i.p. RM-1 tumor bearing animal. In the antigen specific assay, antiPD-L1 was unable to block suppressive function in M-MDSC while L-NMMA significantly
decreased suppressive function similarly to the tumor resident M-MDSC suppression assay (Fig
3.4.10a). NO production from the assay demonstrated that anti-PD-L1 did not impact NO
production while L-NMMA completely abrogated NO production in M-MDSC (Fig 3.4.10b).
Interestingly, in a CD3/CD28 suppression assay both anti-PD-L1 and L-NMMA treatment
significantly blocked suppressive capacity (Fig 3.4.10a). Unexpectedly, anti-PD-L1 decreased NO
production in M-MDSC in the CD3/CD28 assay while L-NMMA removed all NO production (Fig
3.4.10b). All assays were carried out under hypoxic conditions and G-MDSC did not display
consistent suppression that was not affected by treatment (Fig 3.4.10a). These data present an
interesting finding, under antigen-specific conditions in the OT-1 T cell suppression model, antiPD-L1 is unable to prevent suppression while in a non-antigen specific model anti-PD-L1 can limit
suppression. However, regardless of the assay conditions L-NMMA blockade of NO production
is effective in significantly limiting or eliminating M-MDSC suppression. These data further
demonstrate NO production as a critical component of suppressive function in M-MDSC and NO
production under hypoxic conditions segregates with FR expression in both M-MDSC and
TAMs. This gives FR the capacity to act as a marker for highly suppressive tumor resident
myeloid cells.
FR has been demonstrated to be an effective means of identifying highly function MDSC
and TAMs. However, with the ability to develop folate conjugated drugs and depleting antibodies,
FR could be used to eliminate MDSC and TAMs from a tumor site to restore an anti-tumor
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response. To test the therapeutic capacity of FR, the POET-3 prostate inflammation was utilized
to ensure maximum delivery potential of an anti-FR depleting antibody (provided by Dr.
Dimitrov at the NIH). The same antibody used for detection and sorting based on FR was
developed by Dr. Dimitrov to have depletion capacity. The POET-3 inflammation model expresses
ovalbumin in the prostate where activated OT-1 can be adoptively transferred to target the prostate
cells inducing an inflammatory response that can be used to isolate functional MDSC. To test
delivery to this model inflamed POET-3 mice were treated with EC17 fluorescent conjugate and
it was observed that prostate resident M-MDSC were labeled in vivo with the conjugate while
splenic M-MDSC were not (Fig 3.4.11c). Interestingly, G-MDSC did not bind the delivered
conjugate in either the prostate or spleen (Fig 3.4.11c). Inflamed POET-3 mice were treated with
PBS or 500 mg of anti-FR antibody and harvested 24 hrs. later to analyze MDSC populations. In
the treated POET-3 prostates, total CD11b numbers were decreased along with a decrease in MMDSC (Fig 3.4.11a). G-MDSC were not depleted and showed a rebound in population size
compared to the control group (Fig 3.4.11a). Splenic MDSC populations were not affected by the
treatment (Fig 3.4.11b). These data reinforced observations that M-MDSC highly express FR
that is functional while adding the ability to target M-MDSC through FR. However, when using
an MB49 tumor model, anti-FR antibody was unable to deplete MDSC and TAM populations as
it could in the POET-3 inflammatory (Fig 3.4.12a,b). This result suggests that while FR can be
used to target and remove MDSC and TAMs at a tissue site but there are issues with delivering an
antibody to a tumor site.
A final question was the ability of M-MDSC FR subsets to differentiate. Previous MDSC
studies have demonstrated that MDSC at the tumor site are able to differentiate into TAMs and
this is the “normal” fate of MDSC at the tumor site with the newly acquired TAMs being the
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important immunosuppressive group at the tumor site122. This process is controlled through
pSTAT3 with splenic MDSC having high levels of pSTAT3 that prevents differentiation while
tumor M-MDSC have lower levels of pSTAT3 allowing for differentiation into TAMs. However,
studies have also shown that M-MDSC differentiate into Ly-6G+ G-MDSC121. In this study,
FR+/- M-MDSC were isolated from i.p. RM-1 tumor bearing animals and M-MDSC from
corresponding spleen. These M-MDSC were analyzed for pSTAT3 with FR+ M-MDSC having
a high level of pSTAT3 compared to both splenic and FR- M-MDSC (Fig 3.4.13a). To test
differentiation, splenic M-MDSC were cultured for 72 hrs. in complete RPMI-1640 with 10%
serum and tumor explant supernatant (TES) that has been used in studies to induce differentiation
of MDSC comparable to tumor conditions121. These cultured M-MDSC showed a shift toward a
G-MDSC phenotype in the TES culture (Fig 3.4.13b). Tumor resident FR + and – M-MDSC
were cultured for 72 hrs. in complete RPMI-1640 with 10% serum with TES. M-MDSC were then
analyzed for acquisition of F4/80 to analyze conversion to a macrophage phenotype. FR+ MMDSC showed a reduced capacity to differentiate while FR- had a higher capacity for
differentiation into a macrophage phenotype (Fig 3.4.13c). TAMs isolated from an i.p. RM-1
model and analyzed for pTAT3 expression. Interestingly, FR+ TAMs had a low level of pSTAT3
expression compared to FR- TAMs and splenic macrophages (Fig 3.4.13d). These data
demonstrate the potential for multiple differentiation pathways depending on their origin site with
a clear difference in function and differentiation capacity of M-MDSC from the spleen, which
differentiate into G-MDSC while tumor resident M-MDSC acquire a more macrophage like
phenotype. FR+ M-MDSC may be held in their phenotype by the expression of pSTAT3 while
the fully functional TAM phenotype shows reduced pSTAT3 reinforcing the previously observed
role for pSTAT3. These observations fit the current model of MDSC differentiation while adding
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an additional layer of complexity with FR while continuing to show how FR segregates with a
set immunosuppressive phenotype of M-MDSC and TAMs at the tumor site.

