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Abstract
Title of Dissertation: Mechanisms of tumor evasion from NKT cell-mediated immunosurveillance.
Irina Tiper, Doctor of Philosophy, 2016
Thesis Advisor: Tonya J. Webb, Associate Professor

Department of Microbiology and Immunology

Natural killer T (NKT) cells are a unique subset of CD1d-restricted T cells that play an important
role in mediating anti-tumor responses. NKT cells produce large amounts of cytokines and can
directly mediate tumor cell lysis. However, NKT cells are numerically reduced and functionally
impaired in cancer patients and the mechanisms by which tumor suppress NKT cell activation are
poorly understood. Given that cancer cells possess epigenetic abnormalities, in addition to
numerous genetic alterations, we hypothesize that tumors use epigenetic mechanisms to suppress
anti-cancer immune responses by dysregulating antigen presentation and secreting soluble
inhibitory factors. To test our hypothesis, lymphoma cells were pretreated with histone
deacetylase inhibitors (HDAC1) and then we assessed their ability to activate NKT cells. Treatment
of B cell lymphomas with HDACi enhances anti-tumor immune responses by inducing CD1d-
mediated antigen presentation, inhibiting STAT3, and subsequently, decreasing the production of
STAT3-associated inflammatory cytokines. Moreover, we found that the enhanced
immunogenicity observed following treatment with HDACi was HDAC2-dependent. Specifically,
we performed chromatin immunoprecipitation (ChIP) to identify the HDAC that binds to the CD1d
promoter. We found that HDAC2 binds to the CD1d promoter and negatively regulates CD1d
transcription. In addition, we sought to investigate other mechanisms by which tumors suppress

CDI1d-mediated NKT cell activation. We found that, similar to lymphomas, ovarian cancers



secrete molecules that can inhibit NKT cell activation. Additionally, we established a link between
angiogenic factor secretion and suppression of antigen presentation, suggesting that existing anti-
angiogenic therapies can positively impact anti-tumor immune responses. Thus, we identified cell-
intrinsic and -extrinsic mechanisms by which tumors suppress CDld-mediated antigen
presentation, which can be targeted in an immunotherapeutic setting. Overall, our studies implicate

roles of HDACi and anti-angiogenic therapies in immunotherapeutic approaches.
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Chapter 1: Introduction

1.1 Cancer: overview

Cancer is the leading cause of death worldwide, accounting for over 8 million deaths and
14 million new cases [1]. The World Health Organization (WHO) reports that that there will be 22
million cases of cancer within the next two decades [1]. More than 60% of new cases worldwide
occur in Africa, Asia, and South and Central America [1]. According to the Surveillance,
Epidemiology and End Results (SEER) Program’s statistical modeling, rates of new cancer have
been falling by an average of 1.0% each year over the last ten years, with death rates falling by an
average of 1.5% each year [2].

The most common types of cancer among men are lung, prostate, colon and rectum,
stomach and liver [2]. Among women, the most common types of cancer are breast, colon and
rectum, lung, cervix, and stomach [2]. Estimated new cases and deaths for the top five leading
cases of cancer among both men and women are summarized in Table 1.1. Five-year survival rates
vary widely, depending on the tumor type, but SEER reports that 66.9% of patients with cancer of
any type survive 5 or more years after diagnosis [2]. In 2016, it is estimated that there will be
1,685,210 new cases of cancer and 595,690 cancer-related deaths in the United States [2]. Thus,
while rates have been falling, the magnitude of the cancer burden is unprecedented. In our studies,
we focus on a solid and hematologic malignancy with the goal of identifying overarching
mechanisms that contribute to decreased anti-tumor immune responses.

Among women, gynecologic cancers affect the cervix, ovaries, uterus, vagina, and vulva
(Table 1.2). There are two other types of rare gynecological cancers: fallopian tube and primary
peritoneal cancer. The Center for Disease Control (CDC) reports that each year, in the United

States, over 70,000 women are diagnosed with gynecologic cancers and over 26,000 die from it



[3]. Each year, approximately 20,000 women are diagnosed with ovarian cancer [3]. Ovarian
cancer is discussed in greater detail in Chapter 1.3.

While solid malignancies comprise the majority of the leading new cases of cancer,
malignancies arising in hematopoietic and lymphoid cells, termed hematologic malignancies, are
high in incidence, relative to the total cancer diagnoses [4]. Hematological malignancies are
divided into broad categories: leukemia, Hodgkin lymphoma (HL), non-Hodgkin’s lymphoma
(NHL), and myeloma [4]. The 2016 statistics are summarized in Table 1.3. NHL is the 7™ most
common type of cancer [2]. It is expected that there will be 72,580 new NHL cases and 20,150
NHL-related deaths in 2016 in the United States [2]. There are more cases of NHL than of any
other type of hematological malignancy (Table 1.3). While the incidence of cancer has been
decreasing, the incidence of NHL, including mantle cell lymphoma (MCL), has been falling [5-7].
Thus, further studies of this disease are needed in order to understand the unique trends in NHL

rates. NHL, and specifically MCL, will be discussed in Chapter 1.2.



Type of cancer
Breast cancer (female)

Lung and bronchus cancer
Prostate cancer
Colon and rectum cancer

Bladder cancer

Cancer of any site

Estimated new cases in 2016 Estimated deaths in 2016

246,660
224,390
180,890
134,490

76,960

1,685,210

40,450

158,080

26,120

49,190

16,390

595,690

Table 1.1: Estimated numbers of cancer cases and cancer-related deaths in 2016. Data

compiled from Surveillance, Epidemiology and End Results Program (SEER).

Type of cancer
Cervical/uterine cancer

Ovarian cancer

Vulvar cancer

Total cases

Estimated new cases in 2016 Estimated deaths in 2016

12,990
22,280
5,950

71,500

4,120
14,240
1,110

26,500

Table 1.2: Estimated number of gynecological cancer cases and deaths in 2016. Data compiled

from Surveillance, Epidemiology and End Results Program (SEER) and Center for Disease

Control (CDC).



Type of hematologic Estimated new cases in 2016 Estimated deaths in 2016
malignancy

Hodgkin lymphoma 8,500 1,120

Non-Hodgkin lymphoma 72,580 20,150
Leukemia 60,140 24,400
Myeloma 30,330 12,650

Table 1.3: Estimated number of hematologic malignancy cases and deaths in 2016. Data

compiled from Surveillance, Epidemiology and End Results Program (SEER).



1.2 The hallmarks of cancer

Carcinogenesis is a complex and multi-layered process that is facilitated by mutations in
oncogenes and tumor suppressor genes [8]. Tumors have aberrations in intracellular signaling
pathways regulating growth, survival, differentiation, cell death, and metabolism [8]. Cancer cells
are able to proliferate uncontrollably due to self-sufficiency in growth signals, limitless replicative
potential, and insensitivity to anti-growth signals [8]. Moreover, they can evade apoptosis and
metastasize, aided by their ability to induce angiogenesis [8]. These traits are known as the
hallmarks of cancer [8]. The hallmarks of cancer were first summarized by Hanahan and Weinberg
in 2000, but it was not until 2010 that the role of the immune system in cancer progression was
recognized as an emerging hallmark [8]. Thus, our understanding of the role of the immune system
in tumor progression is evolving.

One of the enabling characteristics of cancer is acquisition of aberrations within the
genome, which may be aided by epigenetic alterations that affect not only cancer cells, but have
profound effects on the tumor stroma [8]. Here, we examine epigenetic mechanisms that allow
tumor escape from the immune system and link these epigenetic changes to a signaling pathway
known to be important for tumor growth. Our emphasis is on the role of Signal Transducer and
Activator of Transcription 3 (STAT3) in mediating an inflammatory environment that facilitates
immune suppression. Moreover, we investigate how this signaling pathway alters antigen
presentation through cell-extrinsic mechanisms. Finally, we define a novel immunosuppressive
role for the major angiogenic factor vascular endothelial growth factor (VEGF) by examining its
effects on antigen presentation. This work addresses hallmarks of cancer and puts them in the
perspective of an emerging hallmark, evasion of immune destruction. Thus, this work intertwines

the fields of cancer biology, immunology, epigenetics, and cell signaling.



1.3 Lymphomas

Chapter 1.1 provided an overview of the rates of cancer and highlighted the fact that
incidence of lymphoma has been increasing. Thus, elucidation of the mechanisms underlying the
pathogenesis of this disease is critical to understanding why the incidence of this disease has been
rising.

Lymphoma is a type of cancer under the broad umbrella of hematologic malignancies and
is further classified into Hodgkin and non-Hodgkin lymphoma (HL and NHL, respectively). The
majority of lymphomas are of B cell origin, arising from germinal center B cells or from B cells
that have transited through the germinal center [9]. HL are characterized by the presence of
Hodgkin and Reed-Sternberg cells [10]. NHL is a heterogeneous group of both B and T cell
neoplasms, which includes many types of lymphomas, including mantle cell lymphoma, follicular
lymphoma, and maltoma [11]. Given the heterogeneity of NHL, identification of the etiology and
establishment of a clear classification system are crucial for the treatment of these malignancies
[11].

Historically, lymphomas have been defined by the clinicopathological behavior and
grouped into broad categories [12]. With the advent of novel technologies, our understanding of
the molecular mechanisms of lymphoma pathogenesis increased, thus shifting the paradigm of
lymphoma diagnosis and treatment. For example, identification of the t(11,14) translocation and
overexpression of cyclin D1 definitively distinguishes mantle cell lymphoma (MCL) from other
subtypes of aggressive B cell lymphomas [12].

MCL remains a largely incurable disease, with a median survival of 5-7 years [13,14].
Although MCL was previously thought to be a homogeneous disease, its heterogeneity is now

better understood, with many pathways discovered to be of prognostic value for tumor growth and



patient outcomes [15,14]. However, the mechanisms by which these pathways contribute to MCL
pathogenesis are not well understood. Overexpression of cyclin D1 is thought to be a causative
factor for initial oncogenic events in MCL pathogenesis, which is followed by aberrations in a
variety of molecular pathways [13]. Cyclin D1 overexpression precipitates subsequent oncogenic
events through its ability to cause cell cycle deregulation, promote chromosome instability, and
aberrant transcriptional regulation (Table1.4).

The most common type of MCL is marked by genetic instability and SOX11 (Sex
Determining Region Y Box 11) expression [13]. The second and less common subtype of MCL is
genetically stable and has low SOX11 expression [13]. SOX11 promotes tumor growth and is one
of the common pathways deregulated in MCL. Table 1.4 summarizes the other common pathways
found to be deregulated in MCL. For example, STAT3 is one of the pathways found to be
upregulated in MCL (Table 1.4). Cross-talk between NF-kB and STAT3 is discussed later in this
chapter. STAT3 has a role in inhibition of apoptosis, enhanced cell proliferation, angiogenesis
and inflammation (Table 1.4). Our work examines the role of STAT3 in secretion of
immunosuppressive cytokines by MCL cells and the effects of these cytokines on antigen
presentation. Importantly, several of the pathways deregulated by MCL (including NF-kB,
STAT3, and PI3K) have been shown to play a role in antigen presentation [16-18].

The biological complexity underlying MCL pathogenesis prompted the search for
biomarkers for diagnosis. Immunophenotyping, which compares the MCL cells to the
immunophenotype of mantle zone lineage from which they derive [19], and detection of cyclin D1
overexpression or the chromosomal translocation t(11,14), are the classic laboratory approaches
used to diagnose the disease [15]. However, a fraction of patients do not have cyclin D1

translocation [15,20] and SOX11 can be detected in both cyclin D1 positive and negative MCL



cases [21]. While SOX11 negativity was initially considered an indicator of indolent MCL [14], a
study demonstrated that these patients experienced a more aggressive disease progression, with
underlying p53 upregulation serving as a significant molecular marker [22]. Therefore, it is
important to determine whether multiple pathways better predict disease outcomes that a single
pathway.

Molecular classification is thus paving the way to allow individually optimized treatment
strategies [23]. Gene expression profiling may benefit in cases with low cell proliferation, but this
approach has not yet been applied in routine clinical practice [24]. In our studies, we sought to
identify factors which allow tumor evasion from recognition by the immune system. Profiling of
tumors for expression of these factors may help identify patients who would benefit from
immunotherapy. We discuss the application of novel methods for identification of potential

prognostic factors in Chapter 6.1



Pathway Function
cyclin D1 Cell cycle deregulation, promotion of chromosome instability, and
aberrant transcriptional regulation

SOX11 Promotion of tumor growth
INK4a/CDK4/RB1 Activation of retinoblastoma (Rb) protein and enhanced G;-S cell-
cycle progression

ARF/MDM2/TP53 Impaired DNA repair pathways

ATM Deregulation of the ability to sense DNA damage and DNA repair
pathways
WHSK1 Chromatin modifier regulating genes involved in proliferation and cell

cycle control

NF-«xB Cell proliferation and protection from apoptosis

PI3K/AKT/mTOR Enhanced survival, growth and proliferation

STATS3 Inhibition of apoptosis, enhanced cell proliferation, angiogenesis and
inflammation

Table 1.4: The most common pathway alterations in mantle cell lymphoma (as reviewed by

Campo and Rule [13] and Jares et al. [25]).



1.4 Ovarian Cancer

In the United States, ovarian cancer is the fifth most common cause of cancer death among
women. The principal clinical challenge for this disease is that the majority of patients present
with late stage disease — 70% of patients present with International Federation of Gynecology and
Obstetrics (FIGO) Stage I1I or IV disease at the time of diagnosis, with various factors contributing
to late diagnosis [26]. Despite improvements in treatment, five-year survival rates of patients with
advanced ovarian cancer remain less than 50% [27,28]. Ovarian cancer is “not an entirely silent
disease” [26], but the non-specific symptoms make diagnosis difficult. The symptoms include
abnormal vaginal discharge, pelvic pain, back pain, bloating, and changes in bathroom habits [26].
Given that survival rates decrease drastically as the stages progress (Table 1.5), early detection
methods are needed. For example, while patients with stage I epithelial ovarian cancer have of
90% five-years survival rates, only 17% of patients with stage IV cancer survive past five years.
Moreover, within a stage, there are drastic differences in survival based on the tumor type (Table
1.5), suggesting that different types of ovarian cancers have different aberrations that are more
difficult to target than others. These molecular aberrations are reviewed below.

Early detection of ovarian cancer allows for curative surgery [29]. Platinum-based
chemotherapy provides a high response rate in the majority of patients with serous carcinoma [29].
Cisplatin (platinum agent) and paclitaxel (taxane) are offered as the standard of care. Women who
have a complete response (CR) lasting at least six months are considered to have “platinum-
sensitive” cancer and are thus candidates for re-treatment with platinum-based regimens. Patients

with mucinous and clear cell cancers have worse prognosis and standard chemotherapy has modest

10



activity in these types of cancer [29]. Targeted molecular therapies are thus needed in this patient
population.

Epithelial ovarian cancer is now understood to be a heterogeneous disease and this
understanding has been guiding treatment strategies. Our work focuses on epithelial ovarian
cancer. Importantly, the five-year survival rates of patients with epithelial ovarian cancer decline
drastically as the stage progresses. While patients diagnosed with stage I cancer have a 90%
survival rate, those diagnosed with stage IV cancer have only a 17% survival rate (Table 1.5).
Thus, it is important to understand the molecular aberrations that occur at as the cancer progresses.
Molecular profiling identified pathways that allow delineation of high-grade serous, low-grade
serous, mucinous, endometrioid, and clear cell cancers [30]. The phosphoinositide-3-kinase
(PI3K) pathway is mutated in low grade endometrioid tumors, while high grade serous tumors
have mutations in tumor protein pS3 (TP53) [30]. Early clinical studies showed that mutant p53
contributes to chemoresistance in ovarian cancer patients[31]. Mucinous tumors often have KRAS
mutations, with KRAS mutations correlating with histological type of tumors, rather than with
stage or grade [30,32].

An important breakthrough in the treatment of ovarian cancer is the application of anti-
angiogenic therapies in clinical practice (reviewed in greater detail in Chapter 1.5).
Bevacizumab/Avastin has shown single-agent activity in women with recurrent epithelial ovarian
cancer [30]. Patients receiving standard-of-care chemotherapy (carboplatin and paclitaxel) and
bevacizumab, with bevacizumab given as maintenance, experienced an increase in progression-
free survival (PFS) of 3.8 months [30]. In patients with platinum-resistant disease, the addition of

bevacizumab significantly improved PFS in patients receiving paclitaxel, topotecan, or
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doxorubicin [30]. Thus, anti-angiogenic therapies may benefit patients with platinum-resistant
disease.

In our studies, we established a link between anti-angiogenic therapies and immune
responses, demonstrating that targeting of angiogenesis enhances immune responses to cancer.
Specifically, we show that treatment with bevacizumab restores antigen presentation and that
abrogation of angiogenic factor secretion allows ovarian cancer cells to serve as antigen presenting

cells.
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Stage

I

I1I

1A%

Invasive
epithelial
90%

70%

39%

17%

Stromal

95%

78%

65%

35%

Germ cell

98%

94%

87%

69%

Fallopian
tube

87%
86%
52%

40%

Table 1.5 Five-year survival rates for different types of ovarian cancer, by stage. Data

compiled from Surveillance, Epidemiology and End Results Program (SEER). Data is for old

(prior to 2014) FIGO staging system and is based on patient diagnoses made from 2004 to 2010.

Data based on the new FIGO system are not yet publicly available.
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Chapter 1.5 HDACs and HDAC inhibitors
Introduction

Histone deacetylases (HDACs) are a family of enzymes that regulate diverse cellular
events such as gene expression, cell proliferation, and immune pathways through deacetylation of
their protein targets [33,34]. HDAC activities are frequently dysregulated in cancer and have been
implicated not only in tumor onset, but also tumor progression [35]. Moreover, recent evidence
demonstrates that HDACs facilitate tumor evasion from immune surveillance [36]. HDAC
inhibitors (HDACi) have thus garnered attention as a potential therapy in a variety of cancers
[35,33]. Some HDAC:i have entered the clinic (discussed below), while many others are being
developed.

HDAC: allow for changes in the epigenetic program of a cell. Epigenetic changes enable
modification of genetic information based on gene expression patterns and levels, rather than on
the basis of gene sequence [37]. Epigenetic changes — DNA methylation and posttranslational
histone modifications — alter gene expression, without changing the sequence of the gene. The
field of epigenetics is a relatively new, but it has contributed significantly to our understanding of
cancer initiation and progression and revealed the mechanisms underlying tumor heterogeneity
[37]. The epigenome, or the collective epigenetic changes within a cell, is now being appreciated
for its complexity, with next-generation sequencing and chromatin immunoprecipitation-
sequencing (ChIP-Seq) allowing us to understand the role of nucleosome positioning, chromatin
conformation, histone localization, and transcription factor binding in cancer [37]. With the advent
of these novel approaches, the study of epigenetics has contributed greatly to other fields.

