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— ABSTRACT —

INTRODUCTION: Pre-clinical and clinical data strongly support the feasibility

of employing immunotherapy as a strategy to treat cancer.

METHODS: Using the B16F10 murine melanoma model, we have been
investigating mechanisms of T cell-mediated antitumor immunity following
immunization with dopachrome tautomerase (DCT), a melanoma-associated

antigen.

RESULTS: In Chapter 2, we uncovered an interesting dichotomy whereby
DCT-specific CD4" T cell-mediated tumor protection and autoimmunity are
dependent on IL-4/STAT-6 and IFN-y/STAT-4, respectively. Our data also
revealed that this phenomenon is extrinsic of CD4" T cell polarization.

To gain further insight into the targets recognized by CD4" T cells, we
conducted in Chapter 3 extensive CD4" T cell epitope mapping experiments
using overlapping peptide libraries. Interestingly, while we were able to identify
“helper” epitopes within DCT that were required for maximal CD8" T cell
expansion, we were unable to identify “effector” epitopes responsible for tumor
rejection. Further examination of the requirements for the generation of CD4" T
cell effector epitopes showed that post-translational modifications of the protein

were involved.
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In Chapter 4, we investigated the modest efficacy afforded by DCT
immunization in the context of established BI16F10 melanomas.  Using
intratumoral transcriptional analysis, we demonstrated that the vaccine rapidly
promoted an IFN-y-dependent immunosuppressive state inside the tumor.
Concurrent treatment with the immunomodulatory antibodies anti-4-1BB and
anti-PD-1 effectively counteracted this tumor immunosuppression, resulting in

complete regression of tumors and long-term survival in 70% of the mice.

CONCLUSIONS: The research described in this thesis sheds new light into the
mechanisms by which vaccine-mediated CD4™ T cell responses participate to
tumor rejection and autoimmunity. Moreover, our findings indicate that cancer
vaccine-induced tumor immunosuppression significantly limits tumor regression,
emphasizing the requirement of combinatorial approaches for successful cancer
immunotherapy. Overall, our research offers new insight for future vaccine

development.
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Introduction
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1.0 Cancer

According to the World Health Organization, cancer accounts for 13% of all
deaths worldwide, a figure that is expected to rise significantly over the next
decades '. Successful treatment of cancer will ultimately rely on an in-depth
understanding and appreciation of its origins and promoting factors. In this first
section, following an overview of cancer, I will discuss briefly conventional

cancer treatments and the concept of cancer immunotherapy.

1.1 Cancer is a heterogeneous disease

Cancer can be inherited, however, it is most often caused by extrinsic
environmental factors such as pollutants, infections, lifestyle, dietary choices and
tobacco use *. Epidemiological and histological studies have strongly suggested
that tumor progression occurs over decades, following the sequential development
of normal cells into hyperplastic, dysplastic, neoplastic and, finally, metastatic
cells >. Cancer is believed to develop from a stepwise accumulation of genetic
alterations which result in the inactivation of genes that suppress tumor
development (tumor suppressor genes), deregulation of epigenetic events and
activation of genes that promote tumor development (oncogenes) *. Such genetic
and epigenetic aberrations impose over time significant stress on cancer cells,
further promoting the accumulation of mutations °. Sequencing of human cancer
genomes of numerous etiologies has revealed substantial genomic instability;

indeed, thousands of mutations may accumulate in a given malignancy, with
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considerably diverse mutation rates and patterns observed among individual
cancers *. While most of the mutations are not thought to be tumorigenic, the
whole genome analysis did find a significant number of potential “driver”
mutations which could be involved in tumor formation *. Such findings have
important implications for the treatment of cancer as they clearly illustrate the
high degree of heterogeneity not only among cancer types, but also among cancer
cells within a given tumor. Collectively, these (epi)genetic aberrations endow
cancer cells with 8 characteristic hallmarks > that promote tumor formation: 1)
sustained proliferative ability, 2) inhibition of growth suppression, 3) resistance to
cell death, 4) replicative immortality, 5) pro-angiogenic ability, 6) invasiveness
and metastatic potential, 7) reprogrammed energy metabolism and 8) evasion of
immune destruction. It is now acknowledged in the field that fighting tumors,
especially as they spread and become metastatic, will necessitate a multifaceted

anticancer strategy.

1.2 Conventional cancer treatments

Classical cancer treatment modalities include surgery, chemotherapy and
radiotherapy. Surgical resection remains the treatment of choice for solid tumors
and is often accompanied by chemotherapy or localized/regional radiation therapy
in order to prevent recurrence °. The majority of chemotherapeutic drugs act by
impairing mitosis of rapidly dividing cells, a characteristic feature of most cancer

cells . Similarly, ionizing radiation causes DNA damage in the target cells,
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consequently promoting loss of proliferation ability and apoptosis *. Given the
non-specific cytotoxic nature of chemotherapy and radiation therapy, substantial
concomitant side effects are frequently observed, notably in the bone marrow and
mucosal tissues where rapidly dividing cells contribute to tissue homeostasis °.
Further, tumors often develop resistance to chemotherapy ° and radiation '°, which
limits the effectiveness of conventional anticancer therapies against more

advanced disease. Clearly, additional complementary therapies are required.

1.3 Cancer immunotherapy

The idea that host defenses can recognize and fight cancer cells has existed for
hundreds of years and stemmed from the observation that spontaneous tumor
regression would often coincide with acute infections ''. The first active cancer
immunotherapy, known as Coley’s toxin, was tested by William Coley in the late
1800s and consisted of heat-killed Streptococcus pyogenes and Serratia
marcescens. It was used to treat many cancers including sarcomas, carcinomas,
melanomas, lymphomas and myelomas, with some success '>.  Significant
progress has since been made towards the development of cancer
immunotherapeutic strategies aimed at harnessing the immune system to target
cancer malignancies. Indeed, increased overall survival has been reported in

13-16

recent phase III clinical trials of cancer immunotherapy , illustrating the

potential of these novel approaches in the clinic.
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2.0 Cancer and the immune system

While tumor cell genetics and biology have been an important focus of cancer
research over the last decades, our continually expanding knowledge of tumor and
vaccine immunology has fuelled much interest in the promising application of
cancer immunotherapies. In this section, I will review the basic aspects of

immune responses.

2.1 Overview of innate and adaptive immunity

The human immune system encompasses an intricate network of cells, tissues and
organs that protect us against a multitude of insults such as microbial infections,
autoimmunity and cancer. Central to the immune system’s complexity is its
ability to distinguish “self” from “non-self” and “safe” from “dangerous”.
Numerous protective mechanisms are employed to tailor immune responses while
concurrently avoiding damage to healthy surrounding tissues.

The first line of defense, known as innate immunity, consists of physical
barriers (e.g. skin, mucosal membranes), biochemical barriers (e.g. enzymes,
secretions) as well as immunological barriers (e.g. phagocytic cells, dendritic cells
(DCs) natural killer (NK) cells, cytokines/chemokines, complement cascade) '’
Innate immune cells share germline-encoded surface and cytoplasmic receptors
that allow them to recognize pathogen-associated molecular patterns (PAMPs)
found on a variety of microbes '*. Consequently, innate immune cells can rapidly

respond to infection.
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Adaptive immune responses are elicited concurrently to innate immune
responses. Unlike innate immunity however, adaptive immunity relies on the
prior proliferation of a small number of cells whose receptors are highly specific
for target pathogens; temporally, adaptive immunity manifests itself after innate

. 1
mmune responscs 7.

Immune cells of the adaptive system, namely B and T
lymphocytes, each express unique receptors: B-cell receptors (BCRs) and T-cell
receptors (TCRs). Somatic rearrangements of germline gene elements underline
the exquisite specificity of individual BCRs and TCRs '°, permitting B and T cells
to recognize virtually any pathogens. After their development in the bone marrow
and thymus, naive B and T cells traffic to secondary lymphoid organs, including
the spleen and lymph nodes. Located at the host-pathogen interface, antigen-
presenting cells (APCs) play a key role in the induction of adaptive immune
responses. They do so by sampling antigens in their environment, processing
them and subsequently presenting them to B and T cells in secondary lymphoid
organs *°. Adaptive immunity can be distinguished as humoral (present in the
serum and bodily fluids) and cellular immunity. Humoral immunity is mediated
by B cell-secreted antibodies (Abs) which, by means of neutralization,
opsonization or complement activation, target antigens confined to extracellular