3.5 Discussion

FR clearly marks a highly functional MDSC and TAM population but only under the
context of hypoxia and primarily dependent on NO production. This finding is interesting because
it fits with observations regarding MDSC but goes further to identify a marker that segregates with
suppressive mechanisms. Work conducted by Corzo et al. demonstrated a role for hypoxia in
MDSC suppressive function123. They demonstrated that Hif-1 was necessary for MDSC to
maintain suppression and promote tumor growth and this association was driven by the expression
of nos2123. This study demonstrates a similar association but narrows it to a specific subset of
MDSC with FR+ M-MDSC displaying a high level of suppression under hypoxic conditions that
was driven by NO production. Alternatively, more recent studies have demonstrated a role for PDL1 as a component of MDSC driven suppression in the context of hypoxia104. However, in this
study PD-L1 appeared to play a minor role in TAMs with a 30% reduction in suppression when
blocking PD-L1. In MDSC, PD-L1 inhibition did not impact suppressive function despite PD-L1
being highly expressed by FR+ TAMs and MDSC. In both TAMs and MDSC, inhibition of NO
production by L-NMMA completely blocked suppressive function. It is important to note that in
these studies all suppression was carried out in short term suppression assays with tumor-derived
macrophages and MDSC. In current PD-L1 studies, suppression has been carried out with splenic
MDSC104. In this study, PD-L1 and L-NMMA had equivalent ability to block suppressive capacity
in a 72 hr. splenic MDSC suppression assay. This points out interesting differences between
splenic and tumor resident MDSC. In short term suppression, splenic MDSC are not suppressive,
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whereas, tumor-derived MDSC are. It is possible that in longer term suppression assays, splenic
MDSC are acquiring suppressive capacity in the context of exposure to T-cell derived cytokines,
such as, IL-2 and IFN. It has been demonstrated that IFN can drive PD-L1 expression and the
use of PD-L1 could be an artifact of the longer-term suppression assay where MDSC have long
enough to PD-L1 expression221. This demonstrates the need for ex vivo isolation and
characterization of MDSC as opposed to simply using “suppressive’ cells as the defining factor of
what constitutes an MDSC. FR can be used in this capacity since only tumor resident MDSC and
TAMs express this marker to identify tumor generated highly functional MDSC and TAMs that
have suppressive mechanism generated by the tumor site. This will lead to more accurate
identification of MDSC and TAMs across tumor models and the ability to develop therapeutics to
eliminate the actual tumor promoting myeloid populations.
The differences between splenic and tumor resident MDSC was continued in the analysis
of ability to differentiate. Splenic M-MDSC made a transition to G-MDSC. This phenomenon was
first observed by Youn et al. which demonstrated that retinoblastoma controlled MDSC
differentiation where splenic M-MDSC were demonstrated to differentiate into G-MDSC121.
However, Kumar et al. demonstrated that M-MDSC when they traffic to the tumor site they
differentiate into TAMs under the control of CD45 phosphatase under hypoxic conditions through
modulation of pSTAT3 with higher levels of pSTAT3 preventing differentiation122. Both studies
demonstrate interesting fates for MDSC. In this study, splenic M-MDSC do differentiate into GMDSC. However, tumor isolated M-MDSC when split into FR+/- subsets showed FR- MMDSC with a higher capacity to differentiate into TAMs with low pSTAT3 status and FR+ MMDSC with reduced capacity to differentiate and higher pSTAT3 status. FR+ TAMs had low
pSTAT3. This fits with previous studies but shows a clear difference between splenic and tumor
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resident MDSC along with the observation that there is a persistent tumor resident of FR+ MMDSC that may maintain their MDSC phenotype.
Therapeutically, FR is a viable target for the reduction of MDSC. In this study, FR
antibody could deplete MDSC at an inflammatory site. However, when attempting to deplete
MDSC and TAMs from a solid tumor the antibody was ineffective. The anti-FR antibody used
was a full size 150 kDa antibody. It has been demonstrated that antibodies have poor penetration
into solid tumor environments due to poor vascularization and high intratumoral pressure222, 223.
However, folate receptor conjugated drugs have been demonstrated to penetrate solid tumors in
ovarian cancer patients186. The ability to target MDSC through folate delivered drugs is still a
possibility given the ability to limit MDSC accumulation in an inflamed POET-3 prostate, which
demonstrated that FR on MDSC could be used for targeting purposes. Also, an emerging attempt
at controlling through TAMs through repolarization to an M1 phenotype has been promising in
murine models224. These pathways may be targetable in a more specific manner using folate
conjugated drugs delivering to both MDSC and TAMs.
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Figure 3.4.1: TAM Suppressive Function Segregates with Folate Receptor Beta under
Hypoxia.
A. Identification of TAMs in 7 day i.p. RM-1 tumor exudate and corresponding spleen
from tumor bearing animal. TAMs were identified as CD11b+, Ly-6C-, and F4/80+.
Tumor resident TAMs were divided into a FRβ hi and lo population for analysis as
demonstrated by gated populations P9 and P10. Data are representative of ten individual
sorts.
B. TAM suppression assay was carried out using i.p. RM-1 isolated TAM that were
separated by folate receptor beta positivity. TAMs were incubated for 18 hr. with 24 hr.
pre-activated OT-1 T cells at a ratio of 1:4 or 1:8 (TAM:T cell) under either 20% O2
(Normoxic) or 1% O2 (Hypoxic). Percent suppression was calculated by comparing
EdU uptake of OT-1 alone with OT-1 and TAM. A Student’s t-test was used for
statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).
Data are represented as technical repeats done in triplicate from 5 pooled mice.
C. Hypoxyprobe labeling of FRβ+/- TAM from an i.p. RM-1 tumor. 7 day i.p. RM-1 tumor
bearing animals were injected with Pimonidazole 1.5 hrs. prior to tumor harvest. Tumor
exudate was then labeled with TAM markers, anti-FRβ antibody, and anti-pimonidazole
adduct antibody (hypoxyprobe). FRβ+ TAM (red) and FRβ- TAM (blue) compared with
spleen macrophages (green). Data are representative of five individual mice.
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Figure 3.4.2: TAM Suppressive Function Under Hypoxia Relies on Nitric Oxide
Production.
A. Nitric Oxide (NO) Production of FRβ+/- TAMs at the tumor site. FRβ+/- TAMs were
isolated from 7 day i.p. RM-1 exudates by FACS. FRβ+/- TAMs were then plated with
IFN𝛄 and analyzed 24 hrs. later by Griess Assay. A Student’s t-test was used for
statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).
Data are represented by technical repeats performed in triplicate from pooled samples.
B. Expression of PD-L1 in FRβ+/- TAM at the tumor site. 7 day i.p. RM-1 tumor exudates
were stained with M-MDSC markers and F4/80, anti-FRβ antibody, and an anti-PD-L1
antibody. FRβ+ TAM (red), FRβ- (blue) TAM, and spleen CD11b+ F4/80+ cells (green)
were analyzed. Data are representative of 5 individual mice.
C. TAM subset suppression assay was carried out using i.p. RM-1 isolated TAM that were
separated by folate receptor beta positivity. TAMs were incubated for 18 hr. with 24 hr.
pre-activated OT-1 T cells at a ratio of 1:2 (TAM:T cell) under 1% O2 (Hypoxic).
Samples were also treated with anti-PD-L1 antibody during the suppression assay.
Percent suppression was calculated by comparing EdU uptake of OT-1 alone with OT1 and TAM. A Student’s t-test was used for statistical analysis (ns P> 0.05, *P ≤ 0.05,
** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) Data are representative of 3 independent
experiments.
D. TAM subset suppression assay was carried out using i.p. RM-1 isolated TAM that were
separated by folate receptor beta positivity. TAMs were incubated for 18 hr. with 24 hr.
pre-activated OT-1 T cells at a ratio of 1:2 (TAM:T cell) under 1% O2 (Hypoxic).
Samples were also treated with 2.5 mg/ml L-NMMA to inhibit nitric oxide production.
Percent suppression was calculated by comparing EdU uptake of OT-1 alone with OT1 and TAM. A Student’s t-test was used for statistical analysis (ns P> 0.05, *P ≤ 0.05,
** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) Data are representative of technical repeats
done in triplicate from 5 pooled mice.
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Figure 3.4.3: FRβ expression is restricted to MDSC at a tumor site.
A. Gating strategy for tumor MDSC and spleen MDSC. Live/dead gating, CD11b+
population, followed by MDSC subset markers. Data is representative of 10 sorts.
B. M-MDSC were isolated from 7 day i.p. RM-1 tumors by sorting CD11b+ Ly-6C+ MMDSC or CD11b+ Ly-6G+ G-MDSC. Both subsets of MDSC were then analyzed for FRα,
FRβ, and FR𝛄 by qPCR. Data are representative of 5 pooled mice.
C. Folate conjugate and anti-FRβ labeling on i.p. RM-1 tumor M-MDSC and G-MDSC
compared to RM-1 spleen M-MDSC and G-MDSC. i.p. tumor exudates were treated with
50 nM FITC-folate for 30 min at 4°C with or without 1000x unlabeled folate to compete
for receptor binding. i.p. RM-1 exudate were labeled with anti-FRβ antibody, as well as,
MDSC markers for 30 min at 4°C. Anti-FRβ was detected by a secondary antibody. Data
are representative of 5 individual mice.
D. C57bl/6j mice were maintained on a folate deficient diet for 2 weeks and implanted with
RM-1 flank tumors and allowed to grow for 7 days to approximately 1 cm in diameter. 100
nmols of fluorescent folate conjugate was injected into the RM-1 flank tumor bearing
animal. After 2 hrs., tumors were harvested, labeled with MDSC markers, and analyzed by
flow cytometry. A Student’s t-test was used for statistical analysis (ns P> 0.05, *P ≤ 0.05,
** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001)
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Figure 3.4.4: FRβ expression in MB49 tumor and spleen MDSC.

A. Identification of MDSC and TAMs in 7 day i.p. MB49 tumor exudate. MDSC were
isolated as CD11b+ and Ly-6C+ or Ly-6G+. TAMs were identified as CD11b+, Ly6C-, and F4/80+.
B. Expression of FRβ in M-MDSC, G-MDSC, and TAM isolated from 7-day i.p. tumor
exudate. Tumor resident MDSC or TAM are represented by red histogram while spleen
resident MDSC or macrophages are represented by blue histogram. Data are
representative of 3 individual mice.
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Figure 3.4.5: Folate Receptor beta expression segregates with monocyte like populations
in human renal carcinoma.

A. Renal Carcinoma samples were collected and digested to single cell suspension.
Samples were then labeled with human myeloid markers. Final gating shows cells that
were isolated as CD11b+ HLA-DR- CD33+ CD14- for MDSC. TAMs were isolated as
CD11b+ HLA-DR+ and CD14 CD16 subsets.
B. Human MDSC and TAM populations were isolated by live cell FACS after digestion
of tissue. Isolated populations were analyzed for human folate receptor expression.
Data are representative of 4 individual patients with renal cell carcinoma.
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Figure 3.4.6: Sorting Strategy for MDSC and FRβ+/- M-MDSC and TAM from Tumor
and Spleen.

7-day i.p. RM-1 or MB49 tumors were harvested by washing the i.p. space and labeled with
antibodies for MDSC and TAM markers in addition to anti-FRβ. FRβ +/- M-MDSC and TAMs
were isolated by sorting an upper and lower range of expression based on antibody labeling (MMDSC P9 and P10, TAM P11 and P12). M-MDSC were gated as CD11b+ Ly-6C+ and FRβ
+/-. TAMs were isolated as CD11b+ Ly-6C- F4/80+ FRβ +/-. Data are representative of 10
sorts.
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Figure 3.4.7: Suppressive Phenotype of tumor resident MDSC subsets segregates with
FRβ expression.

A. qPCR analysis of nos2 and folr2 mRNA in M-MDSC from i.p. RM-1 tumor bearing
animals isolated by antibody detection of FRβ compared to tumor resident G-MDSC
and splenic MDSC subsets. A Student’s t-test was used for statistical analysis (ns P>
0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) Data are representative
of 3 individual mice.
B. Nitric oxide production was measured by a Griess Assay after 24 hr. stimulation with
IFN𝛄 in i.p. RM-1 isolated MDSC. A Student’s t-test was used for statistical analysis
(ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). Data are
representative of technical repeats done in triplicate from pooled mice.
C. MDSC subset suppression assay was carried out using i.p. RM-1 isolated M-MDSC that
were separated by folate receptor beta positivity. MDSC were incubated for 18 hr. with
24 hr. pre-activated OT-1 T cells at a ratio of 1:2 (MDSC:T cell) under either 20% O2
(Normoxic) or 1% O2 (Hypoxic). Percent suppression was calculated by comparing
EdU uptake of OT-1 alone with OT-1 and MDSC. A Student’s t-test was used for
statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).
Data are representative of technical repeats done in triplicate from pooled mice.
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Figure 3.4.8: Folate Receptor Beta segregates with highly hypoxic MDSC.