Acetylation of histones, mediated by histone acetylases (HATs), allows for decompression

of the chromatin. Acetylation adds negative charges on histone tails, which repels the negatively
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charged DNA, thus allowing chromatin decompression. The canonical function of HDACs is
deacetylation of histones and initiation of chromatin compression (Figure 1.1). HDACs normally
exist as a part of large multiprotein complexes that are then targeted to specific genes through
interaction with transcription factors and other epigenetic modifiers, such as DNA

methyltransferases (DNMTs) [38].
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Reprinted with permission from Elsevier (license # 3857210600568). Ropero and Esteller,
Molecular Oncology, 1(1) 19-25.

Figure 1.1: Canonical functions of histone deacetylases. Histone acetylases add negatively
charged acetyl groups to histone tails, allowing gene transcription to occur. Histone deacetylases

remove acetyl groups, thus silencing gene expression.
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Cross-talk between HDACs and the STAT3 signaling pathway

Originally, HDACi were developed as pro-apoptotic agents; however, HDACs possess
many non-canonical targets and they have been studied in animal models of inflammatory disease,
including inflammatory bowel disease, asthma, and septic shock [39-41]. Through deacetylation
of non-histone protein targets, they can regulate cell signaling. HDACs can alter expression of a
large number of genes by interacting with various transcription factors, including STAT3 [38].
Specifically, HDACs are known to modulate genes involved in inflammation, including IL-10 and
STAT3-regulated genes (summarized in Table 1.6) and HDACi have been shown to have anti-
inflammatory effects [42]. For example, HDACSs have been implicated in regulation of IL-1 gene
and the STAT3-inducible gene IL-6 (Table 1.6). In mouse and rat models of arthritis,
administration of MS275, a synthetic benzamide HDAC:i inhibiting class I HDACs [43], led to
inhibition of serum IL-1 and IL-6 [41]. In ovalbumin-induced airway inflammation and airway
hyperresponsiveness, treatment with trichostatin-A (TSA) reduced eosinophil and lymphocyte
infiltration in the bronchoalveolar lavage fluid and decreased levels of IL-4, IL-5, and IgE within
the lavage fluid [44]. These changes may be attributed to TSA-mediated inhibition of HDACI,
which was shown to be expressed in most airway cells and infiltrating inflammatory cells [44].

Given the broad anti-inflammatory effects of HDACI, cross-talk between the JAK-STAT
signaling pathway and HDACSs has gained interest. HDACs not only modulate the JAK-STAT
signaling pathway, but are in turn modulated by this pathway [45]. Acetylation of STATSs plays an
important role in STAT activation: while deacetylation of STAT1 promotes its activation, STAT3
deacetylation impairs STAT3 dimerization because lysine residue acetylation is critical for STAT3
dimerization (Table 1.6) [45,46]. In diffuse large B cell lymphoma (DLBCL), inhibition of HDACs

led to a concomitant inhibition of STAT3 tyrosine-705 phosphorylation of STAT3, resulting in
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nuclear export of STAT3 [47]. Moreover, HDACi pro-apoptotic activity was dependent on STAT3
constitutive activation, thus justifying selection of patients for HDACi therapy based on STAT3
status [47]. In multiple myeloma, HDAC:i treatment inhibited STAT3 phosphorylation and
activation of STAT3-regulated pathways, including cyclin D1 and Bcl-xL, leading to apoptosis
and cell cycle arrest [48]. We were able to demonstrate similar findings in our lab: HDACi
treatment of MCL cells inhibited STAT3 tyrosine-705 phosphorylation. Moreover, we confirmed
the functional effects of HDACi treatment by ascertaining that the protein products of STAT3-
inducible genes were inhibited.

The focus of our work is on HDAC2, which has been implicated in regulating cytokine
production and STAT3-inducible genes (Table 1.6). For example, HDAC2 is a negative regulator
of STAT3-inducible genes, acting by deacetylation of STAT3 to inhibit its transcriptional function
(Table 1.6). In our studies, we demonstrate that HDACi treatment inhibits STAT3 and,

consequently, secretion of STAT3-inducible cytokines.

HDAC inhibitors

Due to the wide range of processes regulated by HDACs, they have become candidate
targets in cancer treatment [38]. Vorinostat and romidepsin are currently FDA-approved for the
treatment of cutaneous T cell lymphoma (CTCL) [37]. Belinostat is approved for the treatment of
relapsed or refractory peripheral T cell lymphoma (PTCL) [49]. Currently, these three drugs are
being evaluated for efficacy in other hematological malignancies and solid tumors, either as single
agents or in combination with other drugs [49]. Design of novel HDAC: is informed by the
understanding of different classes and mechanisms of action of HDACs. The different classes of

HDAC,], discussed below, have unique structural characteristics and mechanisms of action.
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Protein

HDAC target Gene target Comment
HDAC1 Spl IL-1 Sp1l recruits HDAC1 to IL-1 promoter
HDAC7, 9 FOXP3 IL-2 HDAC7 and 9 interact with FOXP3 and TIP60 to
repress IL-2 expression
HDAC1 ZEB1 IL-2 ZEB1 recruits CtBP and HDAC1 to the IL-2 promoter
HDAC1 = IL-12 HDAC1 is recruited to IL-12 promoter
HDAC1 GR IL-5 GR binds to IL-5 promoter and recruits HDAC1,
interfering with GATA3 positive regulation
HDACS5 = IL-8 HDACS is recruited to IL-8 promoter in cells infected
with Legionella pneumophila
HDAC2 GR GM-CSF Glucocorticoid receptor recruits HDAC2 to GM-CSF
promoter to antagonize the effect of IL-1b
HDAC1, 6, 8 | — IFN-(3 HDAC1 and 8 repress IFN-f3 expression, and HDAC6
acts as a coactivator to enhance activity
HDAC1, 2 Sin3A Ifng Sin3A Recruits HDACs to the Ifng locus for repress
its transcription in ThO cells
HDAC11 = IL-10 HDAC11 is recruited to IL-10 promoter to repress
transcription
HDAC1, 2,3 | — IL-4 HDACs are recruited to IL-4 promoter to repress
transcription
HDAC3 Pro-IL-16 Skp2 HDAC3 binds to pro-IL-16 to repress Skp2
expression and subsequently promote cell cycle
arrest
HDAC1 STATS, Id-1 STATS recruits HDAC1 to Id-1 promoter for C/EBPb
C/EBPb deacetylation, allowing transcriptional activation
HDAC3 STAT3 STAT3 target | HDAC3 enhances STAT3 phosphorylation
genes
HDAC1, 2, 3 | STAT3 STAT3 target | HDACs deacetylate STAT3 to inactivate its
genes transcriptional functions
HDAC3 STAT1 STAT1 target | HDAC3 deacetylates STAT1 allowing its
genes phosphorylation and nuclear translocation
HDAC3, 4, 5 | GATA-1 GATA-1 target | Transcriptional regulation mediated by GATA-1 is
genes diminished in the presence of HDACs
HDAC3, 5 GATA-3 GATA-3 target | Phosphorylated GATA-3 recruits HDAC3 and HDAC5
genes to specific DNA regions
HDAC3 GATA-2 GATA-2 target | HDAC3 suppresses the transcriptional potential of
genes GATA-2
HDAC3 NF-kB NF-kb target | RelA is deacetylated by HDAC3 inducing its nuclear
genes export

Reprinted with permission from Nature Publishing Group (license # 3857240110596). Villagra et

al, Oncogene, 29(2) 157-173.

Table 1.6 HDAC-mediated regulation of cytokine transcription. Abbreviations: granulocyte-

macrophage colony-stimulating factor, GM-CSF; histone deacetylase, HDAC; interferon, IFN;

interleukin, IL; nuclear factor kappa-B, NF-kB; C-terminal-binding protein, CtBP.
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There are six groups of HDAC inhibitors, derived from both natural and synthetic
compounds: (i) hydroxamate, such as TSA and SAHA; (ii) aliphatic acid, such as sodium butyrate
(NaB) and valproic acid (VPA); (iii) benzamides, such as MS-275 (entinostat); (iv) cyclic
tetrapeptides, such as romidepsin; (v) electrophilic ketone; and (vi) sirtuins inhibitors (SIRT1) [50].
Studies of different classes of HDACs revealed structure-function relationships that facilitated the
creation of synthetic HDAC inhibitors, with a specific focus on creation of selective HDACi with
enhanced clinical utility and decreased side effects. For example, class | HDACs are structurally
different than class I HDACs [51]. This observation led to synthesis of hydroxamic class of
HDAC inhibitors containing common structural characteristics: a zinc-binding moiety connected
to a capping group via an alkyl, vinyl, or aryl group [34]. The aliphatic chain contacts hydrophobic
residues in the channel [34], while the capping group is exposed to the solvent and interacts with
amino acids near the entrance of the active site [52].

TSA is the most widely studied class I and Il HDAC inhibitor, with over 2,600 published
studies in the past decade. The hydroxamic acid group of TSA binds to the zinc atom situated at
the bottom of the 11A channel while the aromatic ring neighbors Glu and Asp residues of the
active sites of HDACs [51]. The N,N-dimethylaminobenzyl group interacts with a single pocket
on the HDAC surface [51,53]. Figure 1.2 depicts a model of TSA bound to the HDAC catalytic
core. Elucidation of the mechanisms of HDAC inhibition by TSA has been invaluable in synthesis
of novel HDACI, providing the framework for further development of novel HDACi [53].
Furthermore, genome-wide studies of TSA’s effects on gene expression have given insights into
the biological effects of HDACi in many settings, ranging from cancer, to neurogenesis and

infection [54-57].
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Studies on the mechanisms of action of TSA and other HDAC inhibitors led to our
understanding of how specificity can be achieved through chemical modification of existing
inhibitors. Improvement of pharmacokinetic properties arises from incorporation of solubilizing
functional groups [34]. Furthermore, derivation of analogues is based on specific interactions
between the inhibitor and the enzyme. For instance, the entry channel of class  HDAC:s is flexible
because the amino acids forming the active sites are found in loops [51]. Thus, derived analogues
must account for the flexibility of the enzyme itself. Furthermore, class | HDACs are highly
homologous in the active site region. Therefore, analogue synthesis approaches focusing on
altering the groups that fit within the active site will be very unlikely to achieve specificity.
Nonetheless, isoform selectivity can be derived from studying the shape and charges around the
opening to the active site [5S1]. Another approach of analogue synthesis focuses on the chain length,
saturation, and presence of rings within the chain. Valproic acid (VPA) features an ethyl group,
which allowed improvement of inhibition to the micromolar range, whereas other derivatives with

aryl groups within the chain act in the nanomolar range [52].

HDAC: in the clinic

Currently, HDAC:i are in clinical trials as adjuvants to cytotoxic agents and, preclinically,
they are studied for their potential use in combination epigenetic targeted therapy. In particular,
the combination of DNA methyltransferase and HDAC inhibitors has been proposed [58]. This
approach relies on synergistic reactivation of gene expression [58], which would subsequently re-
sensitize cells to therapies or turn on transcriptional programs that would be incompatible with
cancer cell survival. For example, combination epigenetic therapy of VPA and DNMT inhibitor

5-azacytidine (Vidaza) in patients with intermediate and high-risk myelodysplastic syndrome
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resulted in partial or complete remission in 30.7% of patients, while 15.4% showed hematologic
improvements and 38.5% showed stable disease [59]. Moreover, HDAC inhibitors can sensitize
cancer cells to DNA-damaging agents, such as topoisomerase inhibitors [50]. This phenomenon
became the premise for the use of VPA in conjunction with karenitecin, a topoisomerase I
inhibitor. This combination resulted in 47% of myeloma patients achieving stable disease with an
overall survival of 32.8 weeks [59].

Other combinations have been explored. In preclinical studies, the STAT3 inhibitor
WP1066 synergized with vorinostat in mediating growth inhibition and apoptosis of MCL cell
lines [35]. Moreover, Panobinostat was combined with an inhibitor of S-adenosyl-L-homocysteine
hydrolase, DZNep, which has been shown to allow re-expression of epigenetically silenced genes.
Treatment with DZNep and Panobinostat induced apoptosis of both MCL cell lines and primary
MCL cells [60]. Furthermore, the combined treatment synergistically inhibited in vivo tumor
growth of JeKo-1 xenografts [60]. Importantly, Panobinostat alone inhibited tumor growth,
compared to vehicle control [60]. In Chapter 3, we present evidence for NKT cell-mediated
regression of JeKo-1 xenografts [60]. Collectively, these data warrant testing of adoptive transfer
in combination with HDACi in a humanized mouse model of MCL. While various combinations
of HDACi with other chemotherapeutic agents have been widely studied, the combination of
HDACIi with immunotherapy is a novel avenue, with mechanistic studies helping to build the
foundation for the application of this combination in the clinic [61,62].

There are a limited number of clinical trials of HDACi in MCL patients. Kirschbaum et al.
performed a phase II clinical trial using vorinostat in patients with relapsed/refractory follicular
lymphoma (FL), marginal zone lymphoma (MZL) and MCL [63]. The single-agent activity of

vorinostat was poor. There were no responders among MCL patients, median PFS was 5.9 months,
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and one patient maintained stable disease for 26 months [63]. The drug was well-tolerated over
long periods of time, and, considering the poor outcomes, combination therapy may yield more
positive results [63]. A phase I/II clinical trial combining vorinostat, cladribine, and rituximab in
patients with previously untreated MCL is currently underway at the Knight Cancer Institute [64].
The last reported overall response rate (ORR) was 100%, with 93% of patients achieving complete
response (CR) [64]. Myelosuppression was the primary toxicity of this regimen (Table 1.7), with
one case of grade 4 thromboembolic event, and one grade 5 pulmonary hemorrhage [64]. Toxicities
were primarily hematologic (Table 1.7) and reversible. Summary of study findings is presented in
Table 1.7. The study (NCT00764517) is currently ongoing and is estimated to complete in June
2016.

Given that HDACi have had marginal success as single agents, various combination
therapies have been proposed. As discussed in the next chapter, HDACi have been shown to
increase immunogenicity of tumor cells. In our studies, we provide evidence of HDACi enhancing
antigen presentation by tumors, which warrants future studies of combination of HDACi with

immunotherapy.
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Reprinted with permission from Nature Publishing Group (license # 3862170835800). Finnin et
al., Nature, 401(6749) 186-93.

Figure 1.2: TSA within the histone deacetylase catalytic core. The active site pocket contains

a zinc cofactor. TSA binds to the zinc.
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Clinical Response Rate

Patient population Number Response Response rate
Relapsed NHL 43%
MCL 9 4 (2CR)
DLBCL 3 0
FL 1 1 (PR)
MZL 1 1 (CR)
Relapsed CLL 7 4 (PR) 57%
Previously untreated 15 14 93%
MCL 11 CR
Grade 3 Adverse Events
Event Number (per 147 cycles of treatment)
Hematologic
Neutropenia 59 (40%)
Thrombocytopenia 33 (22%)

Non-hematologic

Infection 12 (8%)

Fatigue 8 (5%)
Table 1.7: Summary of findings of the SCR study at the Knight Cancer Institute. Phase II
study evaluated the combination of vorinostat (SAHA), cladribine, and rituximab (SCR) in mantle
cell lymphoma, chronic lymphocytic leukemia, and relapsed B cell non-Hodgkin lymphoma. The
study is currently ongoing. Findings were presented at the 2011 American Society of Clinical
Oncology (ASCO) Annual Meeting [64]. Abbreviations: complete response, CR; partial response,
PR; mantle cell lymphoma, MCL,; diffuse large B cell lymphoma, DLBCL; follicular lymphoma,

FL; marginal zone lymphoma, MZL.
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1.6 Epigenetic modulation of antigen presentation

Classical major histocompatibility (MHC) molecules bind peptide antigens and present
them on the cell surface for recognition by T cells. There are two classes of MHC molecules, MHC
class I and II, which, in humans, are encoded by the human leukocyte antigen (HLA) genes. MHC
class I molecules are ubiquitously expressed on all nucleated cells, while MHC class II molecules
are expressed on hematopoietic cells and thymic stromal cells. There are three class I a-chain
genes in humans, called HLA-A, -B, and -C, and three pairs of MHC class II a- and (3-chain genes,
called HLA-DR, -DP, and -DQ [65]. The MHC locus encodes many genes whose products are
necessary for antigen processing and presentation.

MHC class I genes are regulated by cis-acting regulatory promoter elements: enhancer,
interferon-stimulated response element, and the SXY module [66]. Expression of the MHC class
IT genes is governed by MHC class II transactivator (CIITA), which acts as a transcription co-
activator of MHC class II genes in response to IFN-y [65]. The CIITA is necessary for MHC class
IT transcription, but it also contributes to the activation of MHC class I gene transcription [65].
CIITA exerts its function through interactions with the MHC class II enhanceosome. Following
CIITA interaction with the enhanceosome, numerous co-activators are recruited. CIITA interacts
with HDACs, which negatively regulate CIITA’s transcriptional transactivation activities [65].

In addition to the highly polymorphic classical MHC class I/II genes, there are many non-
classical MHC genes [67,68]. Some MHC class I-like genes are located outside of the MHC region.
The CDI family of genes, including the five human CD1d genes, CD1a-e, are located outside of
the MHC locus [69]. In mice, there are only two CD1d genes, CD1d1 and CD1d2, of which only
one —CD1d1—is functional [70]. Generally, the mouse product of the CD1d1 gene is referred to

as CD1d. CDI1 molecules are similar to MHC class I molecules in structure: they have three o
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chains and they are associated with f3;-microglobulin [71]. However, CD1 molecules follow an
MHC class II-like route, trafficking via the endocytic pathway [72]. Unlike either MHC class I or
class II molecules, CD1 molecules bind lipid antigens, owing to their hydrophobic groove [71].

The basis of transcriptional regulation of CD1d remain poorly understood. In humans, the
proximal promoter is regulated by Spl [73,74], whereas LEF-1 is a negative regulator of CD1d
transcription, exerting its function through binding at the distal promoter and recruitment of
HDACS [75]. The murine CD1d promoter is regulated by Ets family transcription factors Elf-1
and PU.1 [76]. Human and mouse CD1d genes share a retinoic acid response element [77]. Finally,
two studies have implicated the role of HDACs in controlling CD1d gene expression [74,75]. Our
study fills a gap in the field by demonstrating that HDAC?2 is a negative regulator of CD1d gene
expression.