21,22
spaces and mucosal membranes

. Contrary to humoral immunity, the role of
cellular immunity is to identify and eliminate abnormal cells or cells that have

been invaded by intracellular pathogens. This type of adaptive immunity requires

the action of CD4" and CD8" T cell subsets . T cell immunity relies on the
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ability of APCs to present antigens in the form of peptides displayed onto major
histocompatibility complex (MHC) molecules, which are termed “peptide-MHC
complexes”. TCR recognition of peptide-MHC complexes subsequently triggers
the activation of T cells, which can then recognize non-APCs harboring the same
peptide-MHC complexes. In addition to offering a broad repertoire of antigen
specificity, an important hallmark of adaptive immunity pertains to its ability to
generate “immunological memory”. Following encounter with a pathogen, B and
T cells first become activated and expand greatly in number to clear the infection;
as this initial response eventually wanes, a small fraction of these cells becomes
long-lived and maintains pathogen specificity. These memory cells can then

rapidly mount robust immune responses upon re-encounter of the same pathogen

24,25

2.2 CD8" T cell immunity

CD8" T cells, also called “cytotoxic T lymphocytes (CTLs)”, play a fundamental
role during adaptive responses as they actively take part in the clearance of
intracellular pathogens and transformed cells *. Differentiation of naive CD8" T
cells into effector cells first requires antigenic recognition in an inflammatory
setting. CD8" T cell proliferation, survival and effector functions depend on
cellular signaling mediated by cytokines like as IL-12 ** and type I IFNs >’ as well
as ligation of the immune stimulatory receptor 4-1BB **. Two models have been

proposed to explain the proliferation and differentiation of CD8" T cells. The
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progressive differentiation model suggests that repeated random encounters with
antigen, from which the various levels of antigenic signal accumulated dictate
long-term T cell fate, are required throughout the expansion phase *. The
alternative model, T cell programming, stipulates that one antigenic encounter is
sufficient to instruct naive CD8" T cell precursors to proliferate and that the
context during which it happens (e.g. ligation of immune stimulatory receptors,
cytokine milieu) determines long-term T cell fate **. The latter model appears to
be the most probable one; it is supported by several studies demonstrating that
only 24 hours of antigen stimulation is adequate to impart CD8" T cells with the
ability to expand, develop effector functions and differentiate into memory cells
134 Activated CD8" T cells kill their targets primarily by means of contact-
mediated cytotoxicity. Following establishment of a secretory immunological
synapse between the CD8" T cell and its target cell *°, contact-mediated
cytotoxicity proceeds mainly via the migration and release of pre-formed lytic
granules that contain death-inducing molecules such as perforin and granzymes
3637 Perforin functions by creating pores in the target cell membrane ** allowing
granzymes to enter the cell and activate non-overlapping caspase-mediated
apoptotic pathways *°. A secondary contact-dependent effector mechanism that
also results in apoptosis is mediated via ligation of FasL by CTLs with its death
receptor Fas, expressed on target cells ***’. Lastly, the effector cytokines secreted

by CTLs, IFN-y and TNF-a, can kill target cells through multiple indirect effects.

These include increased MHC expression (renders infected cells more visible),
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activation of innate cells such as macrophages and NK cells, inhibition of viral
transcription and/or replication as well as death receptor (TNFR) mediated

. 40,41
apoptosis .

2.3 CDS8" T cells in cancer immunity

Numerous pre-clinical and clinical studies conducted during the 1980s initially
demonstrated that autologous CDS8" tumor infiltrating lymphocytes (TILs)
expanded ex-vivo in the presence of IL-2 could result in some degree of cancer
regression following adoptive transfer therapy **. Moreover, multiple studies in
murine models have highlighted an important role for antitumor CTL responses in

tumor rejection ¥

Several reports have shown that the perforin/granzyme
pathway is the predominant effector pathway used by tumor-specific CTLs ***,
FasL-mediated apoptosis has also been observed as a tumor rejection mechanism
in perforin-deficient mice *. Additionally, in-vitro work suggests that IFN-y may
be important for sensitizing tumor cells to death receptor-mediated apoptosis, an
effect that results from increased expression of caspases °° and Fas °' in tumor

cells upon IFN-y treatment. These latter findings indicate that the direct killing

ability of CTLs is likely facilitated by the collaborative action of IFN-y.

2.4 CD4" T cell immunity
CD4" T cells play numerous important roles in adaptive immunity; this is

illustrated by the existence of various subsets, which are characterized by distinct
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differentiation pathways, cytokine profiles and functions. Two CD4" T cell
subsets, Tyl and Ty2, were originally identified in a seminal paper by Mosmann
et al in 1986 **. Since then, other subsets have been characterized including
regulatory T cells (Tregs) >>~*, T follicular helper cells (Tgg) >°, Ty9 **°" and Ty17
3 Figure 1 summarizes the diverse differentiation pathways and subset
attributes. Whether these various CD4" T cell subsets should be viewed as
independent lineages or “plastic/'uncommitted” cells is matter of current debate.
Although a description of the mechanisms possibly involved in such plasticity
falls outside of the scope of this introduction, a summary of advances in the field

. . . . . 60,61
is provided in recent review articles ~

. In light of the work presented in this
thesis, I will only describe briefly the Tyl, Ty2, Tyl7 and Treg CD4" T cell

subsets.

Tyl CD4" T cells Upon TCR triggering in an inflammatory setting, naive
CD4" T cells differentiate into Tyl cells in the presence of 1L-12 62, 1L-18 63’64,

type I IFNs ® or IFN-y ®, which are produced by DCs, monocytes, macrophages

and NK cells in response to infections °"%

Differentiation is initiated by
signaling through signal transducer and activator of transcription (STAT)-4 (IL-

12, type I IFNs) or STAT-1 (IFN-y). Activation of STAT-1 results in the

66,69,70

induction of the transcription factor T-bet , which induces the expression of

IFN-y and upregulation of IL-12 receptor 2, forming a positive autoregulatory

10
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STAT-3
221

Induction of B cell humoral responses

- IFN-y, TNF-a, TNF-B and IL-2
Defense against intracellular
pathogens
IL-6, IL-21
IL-12, IFN-y
- IL-4, IL-5, IL-9, IL-10
/ and IL-13
/ Defense against
||_- extracellular parasites

T.9

IL-4, TGF-B
Naive CD4* T cell \* - IL-9 and IL-10
Defense against
\ IL-6, TGF- helminth infections
IL-10; TGF-B
- IL-17A, IL-17F, IL-21 and IL-22
Defense against extracellular
bacterial and fungal pathogens
iTregs

T.1;T,3

- IL-10, TGF-B, IL-35
Peripheral tolerance

Figure 1. Differentiation of CD4" T cell subsets. The type of antigen and surrounding cytokine
milieu dictate the differentiation of naive CD4" T cells into effector CD4" T cells. Intracellular
signalization and expression of subset-specific transcription factors further specify lineage
commitment. (Figure adapted from O’Shea and Paul ® and Zhu ").

11
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loop that further amplifies Ty1 differentiation ">

. Tyl cells are characterized by
their production of proinflammatory cytokines such as IFN-y, TNF-a and TNF-f3
as well as the T cell growth factor IL-2, all of which are important stimulators of
innate and T cell responses '*. Tyl responses and IFN-y are especially required
for protection against a variety of intracellular bacteria ">/, fungi ’* and viruses
781, protective mechanisms include activation of macrophages and increased
cytotoxic activity of CD8" T cells and NK cells **. Overt Tyl immune responses
have been implicated in several unwanted inflammatory reactions against self,

including inflammatory bowel disease *°, graft-vs-host disease **, type 1 diabetes

85 and rheumatoid arthritis ¢.

Ty2 CD4" T cells IL-4 is considered to be the main cytokine driving the

87.88 1t remains unclear what

differentiation of naive CD4" T cells into Ty2 cells
cells provide the initial source of IL-4 *. Signaling via the IL-4 receptor leads to
the activation of STAT-6, an important signal transducer of Ty2 differentiation
%091 Activated STAT-6 translocates into the nucleus where it induces the
expression of the transcription factor GATA-3 *, referred to as the master
regulator of Ty2 differentiation. STAT-6 also induces the expression of IL-4Ra
% and c-maf **, which reinforce Ty2 commitment via autocrine action of IL-4.
Recent reports have also shown STAT-6-independent pathways of GATA-3

induction and Ty2 differentiation, which require either Notch % or WNT *°

signaling. GATA-3 functions by binding to the IL-4 locus where it induces the

12
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production of IL-4, IL-5 and IL-13 *>. The cytokines produced by Tu2 cells
include IL-4, IL-5, IL-9, IL-10 and IL-13; they are mainly involved in B cell Ig
class-switching to IgG1 and IgE as well as eosinophil recruitment "*. As such,
Tu2 responses are particularly important for the clearance of extracellular
pathogens, including helminthes °” and nematodes **; protection relies on humoral

immunity and activation of eosinophils *.

Unlike Tyl responses, uncontrolled
Tu2 responses have predominantly been associated with allergies > and atopic

asthma '%°,

Tul7 CD4" T cells Tyl7 differentiation is initiated upon TCR stimulation and
requires the combined action of TGF-p ' and IL-6 '®. While IL-23 was also
thought to be an instigator of Ty17 differentiation '**, it has since been attributed a
role in subsequent expansion of Ty17 cells given that expression of its receptor on
CD4" T cells is induced by TGF-p '*'. IL-6 signaling is mediated by STAT-3 '**
and results in the expression of the transcription factor RORyt, which ensures
Tul7 lineage commitment '®. The cytokine profile of Tyl7 CD4" T cells is
primarily characterized by secretion of IL-17A (IL-17) and IL-17F '°° as well as
IL-21 "7 and IL-22 '®. Besides IL-21, which acts in an autocrine manner to
sustain Ty17 differentiation '’ these cytokines target various cell types including
endothelial and epithelial cells, fibroblasts, monocytes and macrophages '%,

leading to the induction of antimicrobial proteins, inflammation (via IL-6 and

CXCLS), neutrophil recruitment and stimulation of granulopoiesis (via G-CSF

13
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and GM-CSF) '”. Tyl17 responses have been implicated in protection against

numerous extracellular bacterial and fungal pathogens at mucosal surfaces '

Lastly, Tul7 cells are also regarded as key culprits of autoimmune pathologies.