A. Pimonidazole labeling of M-MDSC from an i.p. RM-1 tumor. 7 day i.p. RM-1 tumor
bearing animals were injected with Pimonidazole 1.5 hrs. prior to tumor harvest. Tumor
exudate was then labeled with MDSC markers, anti-FRβ antibody, and anti-pimonidazole
adduct antibody (hypoxyprobe). M-MDSC from i.p. tumor (red), PBS injected control MMDSC from i.p. RM-1 tumor (blue), and M-MDSC from spleen of (green) i.p. RM-1 tumor
bearing animal.
B. Hypoxyprobe labeling of FRβ+/- M-MDSC from an IP RM-1 tumor. 7 day i.p. RM-1 tumor
bearing animals were injected with Pimonidazole 1.5 hrs. prior to tumor harvest. Tumor
exudate was then labeled with MDSC markers, anti-FRβ antibody, and anti-pimonidazole
adduct antibody (Hypoxyprobe). FRβ+ M-MDSC (red) and FRβ- M-MDSC (blue).
C. Comparison of CA9 activity in FRβ+/- M-MDSC and spleen CD11b+ Ly-6C+ cells from
i.p. RM-1 tumor bearing animal. 7 day i.p. RM-1 tumor exudates were stained with MDSC
markers, anti-FRβ antibody, and a reagent that reacts with carbonic anhydrase 9 to yield a
fluorescent substrate. FRβ+ M-MDSC (red), FRβ- (blue) M-MDSC, and spleen CD11b+
Ly-6C+ cells (green) were analyzed. Expression of HIF-1α in FRβ+/- M-MDSC at the
tumor site. 7 day i.p. RM-1 tumor exudates were stained with MDSC markers, anti-FRβ
antibody, and an anti-HIF-1α antibody. FRβ+ M-MDSC (red), FRβ- (blue) M-MDSC, and
spleen CD11b+ Ly-6C+ cells (green) were analyzed.
Data are representative of 5 individual mice.
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Figure 3.4.9: Folate Receptor Beta Marks a Unique Subset of M-MDSC that are
primarily functional under hypoxic conditions.
A. Expression of PD-L1 in FRβ+/- M-MDSC at the tumor site. 7 day i.p. RM-1 tumor
exudates were stained with MDSC markers, anti-FRβ antibody, and an anti-PD-L1
antibody. FRβ+ M-MDSC (red), FRβ- (blue) M-MDSC, and spleen CD11b+ Ly-6C+
cells (green) were analyzed.
B. OT-1 splenocytes were activated in the presence of SIINFEKL peptide for 48 hrs. and
labeled with CD8 and PD-1 antibodies. The graphs represent final gating on PD-1 in a
sample treated with anti-PD-1 and an unstained control.
C. MDSC subset suppression assay was carried out using i.p. RM-1 isolated M-MDSC that
were separated by folate receptor beta positivity and TAMs were isolated in the same
manner. MDSC and TAMs were incubated for 18 hr. with 24 hr. pre-activated OT-1 T
cells at a ratio of 1:2 (MDSC:T cell) under 1% O2 (Hypoxic). Samples were also treated
with anti-PD-L1 antibody during the suppression assay. Percent suppression was
calculated by comparing EdU uptake of OT-1 alone with OTH-1 and MDSC. A
Student’s t-test was used for statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, ***
P ≤ 0.001, **** P ≤ 0.0001). Data are representative of technical repeats done in
triplicate from pooled mice.
D. M-MDSC subset suppression assay was carried out using i.p. RM-1 isolated TAM that
were separated by folate receptor beta positivity. M-MDSC were incubated for 18 hr.
with 24 hr. pre-activated OT-1 T cells at a ratio of 1:2 (M-MDSC:T cell) under 1% O2
(Hypoxic). Samples were also treated with 2.5 mg/ml L-NMMA to inhibit nitric oxide
production. Percent suppression was calculated by comparing EdU uptake of OT-1
alone with OT-1 and M-MDSC. A Student’s t-test was used for statistical analysis (ns
P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001) Data are representative
of technical repeats done in triplicate from pooled mice.
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Figure 3.4.10: PD-L1 inhibition can abrogate suppression in a splenic MDSC model.

A. Splenic MDSC were isolated from 7 day i.p. RM-1 tumor bearing animals by live cell
sorting. Splenic MDSC were defined as CD11b+ Ly-6C+ (M-MDSC) or CD11b+ Ly6G+ (G-MDSC). Splenic MDSC were plated with pre-activated OT-1 T cells at 1:2
MDSC:T cell ratio for 72 hrs. in the antigen specific suppression assay. Splenic MDSC
were plated with pre activated CD3 CD28 splenocyte preps from naïve C57Bl/6j mice
at a 1:2 MDSC:splenocyte ratio for 72 hrs. in the CD3 CD28 suppression assay. In both
suppression assays samples were left untreated, treated with anti-PD-L1 antibody, or
treated with L-NMMA to inhibit nitric oxide production. Both assays were performed
under 1% O2 hypoxic conditions. A Student’s t-test was used for statistical analysis (ns
P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). Data are representative
of technical repeats done in triplicate from pooled mice.
B. For all assay conditions media was collected at the end of the suppression assay and
incubated for 6 hrs. under normoxic conditions to reoxygenate the samples for Griess
assay detection of nitrites. A Student’s t-test was used for statistical analysis (ns P> 0.05,
*P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). Data are representative of
technical repeats done in triplicate from pooled mice.
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Figure 3.4.11: MDSC depletion in inflamed prostate and spleen of POET-3 inflammation
model.

A. Number of MDSC/250,000 events collected from inflamed prostate by subset M-MDSC
(Ly-6C) and G-MDSC (Ly-6G), as well as, total CD11b numbers 24 hrs. after delivery
of 500 µg anti-FRβ antibody.
B. Total numbers of MDSC from spleen of inflamed POET-3 mouse by subset M-MDSC
(Ly-6C) and G-MDSC (Ly-6G), as well as, total CD11b numbers 24 hrs. after delivery
of 500 µg anti-FRβ antibody. Both A and B are representative of a PBS treated mouse
compared against 3 antibody treated mice.
C. POET-3 mice were maintained on a folate deficient diet for 2 weeks and inflamed with
106 activated OT-1s for 6 days. 100 nmols of fluorescent folate conjugate was injected
into the 6-day inflamed POET-3 mouse. After 2 hours, prostates were harvested, labeled
with MDSC markers, and analyzed by flow cytometry. A Student’s t-test was used for
statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001).
Data is representative of 3 individual mice.
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Figure 3.4.12: MDSC and TAM depletion in MB49 solid tumors.
A. Total numbers of M and G-MDSC from MB49 solid tumors in control and FRβ antibody
treated mice. Mice were implanted with 1x106 MB49 in the flank. After 10 days of
tumor growth when tumors were approximately 100 mm3 in volume, one group of 5
mice were treated with PBS and the second group of 5 mice were treated with 500 mg
of anti-FRβ antibody. Tumors were harvested after 24 hrs. to analyze MDSC depletion.
B. Total numbers of macrophages from both groups of MB49 tumor bearing mice. A
Student’s t-test was used for statistical analysis (ns P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, ***
P ≤ 0.001, **** P ≤ 0.0001).
Data is representative of 3 control mice compared against 3 experimentally treated mice.
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Figure 3.4.13: Folate receptor beta positive M-MDSC have reduced capacity to
differentiate to F4/80+ cells.

A. Expression of pSTAT3 was analyzed in i.p. RM-1 tumor derived M-MDSC by staining
i.p. RM-1 exudate with M-MDSC markers followed by intracellular staining for
pSTAT3. M-MDSC were analyzed for pSTAT3 based on FRβ+/- status and compared
to spleen Ly-6C+ cells. Red histogram denotes pSTAT3 level of FRβ+ M-MDSC, blue
histogram denotes pSTAT3 level of FRβ- M-MDSC, and green histogram denotes
pSTAT3 level of spleen Ly-6C+ cells.
B. Ly-6C+ cells were isolated from the spleens of i.p. RM-1 tumor bearing animals by
FACS sorting. Purified Ly-6C+ cells were then cultured under hypoxic conditions (1%
O2) for 72 hrs. in 20% TES in complete RPMI. After 72 hrs., cells were then analyzed
for MDSC markers (Ly-6C and Ly-6G). Data is representative of 3 independent
experiments.
C. Capacity of M-MDSC isolated based on FRβ to differentiate into F4/80+ TAM was
analyzed by isolation of FRβ+/- M-MDSC from i.p. RM-1 tumor bearing animals by
FACS sorting. Purified FRβ +/- were cultured in 20% TES in complete RPMI for 72
hrs. After 72 hrs., cells were harvested and analyzed for presence of F4/80. Red
histogram denotes F4/80 level of FRβ- M-MDSC after 72 hrs. of culture in TES and
blue denotes F4/80 level in FRβ+ M-MDSC after 72 hrs. of culture in TES. Graphical
representation of FRβ+/- M-MDSC differentiation in TES after 72 hrs. Data is pooled
from 2 independent experiments. A Student’s t-test was used for statistical analysis (ns
P> 0.05, *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001)
D. Expression of pSTAT3 was analyzed in i.p. RM-1 TAMs by staining i.p. RM-1 exudate
with M-MDSC markers, F4/80, and anti-FRβ antibody followed by intracellular
staining for pSTAT3. TAMs were analyzed for pSTAT3 based on FRβ+/- status and
compared to spleen F4/80+ cells. Red histogram denotes pSTAT3 level of FRβ+ TAM,
blue histogram denotes pSTAT3 level of FRβ- TAM, and green histogram denotes
pSTAT3 level of spleen F4/80+ cells. Data is representative of 3 individual mice.
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CHAPTER 4. DIFFERENTIAL ANALYSIS OF FOLATE RECEPTOR
BETA EXPRESSING OF M-MDSC AND TAM.