Tumors frequently dysregulate antigen presentation. MHC class I loss or downregulation
has been found to range from 16 to 80% in tumors of different types [78]. Moreover, low MHC
class II expression correlates with poor prognosis [79]. CD1d downregulation has been shown to
occur during myeloma progression [80]. In contrast, other studies have shown that cells carrying
more cytogenetic abnormalities had higher CD1d levels [81], suggesting that upregulation of
CD1d may serve to “alert” the immune system and that tumors may utilize various mechanisms to
evade NKT cell responses. In CLL, CD1d upregulation was associated with reduced survival
[81,82]. Intriguingly, the percentage of CD1d/CD19 double positive cells in patient blood
inversely correlated with the percentage of NKT cells [81], suggesting that CD1d upregulation
may lead to loss of NKT cell due to overactivation, resulting in activation induced cell death
(AICD), or anergy. Ultimately, however, upregulation of CD1d may exhaust NKT cells, inducing

anergy. Alternatively, NKT cells may play a more of an immunoregulatory role in CLL. These
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findings have important implication for our work because we found that HDACi treatment induces
slight induction in CD1d levels. We believe that a slight increase in CD1d levels will help activate
NKT cells without inducing anergy.

The molecular mechanisms underlying dysregulation of antigen presentation include
structural gene abnormalities, defective transcription/translation regulation, and induction of
hypermethylation of gene promoters or aberrant recruitment of HDACs [83,78]. CIITA has been
shown to recruit HDAC:s, leading to dissociation of CIITA from the MHC class II promoter [84].

HDAC: induce expression of MHC class I and II genes on the surface of neuroblastoma
cells [85]. In neuroblastoma cells, the effects of TSA were dependent on CIITA activation [85].
However, in a CIITA-deficient cell line RJ2.2.5, TSA induced MHC class II, suggesting that
HDAC: can induce MHC class Il independently of CIITA activation [85]. In melanoma cells,
HDAC: treatment enhanced transcription of genes involved in MHC class I antigen presentation
pathway, including transporter associated with antigen processing (TAP) 1 and 2 and tapasin [86].

While there is a scarcity of data on the effects of HDACi on CD1d gene transcription [74],
a seminal study by West et al. demonstrated that treatment of Eu-myc lymphoma-bearing mice
with vorinostat and a-GalCer led to reduced tumor growth, with concomitant administration of
HDACI and a-GalCer causing increased survival, compared to either agent alone [87]. While
CD1d levels on the tumor cells were not assessed in this study, these data suggest that CD1d-
mediated antigen presentation was enhanced [87].

Although the effects of HDACi on antigen presentation by tumors have been positive,
HDACI have been shown to inhibit antigen presentation by professional antigen presenting cells.
HDAC: suppress expression of costimulatory molecules on dendritic cells (DCs), change their

metabolism as well as their secreted cytokine profile, and can impair their antigen uptake
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capabilities [88]. Specifically, valproic acid and LBH589 have been shown to reduce the
expression of costimulatory molecules CD80, CD40, and CD83 and alter expression of adhesion
molecules [88,89]. As aresult of these changes, both MHC class I and [I-mediated antigen-specific
immune responses relayed by DCs were impaired, limiting their ability to activate T cells and NKT
cells [90]. The discrepancies in the effects of HDACi may be attributed to the fact that HDACs
have normal functions, but due to their overexpression and aberrant recruitment in tumors, HDACi
treatment of tumors restores the “normal” epigenomic program by fine-tuning HDAC activities.
Overall, epigenetic agents enhance antigen presentation by tumors through multiple
mechanisms. Antigen presentation defects allow escape from immune system recognition and
reversal of these defects through epigenetic therapies is a promising approach. Importantly, the
functional effects of HDACi on CD1d-mediated antigen presentation have not been studied. We
demonstrate that HDACi enhance CDI1D-mediated antigen presentation by human MCL cells
through induction of CD1D mRNA and cell surface expression. Thus, our studies are the first to

implicate a role for HDACs in CD1D-mediated antigen presentation by MCL cells.
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1.7 Anti-angiogenic therapies in ovarian cancer

Introduction

VEGF was first isolated as an endothelial cell-specific mitogen able to induce
angiogenesis, or growth of blood vessels [91]. The VEGF family of growth factors includes
VEGFA, VEGFB, VEGFC, VEGFD, and placenta growth factor (PGF), which differ in their
function, specificity and expression pattern [92]. The most widely studied VEGF family member,
VEGFA, commonly referred to as VEGF, includes a number of different variants arising from
alternative splicing [91]. VEGF receptor signaling is mediated by receptor tyrosine kinases (RTKs)
and neuropilins (NRPs), which can affect the function of multiple RTKs and integrins. Some tumor
cells lack one or more VEGF RTKs, but are nonetheless responsive to VEGF signals because
NRPs can function as VEGF co-receptors, increasing the binding affinity of VEGF [91,92].

VEGF promotes tumor angiogenesis through multiple mechanisms: enhanced endothelial
cell proliferation and survival; increased endothelial cell migration, aided by induced lattice
networks; increased vessel permeability; and enhanced homing of vascular precursor cells from
the bone marrow [92]. Other described functions include promotion of tumor cell survival,
migration, and invasion [92]. VEGF is secreted by tumor and stromal cells and can function in
autocrine manner to promote de-differentiation and epithelial-mesenchymal transition (EMT) [91].
The effects of VEGF within the tumor microenvironment are summarized in Figure 1.2.

VEGF activates the PI3K-AKT and MAPK signaling pathways (among others), thus
activating tumor cell survival and migration. Moreover, activation of the PI3K pathway by VEGF
leads to increased vascular permeability and vasculogenesis. The broad effects of VEGF signaling

are summarized in Figure 1.4.
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Reprinted with permission from Nature Publishing Group (license # 3857640085632). Goel and
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Figure 1.3: Functions of VEGF in the tumor microenvironment. Tumor cells and stromal cells
secrete VEGF, which can function to induce sprouting angiogenesis, increase vascular
permeability, and promote de-differentiation and EMT of tumors. Moreover, VEGF can recruit
regulatory T cells, which are known to facilitate the creation of an immunosuppressive

microenvironment.
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Figure 1.4: Signal transduction and biological processes mediated by VEGF receptors. VEGF
receptor signaling activates many signaling cascades, including PI3K-AKT and MAPK. Targeting
of VEGF and the VEGFR is accomplished by antibodies, whereas downstream signaling events

are inhibited through inhibitors, including sunitinib and sorafenib.
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VEGF inhibitors

Due to its potent biological activities, VEGF inhibition has been studied as a potential
therapeutic strategy. Antibody-mediated inhibition of VEGF using bevacizumab has shown
efficacy in many cancers [91,93]. Moreover, inhibitors of VEGF RTK activity (Figure 1.4), such
as sunitinib, sorafenib, and pazopanib are in clinical trials. Sunitinib showed modest response in
patients with recurrent and refractory ovarian, fallopian tube, and peritoneal cancers [94]. In
another study, sunitinib was used as a single agent and was found to exhibit activity in recurrent
platinum-sensitive ovarian cancer, with scheduling proven to be important because of high
incidence of ascites and pleural effusions in the intermittent schedule treatment scheme [95].
Sorafenib showed modest activity in a phase II study with recurrent ovarian cancer, while another
phase II trial including patients in complete remission demonstrated no significant improvement
in PFS, leading the authors of the study to make the recommendation to not use sorafenib as a
maintenance therapy [96,97]. Finally, pazopanib demonstrated PFS benefit as a maintenance agent
in a phase III trial [98].

Unlike RTK inhibitors, which have given mixed results, bevacizumab was shown to be
efficacious in the treatment of recurrent and metastatic disease [99-102]. Bevacizumab has also
been used to palliate fluid accumulation in patients with ovarian cancer associated-ascites [103].
Bevacizumab has been combined with conventional therapy (carboplatin and paclitaxel) and used
as a maintenance agent [30]. In two similar studies, which combined bevacizumab with carboplatin
and paclitaxel, an increased PFS was observed, but there were no differences in OS [100,102].
However, subgroup analysis revealed increased OS in patients with stage IIIC and IV disease
[102], suggesting that patients at highest risk for progression may benefit from combination

therapy and bevacizumab maintenance [30].
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VEGF and immunomodulation

VEGF has been shown to have immunomodulatory activities. For example, VEGF inhibits
functional maturation of dendritic cells [104,105]. Moreover, VEGF promotes accumulation of
myeloid-derived suppressor cells (MDSCs), regulatory T cells (Treg) and macrophages in the
tumor microenvironment [106,107]. Low-dose anti-VEGF antibody therapy may facilitate the
penetration of immune effector elements into the tumor parenchyma due to vessel “normalization”
which generates a homogeneous distribution of tumor vessels, allowing immune cells to infiltrate
the tumor [108]. VEGF has also been shown to reduce the cytotoxic activity of T cells leading to
increased VEGF receptor expression on T cells [109], thus creating a negative feedback loop that
may be able to be targeted in order to achieve improved treatment outcomes or help overcome
chemotherapy resistance [103,110]. Importantly, T cells isolated from the ascites of ovarian cancer
patients show a significantly reduced proliferation rate in the presence of exogenously added
VEGEF [109]. Therefore, VEGF can act directly on T cells.

We are the first group to show that VEGF inhibition restores natural killer T (NKT) cell
responses. Moreover, we established a link between VEGF and immunosuppressive ganglioside
shedding [111]. Given that NKT cells recognize lipid antigens, we provide evidence for existence
of two mechanisms by which ovarian tumors suppress NKT cell responses. Finally, as mentioned
above, T cells are inhibited by exogenous addition of VEGF and we thus determined whether NKT
cells express VEGFR. Given that NKT cells express VEGFR, future studies will help delineate the

direct effects of VEGF on NKT cell activation.
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1.8 The role of the immune system in cancer elimination

The concept that immune system plays an important role in preventing tumor formation
was first proposed by Burnet and Thomas, who put forth the cancer immunosurveillance
hypothesis in 1957 [112]. The immune system can 1) protect the host from virus-induced tumors
by battling viral infection, 2) control inflammation, and 3) specifically eliminate arising tumor
cells in a process called immune surveillance [113]. The immune cells act as sentinels, sensing
neoplastic transformation, and destroying malignant cells by initiating a strong anti-tumor
response [112]. Early studies of transplant patients who were immunosuppressed and individuals
with immunodeficiencies demonstrated that they were at a greater relative risk for cancer
development [112,114]. Many epidemiological and laboratory studies offer compelling evidence
that the immune system serves as a barrier to tumor formation.

Ultimately, tumors are able to escape immune surveillance by acquiring low
immunogenicity [112]. Three phases — elimination, equilibrium, and escape — allow tumor evasion
from immunosurveillance [115,113,116]. Tumor cells that escaped the elimination phase will enter
the equilibrium phase, remaining either dormant or acquiring mutations and epigenetic changes
that allow clones with low immunogenicity to grow [113]. The immune system puts a selective
pressure on the tumor, thus allowing only resistant clones to arise [113]. However, at this point,
the tumor is kept in check by the immune system and, in mouse studies, this process has been
shown to extend for the entire lifetime of the mouse [117]. Some tumor clones are able to escape
recognition by the immune system [113,118,116]. Mouse studies demonstrated that tumors derived
from immunodeficient mice are more immunogenic than tumors from immunocompetent hosts,

suggesting that the immune system sculpts the tumors that are ultimately able to escape [118].
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Tumors utilize various mechanisms to achieve escape. Tumors downregulate or completely
lose antigens that are able to stimulate immune cells [118,119]. Moreover, tumors can upregulate
mechanisms of resistance against cytotoxic effector cells [118,119]. Finally, tumors can establish
an immunosuppressive microenvironment by producing cytokines or through upregulation of
inhibitory receptors, thus inhibiting the immune system via both cell contact-dependent and
independent mechanisms [119]. Factors such as VEGF, IL-10 and transforming growth factor-f§
(TGF-B) have been shown to induce immune dysfunction, both directly (through suppression of
lymphocytes) and indirectly (through suppression of antigen presentation) [119].

A major factor controlling production of immunosuppressive cytokines is STAT3
[119,120,16]. Constitutive activation of STAT3 leads to production of cytokines, such as IL-10
and VEGF, which have been shown to suppress anti-tumor immunity through impaired dendritic
cell activation and maturation (Figure 1.4). Our work addresses the role of STAT3 and STAT3-
inducible cytokines in antigen presentation.

The mechanisms of tumor escape are varied and complex, including both cell contact-
dependent and independent mechanisms. The mechanisms of tumor escape are only beginning to
be understood and novel mechanisms may be discovered [119]. Understanding of these escape
mechanisms is crucial to the development of successful immunotherapies.

Our work focuses on epigenetic mechanisms of tumor evasion from immune recognition.
Moreover, we provide evidence for tumor-secreted factors inhibiting antigen presentation. The
scope of our work includes both cell-intrinsic and cell-extrinsic mechanisms of immune

suppression.
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Figure 1.5: Tumor escape through cell contact-independent mechanisms. STAT3 regulates
production of immunosuppressive factors, such as VEGF and IL-10, which can suppress immune

cell effector functions.
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1.9 Innate and adaptive immune responses in cancer

Natural killer (NK) cells, dendritic cells (DCs), neutrophils, eosinophils, basophils, mast
cells and macrophages are the first line of defense against damaged and tumor cells. Innate immune
cells (such as NK cells), adaptive immune cells (such as cytotoxic T lymphocytes), and cells
displaying both innate and adaptive functions (such as Natural killer T (NKT) and ydT cells),
work in tandem to orchestrate an anti-tumor response [116]. The innate immune system allows for
quick but non-specific responses to pathogens and tumors [116]. On the other hand, the adaptive
immune response takes time to develop, but is highly specific and capable of generating
immunological memory [116].

NK cells are the primary innate cells that respond to tumors lacking major
histocompatibility (MHC) molecules. NK cells can directly kill tumors, through release of perforin
and granzymes [121]. Upregulation of stress molecules on the surface of tumor cells allows NK
cell activation through engagement of natural killer group 2D (NKG2D) receptors [121].
Macrophages recognize molecules upregulated during tumor cell apoptosis and phagocytose the
dying cells. DCs are the most potent professional antigen presenting cells that are able to present
antigens to T cells. DC precursors migrate from bone marrow to all tissues where they reside in an
immature state to function as sentinels. DC ingest antigens and then migrate to peripheral lymphoid
tissue to mature and activate T cells [122]. Neutrophils, eosinophils, basophils and mast cells can
significantly impact the tumor microenvironment through the production of cytokines. For

example, neutrophil-secreted cytokines and chemokines recruit DCs and macrophages [123].

B and T cells are the major players of the adaptive arm of the immune system. Following
activation, these lymphocytes undergo rapid clonal expansion. Activated B cells transform into

terminally differentiated plasma cells, which can produce tumor-specific antibodies, along with
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other antibody-secreting effector B cells [124]. In addition to antibody generations, B cells can
serve as antigen presenting cells and secrete cytokines to modulate the function of other cells [125].
T cells differentiate into subsets that can mediate cytokine production, tumor cell killing, and
provide help to B cells.

vOT and NKT cells are types of innate-like lymphocytes that have well-established roles in
mediating anti-tumor responses [126,127]. Both cell types can directly kill tumors and produce
cytokines to activate other immune cells. y8T can directly kill tumors via perforin, granzyme, and
TNF-related apoptosis-inducing ligand (TRAIL) [126]. Moreover, they can produce interferon-y
(IFN-y) [126]. CD27" counterparts of yOT cells secrete IL-17 and are thought to promote tumor
growth and metastasis through cross-talk with myeloid cells [126]. NKT cells can also directly kill
tumors and are thought to serve as a bridge between the innate and adaptive immune responses
due to their ability to produce cytokines. Importantly, NKT cells are able to respond to tumor-
derived lipids, suggesting that alterations of the lipid repertoire within a tumor allow NKT cells to
recognize cells undergoing malignant transformation. Just as there is a subset of y8T thought to
promote tumor growth, there is a subset of NKT cells that also promotes tumor growth. NKT cells

are reviewed in more detail in the next section.
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1.10 NKT cells
Introduction

The discovery of conserved Va4 chains across several hybridoma lines was quite unusual
[128] because TCRs are highly diverse, with 70-80 a chain genes giving an enormous diversity to
TCRa. In vivo, a population of thymocytes possessing a single V[ chain (V) was described and
posited to “represent a distinct lineage” [129]. It was this discovery that prompted the search for a
T cell subtype characterized by an invariant Val4 chain with VB chains of limited diversity.
Koseki et al. discovered that the frequency of the Val4" cells was much higher than expected,
with Val4" cells comprising up to 10-20% of T cells in the livers of mice [130]. Almost a decade
after the discovery of this remarkable population of Va14" cells, Adachi et al. noted that they were
greatly reduced in f2-microglobulin deficient mice [131]. Later, Lantz and Bendelac ascertained
that the Va4 cells all recognized CD1d and it became clear that they were a distinct population
of T cells [132].

NKT subpopulations are highly heterogeneous in both phenotype and function and can be
divided broadly into CD4" and CD4 subsets. In humans, CD4" NKT cells produce Thl and Th2
cytokines, whereas double-negative and CD8" NKT cells primarily produce Thl-type cytokines
[133]. Mouse NKT cells also include CD4" and CD4 subsets, with different subsets possessing
diverse functional profiles. Mouse NKT cell populations exhibit diversity in their ability to
produce cytokines, depending on the organ and subsets. NKT cell subpopulations from thymus,
spleen, and liver produced 19 cytokines with differences of 10- to 100-fold in response to
CD3/CD28 stimulation, depending on the organ [134]. Liver-derived NKT cells produced equal
or higher amounts of IFN-y, as compared to thymic NKT cells in response to CD3/CD28

stimulation [134]. Moreover, liver-derived CD4 NKT cells mediate tumor rejection more
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effectively than CD4" NKT cells [135], suggesting that differential cytokine profiles of each of the
subsets play an important role. Production of these cytokines may facilitate conventional T cell
differentiation, with NKT cells serving as primary initiators of antigen-specific responses. Studies

delineating the differences in NKT cell subtypes are ongoing.

Cytokines produced by NKT cells

The majority of NKT cells found in the periphery express both IL-4 and IFN-y mRNA
[136]. NKT cells are primed to exert their effector function and could thus provide immediate
protection at sites of pathogen entry, while conventional T cells are undergoing antigen-specific
expansion [136]. Moreover, production of these cytokines may facilitate conventional T cell
differentiation, with NKT cells serving as primary initiators of antigen-specific responses [136].