Indeed, using mouse models of multiple sclerosis ', theumatoid arthritis ''* and

113

inflammatory bowel disease ~°, it was demonstrated that uncontrolled Ty17

responses play a pivotal role in the induction and propagation of autoimmune
reactions, a role which was previously attributed to Tyl cells. These findings

. . 114
have now been extended to numerous human autoimmune diseases .

CD4" T regulatory cells (Tregs) Unlike the previously discussed CD4™ T
cell subsets, Tregs actually oppose immune activation through a variety of

mechanisms to suppress the function of both conventional T cells and APCs,

1 116,117
. 3)

including: 1) the release of suppressive cytokines ''°, 2) cytolysis

118-120 121,122

metabolic disruption and 4) interference with APC functions . Tregs
fall into 2 categories: natural Tregs (nTregs) and induced Tregs (iTregs (Tr1 and
Tu3)) '*. The surface phenotypic markers common to both nTregs and iTregs

resemble those of an activated T cell: CD25, CTLA-4, GITR and CD45RB"" '%3,

Expression of the transcription factor Foxp3 further characterizes Tregs '**'>,

126 Natural Tregs develop in the thymus '*’.

with the exception of the Trl subset
The importance of nTregs was clearly demonstrated during the mid-1990s in pre-

clinical experiments where depletion of the CD25" cells resulted in lethal

autoimmune diseases ', Contrary to nTregs, iTregs arise in the periphery from
ry g g periphery

14
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conventional naive CD4" T cells and include the Tr1 and Ty3 subsets, which are

induced by IL-10 '** and TGF-p '**'*, respectively.

2.5 CD4" T cells in cancer immunity
The role of antitumor CD4" T cell responses, aside from supporting optimal

cancer-specific CTL expansion and effector functions °'*

, appears to be
multifaceted. Indeed, using pre-clinical models, 2 groups have demonstrated a
critical requirement for tumor-specifc CD4" T cells in rendering the tumor milieu

amenable to recruitment of antitumor CD8" T cells 3>,

Importantly, tumor-
specific CD4" T cells can also actively take part in tumor rejection. For instance,
early work investigating adoptive transfer therapy in a murine leukemia model
showed that CD4" T cells conferred tumor immunity to tumor-bearing hosts
13513¢ " Using in-vivo depletion of CD4" T cells or MHC I-negative tumor cells, an
important role for CD4" T cell-mediated tumor protection was reported in 2 pre-
clinical studies in which irradiated melanoma cells engineered to express
granulocyte-macrophage colony stimulating factor (GM-CSF) were used as a

D738 These latter results illustrate the fact that CD4™ T

vaccination platform
cells can mediate tumor protection independently of CD8" T cells. A recent
report by Perez-Diez et al demonstrated that antitumor CD4" T cells were even
more efficient than CD8" T cells, on a “per-T-cell” basis, at killing tumor cells .

Several mechanisms of CD4" T cell-mediated tumor destruction have been

elucidated. For instance, these cells can directly kill tumor cells as initially

15
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reported by Topalian et al in the case of a human melanoma expressing MHC 11
140 Although it is generally believed that tumor cells from solid tumors do not
express MHC II, it appears that a proportion of cells within most tumor types do
harbor MHC 1I at their surface '*'; however, the percentage of MHC Il-positive

. Cq . T 142
tumor cells varies within the tumor and among individuals ™.

Alternatively,
CD4" T cells can also mediate tumor protection independently of MHC II
expression by tumor cells. It is thought that tumor antigens released at the tumor
site are indirectly presented by APCs to tumor-specific CD4" T cells which then
kill tumor cells via secretion of cytokines or recruitment of non-specific innate
cells. Indeed, Ty1-derived IFN-y has been shown to exert anti-angiogenic effects
' mediate direct tumor cytotoxicity in the presence of TNF-a. '** or upregulate

14 therefore increasing the recognition and

the expression of MHC molecules
elimination of tumor cells. Furthermore, IFN-y can activate macrophages from
which the production of nitric oxide and super-oxide plays a role in tumor killing
146147 A5 for Ty2 cells, they can promote tumor destruction via IL-4-mediated
recruitment and activation of eosinophils, which act as downstream effectors by

. . 146,148,149
releasing cytotoxic granules .

As is the case for IFN-y, IL-4 can also
inhibit tumor growth through its anti-angiogenic properties °*'>'. The role of
Tul7 cells in mediating tumor clearance remains to be fully investigated. Indeed,
while a number of studies have demonstrated a role for IL-17 in enhancing CTL
effector function and DC maturation, others have reported that IL-17 harbors pro-

. . . . . .. 152
angiogenic properties and therefore increases tumorigenicity .

16
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The regulatory role of Tregs in cancer immunity is also well recognized.
Tregs, originally termed “T suppressors”, were first observed to suppress
antitumor immunity in a pre-clinical study conducted in 1980 '**. The importance
of their suppressive impact on cancer immunity was clearly illustrated in pre-
clinical tumor studies in which Tregs were depleted using anti-CD25 antibodies
13135 The relative contribution of nTregs versus iTregs to suppression of
antitumor immunity has yet to be defined ° but it does appear that the
mechanisms employed by the 2 cell types differ. Indeed, Ty3 and Trl iTreg
subsets are thought to primarily promote contact-independent suppression of
conventional T cells and APCs via their abundant secretion of IL-10 and TGF-f
while nTregs are believed to mediate their suppressive activity via contact-

6

dependent mechanisms '*°. Overall, Tregs are regarded as an important immune

inhibitory cell population in antitumor immunity.

2.6 Tumor antigens
Antitumor T cells target and destroy tumor tissue due to their ability to recognize
tumor antigens. Consequently, cancer immunotherapeutic strategies, such as

. . . . . . . 15
cancer-specific vaccination, rely on the identification of tumor antigens .

Following the discovery of the first tumor antigen in 1991, MAGE-1 "
significant technological advances such as in-silico epitope prediction,

chromatography/mass spectrometry and gene expression profiling have facilitated

the identification and epitope characterization of over 100 antigens recognized by

17
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antitumor T cells >’

. Tumor antigens, as illustrated in Table 1 below, are broadly
classified into tumor-specific antigens (TSAs) and tumor-associated antigens

(TAAS) 157,160-162

Table 1. Classification of tumor antigens

Antigen class | Antigen subclass Description Examples*
Tumor- Viral Derived from oncogenic viruses EBNA-1, HPV-16 E6/E7
specific
antigens
(TSAs) Unique Point-mutation / aberrant splicing CDK4, K-ras, p53

Cancer testis Transcriptionally activated genes BAGE, GAGE, MAGE,
otherwise silent in adult tissues NY-ESO-1
Tumor-
associated Differentiation Shared between tumors and the tissues | DCT, gp100, tyrosinase,
antigens they are originate from TRP-1, CEA, PSA
(TAAs)
o Overexpressed compared to normal cyclin D1, MUCI, p53,
verexpressed . D .
tissues, found in different tumors survivin, telomerase

* See review articles "' for more comprehensive listings of tumor antigens.

TSAs are sub-divided among the following 2 types: 1) antigens derived from
tumor-causing viruses and 2) unique antigens that arise from genetic mutations or
aberrant RNA splicing within the tumor cell. However, there are few “common”
TSAs. Since most TSAs will be unique to individual tumors, deploying TSAs as
the basis for cancer immunotherapy would require sequencing of individual
tumors, which remains a daunting task. Most tumor antigens identified to date
and targeted in the clinic are TAAs belonging to one of the following categories:
1) cancer testis antigens, which are the product of reactivated genes that are

normally silent in adult tissues, except testis, 2) differentiation antigens, which are

18



PhD Thesis — D. Bernard McMaster University — Medical Sciences

shared between normal and cancerous tissues and 3) overexpressed antigens,

which are ubiquitously expressed, but to a higher extent in tumors.

2.7 Antigen presenting cells (APCs)

Three cell types are viewed as “professional” APCs based on their constitutive
expression of MHC II: macrophages, B cells and dendritic cells (DCs) '®. DCs,
however, given their prime location within the T cell-rich areas of the LNs '**, are
considered as the most efficient APCs. DCs originate from bone marrow
progenitors and constitute a heterogeneous population which includes many
subsets that can be distinguished based on their tissue distribution, phenotype,

ability to process and present antigens as well as cytokine profile '®°.

They are
broadly classified into plasmacytoid and myeloid DCs, with the latter ones
including langerhans cells and interstitial DCs found in the skin and tissues,

respectively .

The “immature” state of DCs, which prevails in most tissues, is
largely defined by poor antigen presentation ability and lack of costimulatory
signals for T cell activation. In contrast to immature DCs, “mature” DCs are
characterized by an increased ability to present antigens and upregulation of
costimulatory molecules required for T cell activation. Immature DCs, consistent
with their role as sentinels, are continuously sampling antigens in their
environment via macropinocytosis (ingestion of large quantities of fluids) '°® and

receptor-mediated phagocytosis '®” for presentation to B and T cells in secondary

lymphoid organs. DC migration relies on the expression of different chemokine

19
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receptors. For instance, DCs are recruited to inflamed tissues in response to
chemokines such as CCL2 (via CCR2) as well as CCL3, CCL4 and CCL5 (via
CCRI1, CCR3 and CCRS5) '®'®  DC maturation requires proinflammatory
cytokines (ex. IL-1 and TNF-a) and recognition of PAMPs or danger signals
(tissue injury) '""'7%; it is characterized by: 1) enhanced antigen presentation via
upregulation of MHC I and IT '>'7, 2) expression of the lymphoid tissue homing
receptor CCR7 ', 3) expression of costimulatory molecules (CD80/CD86) and 4)
cytokine production (TNF-a, IL-6, and IL-12) '"°.