The following chapter is a description of an RNAseq experiment carried out on FR+/- M-MDSC
and TAMs. The methods and descriptions for sequencing and analysis were performed by the
Purdue University Genomics Core Facility (West Lafayette, IN). Analysis of the RNAseq data was
carried out by Nadia Atallah and Hao Yu at the Purdue University Bioinformatics Core as part of
the Purdue University Center for Cancer Research (West Lafayette, IN) funded through the
Walther Grant.

4.1 Abstract

The role of folate receptor study has been largely limited to the ability to deliver drug
conjugates to tumor and myeloid cells through FR and FR, respectively. However, it is possible
that FR in myeloid cells has a much more important role in the function of tumor resident MMDSC and TAMs. Building upon observations in Chapter 3 that demonstrated FR clearly
segregates with a highly functional subset of both M-MDSC and TAMs where both FR+ MMDSC and TAMs relied on nitric oxide (NO) production to elicit suppressive function. This study
looked to identify the possible role that folate or FR played in maintenance of suppressive
function. In this Chapter, RAW 264.7 cells were used as a model of iNOS produced NO to test the
impact of various forms of folic acid on NO production. Exogenous folic was demonstrated to
have no impact on NO production while a folate metabolite, 5-methyltetrahydrofolate, impaired
NO production. However, EC17, a folate conjugate that only interacts with a surface folate
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receptor, could enhance NO production. These observations suggest a unique role for FRmediated uptake of folate in the maintenance of suppressive pathways.
RNAseq analysis of FR+/- M-MDSC and TAMs demonstrated that FR+/- subsets of
both M-MDSC and TAMs were highly different from one another based on differential gene
expression. M-MDSC were identified to express IL-6 and target genes of IL-6 suggesting an ability
to promote both their own anti-inflammatory pathways along with promoting M2 macrophages.
FR+ TAMs displayed upregulation of pathways related to cell proliferation vascularization that
fits with studies suggesting that anti-inflammatory macrophages may originate from proliferative
tissue resident macrophages. These observations combined show that FR segregates with highly
unique populations of M-MDSC and TAMs while potentially playing a direct role in maintenance
of suppressive pathways.

4.2 Introduction

As demonstrated in Chapter 3, FR can be used as a highly specific marker set for a unique
population of M-MDSC and TAMs that are suppressive under the tumor-specific condition of
hypoxia. Interestingly, FR+ M-MDSC and TAMs demonstrated higher suppressive capacity
under hypoxic conditions compared to FR- M-MDSC and TAMs (Fig 3.4.2 and Fig 3.4.6) with
similarities in suppressive mechanisms. Suppressive markers, such as, NO production and PD-L1,
segregated with FR+ positive populations. Oddly, despite being identified as an important
component of MDSC suppression under hypoxic conditions, PD-L1 was not identified as
important for MDSC suppression (Fig 3.4.8) and minimally important for TAMs (Fig 3.4.2). This
demonstrates some interesting similarities between FR+ M-MDSC and TAMs and in the case of
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PD-L1 some interesting differences between FR+ populations. Additionally, it is not clear if
folate plays an important role in the suppressive function of M-MDSC and TAMs or if FR is
simply a marker that segregates with the highly suppressive phenotype. Segregation only under
hypoxic conditions suggests that there may be a functional component to the receptor regarding
suppressive function and the NO production pathway. Interestingly, NO production was important
for suppression under both normoxic and hypoxic conditions but FR only segregated with
suppressive function under hypoxic conditions. Based on this observation, it is possible that NO
production under hypoxia and folate receptor expression may be linked. NO production by both
iNOS and eNOS requires the presence of a cofactor, tetrahydrobiopertin (BH4), to act as electron
donor225, 226. This converts BH4 to BH2 during NO production, which is then recycled back to
BH4 by the enzyme dihydrofolate reductase (DHFR)227, 228. One study has suggested that under
hypoxic tension it is possible for DHFR expression to be lost but the addition of folic acid can
drive expression of DHFR suggesting a role for folic acid in the maintenance of DHFR during NO
production229-231. These observations led to the hypothesis that under hypoxic tension FR may be
maintaining NO production through continued expression of DHFR, which in turn maintains BH4
levels leading to continued NO production necessary for suppression.
In this study, the potential role of folate and FR was analyzed in relation to the
components of NO production pathway, primarily BH4. Additionally, broad transcriptome
analysis was used to identify pathways and genes upregulated in FR+ M-MDSC and TAMs
compared to FR- populations. For transcriptome analysis, RNAseq was utilized. RNAseq was
developed as a high throughput method to analyze gene expression with base pair level
accuracy232. This allows for broad transcriptome analysis that can be used comparatively to search
for differences between groups of cells.
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4.3 Methods

4.3.1 RAW 264.7 Culture and Treatment
The RAW 264.7 was utilized as model system to analyze macrophage NO production
under varied treatment conditions. RAW 264.7 cells are a murine macrophage cell line transformed
by Abelson murine leukemia virus233. This cell can be activated by treatment with
lipopolysaccharide (LPS) to produce NO234, 235. RAW 264.7 cells were acquired from American
Type Culture Collection (ATCC). RAW 264.7 cells were maintained in culture in DMEM
complete media (Sigma Aldrich) with 10% FBS supplementation. For studies requiring reduced
folate in the media RPMI-1640 folate deficient media (ThermoFisher) with 10% FBS was utilized.
If complete folate deprivation was needed, RPMI-1640 folate deficient media with 10% dialyzed
FBS (ThermoFisher) was utilized. In all studies, RAW 264.7 cells were activated with LPS (100
ng/mL final concentration) for 24 hrs. prior to experimental treatment. RAW 264.7 cells were
treated with 2,4-diamino-6-hydroxyprimidine (DAHP) to block production of BH4 by inhibition
of GTP cyclohydrolase I, the rate limiting set of BH4 production226. Folic acid supplementation
studies utilized treatment with folic acid (Sigma Aldrich) solubilized in growth media as a stock
solution and then added to culture samples at varied doses.
5-methyltetrahydrofolate (MTHF) (Sigma Aldrich) was solubilized in growth media and added to
culture samples at varied doses. Both MTHF and folic acid were utilized to test the effect of folate
dosing on NO production. Methotrexate (MTX) (Sigma Aldrich) was utilized to test inhibition of
DHFR and the effect on NO production. MTX was solubilized in water and added to culture
samples at varied doses. Since folic acid and MTHF can be transported through reduced folate
carriers as opposed to surface folate receptors, EC17, a folate fluorescent conjugate that can only
be transported through surface folate receptors, was utilized to test receptor-mediated uptake of
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folate and its effect on NO production. EC17 was solubilized in water and added at varied doses
to culture samples. DHFR knockdown in RAW 264.7 was carried out by lipofectamine transfection
using commercially available DHFR dicer targeted siRNA from IDT (mm.Ri.Dhfr.13.3). Nontargeting siRNA was a commercially available non-targeting control siRNA Dharmacon (D001206-13-05).

4.3.2 BH4 Assay
The detection of cellular levels of BH4 in RAW 264.7 cells and MDSC was carried out
using a modified protocol outlined by Arakawa et al. that was developed to detect BH4 without
detection of BH2 by chemiluminesence236. BH4 was measured in whole cell lysates that been lysed
and solubilized in 200 L of 1M HCl for 5 minutes at room temperature. Four stock solutions were
generated for chemiluminescent detection of BH4: 1-methoxy PMS solution was generated by
dissolving 3.3 mg of 1-methoxy PMS (Sigma Aldrich) in 100 mL of ddH2O and stored at 4C.
Isoluminol (Sigma Aldrich) (4.4 mg) was dissolved in 100 mL of 0.8 mol/L sodium bicarbonate
(pH 9.5) and stored in the dark at 4C. m-POD (Sigma Aldrich) (0.188 mg) was dissolved in 100
mL ddH2O and stored in the dark at 4C. Sodium carbonate (Sigma Aldrich) was prepared as a
0.05 mol/L solution at pH 10.0. BH4 in cell lysates was measured by mixing isoluminol and mPOD solutions to generate a chemiluminescent (CL) solution. 90 L of sodium carbonate, 100 L
of 1-methoxy PMS solution, and 500 L CL solution was combined with 100 uL of HCl lysed cell
lysate to generate a BH4 measurement sample. This sample was then incubated for 6 seconds and
then measured on a luminometer for 10 seconds. The luminescent readout was then normalized to
total protein content of the lysate sample by Bradford Assay.