Depending on the type of lipid presented to NKT cells in the context of CD1d, differential
cytokine profiles can be induced. The best studied and most frequently used ligand for NKT cells
is a-Galactosylceramide, a-GalCer, a glycolipid originally isolated from a marine sponge Agelas
mauritianus [137]. a-GalCer induces rapid cytokine production and proliferation and has been
extensively studied as an adjuvant in cancer. For example, a-GalCer induces IL-4, IL-13 and IFN-
v, but B-GalCer is a poor inducer of IFN-y, TNF-a, GM-CSF, and IL-4 gene expression [138].
These findings have led to the design of glycolipids that can skew serum cytokine production
toward Thl responses and novel analogs of a-GalCer are currently in development.

IL-12p70 and IL-23 are members of a small family of heterodimeric cytokines
predominantly produced by DCs and macrophages. IL-12p70 is involved in the induction and
amplification of the Thl response, while IL-23 mediates inflammatory responses, through

induction of expansion of Th17 cells [139]. Uemura et al. demonstrated that when NKT cells are
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co-cultured with DCs, NKT cells enhance IL-12p70 production while downregulating 1L-23
production by DCs [139]. Moreover, NKT cells can be activated both in antigen-independent and

IL-12 and Toll-like receptor (TLR)-dependent manner [140].

Effects of cytokines produced by NKT cells

NKT cells can mediate anti-tumor activity via three mechanisms (Figure 1.6). First, they
can directly kill tumor cells [127]. Second, they can induce maturation of dendritic cells, in a
CD40-CD40L-dependent manner [141], thus initiating adaptive anti-tumor immunity. Finally,
they activate NK cells and T cells by producing pro-inflammatory cytokines, such as IFN-y and
TNF-a. The importance of NKT cells in mediating NK and T cell responses was demonstrated in
FBL-3 erythroleukemia and B16 melanoma mouse models. In this model, NK and T cells could
not mediate tumor rejection in the absence of NKT cells [142].

In vivo administration of a-GalCer rapidly activates NKT cells to release Thl and Th2
cytokines, which contribute to the activation of NK cells, dendritic cells, and T lymphocytes [143].
Immature DCs can present antigens to NKT cells, which induce DC maturation, which in turn
provides the necessary co-stimulation for NKT cell activation [144].

In addition to playing an important role in activation of DCs, NKT cells can help mount B
cell-mediated anti-tumor immune responses. NKT cells induce B cell maturation and expansion
of memory B cells, even in absence of a-GalCer, suggesting that endogenous ligands can be
presented in the context of CD1d on B cells [145]. Coadministration of a-GalCer and protein
vaccines activates NKT cells to help B cells produce primary and memory antibody responses,
with CD40-CDA40L interaction necessary for optimal antibody responses [145]. In the absence of

NKT cells, antibody responses can still be mounted, but the serum antibody titers decrease more

42



rapidly, suggesting that NKT cells are needed for maintaining plasma cell survival [145]. Since
antibody binding of tumor antigens is important to Fcy receptor engagement-dependent DC
activation [146], NKT cells can indirectly facilitate induction of DC maturation by playing a role

in allogeneic antibody production.
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Figure 1.6: NKT cells bridge innate and adaptive immune response. NKT cells have been
shown to augment anti-tumor responses due, in part, to their capacity for rapid production of large
amounts of IFN-y, which acts on NK cells to target MHC-negative tumors, and also, to target CD8

cytotoxic T cells to promote killing of MHC-positive tumors.
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Co-stimulatory requirements

NKT cells constitutively express cytokine mRNA and can synthesize cytokines in the
absence of CD28 signaling, unlike conventional T cells, which require CD28 for cytokine gene
transcription [147]. Cytokine production by NKT cells is independent of CD28/CD40 co-
stimulatory pathways, and even though CD28"" mice have NKT cells, CD28 and CD40 signaling
is required for optimal expansion of the NKT cells in vivo. Thus, NKT cells can be activated
without CD28 co-stimulation, while the production of downstream factors such as IL-12 by DCs
may be necessary to mount a full NKT cell response [135].

NKT cells express CD28 and CD28-CD80/CD86 co-stimulation is necessary for 1L-4
production, which is drastically reduced in the presence of anti-CD80 and anti-CD86 antibodies
[148]. Moreover, blockade of CD80 and CD86 resulted in a marked but partial inhibition of IFN-
v production [148]. CD28- and CD40-deficient B6 mice have impaired IFN-y production, but IL-
4 production is impaired in CD28-deficient mice only [148]. In addition, NKT cells from CD28
or CD40-deficient mice have impaired cytotoxic activity. CD154-CD40 blockade polarizes NKT
cells toward a Th2 phenotype, with Th2 cytokine production being dependent on CD28 co-
stimulation. On the other hand, IFN-y production is dependent on IL-12 production by DCs and
requires CD154-CD40 interaction, while CD28 is able to regulate IFN-y production
independently of IL-12, suggesting that IFN-y production is dependent on both CD28 and CD40
co-stimulation in C57BL/6 mice [148].

a-GalCer has been shown to promote DC maturation and subsequent antigen-specific T
cell responses, with CD40-CD40L necessary for optimal DC-NKT cell interaction [149].

Moreover, TNF-a-induced maturation of DCs led to OX40L upregulation, which, through
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engagement of OX-40 on NKT cells, activated NKT cells [144]. IL-12 produced by DCs is critical
for IFN-y production by NKT cells and requires CD154-CD40 interaction.

Due to their ability to rapidly produce a wide variety of cytokines, NKT cells can polarize
the immune response toward a Th1 profile, while in other cases, NKT cells drive Th2 responses.
In addition, NKT cells play an immunoregulatory or immunosuppressive role in some systems,
usually through their production of Th2-type cytokines. In other systems, they appear to promote
enhanced cell-mediated immunity via production of Thl-type cytokines. Work focused on
delineating the factors that drive cytokine polarity of the NKT cell responses is ongoing.
Ultimately, understanding of co-stimulatory and antigen stimulation requirements of NKT cell

subsets will help identify the mechanisms of Th1/Th2 polarization.

NKT cells in immunotherapy

NKT cells were shown to be important for effective anti-tumor immunity in several cancer
models, with adoptive transfer experiments in mice demonstrating that CD4 NKT cells are the
main anti-tumor NKT cell subset [150]. NKT cells can directly lyse CD1d" tumors [137] and
ectopic expression of CD1d in tumors can enhance NKT cell-mediated anti-tumor responses [151].
On the other hand, cross-presentation of tumor-derived glycolipids by dendritic cells allows
induction of NKT cell-dependent T cell-mediated anti-tumor immunity [152]. NKT cells are
reduced in number and function in cancer patients [153] and a correlation between a higher NKT
cell frequency and improved prognosis has been demonstrated [154].

The potent anti-tumor functions of NKT cells prompted researchers to examine the efficacy
of NKT cell-based therapies. Administration of a-GalCer first showed efficacy in a mouse model

of melanoma [155,156]. Moreover, our lab demonstrated that a single dose of a-GalCer reduced
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tumor burden and stalled progression of MCL [157]. Similarly, administration of a-GalCer-loaded
autologous tumor cells in a transgenic mouse model of myc oncogene-driven B cell lymphoma
inhibited tumor growth and enhanced survival [158]. In humans, administration of a-GalCer in a
phase I study demonstrated that a-GalCer is well-tolerated and, while no clinical responses were
recorded, patients with higher NKT cell numbers exhibited positive biological effects, such as
detectable serum IFN-y [159]. Moreover, administration of DCs loaded with a-GalCer led to
expansion of NKT cells, increased serum cytokine levels, and increase in memory T cells [160].
Importantly, there are several clinical trials assessing efficacy and safety of NKT cell adoptive

transfer currently underway in China (NCT02562963, NCT02619058, NCT01801852).

Given that NKT cells are reduced in number in cancer patients [153,161] and that
correlative studies demonstrated that increased NKT cell numbers have a positive prognostic
value, adoptive NKT cell transfer is a rational approach. As mentioned above, the factors
governing NKT cell polarization are not yet fully understood. Thus, understanding how NKT cells
display differential cytokine profiles will be crucial before adoptive transfer of a specific subset
can yield effective results. For example, adoptive transfer of bulk NKT cells may not be efficient
because of existence of multiple subtypes of NKT cells within the bulk population that may inhibit

the action of Th1-type NKT cells.

Adoptive transfer of NKT cells was demonstrated to have efficacy in a mouse model of
CD1d" lymphoma model [162]. In a phase I study of adoptive transfer of NKT cells in patients
with advanced and recurrent lung cancer, no partial or complete responses were recorded [163].

Nonetheless, increased numbers of activated NKT cells were observed in peripheral blood [163].

Adoptive transfer of whole peripheral blood mononuclear cells (PBMCs) cultured with IL-
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2/GM-CSF and pulsed with a-GalCer in patients with non-small cell lung cancer resulted in an
increase in both the number of circulating IFN-y-producing cells in the peripheral blood [164].
Patients who displayed increased IFN-y-producing cells had increased median survival time
(MST) of 31.9 months, compared to the poor responders, who survived a median of 9.7 months
[164]. The authors attributed this stark difference in survival not due to the patients’ pre-existing
immune system status, but to the intervention itself because the IFN-y-producing ability of the
good responder group was not significantly higher than that of the poor responder group [164].
Moreover, the MST of all patients (including the poor responders) was improved, compared to
standard regiments [164]. The authors posited that the administration of a-GalCer-pulsed IL-
2/GM-CSF-cultured PBMCs led to endogenous NKT cell expansion. Trials of a-GalCer
administration or adoptive transfer of NKT cells have yet to show complete or partial remission
[127]. A potential explanation includes the fact that NKT cell numbers are lower in humans than
in mice and are more variable from individual to individual [127,165,166]. These studies provided
evidence for the role of NKT cells in anti-tumor immunity, but future studies would provide more
an explanation for why NKT cells can play an immunoregulatory role in one setting, while

mediating tumor regression in another setting.

NKT cells have been exhaustively shown to play a role in anti-tumor immune responses.
However, the precise mechanisms that allow tumor evasion from NKT cell-mediated anti-tumor
immunity are poorly understood. Further studies will help determine how NKT cells promote
tumor rejection. A focus on tumor-intrinsic mechanisms of dysregulation of antigen presentation
is crucial to understanding why NKT cells ultimately fail to mediate tumor regression. In our
studies, we identified an epigenetic mechanism that allows MCL cells to dysregulate CD1d-

mediated antigen presentation. Moreover, we discovered two cytokines previously unknown to
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inhibit CD1d-mediated antigen presentation. Finally, we established a link between angiogenesis
and immunosuppressive ganglioside shedding. Given the complexity of cancer and the
multilayered processes that allow tumor evasion from immune surveillance, it is crucial to study
the complex networks that govern anti-tumor immune responses. The mechanisms of tumor
immune evasion need to be characterized to identify potential intervention strategies. In this work,

we identify several mechanisms of tumor immune evasion that can be targeted in the future.
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Chapter 2: Materials and Methods

2.1 Cell lines

NKT cells and T cells

The NKT cell hybridoma cell lines DN32.D3, N38-3C3, and N37-1A12 have been
previously described [167,168] and were cultured in IMDM medium supplemented with 5% FBS,
2 mM L-glutamine and Penicillin/Streptomycin.

DR4-restricted 17.9 CD4" T cell hybridomas were generously provided by Dr. Janice Blum
(Indiana University School of Medicine, Indianapolis, IN, USA) and cultured in RPMI

supplemented with 10% FBS, 50 uM 2-mercaptoethanol and 2 mM L-glutamine.

L cells

L-CDIldwt cells are CD1d1-transfected mouse fibroblast cells, kindly provided by Dr.
Randy Brutkiewicz (Indiana University School of Medicine, Indianapolis, IN, USA), were
cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, 500 pg/mL G418 as a
selection agent, and Penicillin/Streptomycin. L-CD1d-DR4 cells, transfected with CD1d and DR4

were provided by Dr. Randy Brutkiewicz and cultured as above.

Human lymphoma cells

Mantle cell lymphoma lines, JeKo-1 and SP53 were graciously provided by Dr. Raymond
Lai (University of Alberta, Edmonton, AB, Canada). The cell lines were authenticated by
ascertaining expression of cell surface markers, such as CD19 and CD20, as described [169].

The human B lymphoblastoid cell line transfected with human CD1D, C1R-CDI1D, was

kindly provided by Dr. Mark Exley (Harvard Medical School, Boston, MA, USA). Burkitt
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lymphoma cell lines Raji and Daudi were kindly provided by Dr. Ronald Gartenhaus (University

of Maryland Baltimore, Baltimore, MD, USA).

Murine lymphoma cells

Murine B cell lymphoma cell lines, WEHI-231, CH31, and CH33 were graciously provided
by Dr. Gregory Carey (University of Maryland School of Medicine, Baltimore, MD, USA). The
murine mantle cell lymphoma (FMCL) was established from lymph nodes of a blastoid variant
MCL mouse model [157]. Lymph nodes were isolated from a mouse at an advanced disease stage.
B cells were isolated using a Mouse B Cell Isolation Kit (Stem cell Technology). The
characteristics of the cell line are presented in Figure 2.1.

All lymphoma lines were cultured in RPMI 1640 medium supplemented with non-essential
amino acids (Sigma-Aldrich, St. Louis, MO, USA), sodium pyruvate (Gibco, Carlsbad, CA, USA),
2-mercaptoethanol (Gibco), vitamin solution (Gibco), 10% fetal bovine serum (Gibco), and

Penicillin/Streptomycin (Gibco).

Ovarian cancer cells

Human ovarian cancer cells, SK-OV-3 (purchased from ATCC), were cultured in McCoy’s
5a Modified Medium supplemented with 10% fetal bovine serum and penicillin/streptomycin.
OV-CAR-3, purchased from ATCC, were grown in in RPMI-1640 medium supplemented with

20% fetal bovine serum, 0.01 mg/mL bovine insulin, and penicillin/streptomycin.

2.2 Antigens and inhibitors
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a-Galactosylceramide (a-GalCer), was purchased from Enzo Life Sciences (New York
City, NY, USA) and used at a final concentration of 100 ng/mL. GD3 was purchased from Matreya
(State College, PA, USA). Human Serum Albumin was purchased from Sigma-Aldrich and used

at 10uM final concentration.

Trichostatin A was purchased from Cell Signaling Technology and reconstituted in
ethanol. MC1568 (Sigma-Aldrich) was reconstituted in DMSO. Panobinostat/LBH589 (Biovision,

Milpitas, CA, USA) was reconstituted in DMSO.

Genistein was purchased from Sigma (#G6649) and reconstituted in DMSO. Bevacizumab
(Genentech, San Francisco, CA, USA) was supplied reconstituted by the manufacturer in water

supplemented with salts.

2.3 NKT and T cell assays

To measure NKT cell responses to lymphoma cells, MCL cells were treated with the
indicated amounts of drugs for 4 h, pulsed with a-GalCer (100 ng/mL), washed extensively, and
cocultured (1 x 10° cells/well) with primary human NKT cells (2 x 10* cells/well) in triplicate
wells in 96-well microtiter plates. In assays using NKT cell hybridomas, MCL cells were pre-
treated with drugs for 4 h, pulsed with a-GalCer (100 ng/mL), fixed in 0.05% paraformaldehyde,
washed extensively, and cocultured (5 x 10° cells/well) with the NKT cell hybridomas (5 x
10* cells/well) in triplicate wells in 96-well microtiter plates. In human NKT cell assays, after a
48- to 72 h incubation, supernatants were harvested, and IFN-y was measured by ELISA kit

purchased from BioLegend (San Diego, California, USA). In NKT cell hybridoma assays, after
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16- to 24 h incubation, supernatants were harvested and IL-2 was measured by standard ELISA
kit (BD Biosciences, San Jose, CA, USA).

For the peptide antigen presentation assay, L-CD1d-DR4 cells were loaded with human
serum albumin (HSA) overnight, treated with HDAC:i for 4 h, washed extensively and cocultured
with 17.9 T cells hybridomas. Following the co-culture, supernatants were harvested and IL-2
levels were measured by ELISA.

In PBMC assays, NKT cells were stimulated with CD1D-aAPC, as previously described
[170]. T cells were activated using CD3/CD28 beads. Supernatants were harvested at the end of a

48- to 72 h incubation and IFN-y was measured by ELISA kit purchased from BioLegend.

2.4 Western blotting

Cells were lysed using radioimmunopreciptation assay (RIPA) buffer (Sigma-Aldrich),
supplemented with phenylmethylsulfonyl fluoride (PMSF) (Cell Signaling Technology, Beverly,
MA, USA). Proteins were resolved by electrophoresis on a 4-12% gradient polyacrylamide gel
and transferred to a PVDF membrane using the Bolt Mini Blot Module (Life Technologies,
Carlsbad, CA, USA). All polyacrylamide gels, gel boxes, Bolt Mini transfer modules, buffers and
other materials were purchased from Life Technologies and were used according to the
manufacturer’s instructions. Membranes were probed with antibodies to HDACs 1-3, clones 10E2,
3F3, and 7G6CS5, respectively, purchased from Cell Signaling Technology. GAPDH levels were
assessed on the same blot as the test protein using an antibody (clone 14C10) from Cell Signaling
Technology. STAT3 (clone 79D7) and phospho-STAT3 (Y705, clone D3A7) antibodies were
purchased from Cell Signaling Technology. DyLight800-conjugated anti-rabbit secondary

antibody was purchased from Thermo Scientific (Waltham, MA, USA) and DyLight800-
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conjugated anti-mouse antibody was purchased from Cell Signaling Technology. Membranes were

scanned using the Odyssey Imaging System from Li-COR Biosciences (Lincoln, NE, USA).

2.5 Immunoprecipitation

STAT3 was immunoprecipitated from JeKo-1 lysates using Protein G PLUS-Agarose
beads (Santa Cruz Biotechnology, Santa Cruz, CA, USA), following the manufacturer’s
instructions. Immunoprecipitation was performed with three STAT3 antibodies: D3Z2G (Cell
Signaling Technology), 79D7 (Cell Signaling Technology), and C-20 (Santa Cruz).
Immunoprecipitates were resolved by SDS-PAGE and HDAC2 detection was performed as

described above.