In the steady state, i.e. in the absence of infection/inflammation and
cytokines, acquisition of antigen by immature DCs and recognition by T cells
induces T cell anergy (functional inactivation), deletion (removal by apoptosis)

77~ Such DCs are referred to as

or, alternatively, promotes a “tolerance” state
“tolerogenic DCs”. Pre-clinical and clinical studies conducted during the late
1990s showed that DCs found in cancer lesions and draining lymph nodes of
tumor-bearing animals and cancer patients displayed a decreased ability to present

178,179

antigens It is now recognized that the immunosuppressive environment

found within tumors significantly impairs the ability of DCs to elicit T cell-
180

mediated antitumor immunity due to maintenance of an immature DC state

“Tumor-conditioned” DCs therefore also represent a form of tolerogenic DCs.

20
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2.8 Antigen processing and presentation
Antigens are presented to CD8" and CD4" T cells in the context of MHC I and
MHC II, respectively (FIG 2). MHC I is expressed on all nucleated cells while

MHC 11 is constitutively expressed by professional APCs '®'.

Figure 2. Structure of peptide-MHC complexes. Schematic representation (top view) of
peptides bound to (A) MHC I and (B) MHC II binding grooves. (Source: Kenneth ez al '*).

MHC I presentation MHC I molecules are composed of 2 polypeptide

chains, the o chain and the B,-microglobulin, which are assembled in the

endoplasmic reticulum (ER) '

. The MHC I groove accommodates peptides that
are generally 8-10 amino acids in length '®. Peptides loaded onto MHC I are
typically derived from proteins that are degraded by the proteasome, which
generates peptides with varied lengths that are optimally trimmed either by

184

cytoplasmic proteases or by ER aminopeptidases Intracellular proteins
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targeted for degradation by the proteasome are first labelled through
ubiquitylation '®. Peptides are transported from the cytoplasm into the ER using
the transporter associated with antigen processing (TAP) complex '* prior to
MHC I loading via a peptide-loading complex made of calreticulin, ERp57 and
tapasin '®. Peptide binding results in stabilization of the MHC molecule, which is
then routed to the cell surface via the endosomal pathway (Fig. 3A). Extracellular
antigens can also be loaded onto MHC I by means of “cross-presentation” (FIG.
3B-D) ¥, a process that is suspected to be important for presentation of tumor

antigens '**.

A) Classical MHC | B) Direct MHC | loading in C) Access to cytoplasm D) Access to cytoplasm via
presentation early endosome via ERAD complex phagolysosomal leakage
(TAP-dependent loading) (TAP-independent loading) | (TAP-dependent loading) (TAP-dependent loading)

Cytoplasm =
@ |® | |®

\ P = $ %
pesome I p ‘o ¢ v <&

W |l Y

¥ 78S Oy
TAP " ﬁ i "I:l] ..' ? f\l\) /l"
<

e 7 | W Y-,
4 5

assembly

Figure 3. MHC 1 presentation. (A) Classical MHC I presentation pathway. (B-D) Putative
cross-presentation pathways. (B) Peptides derived from internalized antigens may be loaded
directly onto MHC I molecules, which have been found to colocalize with MHC II molecules in
early endosomes. (C) Extracellular antigens may access the cytoplasm using the ER-associated
degradation (ERAD) machinery, which has also been found in phagosomes. (D) Antigens may
“leak” into the cytoplasm through increased permeability or rupture of phagolysosomal
membranes. (Figure adapted from Murphy ez a/ '** and Rock and Shen '**).
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MHC II presentation MHC 1II o/ heterodimers are first assembled in the

ER along with the invariant chain (Ii), whose cytoplasmic tail contains an

189

endosomal pathway targeting motif Once located in late

endosomal/lysosomal vesicles (named MHC II compartments), Ii is degraded by
lysosomal proteases and a small fragment, the class II-associated invariant chain

peptide (CLIP), remains bound to the MHC II peptide groove *°.

Phagocytosis
and macropinocytosis shuttle exogenous antigenic material into vesicles termed
phagosomes, which eventually fuse with lysosomes '°' to create an organelle
known as a phagolysosome. Upon fusion, the phagolysosomes acidify, allowing
for maximal activity of various hydrolases, proteases and peptidases required for

192

antigen degradation MHC II loading is next performed by the chaperone

HLA-DM (H2-M in mice), which catalyzes the exhange of CLIP for antigenic

'3 Evidence also supports an alternative antigen processing model,

peptides
called MHC-guided processing, which suggests that large antigenic fragments are
first loaded onto MHC molecules prior to trimming by peptidases '**. The MHC
IT peptide groove is less constrained than that of MHC I and allows for binding of
longer peptides, generally between 12 and 25 amino acid long, of which 9 are

5

located within the groove '*°. Loaded MHC II molecules are next transported to

the surface for presentation to CD4" T cells (Fig. 4A). A number of studies have

shown that MHC II loading can result from autophagy "*°'*®

, a process by which
cells, during periods of stress, engulf cytoplasmic content (proteins,

macromolecules, organelles and microorganisms) for degradation in lysosomes
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(FIG. 4C-D) ', Further investigation is required to understand the contribution
of autophagy to MHC II presentation. Lastly, it appears that intracellular proteins
trafficking along the endosomal pathway may also cross over to MHC II
compartments; this MHC II endogenous loading has for instance been described

for melanocyte proteins such as TRP-1 > and gp100 *°'.

A) Classical MHC 11 B) Macroautophagy C) Chaperone-mediated D) Microautophagy
presentation autophagy
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Figure 4. MHC II presentation. (A) Classical MHC II presentation pathway. (B-D) Autophagy
pathways. (B) Macroautophagy involves the formation of an autophagosomal vesicle and
subsequent fusion with lysosomes. (C) Chaperone-mediated autophagy depends on the
recognition of a lysosomal degradation target sequence by chaperones. (D) Microautophagy
results from cytoplasm budding into lysosomes. (Figure adapted from Murphy et al '** and
Mizushima **%).

2.9 Dendritic cell (DC)-induced T cell activation
T cell activation takes place in T cell-rich areas of secondary lymphoid tissues.

DCs and T cells first interact in a non-specific manner until TCRs specifically
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associate with peptide-MHC complexes. DC-mediated T cell activation then
occurs following the formation of an immunological synapse that is stabilized
sequentially by 3 types of interactions: 1) peptide-MHC complexes with TCRs, 2)
MHC I or II with CD8 or CD4 co-receptors and 3) ICAM-1 with LFA-I

23 A 3-signal model is used to describe DC-induced T cell

(adhesion molecules)
activation and differentiation. Signal 1 relays information about the antigen and is
delivered upon binding of peptide-MHC complexes with TCRs. Signal 2 conveys
information regarding the inflammatory nature of the microenvironment in which
the antigen was captured and is mediated by ligation of “costimulatory”” molecules
on the DC, such as CD80 and CD86, to corresponding receptors on the T cells, in
this case CD28. This latter signal induces IL-2 production and expression of its
receptor IL-2R, therefore promoting expansion and survival of responding T cells
2% While signals 1 and 2 are sufficient to induce proliferation of naive T cells on
their own, signal 3 is instrumental in directing the differentiation of T cells,
especially CD4" T cells, towards optimal effector phenotypes and is dictated by
the cytokine milieu and cytokines produced by interacting DCs **. Full
activation of CD8" T cells is generally thought to depend on the ability of CD4" T
cells to provide “help”, in the form of T cell growth factors (cytokines), hence the
name of “T helper (Ty)” cells. Three independent studies have demonstrated a

role for “DC licensing” in activating CD8" T cell responses ***2*®
g g p

. According to
this model, expression of CD40L on activated CD4" T cells, via its interaction

with CD40 expressed on DCs, subsequently licenses them to activate CDS" T
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206-208

cells through secretion of IL-12 and IL-15 These experiments were

206205 Studies with infectious

notably carried out using non-infectious agents
agents, such as Listeria monocytogenes or lymphocytic choriomeningitis virus
(LCMV), have however demonstrated that primary CDS8" T cell responses can be
generated independently of CD4" T cells **; this implies that DC licensing can be
bypassed, most likely through direct activation of DCs by microbial products '*.
Nonetheless, activation of CD8" T cells in the absence of CD4™ T cells
significantly impairs the generation of CD8" T cell memory responses *'**'% an

effect that may be due in part to insufficient IL-2 production during the primary

213
response .

2.10 Regulation of T cell homeostasis

T cell homeostasis describes the fine control of magnitude, effector functions and
duration of T cell responses and depends on the interpretation of diverse stimuli,
including costimulatory and inhibitory receptor ligation. Following TCR
triggering, a series of positive stimulatory reinforcing signals are required to
achieve optimal activation. Costimulatory receptors of the CD28 and TNFR
families appear to provide the greatest stimulatory signal ****'*. While CD28 is
constitutively expressed on T cells, the TNFR family members are inducible

204,214

following T cell activation . Among others, the TNFR family members 4-

28,215-217

IBB and OX40 play key roles in T cell proliferation and memory

formation *'®**°. Their ligands 4-1BBL and OX40L, are expressed on activated
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professional APCs and activated T cells, respectively *'*. The CD28 family also
encodes a collection of receptors that function as negative regulators of T cell
function, termed immune checkpoints. Notably, cytotoxic T-lymphocyte antigen-

4 (CTLA-4) and programmed death 1 (PD-1) both harbor important suppressive

1

functions in T cell homeostasis 2'. CTLA-4 associates with the costimulator
y

molecules CD80 and CD86 (with higher affinity comparatively to CD28) while
PD-1 is the receptor for programmed death ligand 1 (PD-L1) and PD-L2 **'.