4.3.3 Isolation of FR+/- M-MDSC and TAM cDNA for RNAseq Analysis
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M-MDSC and TAMs were isolated from an i.p. RM-1 mouse model as outlined in
Chapter 2 section 2.1. Three groups of five mice in each group were utilized to isolate FR+/- MMDSC and TAMs in three replicate samples. M-MDSC were defined as CD11b+ Ly-6C+ and
then divided into FR+/- subsets in the same manner that was used for functional analysis of
FR+/- subsets. TAMs were defined as CD11b+ Ly-6C- and then divided into FR+/- subsets. In
total, four populations of interest were isolated: FR+ M-MDSC, FR- M-MDSC, FR+ TAMs,
and FR- TAMs. Isolation of cells was carried out by FACS as outlined in Chapter 2 section 2.5.
A total of 5x105 cells for each subset were isolated by FACS by sorting into complete RPMI-1640
media with 10% serum. Samples were then pelleted by centrifugation at 300xg for 5 min and
resuspended in TRK lysis buffer containing beta-mercaptoethanol. RNA was isolated using the
Total RNA Isolation Kit (Qiagen) and converted to cDNA using the cDNA Synthesis Supermix
(Quanta). Converted cDNA for each population was then transferred to the Purdue University
Genomics Core Facility for sequencing and library development.
The Purdue Genomics Facility generated libraries using the TruSeq Stranded Kit
(Illumina). Base pair reads were then sequenced at 2x100 reads using high-throughput capability
on a HiSeq2500. Quality control on dscDNA prior to library preparation was done by high
sensitivity DNA chip on an Agilent Bioanlyzer. After sequencing, analysis of the data was carried
out by Purdue University Bioinformatics Core. Adapter sequences were trimmed from data using
Trimmomatic (v. 0.32). Trimmomatic was also used to quality trim reads from the Illumina TruSeq
Stranded kit. FastX-Toolkit (v. 0.11.2) was used to observe data quality after trimming.
Additionally, FastX was utilized to trim reads based on a quality score and generate a quality score
per base. A FastX trimscore of 30 with a trim length of 50 bases was used. Anything under 50
bases in length was discarded with a maximum length of 151 bases. This scoring was used to
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determine which reads would be used for analysis to ensure that only high quality reads would be
used. Tophat2 was used to align reads to the mouse genome pulled from GRcm38.p5 from
Ensembl. Reads mapping to the reference genome were counted using HTSeq (v.0.6.1) with
mapping done to Ensembl listed genes for the reference genome. This helped to reduce overlapping
genes when mapping. Differential expression analysis was done using DESeq2, edgeR, and
Cufflinks2. Pathway analysis was carried out using DAVID (Database for Annotation,
Visualization, and Integrated Discovery) and IPA (Ingenuity Pathway Analysis). Pathway analysis
was based on differentially expressed genes found using all three statistical packages with pathway
maps generated from IPA.

4.4 Results

To determine the potential interplay between folic acid uptake, FR expression, and the
production of NO, RAW 264.7 cells were used as a model system for iNOS mediated production
of NO. When LPS activated RAW 264.7 cells were treated with 2,4-Diamino-6hydroxypyrimidine (DAHP) to block production of BH4 by inhibiting cyclohydrolase I237, NO
production under both hypoxic and normoxic conditions was reduced in a DAHP dose dependent
manner (Fig 4.4.1a). With millimolar doses of DAHP completely abrogating NO production.
These data demonstrate a clear need for BH4 in the production of NO by iNOS regardless of
presence of oxygen. Interestingly, despite there being clear differences in NO production between
FR+/- M-MDSC when BH4 content was assayed in FR+/- M-MDSC, G-MDSC, and splenic
MDSC, there was no difference between the FR+/- M-MDSC while G-MDSC from both tumor
and spleen had low levels of BH4 (Fig 4.4.1b). These data are interesting since FR- M-MDSC
are not producing NO at level comparable to FR+ M-MDSC but still producing BH4 at a
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comparable level. Given that BH4 when utilized by iNOS is converted to BH2 and then cycled
back to BH4 by dihydrofolate reductase, DHFR knockdown was tested in RAW 264.7 cells to
determine if BH4 levels could be maintained after activation without DHFR present. When
targeting DHFR in activated RAW 264.7 cells, BH4 levels are reduced to that of unactivated RAW
264.7 cells (Fig 4.4.1c). These data suggest an interesting relationship between production of BH4
at initial activation and then a continued cycling by DHFR to maintain levels during NO
production. When blocking BH4 production by DAHP in RAW 264.7 cells, supplementation with
exogenous BH4 is sufficient to rescue NO production (Fig 4.4.1d). Additionally, inhibition of
DHFR by methotrexate (MTX) was also able to inhibit NO production in RAW 264.7 cells (Fig
4.4.1e). Combined these observations show an interplay between BH4 production and BH4 cycling
that is dependent on DHFR.
Moving forward to study the role that FR expression and the uptake of folic acid may
play in BH4/DHFR cycling RAW 264.7 cells were activated by LPS and treated with exogenous
folic acid or 5-methytetrahydrofolate (MTHF), the biologically available circulating form of folic
acid238, to determine if presence of folic acid is needed for NO production. Cultured RAW 264.7
cells folate deficient RPMI-1640 with 10% dialyzed FBS to limit folate in the growth media were
treated with exogenous folic acid at varying doses. Regardless of dose, exogenous folic acid did
not impact NO production under either hypoxic or normoxic culture conditions (Fig 4.4.2a).
Continuing this analysis, RAW 264.7 under the same treatment conditions as described for
exogenous folic acid supplementation were treated with exogenous MTHF and interestingly
MTHF had an inhibitory effect on NO production with a decrease in NO production observed in a
dose-dependent manner under both hypoxic and normoxic conditions (Fig 4.4.2b). Finally, to test
the potential role of FR-mediated uptake of folic acid, cultured RAW 264.7 cells were treated
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with EC17 folate conjugate that can only be taken up through the surface folate receptor. In a dosedependent manner with EC17 treatment and only under hypoxic conditions, an increase in NO
production was observed (Fig 4.4.2c). These data pose an interesting question regarding the role
of free folic acid vs. endosome uptake of folate through a surface receptor with three forms of folic
acid each generating a different effect on NO production. Folic acid has no impact on NO
production while 5-MTHF impairs NO production. Most interesting, under hypoxic conditions
folate taken up through the folate receptor increases NO production. Folic acid after uptake is
converted to tetrahydrofolate by dihydrofolate reductase (DHFR)239. DHFR plays a role in cycling
biopterins (BH2 to BH4) to maintain NO production after iNOS converts BH4 to BH2 using it as
an electron donor225,