2.6 Flow cytometry and LEGENDplex assay

Cells were stained in PBS containing 0.5% bovine serum albumin and 2 mM EDTA for 30
min at 4°C with a PE-conjugated antibody to human CDI1D (clone 51.1) from BioLegend.
Intracellular cytokine staining was accomplished using PE-conjugated antibodies for STAT3
(clone M59-50) and phospho-STAT3 (pY 705, clone 4/P-STAT3) from BD Biosciences, following
the standard protocol by BD Biosciences. GD3 antibody (Abcam) was used at a concentration of
1 ug/mL. ERK and pERK antibodies were purchased from Cell Signaling Technology and used at
1:50 dilution. Secondary antibodies for GD3 (PE anti-mouse IgG; BioLegend) and ERK/pERK
(APC anti-rabbit IgG; Life Technologies) were used at 1:50 dilution. Multiplex assay for
inflammatory cytokines was performed using LEGENDplex Human Inflammation Panel from
BioLegend, following kit instructions. Data were collected on an LSR II from BD Biosciences and

analyzed using FCS Express Version 5 from De Novo Software (Los Angeles, CA, USA).
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2.7 Conditioned medium experiments

LD1d were treated with the clarified supernatants for 4 hours at 37°C, unless otherwise
indicated. The L cells were subsequently washed extensively with PBS, and cocultured with NKT
hybridomas for 20 to 24 hours at 37°C. Cytokine release was assessed as an indication of NKT/ T

cell activation and was measured by standard sandwich ELISA.

2.8 WST assay

WST (water soluble tetrazolium) assay was purchased from Roche (Basel, Switzerland)
and used according to manufacturer’s instructions. Absorbances were recorded at 4 and 24 hours

post treatment.

2.9 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed by Active Motif (Carlsbad, CA,
USA), with a validated and tailored protocol. Promoter probes were designed by Active Motif to
span the known sequence of the CD1D promoter [75] and included appropriate positive controls:
beta-actin (ACTB) and interferon response factor 1 (IRF1). Primers for both distal and proximal
promoters of CD1D were used, spanning the distal promoter at -498 base pairs and the proximal
promoter, at +42 base pairs, relative to the transcription start site. At least 2-fold enrichment over
the negative control, Untr12, was considered to be a positive signal. Untrl12 sequence spans a gene

desert on chromosome 12 and does not have transcription factor binding sites.

2.10 HDAC2 knockdown
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HDAC2 knockdown was achieved using lentiviral particles purchased from Santa Cruz
Biotechnology, at multiplicity of infection (MOI) of 2. Polybrene based transduction was carried
out according to the manufacturer’s instructions. Stable transductants were cultured in medium
containing the selection agent puromycin dihydrochloride at a final concentration of 2.5 pg/mL

(Sigma-Aldrich). HDAC2 knockdown was confirmed by Western blotting.

2.11 shHDAC?2 JeKo-1 limited dilution assay

JeKo-1 cells were cloned by seeding an average of 1 cell per well in a 96 well microtiter
plate under puromycin selection. Clones were allowed to grow and expand and were selected
based on variable expression of CDID levels using flow cytometry. Low and high CDI1d
expressing clones were selected for further expansion. HDAC2 knockdown was confirmed by

Western blotting.

2.12 Mice

Non-obese diabetic scid common gamma chain deficient (NSG) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME, USA) and were used at approximately 6 weeks of age.
JeKo-1 cells were passaged in vivo and injected into the flank. All animals were housed in specific
pathogen-free conditions at the University of Maryland, Baltimore. All procedures were performed
with the approval of the Institutional Animal Care and Use Committee (IACUC) at University of
Maryland, Baltimore. Mice were euthanized when tumors reached maximum [ACUC-approved
size. After euthanasia, tumors were excised, weighed, and single cell suspensions were prepared

using 40 pm filters.
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2.13 Statistical analyses

All experiments were performed at least three times. Student’s T tests were performed to
determine significance. When appropriate, analysis of variance (ANOVA) was performed. A p
value of <0.05 was considered significant. All analyses were performed using GraphPad Prism

software (La Jolla, CA, USA). * p<0.05, **<0.01, and *** p<0.0001.
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Chapter 3: Cell-intrinsic effects of HDACi

3.1 Introduction

A hallmark of cancer cell survival is their ability to evade immune destruction by utilizing
various immunosuppressive mechanisms [8]. This is essential for the tumor because the host
immune system possesses the potential to eliminate malignancies through a multi-layered process
that includes early recognition of transformation events by mediators of innate immunity, followed
by the development of a strong and highly specific adaptive immune response [171]. NKT cells
have the capacity to mount strong anti-tumor responses and have thus become a major focus in the
development of effective cancer immunotherapy, with several studies showing that NKT cells are
necessary for appropriate anti-tumor responses [127,172,173]. In this respect, NKT cells have been
shown to augment anti-tumor responses due, in part, to their capacity to rapidly produce large
amounts of IFN-y, which acts on NK cells to target MHC-negative tumors, and also, to target CD8
cytotoxic T cells to promote killing of MHC-positive tumors [127]. In good agreement with
findings by other groups, studies from our lab have provided evidence that, in a variety of tumor
models, treatment of mice with a specific and potent activator of NKT cells, a-GalCer, triggers
elimination of both MHC-negative and MHC-positive tumor cells, resulting in complete tumor
eradication without detectable tumor recurrence [127].

We posited that tumors utilize epigenetic mechanisms to dysregulate CD1d-mediated
antigen presentation. Our studies focus on epigenetic regulation of CDI1d transcription. The
transcriptional control mechanisms that regulate CD1d gene expression remain to be elucidated.
5’ rapid amplification of cDNA ends (RACE) of the CD1D gene identified dual promoters
regulating the CD1D gene, with several putative transcription factor binding sites [73]. The

transcription factor Spl was found to control the function of the proximal promoter [73].
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Moreover, lymphoid enhancer-binding factor-1 (LEF-1) negatively regulates CDI1D gene
expression, through recruitment of HDACI1 [75]. Moreover, previous studies have shown that
treatment with HDACi induces CD1D gene expression in solid tumors [74]. We thus postulated
that HDACs negatively regulate CD1D gene expression and sought to identify other transcription
factors that bind the CD1D promoter. To test our hypothesis, we treated MCL cells with HDACi
and assessed antigen presentation capabilities of MCL cells and identified the specific HDAC
regulating CD1D gene expression. Our studies are the first to demonstrate a functional effect of
HDACIi on CDI1d-mediated antigen presentation. Moreover, we are the first to demonstrate that

HDAC?2 is a negative regulator of CD1D gene transcription in MCL.
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Chapter 3.2: Results

Establishment of a novel murine MCL cell line and humanize mouse model

Previously, our lab showed that NKT cells can recognize lymphoma cells [157].
Importantly, human MCL cells require addition of exogenous antigen, and while most mouse
lymphoma cell lines needed exogenous antigen, one cell line (WEHI-231) did not require addition
of exogenous antigen. This suggests that human MCL cells lack an endogenous activating antigen
and highlighted the need for the development of a mouse MCL line that better reflected findings
in human MCL cell lines (described below).

In vivo, we demonstrated that activation of NKT cells via a single injection of a-GalCer
led to decreased tumor burden and improved disease pathology [157]. Furthermore, we tested the
ability of NKT cells to mediate tumor regression in a humanized mouse model. We sought to
determine whether NKT cells can recognize and kill lymphoma cells in vivo in the absence of
exogenous antigen or cytokines. JeKo-1, first serially passaged in vivo to increase tumor
aggressiveness, were injected into NSG mice. Once the tumors were established, primary human
NKT cells expanded from healthy donor blood were injected into the tail vein. Tumors were
allowed to grow and were then harvested. Tumor weights were recorded. A single injection of
NKT cells was able to mediate tumor regression (Figure 3.1).

The use of the JeKo-1 NSG mouse model that we established will help delineate the role
of HDACs in NKT cell-mediated responses in vivo. The potential applications of this model are

described in more detail in Chapter 6.
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Figure 3.1: Human NKT cells mediate tumor regression in NSG mice. A) Study design. B)
NKT cells were injected subcutaneously into the flank of mice. Left photo: no NKT cells. Right
photo: NKT cells. C) Tumors weights were recorded and isolated tumor cells were counted. T-

tests were performed to determine significance. * indicates a p value of <0.05.
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Figure 3.2: Characterization of a new mouse MCL cell line. A) FMCL expresses B cell
markers, antigen presenting and co-stimulatory molecules. B) Primary murine lymphoma cells
express functional CD1d molecules: FMCL present a-GalCer to NKT cell hybridomas DN32.D3
and N38-3C3.
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Since there are no commercially available mouse MCL cell lines, we established a primary
mouse cell line (termed FMCL) from a blastoid variant MCL mouse model. We posited that
primary murine MCL lymphomas can present antigen to NKT cells and elicit cytokine production.
Indeed, we demonstrated that they can serve as antigen presenting cells (Figure 3.2). We used this
cell line to demonstrate that our findings on the role of HDACs in CDld-mediated antigen
presentation apply to both human and mouse MCL cells.

The mechanisms that govern NKT cell recognition of tumors remain poorly understood.
As seen in Figure 3.2, some tumors can only activate NKT cells in the presence of an exogenous
antigen, suggesting that they lack an endogenous activating antigen, dysregulate antigen
processing and presentation, or secrete inhibitory molecules. Thus, we hypothesized that tumors

utilize epigenetic mechanisms to dysregulate CD1d-mediated antigen presentation.

HDAC: treatment enhances antigen presentation

To examine the effects of HDACi on CD1d-mediated antigen presentation, LCD1d cells
were pre-treated with TSA, washed extensively, and cocultured with NKT cell hybridomas,
DN32.D3, N38-3C3, and N37-1A12. CD1d-mediated antigen presentation was enhanced (Figure
3.3 A, B) as was MHC class [I-mediated antigen presentation (Figure 3.3 C). We performed time-
courses and found that CD1d-mediated antigen presentation is enhanced in as little as 4 hours
following TSA treatment. In these studies, we treated WEHI-231 cells for 0, 2, 4, 6, and 8 hours,
fixed them in order to remove confounding variables (such as changes in immunosuppressive
cytokine secretion), and co-cultured them with NKT cells (Figure 3.3 D). Moreover, we noted that
ability of WEHI-231 to activate NKT cells declined after 4 hours, which can be attributed to cell

death-induced aberrations of antigen processing and presentation [174]. We tested whether these
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findings are recapitulated in other mouse cell lines, including our MCL cell line, FMCL (described
in Figure 3.2). TSA treatment induced antigen presentation by a panel of B cell lymphoma lines
and by the primary MCL cell line (Figure 3.4). Thus, the use of the cell line we established was
pivotal in demonstrating that HDACi enhance antigen presentation not only in B cell lymphoma
lines, but in MCL cells specifically.

Importantly, our data demonstrate that, in as little as 4 hours, pretreatment of JeKo-1 and
SP53 (MCL cells) with TSA enhanced antigen presentation to primary NKT cells expanded from
healthy donors (Figure 3.5 A, B, C). Moreover, we tested whether TSA-induced changes would
be recapitulated in another form of NHL, Burkitt lymphoma, by using Raji and Daudi cell lines
(Figure 3.5 D). Comparable findings suggest that these two types of lymphomas utilize similar
mechanisms to dysregulate CDl1d-mediated antigen presentation. Figure 3.6 shows similar
findings with two other HDAC1, Panobinostat ( 10 nM) and MC1568 (50 nM). Panobinostat is a
pan-HDAC1, while MC1568 inhibits class I HDACs. MC1568 slightly induced CD1d-mediated
antigen presentation, suggesting that class Il HDACs play a minor role in CD1d-mediated antigen
presentation or that the kinetics may be different.

Table 3.1 summarizes the characteristics and the effects of the HDAC: tested. Since TSA
induced both CD1d and MHC class II expression, we used TSA to ascertain the mechanisms by
which HDACi enhance antigen presentation. Moreover, since TSA is the most-widely studied

HDAC: with well-described biologic effects, it was rational to use it in our mechanistic studies.

64



>
w

LCD1d LCD1d
= 4000 mmm DN32.D3 &= N38-3C3 £33 N37-1A12 250+ B DN32.D3 33 N38-3C3 33 N37-1A12
E *k%k ﬁ *%
£ 3000- = 2007 " T
- *kk
s £ 1504
5 20004 - 6
3 S 1004
o £
2 1000- 3
N 5 50+
= o
E = 0 T T T T
LCD1d veh LCD1d TSA Veh TSA Veh TSA  Veh TSA
C D
~ 500
2001 £ Bl DN32D3  *=
N Il 179 S 400-
4 o
= 150 =
B S 300+
£ 400 E
8 S 2004
- o
S o
S 504 o 100~
[ -
o t
ol _N.D. N.D.
Veh TSA  HSA+veh HSA+TSA 0 2 4 6 8

Figure 3.3: HDAC inhibitor treatment enhances CD1d- and MHC class II-mediated antigen
presentation. A) LCDI1d cells were pretreated with 1 pM TSA for 4 hours, washed extensively
and subsequently co-cultured with NKT cells, DN32.D3, N38-3C3, and N37-1A12. IL-2 levels
were measured by standard ELISA. B) Graphical representation showing calculation of percent
control of vehicle-treated cells. C) LCD1d-DR4 cells were pretreated with TSA and cocultured
with DR4-specific T cells, 17.9, and IL-2 production was measured by ELISA. D) WEHI-231 cells
were treated with TSA for 0-8 hours, fixed, and co-cultured with DN32.D3. T-tests were

performed to test statistical significance: * p<0.05, ** p<0.01 and ***p<0.0001.
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Figure 3.4: TSA enhances antigen presentation by mouse lymphoma cell lines, including a
primary mouse MCL line. CH31, CH33, WEHI-231, and FMCL were treated with TSA for 4
hours, washed extensively and co-cultured with DN32.D3. Each of the cell lines was pulsed with
a-GalCer (100 ng/mL). T-tests were performed to test statistical significance: * p<0.05 and

*4%p<(0.0001.
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Figure 3.5: TSA enhances antigen presentation by human MCL cell lines. A) JeKo-1 and SP53
were treated with 1 uM TSA, pulsed with a-GalCer (100 ng/mL), and co-cultured with primary
human NKT cells derived from healthy donor blood. B and C) Similar experiments were
performed with two other sets of primary human NKT cells; percent control IFN-y production are
shown for a representative experiment. D) Similarly, Daudi and Raji were treated with TSA and

co-cultured with DN32.D3. T tests were performed to test statistical significance. * p<0.05, **

p<0.01, and *** p<0.0001.
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Figure 3.6: Effects of Panobinostat and MC1568 on CD1d-mediated antigen presentation.

LCDI1d cells were treated with 10 nM Panobinostat for 4 h, washed, and co-cultured with
DN32.D3, N38-3C3, and N37-1A12. B) JeKo-1 cells were treated with 50 nM MC1568 for 4 h,
washed, and co-cultured with DN32.D3 and N38-3C3. T tests were performed to test statistical

significance. * p<0.05, ** p<0.01, and *** p<0.0001.
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Class of HDACi

HDACSs known

to be inhibited

Functional
effects

Trichostatin A
(TSA)
Hydroxamic
acid

Class I and II
HDACs: 1, 2, 3,
4,6 and 10
Enhances
CD1d-mediated
and MHC class
[I-mediated
antigen
presentation

LBH589
(Panobinostat)

Cinnamic
hydroxamic acid

All class I, II, and
IV HDACs: 1-11

Enhances CD1d-

mediated antigen
presentation
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MC1568

(Aryloxopropenyl)pyrrolyl
hydroxyamide

Class I HDACs: 4-7, 9,
10

Enhances CD1d-mediated
antigen presentation

Table 3.1: Summary of HDACi characteristics and functional effects.



HDAC: treatment induced CD1d mRNA and cell surface protein levels

We sought to determine whether the increase in CD1d-mediated NKT cell activation
following treatment with TSA was due to increased CD1d expression. In good agreement with
Yang et al. [74], who demonstrated that TSA treatment results in an increase in CDID mRNA
levels, we found that CD1D mRNA is induced rapidly following TSA treatment (Figure 3.7 A).
Thus, TSA enhances antigen presentation, at least in part, by inducing CD1D transcription. TSA
treatment induced an increase in cell surface CD1d expression, as assessed by flow cytometry and
evidenced by increase in mean fluorescence intensity (MFI) (Figure 3.7). However, TSA treatment
did not alter MHC class II cell surface expression, suggesting that different mechanisms regulate
CD1d- and MHC class II-mediated antigen presentation.

To identify the specific HDAC(s) involved in CD1d-mediated antigen presentation, we
examined HDAC expression in vehicle and TSA-treated JeKo-1 and SP53 cells by Western blot.
We found that TSA treatment inhibited levels of HDACs 1 and 2 without affecting HDAC3 (Figure
3.8A).

We hypothesized that HDACs bind to the CD1D promoter and negatively regulate CD1D
transcription. To test this hypothesis, we performed chromatin immunoprecipitation (ChIP).
Primers for the CD1D promoter spanned distal (-498) and proximal (+42) promoters. Beta-actin
(ACTB) served as a positive control, while a gene desert on chromosome 12 (Untrl2) was the
negative control. ChIP identified HDAC?2 as binding to the proximal and distal CD1D promoters,
whereas HDACs 1 and 3 did not bind (Figure 3.8 B). Bioinformatics analysis of the mouse and
human CD1d promoters (Figure 3.9 A) identified putative STAT3 binding sites, but, as determined
by ChIP, STATS3 did not bind (Figure 3.9 B). Thus, we knocked down HDAC?2 in JeKo-1 (Figure

3.8 C) and assessed antigen presentation (Figure 3.10 A). We found that HDAC2 knockdown
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enhances antigen presentation to both NKT hybridomas and primary human NKT cells (Figure
3.10 B, C). Importantly, treatment of shHDAC2 JeKo-1 cells with TSA did not further induce
CDI1D-mediated antigen presentation (Figure 3.10 D), which prompted us to determine whether
HDAC?2 is the main HDAC regulating CD1D-mediated antigen presentation. In TSA-treated
JeKo-1 control and shHDAC2 cells, CD1D levels were comparable (Figure 3.10 E), suggesting
that HDAC?2 is the main HDAC regulating CD1D transcription in MCL.

To confirm a role for HDAC2 in regulating CDID cell surface expression and to
demonstrate that minute changes in CD1D expression can have a profound effect on NKT cell
responses, we employed limited dilution assay to select HDAC2 knockdown-containing JeKo-1
cells expressing high and low levels of CD1D (termed Low and High clones) (Figure 3.11 B). We
confirmed HDAC2 knockdown in the clones (Figure 3.11 A) and assessed their antigen
presentation capabilities by co-culturing the clones with NKT cell hybridomas (Figure 3.11 C) and
primary human NKT cells (Figure 3.11 D). Importantly, we noted a relationship in CD1D levels
and the ability of MCL cells to activate NKT cells. Specifically, the clone expressing higher CD1D
levels displayed enhanced antigen presentation capabilities, compared to the clone expressing
lower levels of CD1D. Thus, downregulation of CD1D levels via HDAC2 upregulation may serve
as a mechanism by which tumors evade recognition by NKT cells. Notably, we showed that NKT
cells are sensitive to minute changes in CD1D levels (Figure 3.11 C, D), with a ~50% increase in
cell surface expression translating to an approximately 2-fold functional change.