Ligation of either inhibitory receptor results in impaired TCR signaling and

therefore inhibits T cell cytokine production, proliferation and survival **'.

Homeostatic regulation of T cell responses is crucial to ensure not only the
generation of optimal immune responses to fight infections, but also the

prevention of immune-mediated pathologies ***.

Immunomodulation of antitumor T cell immunity Loss of T cell effector

functions, a phenomenon referred to as T cell exhaustion, has been associated

3

. . . . . . 22 .
with chronic antigen stimulation, such as in the case of cancer “°. Strategies

using immunomodulatory antibodies (Abs) to improve antitumor immunity have

highlighted the importance of T cell regulatory pathways in the context of cancer

immunity ***. Agonist Abs act by triggering costimulatory molecules expressed

214

on activated effector T cells Using animal models, enhanced antitumor

immunity has been reported with agonist Abs targeting 4-1BB **>**® and 0X40

227228 While anti-OX40 remains to be tested in the clinic, anti-4-1BB agonist
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Abs offered evidence of enhancing antitumor activity and were well tolerated in

. 229,230
phase I studies ““"".

Antagonist Abs, which aim to block inhibitory signals
involved in downmodulation of T cell responses, are also being examined. Pre-
clinical work has clearly shown the potential of PD-1 antagonist Abs in increasing

231,232

antitumor responses Although many anti-PD-1 phase I trials are still

active, clinical benefit as well as one complete remission have already been

reported thus far >

. Most of the progress seen with immunomodulatory Abs
has been obtained with anti-CTLA-4 therapy. Indeed, results from a stage III/IV
melanoma phase III trial published last year revealed an overall survival benefit
associated with anti-CTLA-4 treatment '*; the US Food and Drug Administration
(FDA) has recently approved its use in the clinic. Importantly, many pre-clinical
cancer vaccination studies have demonstrated a synergistic effect following the
combination of different T cell immunomodulatory Abs over their use as single

232,235-23
agents 7

. These latter findings strongly suggest that targeting multiple T
cell regulatory pathways can highly benefit cancer immunotherapeutic

approaches.

2.11 Tolerance mechanisms

Given the vast possibilities of TCR rearrangement, high affinity TCRs often arise
which can recognize self-derived peptides. If T cells bearing such TCRs were
allowed to circulate and become activated, this could result in significant

autoimmune pathology. The immune system has therefore co-evolved safeguards
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to maintain tolerance to self-antigens, which include central and peripheral
tolerance mechanisms. While immune tolerance is an important homeostatic
control to prevent unwanted autoimmune syndromes, it is also a major barrier to
cancer immunotherapy. Understanding and overcoming these mechanisms of
immune tolerance is key to the development of effective T cell-based

immunotherapies.

Central tolerance Central tolerance takes place in the thymus. T cell
precursors, termed thymocytes, are selected in the thymus based on their relative
ability to interact with self-MHC. “Positive selection” is the first step in the
development of a broad, but limited, T cell repertoire whereby only T cells that

. 238,239
can recognize self-MHC are selected ™.

Thymocytes whose TCRs cannot
recognize host MHC molecules die “by neglect” via apoptosis. When positive
selection yields T cells whose TCRs recognize MHC molecules presenting self-
peptides with high affinity, these T cells are removed from the repertoire by
means of “negative selection” (apoptosis) or, alternatively, are converted to
nTregs **’. Elimination of T cells specific for antigens which are not found in the
thymus is critically important and depends on the ability of medullary thymic
epithelial cells to expose T cells to the antigenic diversity found in peripheral
tissues. This is accomplished by the autoimmune regulator (Aire) protein, which

allows the promiscuous ectopic expression and presentation of tissue-restricted

antigens >*'.
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Peripheral tolerance  The process of negative selection in the thymus does not
entirely eliminate potentially autoreactive T cells before they enter the periphery.
Peripheral tolerance mechanisms are therefore in place to prevent the deleterious
activation of self-reactive T cells and include: suppression by Tregs (discussed in
section 2.4), induction of T cell anergy (functional inactivation) and deletion ***.
Anergy is characterized by a state of functional inactivation resulting

243

from the recognition of self-antigen without costimulation The properties

most often ascribed to anergic T cells include decreased proliferation potential

2 2% T cells can

and production of IL-2 as well as lower responsiveness to IL-
become anergic in 2 different scenarios: presentation of self-antigen by
immature/tolerogenic DCs '”” or by non-APCs, which inherently lack
costimulation **. An intrinsic form of T cell anergy *** is supported by the T cell
expression of the inhibitory receptors CTLA-4 and PD-1, which are key to the
homeostatic regulation of T cell responses **'. It has been suggested, based on the
expression pattern of these ligands, that CTLA-4 and PD-1 control autoreactive T

46 Maintenance

cells in lymphoid structures and peripheral tissues, receptively *
of an immature state in the absence of infection/inflammation is central to the
“tolerogenic” role of DCs in peripheral tolerance. Contrary to the ingestion of
necrotic cellular debris, the routine uptake of apoptotic cellular debris by DCs is

insufficient to trigger their maturation '

. This can be explained by the fact that
apoptotic cell membranes contain 2 ligands, Gas6 and Protein S, which promotes

the association of their immune inhibiting TAM receptors (TAM: Tyro, Axl and
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MerTK) with type I interferon receptors in DCs, resulting in the prevention of
TLR and cytokine signaling **’. The central role of these DC inhibiting receptors
in self-tolerance is exemplified by the fact that mice lacking TAM receptors
develop systemic autoimmunity as a result of DC hyperactivation and massive
lymphoproliferation ***.

When faced with repeated exposure to self-antigen in absence of
costimulation, autoreactive T cells may be “deleted”, in other words eliminated
through activation-induced cell death (AICD), a form of apoptosis dependent on
IL-2/IL-2R and Fas/FasL signaling **. Interestingly, although this type of
deletional tolerance is mainly thought to depend on presentation by immature

230 and

tolerogenic DCs, it has also recently been linked to Aire-dependent
independent **' promiscuous ectopic expression of tissue-restricted antigens in

lymph nodes.

3.0 Cancer immunotherapy

Cancer immunotherapeutic strategies have emerged as a promising
complementary approach to treat cancers as they exploit the ability of the
patient’s own immune system to seek, identify and destroy malignant cells. In
this section, I will summarize the origins of the cancer immunotherapy era,
provide an overview of the various strategies and discuss the risk for autoimmune

pathologies.
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3.1 Cancer immunosurveillance and immunoediting
The idea that the immune system plays a protective role against tumor
development is gaining increased acceptance among the scientific and medical

communities. The concept of “cancer immunosurveillance” was first proposed in
1957 by Macfarlane Burnet who hypothesized **:

“It is by no means inconceivable that small accumulations of tumor
cells may develop and, because of their possession of new antigenic
potentialities, provoke an effective immunological reaction with
regression of the tumor and no clinical hint of its existence.”

This theory received much attention initially, but was eventually abandoned based
on the observation that athymic nude mice, which are immune-deficient, showed
an incidence of carcinogen-induced tumor formation that was comparable to wild

3

type mice . Subsequent studies, however, revealed that these athymic nude

mice, although immunologically impaired, do retain some functional T cells ***.
The cancer immunosurveillance hypothesis re-surfaced during the 1990s with

23236 and perforin *°7, key effector molecules of the

reports showing that IFN-y
adaptive system, were both involved in preventing tumor formation. The
hypothesis was formally proven in 2001 by Schreiber’s group who demonstrated
that the incidence of carcinogen-induced tumor formation was higher in RAG2-
deficient mice, which completely lack B and T lymphocytes, compared to wild
type mice **. The immunosurveillance hypothesis has evolved into the “cancer

259

immunoediting” hypothesis “°, which describes a dynamic process of tumor

development that encompasses 3 phases, or “3 Es”: elimination, equilibrium and
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escape >°. The elimination phase corresponds to the original theory of

immunosurveillance. It is evidenced clinically by the fact that immunosuppressed
individuals like AIDS and transplant patients have a higher incidence of tumor

200261 " These data argue that a dysfunctional immune system leads to

formation
an increased cancer risk and strongly suggest that the immune system is
constantly eliminating tumor cells before they become noticeable.  The
equilibrium phase, as its name suggests, corresponds to a phase during which the
immune system recognizes tumor cells and controls their growth without fully
eliminating them. The presence of an equilibrium phase in humans is supported
by the observation that malignancies have been “transmitted” via organ
transplantation . An interesting case report by MacKie > describes 2 patients
who developed metastatic melanoma within 2 years of both receiving an
allogeneic kidney transplant from a person who had had a primary melanoma
lesion resected 16 years prior to the organ donation, demonstrating that the
metastases had been dormant, or “in equilibrium”, within the donor kidneys since
the time of primary resection. Lastly, immune escape begins when the
immunological pressure exerted by the immune system during the equilibrium

phase results in tumor cell variants that can no longer be recognized or controlled;

such tumor deposits then become clinically apparent.