228

. Methylenetetrahydrofolate reductase (MTHFR) makes the final

conversion of tetrahydrolfate intermediates to 5-methyltetrahydrofolate (5-MTHF)240. 5-MTHF is
the biologically active form of folic acid that has been demonstrated to improve NO production by
eNOS238, 241. Folate taken up by a surface folate receptor is endocytosed and released from the
receptor for use in the cell242. The receptor after endocytosis is associated with vesicles and
endosomal vacuoles242. It is interesting to see that the uptake mechanism or the form of folic acid
may impact its function in the cell.
With the observation that the role of FR may be more important to the suppressive
phenotype than just a marker but the role of folic acid unclear in NO production, we reasoned that
RNAseq would provide insight into genes and pathways that segregate with the FR+
immunosuppressive pathway. RNAseq cDNA libraries were prepared by the Purdue University
Genomic Facility. All reads that were generated were demonstrated to be of high quality with a
total of 1,396,458,868 reads sequenced by the Purdue Genomics Facility (Fig 4.4.3). After
trimming as discussed in the methods section, 1,395,157,924 reads remained. An average of
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57,996,043 reads per sample (paired end reads) remained with approximately 99.77% of reads
remaining after trimming. Subsequently, 95% were mapped to genomic features with a total of
26,034 genes analyzed. Each sample sequenced possessed sufficient libraries to perform a
differential analysis with each sample having at least 4x107 reads aligning to a feature (Fig 4.4.4a).
A multidimensional scaling (MDS) plot was used to demonstrate similarity between the groups
analyzed. All replicates of each sample grouped with each other but the different samples were
demonstrated to be highly distinct from one another (Fig 4.4.4b). This demonstrates that FR+/populations are highly different from one another, as well as, M-MDSC vs TAMs. All four
comparisons carried out, FR- vs FR+ M-MDSC, FR+ vs FR- TAMs, FRβ+ M-MDSC vs
FR+ TAMs, and FR- M-MDSC vs FR- TAMs, showed differentially expressed genes by all
three statistical packages used with between 3-6,000 differentially genes detected for each
comparison depending on statistical package used (Table 4.1).
Smear plots showing difference in count compare to fold-change demonstrate differentially
expressed genes between compared populations. FR- vs FR+ M-MDSC (Fig 4.4.5a), FR+ vs
FR- TAMs (Fig 4.4.5b), FRβ+ M-MDSC vs FR+ TAMs (Fig 4.4.5c), and FR- M-MDSC vs
FR- TAMs (Fig 4.4.5d) were compared for differential gene expression. All groups analyzed
showed differential gene expression between the compared groups, suggesting significant
differences in gene expression based on presence of folate receptor and differences in gene
expression between M-MDSC and TAMs. Pathway analysis of differentially expressed genes in
FR+ vs FR- M-MDSC demonstrated that in FR+ M-MDSC IL-6, as well as, IL-6 pathway
genes were upregulated including VEGF (Fig 4.4.6). IL-6 has been demonstrated to be a critical
regulator of MDSC and macrophage accumulation22, 243. Additionally, VEGF production has been
identified as a component of MDSC accumulation and maintenance of their immature
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immunosuppressive phenotype9. However, direct MDSC production of VEGF has not been clearly
defined suggesting an additional mechanism by which MDSC maintain an immunosuppressive
regardless of tumor-derived cytokines. In FR+ M-MDSC STAT3 pathway components were
down-regulated along with the IL-1 and tumor necrosis factor (TNF) pathways (Fig 4.4.6).
Reduction of IL-1 and TNF fit with definitions of classical inflammatory stimuli with loss of IL-1
in the TME associated with poor prognosis and impaired T cell function244. TNF is an interesting
example considering a study by Zhao et al. that demonstrated TNF receptor as being necessary for
MDSC accumulation245. However, TNF has also been successfully used to induce anti-tumor
immunity in murine models203. Comparison of FR+ and FR- TAMs demonstrated
downregulation of IL-1 pathway in FR+ TAMs while showing an upregulation of TNF pathway
(Fig 4.4.7). Again, loss of IL-1 fits with a generally anti-inflammatory phenotype characterized by
reduced T cell function. The TNF pathway upregulation in TAMs may fit with an observation that
TNF production in a tumor site can drive inflammation necessary for metastasis in the Lewis Lung
Carcinoma murine model246. in FR+ TAMs multiple adhesion molecules (P-selectin, L-selectin,
PSGL1, PECAM1) were downregulated along with chemokine receptor CXCR2 (Fig 4.4.7).
CCL2 has been demonstrated to be necessary for MDSC and TAM accumulation at the tumor site
along with a role for CCL2 in the polarization of macrophages to an M2 phenotype25, 113. However,
it is again possible for M2-like macrophages to be induced from tissue resident macrophages and
not from recruited monocytes120. FR has been previously demonstrated to regulate adhesion
molecules in macrophages by associating with the CD11b complex and reducing adhesion to
collagen matrix247. Interestingly, CDH5 was upregulated in FR+ TAMs and is typically
associated as a marker of endothelial cells and vascularization248. CDH5 has been characterized in
glioblastoma stem cells to generate a phenotype under hypoxic conditions that leads to vascular
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mimicry248. When comparing FR+ M-MDSC to FR+ TAMS we see some very interesting
differences between these two FR+ populations. Primarily, cyclins and components of the cell
cycle are highly upregulated in FR+ TAMs while PI3k is strongly downregulated (Fig 4.4.8).
These data suggest the potential for proliferative FR+ TAMs compared to their FRcounterparts. This again associates with an identified M2 phenotype that is proliferative and tissue
resident and not the result of differentiated recruited monocytes120. MDSC have been demonstrated
to be targetable through PI3k with inhibitors against PI3k useful in combo therapies to limit
function and accumulation of MDSC55.
Heat map analysis of the top 50 differentially expressed genes when comparing all four
isolated populations demonstrated clear differences in gene expression. (FR+/- M-MDSC and
FR+/- TAMs) (Fig 4.4.9). When analyzing FR+ M-MDSC, genes, such as, scamp5, c1q, and
asb4 were upregulated. SCAMP5 was demonstrated to promote the secretion of cytokines through
N-ethylmaleimide sensitive factor attachment protein receptors (SNARE) in the Golgi leading to
enhanced cytokine secretion in macrophages249. C1q is a component of the complement system
but has been identified to have a role in promotion of a tumor. Mice lacking C3 receptor displayed
an impaired ability to accumulate MDSC.250 Mice lacking C1q or C3 displayed rapid rejection of
tissue grafts suggesting a lack of anti-inflammatory response251. ASB4 has been associated with
endothelial cell function. Cell expressing ASB4 cultured with endothelial enhanced endothelial
cell turnover and tube formation252. Analysis of FR+ TAM demonstrated similar upregulation to
MDSC but with a few key differences. Genes, such as, mmp14, mmp8, ccl7, and havcr2 were
upregulated. Production of MMPs suggests enhanced ability to remodel tissue promoting
metastasis24, 253. Tim-3 protein, encoded by havcr2, has been studied as a checkpoint inhibitor for
its ability to downregulate CD8+ T-cells254.
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When using FR- vs FR+ M-MDSC to generate 50 differentially expressed, genes spp1
and mrc1 were strongly upregulated in FR+ M-MDSC and TAMs along with FR- TAMs
compared to FR- M-MDSC (Fig 4.4.10). Osteopontin, encoded by spp1, has been characterized
to polarize macrophages to an anti-inflammatory phenotype along with associations to poor
prognosis and cancer progression255, 256. Expression of mrc1 was limited to FR+ M-MDSC and
TAMs and is the CD206 mannose receptor and is often used as a marker of tumor-associated
macrophages257. This demonstrates that the FR+ M-MDSC and TAMs possess previously
demonstrated markers of an anti-inflammatory myeloid cells, which suggests that FR may be
able to further delineate the truly functional populations present at the tumor site. TAM FR- vs
TAM FR+ generated differential gene expression including lyve1, ccl7, cd36, ch25h, and ccl2
expressed by both FR+ M-MDSC and TAMs (Fig 4.4.11). These genes are key markers of
alternatively activated macrophages and expression of these pathways leads to an antiinflammatory myeloid response258-261. Lyve-1 has been shown in macrophages to induce
development of lymphatic vessels in a tumor site that was considered a first step in metastasis 262.
CCL7 has been directly implicated in renal cell carcinoma to recruit macrophages to the tumor
site259. CD36 has been demonstrated to have a role in macrophage migration in the presence of
oxidized low density lipoprotein (LDL)263. CH25H, 25-hydroxycholesterol hydroxylase, produces
25-hydroxycholesterol, which has potent ability to recruit macrophages264. CCL2 is a well
characterized cytokine that recruits monocytes and has been demonstrated has an essential
component of MDSC recruitment25, 113, 115. CCL2 in combination with IL-6 has shown to recruit
and induce M2 phenotype macrophages in colorectal cancer26. A selection of genes not based on
differential regulation relating to inflammation, folate metabolism, and suppressive function were
displayed as a heatmap for all 4 analyzed populations (Fig 4.4.12). In FR+ M-MDSC IL6
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expression is upregulated compared to FR- M-MDSC while IL6 receptor is upregulated in FRcompared to FR+ M-MDSC (Fig 4.4.12). TAMs display a high level of cyclin D1 expression
compared to MDSC populations (Fig 4.4.12). Again, this observation suggests proliferative
capacity within the macrophage population. Both FR+ TAM and M-MDSC have upregulated
expression of VEGF while FR+ TAM demonstrated upregulated cdh5 compared to FR- TAM.
These data again suggest a possible role for TAMs in vascularization of the tumor. iNOS is
upregulated in the FR+ TAM and M-MDSC, which fits with the observed relationship between
iNOS and FR in suppression function in Chapter 3 of this study. Interestingly, PD-L1 expression
is equivalent across all M-MDSC and TAM populations. This observation is interesting since PDL1 protein expression strongly segregated with FR expression in both TAM and M-MDSC (Fig
3.4.2 and Fig 3.4.9). These data continue to demonstrate the interesting role that FR may play in
suppressive function of TAM and M-MDSC. Additionally, these data demonstrate the possible
differential role that TAM and M-MDSC may have at the tumor site.

4.5 Discussion

The role that FR plays in the phenotype and function of tumor resident M-MDSC and
TAMs appears to be more complex than simply uptake of folate. It appears that FR may both
identify highly functional M-MDSC along with TAMs and play a role in the maintenance of iNOSmediated production of NO. BH4 is required for production of nitric oxide (NO) and DHFR plays
a role in restoring BH4 after its initial production during activation. However, in RAW 264.7 cells,
addition of exogenous folic acid did not impact NO production while addition of 5methyltetrahydrofolate (MTHF) inhibited NO production in a dose-dependent manner,
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particularly, at higher doses. This suggests a differential role for different forms of folic acid in the
production of NO. Currently, studies involving eNOS have demonstrated that addition of MTHF
or folic acid was able to improve endothelial cell function and reverse eNOS uncoupling241, 265
through modulation of BH4231,