Finally, in order to confirm that NKT cells are sensitive to changes in CD1d levels, we
blocked CD1d molecules on the surface of LCD1d cells and co-cultured them with NKT cells.
Furthermore, we performed flow cytometry to confirm CD1d blockade. We found that NKT cells

were sensitive to changes in CDI1d cell surface levels before they were resolvable by flow
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cytometry. Specifically, activation of N38-3C3 was inhibited following blockade with 5 ug/mL
blocking antibody (Figure 3.11 D) whereas the changes in CD1d levels were not detectable by
flow cytometry (purple histogram, Figure 3.11 E). Importantly, activation of both DN32.D3 and

N38-3C3 was inhibited in the presence of 10 ug/mL blocking antibody (Figure 3.11 D).
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Figure 3.7: HDAC inhibitor treatment rapidly induces CD1D mRNA and protein. A) JeKo-

1 and SP53 cells were treated with 1 pM TSA for 0-4 h and CD1D mRNA levels were assessed
by RT-PCR. 18S serves as the loading control. Right panel: Fold change. B) LCD1d were treated
with 1 uM TSA for 4 h and cell surface expression of CD1d was assessed by flow cytometry.
Vehicle-treated cells are represented by the grey histogram. TSA-treated cells are represented by
the red histogram. C) Similarly, LCD1d-DR4 were treated with 1 pM TSA for 4 h and cell surface
expression of MHC class Il was determined by flow cytometry. D and E) CD1D cell surface levels

of vehicle and TSA-treated JeKo-1 (D) and SP53 (E) were assessed by flow cytometry.
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STATS3 binding sequence Location

(TTCxxxGAA) within
CD1d promoter
Human ...CGTTAGCAGAATG... Chromosome 1,
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Figure 3.9: STAT3 does not bind to the CD1D promoter. A) Putative STAT3 binding sites
within mouse and human CD1d promoters. The STAT3 binding sequence is TTCxxxGAA, with
wobbe at positions 3 (C, A, and T) and 7 (G, T, and A). B) ChIP for STAT3 binding within the

proximal and distal CD1D promoters.
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HDAC2 knockdown in JeKo-1 cells. B) Antigen presentation of JeKo-1 GFP control and
shHDAC?2 cells was assessed in a co-culture with DN32.D3. LCD1d is a positive control. IL-2
production is shown. C) In a similar experiment, the GFP control and HDAC2 knockdown JeKo-
1 cells were co-cultured with primary human NKT cells. D) Vehicle and TSA-treated GFP control
and shHDAC?2 JeKo-1 cells were co-cultured with NKT cell hybridomas. * p<0.05, ** p<0.01,
and *** p<0.0001. E) GFP control and shHDAC?2 JeKo-1 cells were treated with TSA and CD1D
levels were assessed by flow cytometry. GFP TSA-treated cells are represented by the shaded grey

histogram. shHDAC2 TSA-treated cells are represented by the red histogram.
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Figure 3.11: Slight changes in CD1D levels significantly affect NKT cell activation. A)
HDAC?2 knockdown was confirmed in JeKo-1 displaying low and high CD1D levels. Lower panel:
Fold change in HDAC?2 levels, relative to GFP control, in CD1D clones displaying relatively low
and high CDID levels. B) shHDAC2 clones displaying low (blue histogram) and high (red
histogram) levels of cell surface CD1D. B) Antigen presentation capabilities of low and high
CDI1D level expressing shHDAC2 clones were assessed in a co-culture with NKT cell hybridomas.
C) A similar experiment was performed with primary human NKT cells and IFN-y production was
assessed by ELISA. D) Purified CD1d blocking antibody 1B1 was used to block CD1d molecules
on the surface of LCD1d cells for 30 minutes at 4°C. Following incubation with the CD1d blocking
antibody, LCD1d cells were washed and co-cultured with DN32. D3 and N38-3C3. E) CDI1d
staining using PE-conjugated anti-CD1d antibody following CD1d blockade on the surface of

LCDI1d cells. * p<0.05, ** p<0.01, and *** p<0.0001.
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3.4 Discussion

While other groups have ascribed a role for HDACs in regulating CD1d transcription
[74,75], our study is the first to demonstrate that HDACi have a functional effect and enhance
CDl1d-mediated antigen presentation. In our studies, we tested the hypothesis that tumors use
epigenetic mechanisms to dysregulate CD1d-mediated antigen presentation. We examined CD1d-
mediated antigen presentation to NKT cells following treatment with HDACi. Consistent with
previous studies [85,86,175], we found that treatment with TSA, a pan-HDACI, enhanced both
CDI1d and MHC class II-mediated antigen presentation (Figures 3.3-3.5). Furthermore, we
assessed CD1d and MHC class II levels following TSA treatment and found that CD1d levels were
modestly increased, but MHC class II levels were unaffected (Figure 3.7), suggesting that different
mechanisms are responsible for the functional effects. We found that HDACi enhance antigen
presentation due, at least in part, to a rapid increase in CD1D mRNA and, subsequently, CD1D

cell surface expression (Figure 3.7).

Tumors may dysregulate epigenetic factors to facilitate growth as well as tumor immune
evasion. Since HDACi are currently approved for treatment of cutaneous T cell lymphoma
(CTCL), expression patterns of HDACs have been investigated to determine if certain HDACs
have a prognostic value in this disease. For example, HDAC2 is upregulated in aggressive CTCL,
compared to indolent CTCL [176]. HDAC1 and HDAC?2 are ubiquitously expressed in CTCL
tumors. Strikingly, HDAC6 upregulation was correlated with improved patient survival [176].
Most studies suggest that levels of HDACs vary between tumors of the same type. In general, class
I HDAC:s are found to be upregulated in tumor tissue compared to the normal tissue from which

the tumor arose [177]. Furthermore, in most tumors, class | HDAC levels were higher in late stage
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and high grade tumors. On the other hand, class II HDACs are downregulated in tumors and

upregulation is linked to better prognosis [177].

Expression patterns of HDACs have been used to calculate the hazard ratio (HR), or the
estimated risk of an unfavorable event occurring by a given point in time. As seen in Figure 3.12,
some cancers, such as prostate carcinoma and ovarian cancer, have high HR associated with given
HDACSs. In prostate cancer patients, high levels of HDAC2 expression correlated with
significantly reduced disease-free survival and multivariate analysis of HDAC2 expression
established its independent prognostic value [177]. HDAC levels are different in different tumor
subtypes, with class I HDAC expression having prognostic value in endometrioid subtype of
ovarian and endometrial carcinoma, but no statistically significant impact in serous, mucinous and

clear cell carcinomas [177,178].

There is a lack of data on the prognostic value of HDACs in NHL. There may be utility in
establishing links between HDACs and immune responses. For example, studies have shown that
HDAC: upregulate genes involved in antigen presentation or co-stimulation, suggesting that
HDAC:s negatively regulate antigen presentation [61]. In this chapter, we provided evidence that
HDAC?2 is a negative regulator of CD1d-mediated antigen presentation. We posit that a future
study of HDAC expression and immune responses may uncover a correlation between HDAC2

levels and NKT cell responses.
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Figure 3.12: HDAC expression and patient prognosis. Hazard ratios and 95% confidence

intervals for the expression of different HDAC isoforms in a variety of human tumors.
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Chapter 4: Cell-extrinsic effects of HDACi

4.1 Introduction

HDACIi have been shown to have anti-inflammatory properties [179]. In fact, a clinical
trial of HDACi in graft-versus-host disease following allogeneic hematopoietic stem cell
transplantation demonstrated that pro-inflammatory cytokine levels were reduced in the plasma
[180]. While plasma levels of IL-1B, TNF-0, IL-6 were reduced, the levels of IFN-y were
unaffected [180]. The effects were mediated through increased acetylation of STAT3 [180].
Moreover, treatment of T cells isolated from systemic lupus erythematosus (SLE) patients with
TSA decreased IL-10, while inducing IFN-y. Peripheral blood mononuclear cells (PBMCs) from
SLE patients were found to produce IL-10 at baseline and TSA treatment completely abolished
IL-10 production [181]. Thus, we hypothesized that TSA inhibits IL-10 secretion by MCL. Here,

we show that human MCL secrete IL-10 at baseline and that TSA inhibits IL-10 secretion.

STAT3 is known to promote an inflammatory microenvironment, by serving as a
transcription factor regulating genes encoding cytokines, chemokines, and growth factors.
Moreover, STAT3 is a part of a feed-forward loop, wherein cytokines induced by STAT3 further
induce STAT3. For example, IL-10 and VEGF are upregulated by STAT3 and are activators of
STAT3 [182]. STAT3 and NF-kB signaling are highly interconnected, with both transcription
factors co-regulating numerous oncogenic and inflammatory genes [40]. Additionally, many NF-
kB-inducible genes are STAT3 activators: NF-kB activates IL-6, which, in turn induces, STAT3
[40]. In fact, tumors frequently upregulate both transcription factors, and, owing to the fact that
they induce the expression of a highly overlapping repertoire of factors, this establishes feed-

forward loops, thus creating an immunosuppressive environment.

82



STAT3 regulates genes whose products mediate inflammation (ex. IL-10) and
angiogenesis (VEGF), in addition to other genes [182]. IL-10 has been shown to inhibit IFN-y
production by T cells and T cell proliferation [183]. Exogenous addition of IL-2 did not rescue IL-
10-mediated inhibition of IFN-y production [183]. As reviewed in Chapter 1.6, exogenous addition

of VEGF suppresses proliferation and cytotoxicity of T cells [109].

Ablation of the Stat3 gene in tumor cells or immune cells inhibits carcinogenesis [40].
Ultimately, Stat3 ablation leads to autoimmunity and complete blockade of STAT3 leads to severe
disease [40]. However, partial STAT3 inhibition for a limited time can potentially be used to
facilitate attenuation of tumor-promoting inflammation [40]. Development of STAT3 inhibitors
has presented a challenge because STAT3 does not have an enzymatic function and development
of small molecules to disrupt protein-protein interactions has been challenging [184]. Thus, focus
has been on discovery of inhibitors that block STA3 dimerization or DNA-binding activity. Most
STATS3 inhibitors have not shown the desired in vivo efficacy and, while the need for a suitable
and effective STAT3 inhibitors in the clinic remains high, suitable inhibitors of STAT3 have not
entered the clinic [184]. Nonetheless there are several FDA-approved indirect STAT3 inhibitors,
including sorafenib and sunitinib [40]. The precise mechanisms of STAT3 inhibition by these

drugs remain to be determined.

In this chapter, we present data for HDACi-mediated inhibition of STAT3. Moreover, we
examined the effects of a STAT3-inducible cytokine (IL-10) on CDIld-mediated antigen
presentation and discovered that HDACi treatment inhibits inflammatory cytokine production via
modulation of STAT3 and that IL-10 inhibits CD1d-mediated antigen presentation. Thus, HDACi

may fill the need for STAT3 inhibitors.
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4.2 Results

In Chapter 3, we found that STAT3 does not bind the CD1D promoter. However, we found
STAT3 and HDAC2 to be in complex (Figure 4.1 A). Given that STAT3 levels can be modulated
by HDAC: treatment [35,185], we examined the effects of TSA on STAT3 expression. Following
TSA treatment, both phosphorylated and total STAT3 were reduced (Figure 4.1 B, C). By flow
cytometry, total STAT3 was greatly reduced, whereas Western blot showed a decrease in p-
STAT3, which may be explained by differences in the antibody clones. Next, we sought to
determine whether HDACi treatment inhibits secretion of STAT3-regulated inflammatory
cytokines. We found that TSA treatment inhibited secretion of MCP-1, IL-8 and IL-10 (Figure
4.2). We confirmed TSA-mediated inhibition of IL-10 by ELISA (Figure 4.3 A), with
PMA/Ionomycin serving as a positive control. We found that both JeKo-1 and SP53 secrete IL-10
even in absence of stimulation and that TSA treatment inhibits IL-10 secretion (Figure 4.3 A).

To elucidate the effects of IL-10 on antigen presentation, we pre-treated LCD1d cells with
purified IL-10 and found that IL-10 pre-treatment suppresses antigen presentation to NKT cell
hybridomas DN32.D3 and N38-3C3 (Figure 4.3 B). We confirmed that IL-10 activates STAT3 by
performing a Western blot for STAT3 and phospho-STAT3 (Figure 4.3 C). Thus, we confirmed
that exogenous addition of IL-10 induces STAT3, which then negatively regulates CD 1d-mediated
antigen presentation. Future studies will determine the precise mechanisms by which STAT3
regulates CD1d-mediated antigen presentation. The potential mechanisms by which STAT3 can
modulate antigen presentation are discussed in Chapter 6.

We showed that STAT3 has a role in modulating CD1d-mediated antigen presentation.
Overall, these studies demonstrate that HDAC2 regulates STAT3, which in turn modulates

inflammatory cytokine secretion, which can suppress CD1d-mediated antigen presentation.
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Figure 4.1: HDAC2 and STAT3 exist in a complex and TSA treatment inhibits STAT3. A)
STAT3 was immunoprecipitated from JeKo-1 cell lysates using three different STAT3 antibodies
and the immunoprecipitates were evaluated for presence of HDAC2. B) JeKo-1 cells were treated
with 1 pM TSA for 4 hours and levels of STAT3 and phosphorylated STAT3 (pY705) were

assessed by flow cytometry. Grey histogram: vehicle. Blue histogram: TSA. C) The findings in B

were confirmed by Western blot.
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Figure 4.2: TSA inhibits inflammatory cytokine secretion. JeKo-1 and Sp53 were treated

with 1 uM TSA for 24 hours and the cytokine concentrations in supernatants were assessed by

LEGENDplex Human Inflammation Panel assay.
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Figure 4.3: IL-10 inhibits CD1d-mediated antigen presentation. A) JeKo-1 and Sp53 cells
were treated with 1 pM TSA for 24 hours and IL-10 levels in supernatants were measured by
standard ELISA. P/I is used as a positive control. B) LCD1d were treated with IL-10 to induce
STAT3 and co-cultured with DN32.D3 and N38-3C3. T-tests were performed to test statistical
significance: * p<0.05 and ***p<0.0001. C) LCD1d cells were treated with IL-10 and induction

of STAT3 was confirmed by Western blot.
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4.3 Discussion

In these studies, we demonstrate that MCL cell lines produce inflammatory cytokines in
the absence of stimuli. We determined that secretion of three inflammatory cytokines, IL-6, IL-10,
and MCP-1, is inhibited by TSA treatment (Figure 4.2). Moreover, we are the first to demonstrate
that IL-10 inhibits CD1d-mediated antigen presentation. Previously, a study showed that IL-10
treatment inhibits MHC class II-mediated antigen presentation by Langerhans cells, or dendritic
cells of the epidermis, through inhibition of co-stimulatory molecule CD80 expression [186].
Given that expression of co-stimulatory molecules is not essential for activation of NKT cell
hybridomas, inhibition of antigen presentation by IL-10 is likely mediated through changes in
CDld-mediated antigen processing and presentation, rather than through changes in co-
stimulation. Studies utilizing primary mouse or human NKT cells may help delineate whether IL-
10-mediated inhibition of antigen presentation by CD1d depends on changes in CD1d alone, co-
stimulation, or both.

There are many proposed mechanisms by which IL-10 inhibits antigen presentation. First,
IL-10 signaling leads to STAT3-dependent activation of microRNAs that interfere with toll-like
receptor (TLR) signaling, which is crucial for antigen endocytosis and assembly of antigen
processing components [187,188]. TLR signaling plays a role in production of lipid antigens,
which can be presented in the context of CD1d molecules [189,190]. Moreover, TLR signaling is
necessary for CD1d-mediated antigen presentation [191]. Thus, future studies can address the
effects of IL-10-mediated suppression of TLR signaling on changes in the lipid repertoire and
CD1d-mediated antigen presentation.

Furthermore, IL-10 inhibits antigen presentation by inhibiting enzymes involved in antigen

presentation, such as cathepsin S. For example, in macrophages, pre-treatment of macrophages
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with IL-10 and IFN-y inhibited IFN-y-induced expression of cathepsin S, leading to inhibition of
MHC class II complex formation [192]. Cathepsin S has been shown to a play a role in CD1d
intracellular trafficking, with cathepsin S deficiency in DCs leading to accumulation of Ii
fragments and thus disrupting normal CD1d trafficking [193]. Thus, IL-10 could dysregulate
CD1d-mediated antigen presentation through inhibition of CD1d trafficking, which can be assayed
through confocal microscopy.

Finally, IL-10 has been shown to induce expression of an E3 ubiquitin ligase that leads to
degradation of MHC class II and CD86 molecules [194]. Thus, as discussed above, the effects of
IL-10 treatment on co-stimulatory molecules can be ascertained by assessing CD1d-mediated

antigen presentation to primary NKT cells.
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Chapter 5: Effects of other tumor-secreted factors on antigen presentation

5.1 Introduction

In Chapter 4, we presented evidence that MCL cells secrete factors that inhibit CD1d-
mediated antigen presentation. Here, we examine the role of another factor, VEGF, as a suppressor
of CD1d-mediated antigen presentation. VEGF is upregulated in many types of tumors and we
sought to determine whether the findings in a hematological malignancy are recapitulated in a solid
malignancy. To investigate the effects of VEGF on CDIld-mediated NKT cell activation, a
conditioned medium model was established, wherein the supernatants from ovarian cancer cell
lines (OV-CAR-3 and SK-OV-3) were used to treat CD1d-expressing antigen-presenting cells
(APC) and cocultured with NKT hybridomas. Ovarian cancer—associated VEGF was inhibited by
treatment with bevacizumab and genistein. Conditioned medium was collected and CDI1d-

mediated NKT cell responses were assayed by ELISA.

Ovarian cancer tissue and ascites contain lymphocytic infiltrates, suggesting that immune
cells traffic to tumors, but are then inhibited by immunosuppressive molecules within the tumor
microenvironment. We sought to establish the link between VEGF secretion and ganglioside
shedding. VEGF has been shown to block activation of T cells derived from ovarian cancer patient
ascites [109]. Ganglioside GD3 is a factor found in ovarian cancer ascites that inhibits NKT cell

activation [195]. In vivo, GD3 inhibits a-GalCer-mediated NKT cell activation [195].