33



PhD Thesis — D. Bernard McMaster University — Medical Sciences

3.2 Cancer immunotherapeutic strategies

The main cancer immunotherapeutic strategies involve treatment with
recombinant cytokines, monoclonal antibodies, cancer vaccines, and adoptive T
cell transfer therapies. Since my thesis work is focused on T cell-based
immunotherapies, in the interest of space, I will not be discussing the applications

of cytokines and tumor-targeted monoclonal antibodies; interested readers are

. . - - 264,265 -
directed to the following review articles ©7°. Rather, I will focus on cancer
vaccines and adoptive T cell therapies.

Cancer vaccines Cancer vaccines can either be administered

prophylactically or therapeutically. Prophylactic cancer vaccines are used to

prevent cancer formation, as in the case of vaccines against human

6

papillomavirus, which causes cervical cancer *°°. The antigens targeted by such

vaccines are typically viral antigens and immunity depends on the generation of

266

neutralizing antibodies Therapeutic cancer vaccines are used to treat an

existing cancer *°’. As previously mentioned, most tumor antigens targeted by
therapeutic cancer vaccines are self non-mutated tumor-associated antigens

(TAAs). Consequently, the available TAA-specific T cells often display low

268

affinity TCRs due to central tolerance and limited functionality due to

2

peripheral tolerance ***. Thus, to be effective, cancer vaccines must be able to

overcome the mechanisms of immune tolerance.

34



PhD Thesis — D. Bernard McMaster University — Medical Sciences

Two main strategies employed to circumvent immune tolerance and
induce/enhance antitumor responses are the use of heteroclitic epitope peptides

» 29 Heteroclitic epitope peptides, also referred to as

and “xenoimmunization
“altered self-peptides”, are peptides whose amino acid sequence has been
modified based on the knowledge of MHC and TCR contact residues. Such
modifications can either increase the binding affinity of the peptide for MHC,

rendering peptide-MHC complexes more stable >’

or, alternatively, increase the
affinity between peptide-MHC complexes and TCRs *''. As for the
xenoimmunization strategy, i.e. the use of homologous tumor antigens from
different species, it is built on the concept that the xenoantigen is different enough
from the native self-protein to overcome tolerance, but similar enough to provide
cross-reactivity. Several groups, including ours, have shown that immunizing
mice with human melanoma-associated antigens, but not the murine equivalents,
could successfully induce antitumor immunity in pre-clinical melanoma models
272277 In a number of circumstances, the xenoantigen has been shown to contain
heteroclitic CD8" T cell epitopes that lead to increased CD8" T cell immunity
#3270278 -~ Our group has also demonstrated an alternate mechanism where a
heteroclitic CD4" T cell epitope in the xenoantigen augments CD8" T cell

immunity through the provision of helper signals *”.

Overall, these results
provided proof-of-principle that appropriately designed vaccination strategies can

overcome tolerance mechanisms and generate T cell-mediated antitumor

immunity.
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The richest source of tumor antigens is tumor cells themselves. The use
of irradiated autologous tumor cells was considered early on as a cancer
vaccination platform. To simplify the manufacturing process, allogeneic tumor
cell lines were developed from cancers of various etiologies and chemically or
genetically modified to increase their immunogenicity. The greatest antitumor
effect of such approach was initially demonstrated in a pre-clinical study making

57 which acts to recruit DCs

use of irradiated tumor cells expressing GM-CSF
and promote T cell responses. Although pre-clinical results were encouraging,
GM-CSF-expressing tumor cell vaccines have only resulted in modest antitumor
immunity in the clinic **,

Pre-clinical data from the early 1990s showed that intramuscular
injection of naked DNA was a straightforward method for generating immune

281
responsces .

Plasmid DNA vaccines therefore represented an attractive form of
cancer immunotherapy due to their low cost of production and high safety profile.
Again, despite initial promise from animal studies, clinical evidence has clearly
shown that DNA vaccines are of rather low immunogenicity ***. Several DNA
vaccine-enhancing strategies aimed at evaluating routes of administration,
concurrent adjuvant therapy and prime-boost immunization have been the focus
of recent clinical studies **.

The wuse of recombinant viruses encoding TAAs for cancer

immunotherapy has several advantages. For instance, they are highly

immunogenic as they provide an inflammation stimulus, or “danger signal”,
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required for initiating an immune response. This is exemplified by the fact that
such infectious agents can directly elicit primary CD8" T cell responses as

previously mentioned (section 2.9) **.

Moreover, viral vectors are easily
expanded in-vitro, making them suitable for large-scale production necessary for
their implementation in the clinic ***. Importantly, the inherent adjuvant property
of recombinant viruses was shown to readily overcome tolerance to poorly

285.286  phase I clinical studies

immunogenic TAAs in early pre-clinical studies
have been conducted with several recombinant viral vectors including adenovirus,
avipox virus, vaccinia virus and herpes virus; while the degree of antitumor
responses was highly variable between cancer types and vector platforms used,
significant disease stabilization was reported in numerous patients >*.
Interestingly, a prostate cancer phase II clinical trial has recently reported
improved overall survival after initial priming with vaccinia virus vaccine and
subsequent boosting injections with a fowlpox vaccine, both encoding 2 prostate-
specific transgenes as well as 3 synergistic costimulatory molecules (“TRICOM™:
CD80, ICAM-1 and LFA-3) "°. This latter finding underscores the fact that the
effectiveness of recombinant virus-based vaccines can be improved.

Another promising area of cancer immunotherapy makes use of ex-vivo
expanded, TAA- or TSA-loaded DCs known as “DC-based vaccines”. Pioneering
work from Inaba et al demonstrated that murine DCs could be expanded to large

. . 28 :
numbers in-vitro from bone marrow precursors >*'. Subsequently, mouse studies

provided proof-of-principle that ex-vivo loaded DCs (peptide-pulsed) could
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44,288,289

generate protective tumor immunity Following the establishment of

methods to expand DCs ex-vivo from human blood CD34" precursor cells and

290,291

monocytes , DC-based vaccines were tested in the clinic. Typically, DCs are

expanded ex-vivo from precursor cells, subsequently loaded with TAAs and

*2 " The feasibility and

matured with a cytokine cocktail prior to reinfusion
efficacy of this approach were demonstrated in a phase III prostate cancer clinical

trial where extended survival was observed "°; these findings led to the FDA

approval of the first cell-based cancer immunotherapy in 2010.

Adoptive T cell transfer therapies Adoptive T cell transfer therapy

represents an alternative cancer immunotherapeutic approach which has

293

progressed considerably since the 1980s “~. The greatest success of adoptive T

cell therapy has been seen in melanoma where tumor infiltrating lymphocytes
(TILs) were expanded ex-vivo using IL-2 and anti-CD3 and infused in high
numbers, along with CD34" hematopoietic stem cells, into patients pretreated with

294

12Gy total body irradiation Indeed, objective clinical responses were

observed in 72% of the patients, with a complete response rate of 40% **.
Retrospective analysis of the ex-vivo expanded TILs showed a correlation
between the proliferation potential (CD27 expression and telomere length) and
clinical response, demonstrating the importance of using “young” TILs for

294,295

adoptive cell transfer therapy . The potential use in adoptive T cell transfer

therapy of genetically modified T cells containing either “transgenic TCRs” or
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“chimeric antigen receptors (CARs)” has also received considerable attention.
Both of these techniques have the substantial advantage of making use of readily
available, non-specific autologous T cells found in the periphery (likely less
subjected to tumor-mediated suppression as in the case of TILs) as starting
material. The first approach consists of inserting a construct encoding a TCR of
known tumor antigen specificity into T cells by means of ex-vivo transduction *°.
A study published in 2009 reported objective cancer regression in 30% of the
melanoma patients treated with transgenic TCR T cells, which was however
accompanied by significant, albeit manageable, signs of autoimmunity 7. As for
the second approach, CARs, put simply, are genetic constructs composed of an
antigen-specific antibody fragment linked to TCR signaling components *°. Ex-
vivo transduction of T cells with CARs prior to expansion and reinfusion allows
for re-targeting of T cells towards tumor antigens in a MHC-unrestricted manner.
One obvious limitation of this approach pertains to the fact that the tumor antigen
has to be expressed at the cell surface. Several clinical trials are underway to
evaluate whether sufficient in-vivo expansion, persistence as well as functionality
of CAR-transduced T cells can be obtained to mediate tumor clearance ***. While
considerable knowledge has been gained regarding adoptive T cell transfer
therapy, many factors currently limit its successful implementation in the clinic.
For instance, ex-vivo culture of tumor biopsies sometimes fails to grow and

9

expand tumor-specific TILs for a yet unknown reason *°. While this is not a

problem when using genetically modified T cells, many concerns still remain.
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Indeed, lack of persistence and expansion have limited the clinical efficacy of

300

CAR-expressing T cells for instance Importantly, significant toxicities,

including lethality, have also been reported following adoptive transfer of CAR-

expressing T cells **.

Various strategies are currently under investigation to
improve the survival, function and safety profile of transferred T cells *°'.
However, whether patient-customized adoptive cell transfer therapy constitutes a
commercially viable cancer immunotherapeutic approach remains questionable

given the associated labor cost and technical issues pertaining to scalability and

. 301
manufacturing ~ .