237

. Additionally, folic acid supplementation did not improve

endothelial cell damage markers but it did improve availability of NO266. However, in this study
that was not observed with iNOS in RAW 264.7 cells where folic acid made no impact on NO
production. It was observed that DHFR was necessary for BH4 cycling and exogenous BH4 could
maintain NO production but it was not directly linked to folic acid or MTHF supplementation.
Also, FR status did not impact levels of BH4 in MDSC but NO production segregated with FR
expression in M-MDSC and TAMs. This suggests a different role in myeloid cells for the presence
the folate receptor regarding NO production beyond simply uptake of folic acid. The most
interesting aspect of this study was that EC17, a folate receptor restricted folate conjugate,
increased NO production only under hypoxic conditions in a dose-dependent manner. This
demonstrates a possible role for FR under hypoxic conditions to potentially play a role in
signaling or a need for receptor-specific uptake of folate to maintain NO production. Studies have
demonstrated a role for FR in signaling and acting as a transcription factor to modulate gene
expression267. However, FR has currently not been characterized to localize to the nucleus nor
has it been shown to impact gene expression during uptake. Alternatively, it is possible that folate
receptor is a component of localization of iNOS and the substrates necessary for NO production.
A study by Daniliuc et al. demonstrated that hypoxia disrupts the function of iNOS by preventing
iNOS from interacting alpha-actinin 4, a component of the cellular cytoskeleton.268 Additionally,
proper localization of iNOS to subcellular membranes is essential for its function268-270. It is
possible that this may be due to the toxicity of NO, requiring isolation from the rest of the cell, and
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localization of important substrates with iNOS like BH4. Despite a role for hypoxia in the
disruption of iNOS, Corzo et al. demonstrated that hypoxia positively regulates iNOS expression
is upregulated in a hypoxia-dependent manner and is necessary for suppressive function123. There
is a possible role for folate uptake and localization of subcellular components. Disruption of the
cytoskeleton has been demonstrated to positively regulate folate receptor expression leading to
increased uptake of folate271. During neural tube formation, the uptake of folic acid is necessary
for methylation of cytoskeletal components leading to proper cytoskeletal formation272. However,
a study by Balashova et al. demonstrated that folate receptor alpha is necessary for remodeling of
cytoskeletal components by interactions between the receptor and cell adhesion components273. A
study by Wollack et al. demonstrated that folate receptor-mediated uptake of low concentration 5MTHF led to segregation of 5-MTHF instead of immediate metabolism of 5-MTHF taken up by
reduced folate carriers274. It is not clear why higher doses of 5-MTHF would impair NO production
in this study given the evidence for 5-MTHF in the stabilization of NO production in endothelial
cells. Interestingly, it has been demonstrated that 5-MTHF can directly bind eNOS at the BH4
binding site and directly drive NO production275. It is not known if this association would be
similar in iNOS. Additionally, higher dose 5-MTHF would not be taken up through FR and could
potentially have different localization and availability in the cells leading to changes in utilization
of folate. It is possible that the EC17 uptake promoted NO production under hypoxic conditions
due to remodeling and stabilization of the cytoskeleton during folate receptor mediated uptake
leading to proper iNOS localization.
The exact role of FR in M-MDSC and TAMs is not clear despite a segregation with
immunosuppressive M-MDSC and TAMs and NO production. The purpose of the RNAseq
analysis of FR+/- populations was to better understand pathways and gene expression that
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segregated with FR to understand why immunosuppressive function segregates with FR. FR+
populations were highly different regarding gene expression when compared to FR- populations.
This level of difference was not unexpected due to the clear differences in suppressive capacity.
However, the high level of differential expression between FR+ M-MDSC and TAMs was
interesting due to their similarities in suppressive function. An important differentially expressed
pathway was IL-6 with both IL-6 responsive elements along with expression of IL-6 was
significantly upregulated in FR+ M-MDSC. IL-6 has been demonstrated to be an important
cytokine in the production of M-MDSC and is used to generate MDSC from bone marrow
hematopoietic cells199. Also, anti-IL-6 antibody has been used to deplete MDSC and enhance CD8
T cell anti-tumor response22. MDSC production of IL-6 has been demonstrated to reduce Th1 cell
development276. In macrophages, IL-6 receptor inhibition coupled with methotrexate has been used
therapeutically in rheumatoid arthritis patients to reduce inflammation243. The fact that IL-6
receptor is upregulated in FR- M-MDSC while IL-6 expression is upregulated in FR+ M-MDSC
suggests a possible ability for M-MDSC at the tumor site to continue to recruit MDSC to the site.
It is not understood if FR- M-MDSC eventually induce expression of FR but this would make
sense in the context of FR+ M-MDSC expressing cytokines to polarization any monocytes
arriving at the tumor site to an MDSC phenotype.
Pathway analysis between FR+/- TAMs did not yield a key suppressive molecule like IL6 but did show strong differential expression of cdh5, which has been characterized as a marker of
vascularization. Expression of CDH5 has been associated with cells displaying a vascular-like
phenotype and was studied in the context of glioblastoma stem-like cells that could carry out
vascular mimicry to vascularize the tumor under hypoxic conditions248. This observation is
especially interesting in light of the fact that TAMs have been demonstrated to form vascular-like
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channels under hypoxic conditions leading to vascularization of a tumor138. Additionally, in a
model of glioma this process was driven through IL-6 signaling277. Differential expression of
lyve1 by FR+ macrophages also suggests an ability to create lymphatic vessels in the tumor to
facilitate metastasis. It is possible that this is one component of differential duties between MMDSC and TAMs at the tumor site with one strongly expressing anti-inflammatory pathways and
driving the other to induce vascularization necessary for tumor progression. When considering the
possibility of FR supporting suppressive function through signaling or cytoskeletal stabilization,
the RNAseq analysis did not clearly demonstrate gene expression to support those assumptions.
Pathways characterized as components of FR signaling were not demonstrated as differentially
expressed in the RNAseq analysis of FR+/- populations. It is possible if FR possess a signaling
component that the target genes are different due to the different compartmentalization of FR
compared to FR. Additionally, genes associated with cytoskeletal structure were not detected as
differentially expressed. However, stabilization of cytoskeletal components by FR would most
likely not affect gene expression.
Differences between FR+ M-MDSC and TAMs appeared to show primarily differences
in possible proliferative ability with TAMs showing increased expression of cell cycle
components. It has been demonstrated previously that it is possible for macrophages to proliferate
in the tissue as opposed to recruitment and that monocyte-derived TAMs vs tissue-induced TAMs
have differential gene expression and phenotype120,
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. A recent study by Braune et al.

demonstrated that IL-6 induced proliferation of adipose-associated macrophages with an M2-like
phenotype279. M-MDSC may be driving TAM proliferation through secretion of IL-6.
Additionally, in this study, FR+ TAMs compared to FR- TAMs had decreased CXCR2
suggesting that the FR- and FR+ could potentially represent two distinct populations of
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macrophages that may originate from different sites. It is also possible that MDSC play a role in
maintaining proliferation of TAMs. We may be seeing complimentary roles for M-MDSC and
TAMs at the tumor site. M-MDSC maintain anti-tumor immunosuppression while promoting
proliferation of TAMs, which based on gene expression appear uniquely equipped to promote
vascularization and metastasis. It is important to note that while the RNAseq analysis did not
demonstrate a clear role for how FR is impacting the phenotype of these populations. However,
it did show pathways and possible differential roles for M-MDSC and TAMs at the tumor site that
can now be better understood and potentially exploited therapeutically.

4.6 Future Directions

Despite the segregation of FR with genes supporting an anti-tumor response,
vascularization, and recruitment, it is still not clear how FR drives these processes if at all.
However, it is clear from the RNAseq analysis that FR marks highly suppressive and potentially
differentially functional groups of M-MDSC and TAMs only present at the tumor site. The
pathways identified pave the way for therapeutic targeting of these populations through FR. IL6 stands at the forefront of what to look at next within M-MDSC and TAMs. Currently, work has
shown that anti-IL-6 is effective in the elimination of MDSC from tumor sites22. Also, IL-6 drives
M2 polarization, proliferation, and macrophage vascular mimicry with MDSC as a source of IL-6
at the tumor site276,

277, 279

. With the broad role that IL-6 plays in the phenotype of anti-

inflammatory myeloid cells, it makes sense to simply blockade IL-6 entirely. However, IL-6 is an
integral component of the inflammatory immune response. Simply blocking IL-6 removes the
beneficial effect to promoting T cell trafficking to tumor sites and activation of T cells280. A better
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understand of IL-6 pathways in FR+ M-MDSC and TAMs would provide drug targets that could
be delivered through FR and sparing the IL-6 pathway outside of the immunosuppressive cells.
M-MDSC compared to TAMs demonstrated a possible role for TAMs in the
vascularization of the tumor along with initiation of metastasis. In FR+ TAMs, lyve-1 was
differentially expressed. This marker in macrophages has been implicated in the development of
lymphatic vessels in the tumor with lyve-1+ macrophages clustering around lymphatic vessels and
promoting tube formation107. This expression of lyve-1 was also correlated with MMP9107. MMPs
have been well established to promote metastasis. Lyve-1, MMP8, and MMP14 were differentially
upregulated by FR+ TAMs in this study. It is possible that FR+ TAMs are the subset of
macrophages that can promote metastasis through development of lymphatic vessels. Additionally,
markers of vascular mimicry were differentially expressed by FR+ TAMs in this study.
Characterization of FR+ TAMs in angiogenesis would provide a better understanding of tumor
progression, as well as, targetable pathways to limit TAM function at the tumor site. The role of
IL-6 and vascular mimicry in macrophages suggests a possibility of cross-talk between M-MDSC
and TAMs. Studies have already suggested a role in cross-talk between MDSC and macrophages.
Beury et al. demonstrated that IL-10 and IL-6 produced by MDSC were necessary for a pro-tumor
environment by disrupting inflammatory macrophage function105. It is possible that MDSC
production of IL-6 extends beyond preventing inflammatory macrophage function. It is important
to characterize how IL-6 produced by MDSC is impacting the development and phenotype of
TAMs along with the possibility that targeting IL-6 in MDSC may allow for an increase in
inflammatory macrophages if MDSC are no longer polarizing them at the tumor site.
The role of FR in human MDSC was not well characterized in this study. However, the
expression of FR on human myeloid cells from renal cell carcinoma patients was identified. Both
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populations of tumor resident macrophages analyzed expressed FR by mRNA expression and the
more monocyte-like population of MDSC expressed FR by mRNA expression. Uptake of folate
receptor conjugates was demonstrated in the same populations. This strongly suggests expression
of FR in a subset of human MDSC and TAM populations only at the tumor site. Peripheral blood
isolated MDSC and circulating monocytes did not take up folate conjugates. Further
characterization is necessary of these FR+ populations to determine if FR positively correlates
with suppressive function in human disease as it does in murine models. A much larger problem
in the study of human MDSC is the nomenclature and identification of them. Currently, studies
use a variety of human myeloid markers to identify MDSC with the final determination being
suppressive function. As it stands, CD11b, CD14, CD15, CD66b, HLA-DR, and CD33 being used
to identify groups of human MDS. G-MDSC (CD11b+ CD15+ CD14-), M-MDSC (CD11b+
CD14+ HLA-DR- CD15-) and early-stage MDSC or eMDSC (Lin- HLA-DR- CD33+) with most
studies coming from peripheral blood populations71. This is excluding characterization of TAMs
within HLA-DR+ populations. The complexity of human MDSC necessitates a marker like FR
to identify suppressive populations at the tumor site for further study. Genetic sequencing of
human myeloid populations becomes necessary to identify not only FR+ populations but to
search for myeloid populations at the tumor site that have characteristics of immunosuppressive
cells. This is beyond the capacity of RNAseq that was used in this study. Broad analysis of human
myeloid could be carried out using Drop-seq. This is a technique that uses unique barcoded beads
combined with a single cell in a droplet where mRNA is converted to cDNA281. This process
allows for genome wide analysis from tens of thousands of cells that can then be clustered into
poulations281. This approach applied with FR as a reference point in the genome in human tumor
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resident myeloid populations would be a powerful tool for the identification of truly functional
MDSC and TAM populations.
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Figure 4.4.1: BH4 is necessary for nitric oxide production.