In human promyelocytic leukemia cells, PKC/ERK signaling activates synthesis of GM3
synthase, which is an enzyme functioning upstream of GD3 [196]. PKC/ERK pathway activation
induces binding of CREB to the GM3 synthase promoter [196]. VEGF induces CREB DNA

binding and transactivation activities, in a PKC and p38-dependent manner [197]. We thus sought
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to examine the effects of VEGF inhibition on ovarian cancer-associated GD3 levels.

OV-CAR-3 and SK-OV-3 cell lines produce high levels of VEGF and GD3. Pretreatment
of APCs with ascites or conditioned medium from OV-CAR-3 and SK-OV-3 blocked CD1d-
mediated NKT cell activation. Inhibition of VEGF resulted in a concomitant reduction in GD3
levels and restoration of NKT cell responses. We found that VEGF inhibition restores NKT cell
function in an in vitro ovarian cancer model. These studies suggest that the combination of immune
modulation with antiangiogenic treatment has therapeutic potential in ovarian cancer. Herein, we
demonstrate a novel link between immunosuppressive ganglioside shedding and VEGF production
by ovarian cancers. By establishing a mechanism through which VEGF impairs anti-tumor
immune responses, our studies have the potential to enhance the clinical therapeutic possibilities

for women with this disease.
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Chapter 5.2: Results

We previously reported that ovarian cancer tumor cells in ascites fluid shed soluble factors
that inhibit CD1d-mediated activation of NKT cells [195,198]. In this study, we examined whether
treatment with conditioned medium from ovarian cancer cell lines would inhibit the ability of
CD1d-expressing cells to stimulate NKT hybridomas. Mouse fibroblasts expressing high levels of
CDI1d (LCD1dwt) were incubated with cell-free supernatants from ovarian cancer cell lines OV-
CAR-3 and SK-OV-3 cultured to confluence, referred to as conditioned medium. Treatment with
conditioned medium treatment inhibited NKT cell activation, as evidenced by decreased IL-2
(Figure 5.1A) and IL-4 (Figure 5.1 B) production. These data demonstrate that established ovarian
cancer cell lines secrete soluble factors that block CD1d-mediated antigen presentation to NKT

cells.

We next assessed whether there were T cells within the tumor microenvironment that could
be influenced by the immunosuppressive factors produced by ovarian cancers. We showed that
large numbers of lymphocytes infiltrate the tumor microenvironment [111]. Of note, there was a
higher percentage of CD4" CDS§" double negative T lymphocytes present in NKT cell inhibitory
ascites, compared with noninhibitory ascites fluid [111]. This suggests that NKT cells within the
tumor microenvironment may be actively suppressed by factors produced by ovarian cancers. Pre-
treatment of ovarian cancer-associated ascites with proteinase K resulted in a loss of suppressive
activity [111]. These data suggest that in addition to the previously identified factor, ganglioside
G3, one or more other soluble factor(s), likely a protein, produced by ovarian cancers modulates

CD1d-mediated presentation to NKT cells.

Given the critical role of growth factors (specifically VEGF) in the biology of epithelial
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ovarian cancer, we measured VEGF levels in ascites fluid and conditioned medium. In Figure 5.2
A, donors OC1, OC4, OCS5, and OC9 had primary disease. Patient OC6 had recurrent disease and
another donor was diagnosed as having low malignant potential (NMA). High levels of VEGF
were present in the ascites of ovarian cancer patients (Figure 5.2 A) and conditioned medium from
ovarian cancer cell lines (Figure 5.2 B). HEC-1-A, an endometrial cancer cell line was included as
it has been reported to secrete VEGF and we thus used it as a positive control [199,200]. Moreover,
treatment of CD1d-expressing cells with comparable levels of recombinant VEGF resulted in a

dose-dependent decrease in NKT cell activation (Figure 5.2 C).

To confirm a role for VEGF in suppressing NKT cell function, we treated ovarian cancer
cells with a neutralizing anti-VEGF antibody, bevacizumab/Avastin (Figure 5.3 A). Next, we
treated LCD1d cells with conditioned medium from Avastin-pretreated cells. Immunoblockade of
VEGF dose dependently restored NKT cell function, indicating that VEGF is directly responsible
for NKT cell suppression (Figure 5.3 B). To further establish a role for ovarian cancer—associated
VEGF in suppressing NKT cell function, we used a flavonoid known to inhibit VEGF in ovarian
cancer cells lines, genistein (Figure 5.4 A) [201]. Similar to Avastin, treatment of ovarian cancer

cell lines with genistein restored CD1d-mediated antigen presentation to NKT cells (Figure 5.4 B).

Previous studies showed that the ganglioside GD3 in ovarian cancer ascites was
responsible, at least in part, in inhibiting CD1d-mediated NKT cell activation [195]. Accordingly,
we examined ovarian cancer cell lines OV-CAR-3 and SK-OV-3 for GD3 expression. As shown
in the top panels of Figure 5.5 A, flow cytometric analysis indicated that GD3 is present in these
cells. We then asked whether VEGF and ganglioside synthesis pathways might be linked, working
in tandem to suppress immune responses. To establish cross-talk between VEGF and GD3, we

asked whether VEGF inhibition alters GD3 expression in ovarian cancer cell lines. We found that
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GD3 expression was reduced after 72 hours of genistein treatment (Figure 5.5 B).

To establish that genistein-mediated GD3 inhibition is responsible for restoring NKT cell
responses, we overexpressed the plasma membrane—associated sialidase neuramidase 3 (NEU3)
in ovarian cancer cells. NEU3 has been shown to decrease GD3 [202]. Following infection with
adenovirus encoding human NEU3 (AdNEU3), we harvested cell culture supernatants and utilized
the conditioned medium. Supernatants from NEU3-overexpressing cells inhibited NKT cell
function to a lesser extent than did controls (Figure 5.6 A). In addition, we examined whether there
may be a reciprocal regulation between VEGF and GD3 by comparing VEGF levels in conditioned
medium from ovarian cancer cells infected with control adenovirus and AANEU3. However,
VEGEF levels were similar in the presence and absence of NEU3 ectopic expression (Figure 5.6 B).
Taken together, these data suggest that VEGF can modulate GD3 expression and confirm that
ovarian cancer—associated GD3 is responsible for suppressing CDld-mediated NKT cell

activation.

We next asked whether ovarian cancers could serve as APCs in the absence of these
inhibitory soluble factors. Ovarian cancer cell lines, OV-CAR-3 and SK-OV-3, were fixed with
paraformaldehyde and cocultured with NKT cells (Figure 5.7). Importantly, we found that fixation
of ovarian cancer cell lines resulted in a >2 fold increase in their ability to activate NKT cells.
Taken together, these data suggest that ovarian cancer cells can serve as antigen presenting cells
to NKT cells. However, these recalcitrant tumors employ various mechanisms to suppress the

host’s innate anti-tumor responses.
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Figure 5.1: Conditioned medium from ovarian cancer cell lines inhibits CD1d-mediated

antigen presentation. LCD1d cells were treated with supernatants from confluent ovarian cancer
cell lines OVCAR-3 and SK-OV-3 for 4 hours at 37 C and washed extensively following

treatment. Control LCD1d cells were concurrently treated with RPMI (B+medium) and McCoy

media. Lvector cells serve as a negative control. N.D., not detectable. Following treatment, LCD1d

cells were cocultured with NKT-cell hybridomas, DN32.D3, and incubated for 24 hours at 37 °C.
Standard ELISA was performed to measure cytokine production of IL-2 (A) and IL-4 (B). Data

are shown as mean +SEM of one experiment set up in triplicate.
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Figure 5.2: VEGF inhibits CD1d-dependent NKT cell function. A) VEGF levels in ovarian
cancer patient ascites and B) OV-CAR-3, SK-OV-3, and endometrial cancer cell lines HEC-1 were
measured by ELISA. Nonmalignant ascites (NMA) represents VEGF levels in non-cancer—
associated ascites. The negative control is the assay diluent used in the ELISA assay, and the
positive control was recombinant VEGF (1,000 pg/mL). ND, not detectable. C) LCD1d cells were
treated with the indicated concentrations of recombinant VEGF for 4 hours, then washed
extensively, and cocultured with NKT cell hybridomas, DN32.D3, and N38-3C3. T-tests were

performed to demonstrate statistical significance: * p<0.05, **p<0.01, and ***p<0.0001.
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Figure 5.3: Avastin treatment restores CD1d-mediated antigen presentation. A) OV-CAR-3
cells were treated with increasing concentrations of bevacizumab/Avastin and VEGF levels in the
cell culture supernatant were assessed after 24 hours by ELISA. B) OV-CAR-3 cells were treated
with increasing concentrations of bevacizumab/Avastin for 3 days, following a 1-day recovery
period in fresh culture medium. Pretreatment of CD1d-expressing cells with conditioned medium
was performed as described above. ANOVA with Bonferroni post-test confirmed significance. *

p<0.05, **p<0.01, and ***p<0.0001 for treatment groups compared with control. N.D., not

detectable.
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Figure 5.4: Inhibiting VEGF blocks GD3 in ovarian cancer cells. A) OV-CAR-3 cells were
treated with genistein and VEGF levels in cell culture supernatants were measured 24 hours post-
treatment. B) OV-CAR-3 cells were treated with increasing concentrations of genistein or vehicle
(DMSO) for 3 days, followed by a 1-day recovery period. Conditioned media from the vehicle-
and genistein-treated cells were used to treat LCDI1d cells for 4 hours. Following treatment,
LCD1d cells were cocultured with NKT cell hybridomas DN32.D3 and N38-3C3. IL2 production
was measured by standard ELISA. ANOVA compared treatment groups with the vehicle-treated
group and Bonferroni post-test confirmed significance: * p<0.05, **p<0.01, and ***p<0.0001 for
treatment groups compared with control. C) As a control for genistein, ERK and phosphorylated
ERK (pERK) were assessed by flow cytometry in OV-CAR-3 cells treated with 10 mmol/L

genistein for 24 hours.
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Figure 5.5 Ovarian cancer—associated GD3 inhibits NKT cell responses. A) GD3 expression
in ovarian cancer cell lines was assessed using flow cytometry. OV-CAR-3 and SK-OV- 3 cells
were treated with vehicle or 10 mmol/L genistein for 72 hours. Cells were fixed, permeabilized,
and stained either with primary anti-GD3 antibody alone or with primary and PE-conjugated
secondary antibodies. B) Adenovirus encoding for human NEU3 (AdNEU3) or GFP (AdGFP) was
used to infect OV-CAR-3 cells. Following infection and a 1-day recovery period, supernatants

from confluent cells were used in conditioned medium experiments. ANOVA compared treatment
groups with the vehicle-treated group, with Bonferroni post-test confirming significance. *p < 0.05

and **p< 0.001 for ANEU3 compared with AdGFP. C) Following infection and a one-day

recovery period, supernatants from confluent cells were assessed for VEGF levels.
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Figure 5.6: Ovarian cancers can present antigen to NKT cells and induce their activation.
Fixation of OV-CAR-3 and SK-OV-3 cells restored their antigen presentation capabilities. The
ovarian cancer cells were pulsed with a-GalCer, fixed in 0.05% paraformaldehyde, and cocultured

with NKT cells. Supernatants were harvested after 16 h.
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5.3 Discussion

Here, we report that treatment of CD1d-expressing cells with conditioned medium from
human ovarian cancer cell lines abrogated their ability to activate both canonical and noncanonical
NKT cells. Mechanistically, we found that inhibiting VEGF resulted in a decrease in ganglioside
GD3 expression and restoration of NKT cell responses. In addition, we addressed the link between
VEGF and lipid signaling and demonstrated that tumors may utilize multiple signaling pathways
to achieve escape from immune surveillance. We have identified a novel mechanism by which
angiogenic signaling pathways contribute to immunosuppression through alteration of the lipid

repertoire, with VEGF serving as one of the modulators of the lipid rheostat (Figure 5.7).

Ascites, a clinical hallmark of ovarian cancer, reportedly predicts treatment benefit for
bevacizumab in epithelial ovarian cancer [110]. More than one third of ovarian cancer patients
present with ascites. Several types of proinflammatory and tumor-promoting factors have been
identified in ovarian cancer ascites fluid. For example, IL-6 and IL-10 are detectable in ascites
[203,204]. Of the multitude of cytokines present in ascites [205], several have been shown to
inhibit T-cell function. Alteration of T cell function by ovarian cancer cells and ascites is known
to contribute to poor prognosis [195,203]. On the basis of the well-described relationship between
advanced ovarian cancer, ascites, VEGF, and T cell function, we postulated that VEGF plays a
central role in mediating this immune response. Our data support the concept that inhibition of
VEGF not only affects angiogenesis but also has an unexpected effect on the shedding of GD3,

thus altering immune function.

In other disease states, interactions have been reported between VEGF and immune

function. A positive correlation between peripheral blood Treg circulating numbers and baseline
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VEGF receptor

Figure 5.7: Proposed model of cross-talk between the VEGF, MAPK, and GD3 signaling
pathways. We postulate that activation of VEGF receptor signaling leads to the activation of

MAPK signaling. MAPK signaling can induce GM3 synthase, leading to the production of GD3.

102



VEGF has been demonstrated in stage IV melanoma patients [206]. In good agreement, a recent

study by Farsaci and colleagues showed that using antiangiogenic TKIs in combination with a
therapeutic vaccine increased CD3* tumor-infiltrating lymphocytes (TIL) and tumor antigen—

specific CD8" T cells [207]. Furthermore, Gavalas and colleagues demonstrated that ascites-
derived VEGF directly suppressed T cell activation and reduced T cell proliferation in a dose-
dependent manner [ 109]. Conversely, blockade of VEGF receptor on the surface of T cells restored
T cell proliferation. Moreover, T cell-mediated cytotoxicity was suppressed by the addition of
VEGF. Taken together, these studies implicate a role for VEGF in directly modulating T-cell

responses in ovarian cancer.

To determine whether VEGF might have comparable effects on NKT cells, we ascertained
that primary human NKT cells express the VEGF receptor (unpublished data). This finding
suggests that VEGF may suppress NKT cell function both directly (via binding to VEGF receptor
on NKT cell surface) and indirectly (by altering tumor ganglioside shedding and thus altering
CDl1d-mediated antigen presentation). Future studies will determine whether VEGF functions
through inhibition of NKT cells directly or through alteration of antigen presentation. These
studies suggest that targeting of tumor VEGF production is a rational approach to restore anti-

tumor immune responses.

It is well known that tumors alter multiple different pathways that can promote
tumorigenesis. VEGF receptor engagement activates ERK and may thus be responsible for
activation of GM3 synthase—mediated synthesis of the direct precursor to GD3. Chung and
colleagues demonstrated that ERK is responsible for activation of GM3 synthase [196]. VEGF

inhibition may suppress GM3 activity and thus deplete ganglioside precursor pool, leading to a
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decrease in GD3 levels.

Notably, ovarian cancer—associated GD3 may undergo modifications, such as acetylation,
that cause shedding of species that are more immunosuppressive. Previously, our lab tested GD3
preparations from different laboratories and companies and have obtained strikingly distinct results
with comparable amounts of lipid. This suggests that different sources may possess different

modifications of GD3 that cause a difference in its immunosuppressive activity.

In summary, we have found that VEGF inhibition suppresses GD3 and we hypothesize that
VEGF receptor—mediated activation of ERK induces ganglioside shedding by ovarian cancer cells.
However, further work elucidating the link between VEGF and GD3 axis is needed. Finally,
fixation of ovarian cancer cells, which abrogated their VEGF secretion, restored their ability to
present antigen to NKT cells. These data demonstrate that VEGF suppresses NKT cell function
and that modulation of VEGF secretion via genistein and direct blockade of VEGF with

bevacizumab restores NKT cell responses.
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Chapter 6: Further discussion and future directions

6.1 Cell-intrinsic effects of HDACi on CD1d-mediated antigen presentation

CD1d expression and NKT cell-mediated anti-tumor responses

In our studies on the role of HDAC2 in CD1d-mediated antigen presentation, we noted
slight shifts in CD1D expression (Figure 3.10). We sought to determine whether NKT cells were
exquisitely sensitive to minor changes in CDID cell surface expression. Thus, we were able to
clone JeKo-1 cells expressing relatively high and low levels of CD1D and demonstrate that NKT
cells were sensitive to minute changes in CDI1D levels (Figure 3.10). Given that there are
approximately 50,000 CD1d molecules on the surface of splenic B cells and as few as 40,000
molecules on the surface of follicular B cells [211], it is possible that NKT cells are able to
recognize minute changes in CD1d levels. Importantly, increased CD1D levels enhance the avidity
of APC-NKT cell interaction [212], which suggests that more complex mechanisms than a
stoichiometric ratio of CD1D molecules to the number of interactions are at play. Moreover, our
current method of detection (flow cytometry) may not be sensitive enough to resolve the
differences in CD1d levels. A fluorescent bead method used by Sullivan et al. may be able to
resolve these changes [211].

As discussed in the introduction, high levels of CD1D on the surface of CLL cells
negatively correlate with NKT cell numbers [81], suggesting that high CD1D levels may induce
anergy. Thus, the ability to induce slight changes in CD1D levels may be beneficial in inducing
NKT cells without inducing anergy. Future studies using a mouse model and adoptive transfer of
NKT cells will determine whether this supposition is correct. In this model, JeKo-1 cells can be

engrafted into NSG mice and human NKT cells can be adoptively transferred. Following HDACi
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treatment, NKT cells can be assessed for common exhaustion markers, such as PD-1 and LAG3
[213,214].

We established a humanized mouse model, wherein we injected JeKo-1 tumors into NSG
mice and adoptively transferred human NKT cells (Figure 3.1). We discovered that adoptive
transfer of human NKT cells decreased tumor burden. These results show that transfer of NKT
cells can have a significant impact on disease progression. In the future, injection of JeKo-1
containing HDAC2 knockdown will determine whether HDAC2 knockdown enhances NKT cell-
mediated immune responses in vivo. Moreover, this model will allow us to test whether HDACi
treatment facilitates NKT cell-mediated tumor regression. We hypothesize that HDAC2
knockdown in JeKo-1 cells will help NKT cells to clear the tumors. Adoptive transfer of specific

NKT cell subtypes will identify the NKT cell type responsible for mediating anti-tumor responses.