3.3 Risk of autoimmunity

Overcoming tolerance against TAAs and generating strong antitumor T cell
immunity are not without any pathological consequences as T cells can also target
cells expressing the same antigens in normal tissues *°>. In the melanoma setting,
development of autoimmunity has correlated with better antitumor responses,
prompting researchers to suggest that “inducing autoimmune disease to treat
cancer” °” is an integral approach to cancer immunotherapy. While tissues and
organs such as skin melanocytes, thyroid, breasts, ovaries, testis and prostate are
considered to be non-essential, autoimmunity against vital organs should be
avoided if at all possible. As cancer immunotherapeutic strategies become more

and more potent however, the severity of autoimmune pathology is likely to

increase. Indeed, a recent review article by Amos et a/ highlights the fact that
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adoptive T cell transfer therapy using genetically modified T cells is associated
with more significant autoimmune adverse events, including lethality in some

cases °*. We, and others, have shown in pre-clinical models that antitumor

immunity can be achieved without triggering autoimmunity >’%*%°=%7

, suggesting
that autoimmunity may not be an unavoidable consequence of overcoming
tolerance. A better understanding of the mechanisms leading to autoimmune

pathology is required in order to allow the design of more specific cancer

immunotherapies.

4.0 Immune escape and immunosuppression

Evasion from immune destruction (termed “immune escape’) has been described
as an emerging hallmark of cancer * and is now regarded as the main underlying
reason behind the lack of efficacy of many cancer immunotherapies in the clinic.
In this section, I will review the different mechanisms used by tumor cells to

escape immune attack.

4.1 Defects in antigen presentation

One of the main stratagems employed by tumors to circumvent antitumor T cell
immunity is to “hide” by altering their antigen presentation ability.
Downregulation or loss of MHC I expression is a common mechanism used by

tumors of diverse etiologies to escape CD8" T cell attack **® and strongly
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39 The various molecular mechanisms

correlates with disease progression
responsible for MHC 1 downregulation/loss have been well characterized *'°.
Briefly, total MHC I loss can occur following mutation of the f2-microglobulin

311,312

chain while partial MHC I loss can be attributed to loss of heterozygosity of

chromosome 6, which results in deletion of one allele of each of the MHC I

haplotypes *'*.

Coordinated downregulation of MHC I expression and various
components of the antigen presentation machinery by tumor cells has been
reported in both murine *'> and human *'* tumors. Analysis of a panel of human
melanoma cell lines has revealed defects in antigen presentation in 67% of the cell
lines tested; downregulation of MHC I and the antigen presentation machinery
was most commonly observed and also found to be reversible with IFN-y

treatment 315

. While these latter findings suggest that in-vivo MHC 1 expression
on tumor cells should be restored upon exposure to killer cell-derived IFN-y,

presence or absence of tumor cells with loss of MHC I expression likely dictates

the ultimate response to CD8" T cell-dependent cancer immunotherapies >%.
p p p

4.2 Resistance to apoptosis

Another method employed by tumor cells to evade immune attack by CD8" T
cells is resistance to apoptosis. For instance, tumor cells can avoid cell death via
the expression of anti-apoptotic molecules such as survivin *'® or, alternatively, by
inhibiting the perforin-granzyme pathway °'’. The death ligands, FasL and

. . . 318
TRAIL, have been shown to play a role in cancer immunosurveillance °° and, as
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such, a commonly reported anti-apoptotic mechanism is downregulation or loss of
expression by tumor cells of the death receptors Fas >'° and TRAIL-R **. Tumor
cells can also resist apoptosis by cleavage of Fas (and presumably TRAIL-R)

through the effects of matrix metalloproteinase-7 **' or even by expressing soluble

322

Fas, which acts as a competitive antagonist of Fas . Lastly, expression of decoy

receptors has also been shown to help tumor cells neutralize the effect of FasL ***,

4.3 Soluble immunosuppressive factors produced by tumors

Tumor cells produce a variety of soluble immunosuppressive factors, of which
TGF-p, IL-10, prostaglandin-E2 (PGE2) and vascular endothelial growth factor
(VEGF) have been the most well characterized to date ***. TGF-p and IL-10 are

secreted in large amounts by malignant cells as well as Tregs, tumor-infiltrating

325-327

DCs and tumor-associated macrophages (TAMs) Both cytokines can

suppress T cell and APC functions via numerous mechanisms including:

28

inhibition of IL-2/IFN-y production and CTL effector functions *** as well as

impairment of DC differentiation from monocytes and DC maturation **7*%,
Moreover, TGF-p and IL-10 promote the conversion of conventional CD4" T

128129 0 d IL-10-producing Tr1 iTregs 126

cells into TGF-B-secreting T3 iTregs
further suppressing antitumor immune responses. Production of PGE2, a
downstream effect of overexpression of the inducible isoform of the enzyme

cyclooxygenase 2 by tumor cells, has not only been linked to angiogenesis and

. . 329 . . .
invasiveness ~~, but also negative modulation of immune responses. Among
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others, PGE2 can suppress DC activity in secondary lymphoid organs as well as T

330

cell proliferation and effector cytokine production Additionally, in-vitro

PGE2 treatment has been shown to induce Foxp3 expression and stimulate

1

suppressive functions in both Tregs and conventional CD4" T cells **'. Lastly,

VEGF, produced at high levels by tumor cells **, plays a pivotal role in cancer-

333

associated angiogenesis VEGF can also indirectly interfere with T cell

immunity by recruiting immunosuppressive cells within the tumor

332

microenvironment and by impairing DC activation Cumulatively, these

soluble immunosuppressive factors potently inhibit antitumor immune responses.

4.4 Inhibitory cell populations

Assorted chemokines produced by tumor and stromal cells are responsible for
attracting various immune cell populations within the tumor microenvironment
3% Together, the combined actions of tumor, stromal and immune cells result in
tissue remodeling, angiogenesis and ultimately, tumor progression *>°. Immune
inhibitory cells, including tolerogenic DCs (described in sections 2.7 and 2.11),
Tregs (described in sections 2.4 and 2.5), tumor-associated macrophage **° and

myeloid-derived suppressor cells **’, are regarded as important mediators of

tumor escape.

Tumor-associated macrophages (TAMs) Cancer cells, via the secretion of

chemokines such as CCL2, CCL5 and VEGF among others, recruit circulating
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monocytes inside the tumor microenvironment and stimulate their differentiation

to tumor-associated macrophages (TAMs) **¥%3%,

TAMs make up a major
component of the leukocytic infiltrate and are highly plastic immune cells.
Indeed, TAMs exist mainly in 2 main polarization states, the “classically”
activated M1 state and the “alternatively” activated M2 state ***>>***; M2-like
states, which result from interactions with Tregs or B cells, have also been
described **'**.  Similarly to Tyl-Ty2 CD4" T cell differentiation, IFN-y
contributes to M1 polarization while IL-4 and IL-13 drive M2 responses >°. Of
the two subsets, M2 cells are the ones prevailing in malignancies and promote

immune suppression mainly via the following mechanisms: decreased IL-12

production and increased IL-10 and TGF-B production **, impaired tumoricidal

343 344

functions as well as secretion of CCL22, which recruits Tregs
Additionally, as a consequence of L-arginine catabolism, arginase-1 expression by
M2 TAMs ** further suppresses T cell responses via TCR signaling inhibition

345,346
and cell cycle arrest

. Lastly, in contrast to M1 cells, M2 cells also express
many tissue remodeling and pro-angiogenic factors that support tumor growth **.

Collectively, these immunosuppressive M2 macrophage characteristics have been

linked to tumor escape and metastasis >>".

Mpyeloid-derived suppressor cells (MDSCs) Under normal conditions,
immature myeloid progenitor cells generated in the bone marrow migrate to the

periphery where they differentiate into granulocytes, macrophages and DCs.
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However, under pathological circumstances, such as in the presence of cancer,
differentiation of immature myeloid cells is impaired and instead results in the
generation of incompletely matured monocytic or granulocytic cells, which lack
surface markers associated with monocytes, macrophages and DCs, and display

immune suppressive features. Collectively, these cells are known as myeloid-

347

derived suppressor cells (MDSCs) **'. The expansion of MDSCs is regulated by

many factors produced either by tumor or stromal cells (e.g. prostaglandins, M-
CSF, GM-CSF, VEGF) while their activation is mediated by factors produced

mainly by activated T cells, but also tumor cells (e.g. IFN-y, IL-4, IL-13, TGF-f)

7 The numerous immunoregulatory facets of MDSCs have been described in

7

detail by Gabrilovich and Nagaraj in a recent review article >’. Among others,

one of the first suppressive activities attributed to MDSCs is depletion of L-

arginine mediated by the arginase-1 enzyme, which is upregulated in MDSCs ***,

L-arginine deficiency results in TCR signaling inhibition and cell cycle arrest

3334 MDSCs also express inducible nitric oxide synthase (iNOS), which

catabolizes L-arginine to produce nitric oxide, consequently mediating

349

downregulation of MHC II molecules **, T cell apoptosis >>° and impairment of

TCR recognition **'.