A. RAW 264.7 cells were treated with varying doses of DAHP to inhibit production of
BH4 after 24 hrs. of activation with LPS. Samples were then tested for production of
NO by Griess Assay. DAHP was tested under both normoxic (20% O2) and hypoxic
conditions (1% O2). Hypoxic samples were reoxygenated for 6 hrs. prior to Griess
Assay. Unactivated RAW 264.7 were used as a comparative control. Data are
representative of samples in triplicate assayed separately.
B. RM-1 i.p. tumor isolated FRβ+/- M-MDSC, tumor G-MDSC, and splenic MDSC were
isolated and lysed in HCl and then assayed for BH4 content. Data are based on 3
individual sorts of 5 mice pooled.
C. RAW 264.7 cells were activated with LPS for 24 hrs. and then treated with dhfr siRNA
or non-targeting control siRNA. After an additional 48 hrs. samples were lysed in HCl
and then assayed for BH4 production. Unactivated RAW 264.7 were used as a
comparative control. Data are representative of triplicate samples pooled together.
D. RAW 264.7 cells were treated with varying doses of DAHP to inhibit production of
BH4 after 24 hrs. of activation with LPS. Samples were then tested for production of
NO by Griess Assay. Additionally, some samples were treated with exogenous BH4 to
rescue NO production. Unactivated RAW 264.7 were used as a comparative control.
Data are representative of triplicate samples pooled together.
E. RAW 264.7 cells were activated with LPS for 24 hrs. and treated with varying doses of
methotrexate (MTX). After an additional 24 hrs. of culture, samples were assayed for
NO production by Griess Assay. MTX was tested under both normoxic (20% O2) and
hypoxic conditions (1% O2). Hypoxic samples were reoxygenated for 6 hrs. prior to
Griess Assay. Unactivated RAW 264.7 were used as a comparative control. Data are
representative of samples in triplicate assayed separately.
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Figure 4.4.2: Only folate receptor mediated uptake impacts NO production while MTHF
inhibits NO production.

A. RAW 264.7 cells were activated with LPS for 24 hrs. and treated with varying doses of
exogenous folic acid. After an additional 24 hrs. of culture, samples were assayed for
NO production by Griess Assay. Folic acid was tested under both normoxic (20% O2)
and hypoxic conditions (1% O2). Hypoxic samples were reoxygenated for 6 hrs. prior
to Griess Assay. Unactivated RAW 264.7 were used as a comparative control. Data are
representative of samples in triplicate assayed separately.
B. RAW 264.7 cells were activated with LPS for 24 hrs. and treated with varying doses of
exogenous MTHF. After an additional 24 hrs. of culture, samples were assayed for NO
production by Griess Assay. MTHF was tested under both normoxic (20% O2) and
hypoxic conditions (1% O2). Hypoxic samples were reoxygenated for 6 hrs. prior to
Griess Assay. Unactivated RAW 264.7 were used as a comparative control. Data are
representative of samples in triplicate assayed separately.
C. RAW 264.7 cells were activated with LPS for 24 hrs. and treated with varying doses of
exogenous EC17 for folate receptor specific folate uptake. After an additional 24 hrs.
of culture, samples were assayed for NO production by Griess Assay. EC17 was tested
under both normoxic (20% O2) and hypoxic conditions (1% O2). Hypoxic samples were
reoxygenated for 6 hrs. prior to Griess Assay. Unactivated RAW 264.7 were used as a
comparative control. Data are representative of samples in triplicate assayed separately
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Figure 4.4.3: Per Base Sequence Quality for Trimmed Reads

The data is plotted as position of the read (x-axis) and quality scores (y-axis). Red line denotes
median and blue line denotes mean. The yellow box is the 25-75% range with 10% and 90%
points denoted by the upper and lower whiskers. Each plot is representative of the three total
replicates for each sample.
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A

B

Figure 4.4.4: Library size and MDS plot based on condition and cell.

A. Sample ID (x-axis) and counts (y-axis) for each sample analyzed showing reads aligning
to features based on Ensembl reference genome.
B. Libraries color coded by sample with FRβ- M-MDSC in blue, FRβ+ M-MDSC in red, FRβTAM in green, and FRβ+ TAM in yellow. This plot demonstrates differences in grouping
of samples based on mapped genes.
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A

C

Smear plot of M-MDSC FRβ+ vs FRβ-

Smear plot of M-MDSC FRβ+ vs TAM FRβ+

B

Smear plot of TAM FRβ+ vs FRβ-

D

Smear plot of M-MDSC FRβ- vs TAM FRβ-

Figure 4.4.5: Smear plot of differential gene expression.

A. Average log count per million(x-axis) and fold change (y-axis). Genes identified as
differentially expressed by edgeR are highlighted in red. FRβ+ vs FRβ- M-MDSC.
B. FRβ+ vs FRβ- TAMs
C. FRβ+ M-MDSC vs FRβ+ TAMs
D. FRβ- M-MDSC vs FRβ- TAMs
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Figure 4.4.6: Differentially Expressed Gene Pathways between FRβ- and FRβ+ MMDSC.
This plot demonstrates overexpressed gene pathways when comparing FRβ- to FRβ+ MMDSC. Genes are represented by nodes and the node shape indicates the class of gene. The
relationship between genes is indicated by the edges of the diagram. Differentially expressed
genes are outlined in pink with red indicating upregulation and green indicating
downregulation.

105
Figure 4.4.7: Differentially Expressed Gene Pathways between FRβ- and FRβ+ TAM.
This plot demonstrates overexpressed gene pathways when comparing FRβ- to FRβ+ TAM.
Genes are represented by nodes and the node shape indicates the class of gene. The relationship
between genes is indicated by the edges of the diagram. Differentially expressed genes are
outlined in pink with red indicating upregulation and green indicating downregulation.
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Figure 4.4.8: Differentially Expressed Gene Pathways between FRβ+ M-MDSC and
FRβ+ TAMs.
This plot demonstrates overexpressed gene pathways when comparing FRβ+ M-MDSC to
FRβ+ TAMs. Genes are represented by nodes and the node shape indicates the class of
gene. The relationship between genes is indicated by the edges of the diagram.
Differentially expressed genes are outlined in pink with red indicating upregulation and
green indicating downregulation.
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M-MDSC FRβ- vs FRβ+

TAM FRβ- vs FRβ+

M-MDSC vs TAM FRβ+

M-MDSC vs TAM FRβ-

Figure 4.4.9: Heatmap of differentially expressed genes between all groups of M-MDSC
and TAMs.

This heatmap displays overlapping differentially expressed genes between all 4 analyzed groups.
M-MDSC FRβ- and FRβ+, TAM FRβ- vs FRβ+, M-MDSC vs TAM FRβ+, and M-MDSC vs
TAM FRβ-. Blue indicates low expression while shift toward red indicates upregulation.
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M-MDSC FRβ- vs FRβ+ Top 50 Differentially Expressed Genes

M-MDSC FRβ-

M-MDSC FRβ+

TAM FRβ-

TAM FRβ+

Figure 4.4.10: Heatmap of differentially expressed genes from FRβ+/- M-MDSC.
This heatmap displays the top 50 differentially expressed genes from FRβ+/- M-MDSC and
compared across all four analyzed groups. Blue indicates low expression while shift toward
red indicates upregulation.
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TAM FRβ- vs FRβ+ Top 50 Differentially Expressed Genes

M-MDSC FRβ-

M-MDSC FRβ+

TAM FRβ-

TAM FRβ+

Figure 4.4.11: Heatmap of differentially expressed genes from FRβ+/- TAM.
This heatmap displays the top 50 differentially expressed genes from FRβ+/- TAM and
compared across all four analyzed groups. Blue indicates low expression while shift toward red
indicates upregulation.
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Selection of Genes Related to Inflammation

M-MDSC FRβ-

M-MDSC FRβ+

TAM FRβ-

TAM FRβ+

Figure 4.4.12: Heatmap of gene expression related to inflammation.

This heatmap displays expression levels of a selection of genes based on MDSC and TAM
suppressive function along with genes associated with tumor inflammation. Blue indicates low
expression while shift toward red indicates upregulation.
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