RIME and identification of CD1d gene transcription factors

The studies identifying HDAC?2 as a regulator of CD1D expression created the foundation
for future studies aimed at identifying the mechanisms of CDI1D gene regulation. Rapid
immunoprecipitation mass spectroscopy of endogenous proteins (RIME) is a novel technique that
allows identification of endogenously-bound proteins at a specific promoter [215]. Originally, this
technique was used to identify proteins bound to the estrogen receptor (ER). One such protein,
GREBI, was found to associate with ER and the GREB1-ER interaction was demonstrated to be
predictive of clinical outcome [215]. Our studies identified HDAC2 as a negative regulator of
CDI1D gene expression. Thus, it is possible that HDAC2 may serve as a correlate for poor NKT
cell responses. Further studies of patient biopsies stained for HDAC2 expression and flow

cytometric analysis of NKT cell numbers will help establish clinical correlates between HDAC2
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expression and NKT cell numbers. Furthermore, the addition of our lab’s aAPC-qPCR method
[216], which allows to quickly screen patient blood for NKT cell function, will help determine
whether HDAC?2 overexpression correlates with NKT cell loss of function. Once these studies are
completed, RIME can be added to identify whether any particular HDAC2 associations are

predictive of anti-tumor immune responses.

Identification of distal regulatory elements regulating CD1d gene

The view that a gene is solely regulated by its promoter is far too simplistic. Current
evidence suggests that gene expression is regulated by complex networks of intergenic and
intragenic cis-regulatory elements, involving regulatory elements located as far as several hundred
of kilobases away from the gene in question. Chromosomes can create higher-level three
dimensional networks, bringing together distal regulatory elements, with enhancers not necessarily
regulating promoters closest to them [217,218]. The Next Generation Capture-C method allows to
capture the chromosomal conformations and to identify cis-regulatory factors that control gene
expression [217]. Thus, the conformation of the chromosome itself affects gene expression
profoundly. Future studies involving the Capture-C method will allow us to understand the role of
distal enhancers in regulating CD1d gene expression.

In Chapter 3, we showed that STAT3 does not bind at the distal or the proximal CD1D
promoter. However, it is possible that STAT3 regulates CD1D gene expression through binding
at distant enhancer regions. Genome-wide analysis of STAT3 binding sites of the mouse genome
revealed over 1.3 million of putative binding sites [219]. Comparative genomics studies will
determine which of these binding sites are functional. Thus, future studies will determine whether

STATS3 regulates CD1D gene expression through binding at distal enhancers or whether it binds
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at the promoter of a gene whose products regulates CD1D gene expression. Moreover, it is possible
that STAT3 binds the CD1D promoter indirectly. For example, one study determined that, in a
panel of lymphoma cell lines, STAT3 binds the GADD45G promoter indirectly, through
association with NF-kB and that panobinostat inhibits the binding of the NF-kB-STAT3 complex
[220]. Given that STAT3 can bind promoters indirectly and that the limitation of ChIP is that it
allows identification of factors binding a gene sequence directly, RIME (as discussed above) will
help determine whether STAT3 controls gene expression as a part of a large complex.

It is possible that STAT3 plays a positive role in CD1d-mediated antigen presentation. Iyer
et al. demonstrated that STAT3 inhibition reduced endogenous lipid antigen presentation to NKT
cells [221]. Knockdown of STAT3 led to decreased levels of UDP glucose ceramide
glucosyltransferase, an enzyme involved in glycosphingolipid biosynthesis [221]. Moreover,
CDID levels in HEK-293 cells containing STAT3 knockdown were not deemed significantly
different [221]. However, it must be noted that the CD1D gene in these cells is not under the
control of an endogenous promoter. Moreover, the studies were performed in fibroblasts, and not
cancer cells. The same signaling pathway can have different outcomes in fibroblasts, compared to
cancer cells, due to cross-talk with other pathways that are uniquely upregulated in cancer.
Overexpression of the human CD1D gene was achieved using pcDNA3.1 vector carrying the
CDID gene under the cytomegalovirus promoter. Thus, STAT3 enhances endogenous lipid
antigen presentation through modulation of glycosphingolipid biosynthesis pathways, but future
studies are needed to determine whether it controls CD1D gene expression through regulation of

distal enhancers.

Effects of HDACi on immune cells
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The potential cell-intrinsic effects of HDACi on immune cells stem from their ability to
modulate gene expression within immune cells. Beliakova-Bethell et al. defined the differential
gene expression changes induced by SAHA treatment [222]. The study aimed to elucidate how
CD4" T cells are affected by SAHA treatment to better understand what potential off-target effects
could mean for patients receiving HDAC inhibitor treatment [222]. CD4" T cells were isolated
from healthy donors receiving SAHA or VPA and a microarray was utilized to identify genes and
pathways affected by HDACi treatment. For example, c-myc, a proto-oncogene implicated in
regulation of many pathways such as cell growth, proliferation, and apoptosis was downregulated
in CD4" T cells of the healthy volunteers receiving SAHA [222].

The off-target effects of TSA on T cells include a reduction in CD4" T cell proliferation,
suppression of IL-2 expression, and downregulation of T cell markers such as CD40L and CD25
[210]. Butyrate and TSA were shown to induce anergy to antigens in naive murine CD4" T cells
by up-regulating expression of p21 [223]. Lastly, TSA was shown to inhibit proliferation of human
CD4" cells and to downregulate CD154 expression, which is required for antigen presenting cell
activation.

To test the effects of HDACi on lymphocyte activation, we treated healthy donor blood
PBMCs with a panel of HDAC: in the presence of stimuli to test NKT and T cell activation (Figure
6.1). NKT cells were stimulated with a-GalCer and artificial antigen presenting cells coated with
a-GalCer-loaded CD1D molecules and CD28. T cells were stimulated with CD3/CD28 beads.
PMA/Ionomycin serves as a positive control. We found no differences in T cell activation with
TSA and panobinostat treatment. However, MC1568 treatment inhibited T cell activation. We
performed a WST assay to assess lymphocyte proliferation and found that MC1568 induced

proliferation, suggesting that it could induce over-activation of T cells, resulting in AICD. We did
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not find that TSA reduces proliferation, but our studies did not determine which specific T cell
subsets were affected by TSA treatment. Moreover, we were unable to detect NKT cell activation.
Thus, application of our lab’s aAPC-qPCR method will allow us to determine the short-term
effects of HDACi treatment on NKT cell activation. However, future studies are needed to
determine the long-term effects of HDACi on proliferation and effector functions of NKT cells.
This can be tested in a mouse xenograft model.

In addition to affecting T cell function, HDAC inhibitors have been shown to impair NK
cell activation and function by decreasing IFN-y production and downregulating expression of NK
receptors, thus decreasing NK-mediated immune surveillance [224]. In vivo work showed that,
although HDAC: exert their function on multiple levels, the effects are reversible and NK cell
functionality rebounds within 4 days after discontinuation of HDACi therapy [224]. Nonetheless,
the authors note that long-term administration of HDACi may lead to a progressive decline in NK
cell immune surveillance, resulting in a permissive environment that may facilitate the relapse of
the primary malignant disease, induce metastasis, and perhaps lead to the onset of a second
malignancy [224]. However, although HDACi have such profound negative effects on NK cells,
they open a new avenue of study in which such negative effects can be used to the patients’
advantage. For example, valproic acid can be used to allow oncolytic virus infection of
glioblastoma cells by downregulating NK response to virus infection [225]. Such work is
paramount in determining how HDAC inhibitors can be employed in ways not originally

envisioned.
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Figure 6.1: Effects of HDACi on lymphocyte activation. A) The effects of HDACi on NKT and
T cell activation were examined by treating healthy donor peripheral blood mononuclear cells
(PBMCs) with TSA (100 nM), LBH589 (50 nM) and MC1568 (10 nM) and using artificial antigen
presenting cells (aAPCs) and CD3/CD28 beads to activate NKT and total T cells, respectively.
PMA/Ionomycin treatment is the positive control. Supernatants were harvested and subjected to
standard IFN-y ELISA at the end of 48 h incubation. B) Standard WST assay was performed on
PBMCs treated with TSA (100 nM), LBH589 (50 nM) and MC1568 (10 nM) at 4 and 24 h of
treatment. T tests were performed to ascertain statistical significance: * p<0.05, ** p<0.01, and

*#% p<0.0001. N.D., not detectable.
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Significance and implications

As discussed above, RIME hinges on immunoprecipitation of a known factor using
antibodies to a specific factor, followed by identification of interacting proteins by mass
spectroscopy. We identified a factor that binds at the CD1D promoter. Thus, RIME can be applied
to identify other proteins/co-factors involved in regulating CD1D gene transcription in MCL and
identify other HDAC2-regulated genes, with a specific focus on genes involved in antigen
presentation. Ultimately, the identification of HDAC2-interacting proteins may help find a protein-

protein interaction pair that predicts immune responses to cancer.

Summary

In Chapter 3, we demonstrated that modulation of HDAC?2 leads to enhanced CD1D-
dependent NKT cell responses (Figures 3.3-3.6, 3.9). We determined that HDAC2 binds at the
CDI1D promoter and that HDAC2 knockdown induced CD1D cell surface levels (Figures 3.7 and
3.8). We found that treatment of MCL cells with HDACi enhanced CD1D-mediated antigen
presentation (Figures 3.2 and 3.3). Thus, we have identified a novel role for HDAC2 in the
regulation of antigen presentation to NKT cells. We also found that antigen presentation by MHC
class II to DR-4-specific T cells was induced following HDACi treatment (Figure 3.3). Numerous
studies demonstrated increased surface expression of MHC class II [208,85,209,210], but we are
the first to demonstrate functional effects of HDACi on CDI1d-mediated antigen presentation.

Future studies will determine whether other HDACs regulate CD1d expression.
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6.2 Cell-extrinsic effects of HDACi on CD1d-mediated antigen presentation

Potential role of HDACi in controlling cell extrinsic mechanisms of immune evasion

In addition to playing a role in regulating cytokine secretion, HDACi can affect lipid
synthesis pathways and thus alter immunosuppressive lipid shedding. Specifically, ganglioside
GD3 has been shown to inhibit NKT cell activation [195]. N-acetylgalactosaminyltransferase I
(GA2/GM2/GD2/GT2-synthase, also known as GalNacT) and sialyltransferase I (GD3-synthase,
also known as ST-II) are two key glycosyltransferases that control the balance between a- and b-
series of gangliosides, serving as a branching point in the ganglioside synthesis pathway (Figure
6.1) [226]. Multiple studies have implicated a role for HDAC:i in regulating glycosyltransferases

of the lipid synthesis pathway [227,228,226].
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Figure 6.2: Ganglioside synthesis pathway. ST-II and GalNacT serve as key enzymes,

positioned at branching points of the ganglioside synthesis pathway.
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Specifically, in neuroepithelial cells, sodium butyrate was shown to induce GalNacT,
without affecting levels of ST-II [226]. Thus, HDACi have the potential to regulate lipid synthesis
and alter the balance between a- and b-series lipids. Thin-layer chromatography revealed a
decrease in the expression of GM3 and GD3 and an increase in GD1a, GD1b, and GT1b. While
GD3 was shown to be inhibitory to NKT cells, GT1b did not affect NKT cell responses [195].
Moreover, HDACI and 2 knockdown and valproic acid treatment induces GalNacT [229]. Since
ganglioside shedding by ovarian tumors has been shown to inhibit NKT cell activation, future
studies are needed to elucidate the effects of HDACi on ganglioside shedding by ovarian cancer
cells. In fact, regulation of lipid shedding may be another cell-extrinsic mechanism by which

HDACS regulate CD1d-mediated antigen presentation.

Regulation of angiogenesis by HDACi

Under hypoxic conditions, various cell lines exhibit increased expression of HDACs 1-3.
Moreover, TSA treatment inhibits hypoxia inducible factor-loo (HIF-la), which regulates
expression of various genes involved in angiogenesis, including VEGF [230]. HDACs modulate
HIF-1a activity, both directly and indirectly. Indirect regulation involves HDACi-induced
hyperacetylation of factors that target HIF-low for degradation. Specifically, TSA inhibited
angiogenesis in a Lewis lung carcinoma model [230]. Moreover, HDAC1 and HDAC3 have been
shown to directly regulate HIF-1a stability [231]. In vivo, valproic acid inhibits vessel formation
in chorioallantoic membrane and matrigel plug assays in mice [232]. Moreover, LBH589 treatment

of prostate cancer xenograft-bearing NSG mice resulted in decreased vessel formation around the

tumor [232].
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While the role of class I, II, and IV HDACS in angiogenesis has been extensively studied,
little is known about the role of class III HDACs in angiogenesis. Future studies are needed to
determine direct and indirect mechanisms of HDACi-mediated inhibition of angiogenesis. Given
that ovarian tumors secrete high levels of VEGF, HDACi treatment may show utility in this setting.

In Chapter 3, we exhaustively demonstrated that HDACi treatment enhances antigen
presentation. In Figure 5.6, we showed that fixation (and thus abrogation of inhibitory molecule
secretion/shedding) allows ovarian cancer cells to serve as antigen presenting cells. Thus,
combination of HDACi with antibodies against VEGF and GD3 may increase immunogenicity of
ovarian tumors. Moreover, as discussed above, HDACi have a role in regulating ganglioside
synthesis and may thus inhibit GD3 shedding. Thus, HDACi may function to restore antigen
presentation through multiple mechanisms. Future studies are needed to determine the effects of

HDACi on GD3 shedding, VEGF secretion, and antigen presentation by ovarian tumors.

Significance and implications

HDAC: are generally well-tolerated and have shown efficacy in several types of cancers.
However, STAT3 inhibitors have shown limited efficacy and yet, STAT3 modulation has been a
topic of great interest in cancer research. We identified a potential role for STAT3 in mediating
immunosuppressive cytokine secretion by MCL cells through induction of cytokine gene
transcription. Thus, we believe that the efficacy of HDACi can be attributed, at least in part, to
their ability to inhibit STAT3. In the future, it will be imperative to demonstrate that HDACi-

mediated inhibition of immunosuppressive cytokine secretion enhances immune responses in vivo.

Summary
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We sought to identify cell-extrinsic mechanisms by which tumors evade recognition by
NKT cells. We found that MCL cells secrete immunosuppressive cytokines, such as IL-10 and
VEGF. Furthermore, we determined that HDACi treatment inhibits STAT3 and
immunosuppressive cytokine secretion. Further investigation will be required to determine
whether other STAT3-inducible cytokines are immunosuppressive. We identified two other
candidate cytokines, IL-6 and MCP-1, which can be tested using our approach to testing the effects
of IL-10 and VEGF on CD1d-mediated antigen presentation (Figures 4.3 and 5.2). Furthermore,
studies are needed to determine whether these cytokines inhibit CD1ld-mediated antigen
presentation or co-stimulatory molecule expression. Finally, NKT cells have receptors for VEGF
(unpublished data from our laboratory) and further studies are needed to determine whether VEGF

inhibits NKT cells directly. These studies will help identify targets for immunomodulation.
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Thesis summary

Tumors evade immune surveillance through several mechanisms. In particular, tumors
alter antigen processing and presentation by major histocompatibility complex (MHC) proteins
and create an immunosuppressive environment. For example, tumors downregulate CD1d, a non-
polymorphic MHC class I-like molecule, in order to evade recognition by a subset of T cells called
Natural killer T (NKT) cells. NKT cells constitute a population of T cells that is crucial to anti-
tumor immunity: NKT cells can not only directly lyse malignant cells, but also serve as pivotal
players in modulating other immune cells. Lymphomas, along with several other hematologic as
well as solid malignancies, express CD1d and co-stimulatory molecules needed to activate NKT
cells. Nonetheless, lymphomas are poorly immunogenic and they can achieve escape from NKT
cell-mediated surveillance through downregulation of CDI1d. We hypothesized that B cell
lymphomas utilize epigenetic mechanisms to dysregulate CD1d-mediated antigen processing and
presentation leading to a functional impairment in the ability of NKT cells to recognize tumors. In
order to test our hypothesis, we pretreated human lymphoma cells with HDAC inhibitors (HDAC1)
and we assessed their ability to process and present antigen to primary human NKT cells.
Similarly, we utilized a well-characterized mouse antigen presentation model. We found that
treatment with trichostatin-A (TSA), a pan-HDACi in the hydroxamic acid class, resulted in an
increase in antigen presentation to both human and mouse NKT cells. Moreover, pretreatment with

TSA enhanced MHC class II-mediated antigen presentation to CD4" T cells.

These data indicate that HDACi modulate CD1d and MHC class II-mediated antigen
presentation and suggests a role for multiple HDACs in regulating antigen processing and
presentation. We found that treatment with TSA lead to rapid increase in both CD1D mRNA and

protein, suggesting that HDAC:s are involved in controlling CD1D gene at the promoter level. We
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identified HDAC?2 as the main HDAC regulating CD1D-mediated antigen presentation. Thus, we
identified a cell-intrinsic mechanism by which tumors suppress CDIld-mediated antigen

presentation (as summarized in the figure below).

In order to assess global immunomodulatory effects of HDACi, we examined an oncogenic
factor frequently constitutively activated in lymphoma, signal transducer and activator of
transcription 3 (STAT3). We found that lymphoma cells with constitutively activated STAT3
secrete interleukin-10 (IL-10), which we found to be suppressive to NKT cells. Treatment with
TSA inhibited IL-10 secretion. We postulate that HDACi suppress inhibitory cytokine secretion
and that cytokine secretion is a cell extrinsic mechanism by which tumors suppress NKT cell-
mediated immune responses. These studies demonstrate the efficacy of HDACi in restoring NKT
cell-mediated anti-tumor responses and may provide the basis for an NKT cell-based
immunotherapeutic strategy that not only enhances the immune response, but also increases the

immunogenicity of the tumor itself.

We extended the finding that tumor-secreted cytokines inhibit CD1d-mediated antigen
presentation to an ovarian cancer model. We showed that ovarian cancers secrete vascular
endothelial growth factor (VEGF) and that VEGF potentiates GD3-mediated suppression of
antigen presentation. Moreover, we showed that VEGF inhibits CDIld-mediated antigen
presentation. Thus, tumors may utilize multiple mechanisms to evade recognition by immune cells
(as summarized in the figure below). Targeting of immunosuppressive factors in combination with

immunotherapy may restore anti-tumor immune responses.
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Summary Figure: Tumors utilize various mechanisms to evade NKT cell-mediated anti-tumor
responses. Cell-intrinsic mechanisms include dysregulation of CD1d gene transcription and
aberrations in intracellular signaling pathways, including STAT3. Cell-extrinsic mechanisms
include secretion of immunosuppressive cytokines, such as VEGF, and shedding of lipids that

inhibit CD1d-mediated antigen presentation.
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