Lastly, there is also evidence showing that MDSCs may
promote the development of Tregs, however contradictory findings warrant

further investigations >’
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5.0 Cancer vaccination model used in this thesis

We have used the murine B16F10 melanoma as a tumor model because it shares
many TAAs with human melanomas. Our prototype vaccine vector is a
replication-deficient recombinant adenovirus (Ad); previous screening by our lab
of Ad vectors expressing a number of melanoma TAAs showed that human
dopachrome tautomerase (hDCT) provides the most robust protective immunity
276277 (unpublished data). Results presented in chapters 2 and 3 were generated

using AdhDCT vectors while results included in chapter 4 made use of AdhDCT,

but also Adhgp100.

5.1 Melanoma
Melanoma is a very aggressive and deadly type of skin cancer that arises from
transformed melanocytes for which the incidence rate has been steadily increasing

over the past decades ***.

Standard treatments include resection, which may be
followed by beam radiation or cytokine adjuvant therapy depending on the
malignant stage; patients who progress to stage IV typically have a median
survival of less than one year *>>. Melanoma has been considered a good target
for the development of immunotherapies based on the discovery that tumors are
often infiltrated with high frequencies of TILs recognizing TAAs including
gpl100, MelanA/Mart-1, tyrosinase, tyrosinase-related protein (TRP)-1 and DCT
353

. Murine B16F10 melanoma is a poorly immunogenic tumor cell line that first

originated from a subcutaneous tumor in a C57BL/6 mouse from which cell lines
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with an enhanced metastatic potential were subsequently selected to mimic more

closely the phenotype of human melanoma cells *>**>°

. As previously mentioned,
B16F10 cells express several murine counterparts of the TAAs identified in

human melanomas, therefore providing researchers with a relevant pre-clinical

model.

5.2 Model tumor-associated antigens (TAASs)

DCT Also known as tyrosinase-related protein (TRP)-2, DCT is a highly
immunogenic TAA that we have been employing to characterize the biological
pathways responsible for tumor protection following immunization. Located in
melanosomes, which are special organelles responsible for melanin synthesis in
melanocytes, DCT is an enzyme responsible for converting the pigment
intermediate DOPAchrome to DHICA **°. It has an expected molecular weight of
59 kd, but is expressed as 2 isoforms of 69 kDa and ~80 kDa, which result from
post-translational glycosylation taking place in the ER as well as in the golgi
apparatus >>'. DCT was first identified in 1996 as a human TAA recognized by

358

TILs from melanoma patients *°. Shortly after, another group also found DCT to

be recognized by TILs derived from B16F10 tumors >*. Human DCT (hDCT)

shares 83% identity with murine DCT (mDCT), making this protein an excellent

274

candidate for xenoimmunization Indeed, we and others have shown that

immunization of wild type mice with hDCT results in robust antitumor immunity

that protects against a high-dose BI6F10 cell challenge *'**"**77%  Ag
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274 276
/

demonstrated by Bowne et a and our group “°, tumor rejection following

DCT immunization requires both CD4" and CD8" T cells, but not NK cells or B
cells. DCTiso.18s (SVYDFFVWL) has been identified as the immunodominant

CD8" T cell epitope from DCT **' and is fully conserved in mDCT.

gpl00 gp100, expressed both by normal melanocytes and melanoma cells, is
a heavily glycosylated protein involved in the early steps of melanosome
biogenesis ***. Human gp100 (hgp100) was cloned in 1993 and identified as one
of the diagnostic human melanoma markers recognized by the NKI-beteb, HMB-
45 and HMB-50 monoclonal antibodies **. The murine gpl00 (mgpl00)

homologue was subsequently cloned from a B16 melanoma ¢cDNA library and

364
0

sequence comparison revealed 77% identity with human gp10 . As its name

365

suggests, the molecular weight of gpl00 is 100 kDa Shortly after its

identification as a TAA, hgp100 was shown to be recognized by melanoma TILs

306367 " which were involved in tumor regression following adoptive transfer

67

therapy **’. In the pre-clinical setting, xenoimmunization using either plasmid
py p g g p

275,278 45,364

DNA constructs or viral vectors expressing hgp100 was able to break
tolerance and elicit some degree of protection against BI6F10 challenge in a
CD8" T cell-dependent manner. The protection afforded by xenoimmunization
was due to the presence of a heteroclitic immunodominant CDS8 epitope,

hgp100,5.33 (KVPRNQDWL), which displayed higher avidity for MHC I than the

murine counterpart mgpl00,s.3; (EGSRNQDWL) **™ Overall however,
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protection elicited by hgp100 xenoimmunization is rather weak and, as shown by

our group, is due to inefficient presentation of mgp100,s.3; by BI6F10 cells *’”.

5.3 Recombinant adenovirus platform

The vaccine prototypes that we have been investigating in the B16F10 model are
composed of recombinant human adenovirus type 5 vectors that express either
hDCT or hgp100 as xenoantigens. The replication-defective rAd platform that we
employ is a first generation vector, which lacks the E1 and E3 regions of its
genome. The E1 genes code for proteins that play a key role in virus replication
while the E3 genes code for proteins that subvert the host defense mechanisms *°*,
The first generation rAd vectors are propagated in-vitro in cell lines stably
transfected with E1 proteins, providing in frans the necessary elements for
replication.  First-generation rAd vectors can accommodate up to 8 Kb of
transgene DNA into their genome and can be easily expanded in-vitro to high

369

titers °*°. They can infect a wide range of dividing and non-dividing cell types *%.

6.0 Scope of thesis research

The overall goal of my PhD thesis research was to further our understanding of
the mechanisms behind DCT-specific T cell-mediated antitumor immunity and

autoimmunity. The research objectives set forth during my PhD studies were
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based on previous and concurrent findings generated by our lab, which are briefly

described below.

6.1 Work by our group relevant to thesis research

Earlier investigations by our lab have shown that immunization with AdhDCT
elicits important tumor protection which requires both CD4" and CD8" T cells *'°.
Interestingly, this study also revealed that the development of autoimmunity is
linked to inflammation within the skin, demonstrating that autoimmunity can

276
® We have also

possibly be avoided following vaccination against self-antigens
reported that hDCT immunization results in frequencies of DCT)sgo.iss-specific
CDS8" T cells that are 5-10 fold higher than immunization with mDCT *”;
extensive epitope mapping experiments demonstrated that this is due to a
heteroclitic  CD4" T cell helper epitope in hDCT, hDCTso.i01
(KFFHRTCKCTGNF) *”. We were unable to identify any CD4 epitopes
responsible for eliciting effector CD4" T cell responses observed in hDCT-
mediated tumor protection *”’. Concurrently, other studies conducted in our lab
using the same vaccination platform in a therapeutic challenge setting showed
minimal benefit against established tumors *"**""; analysis of DCT-specific TILs

showed decreased cytokine production and cytotoxic functions compared to DCT-

specific cells found in the periphery *"°.
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6.2 Research objectives
The work described in the result chapters of my thesis was framed around the

following 3 research objectives:

Objective 1 Examine the relative roles of effector CD4" T cell subsets in
mediating tumor protection and autoimmune depigmentation following
immunization with AdhDCT (Chapter 2). Results pertaining to this objective
have been published in the following manuscript:
Zhang, S., Bernard, D., Khan, W.I., Kaplan, M.H., Bramson, J.L. &
Wan, Y. CD4" T-cell-mediated anti-tumor immunity can be uncoupled

from autoimmunity via the STAT4/STAT6 signaling axis. Eur J
Immunol (2009) *72,

Objective 2 Investigate the importance of antigen processing with regard to
antitumor CD4" T cell responses elicited following AdhDCT immunization
(Chapter 3). Results pertaining to this objective have been published in the
following manuscript:
Bernard, D., Ventresca, M.S., Marshall, L.A., Evelegh, C., Wan, Y. &
Bramson, J.L. Processing of tumor antigen differentially impacts the
development of helper and effector CD4+ T-cell responses. Mol Ther
18, 1224-1232 (2010) *™.
Objective 3 Evaluate the therapeutic effectiveness of AdhDCT immunization

combined with monoclonal antibodies targeting inhibitory and costimulatory T

cell receptors as well as the mechanisms resulting in tumor progression or
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clearance (Chapter 4). Results pertaining to this objective have been

summarized in the following manuscript:

A. J. Robert McGray, Dannie Bernard, Florentina Teoderascu, Ryan
Kelly, Mayank Jha, Caitlin Gregory, Jennifer D. Bassett, Yonghong Wan
and Jonathan L. Bramson. Early IFN-y production by vaccine-induced T
cells provokes tumor adaptation and PD-1 ligand-mediated suppression
of'local T cell activity (2011).
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— CHAPTER 2—

CD4" T cell-mediated anti-tumor immunity can be uncoupled
from autoimmunity via the STAT4/STAT6 signaling axis
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CD4" T cell-mediated anti-tumor immunity can be uncoupled
from autoimmunity via the STAT4/STAT6 signaling axis

Sheng Zhang 1’*, Dannie Bernard 1’*, Waliul I Khan %, Mark H. Kaplan 3
Jonathan L. Bramson ' and Yonghong Wan '

' Department of Pathology and Molecular Medicine and
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Preface:  The research presented in this manuscript is the result of a
collaboration between myself and Sheng Zhang, a former Master student in Dr.
Wan’s laboratory. My participation to this experimental work spanned from 2006
to 2008. I designed and optimized the IL-4 and IL-17 ELISPOT assays used in
this study as well as performed the ex-vivo T cell analyses. Sheng Zhang
conducted the in-vivo work. Briefly, I contributed to figure 1 and generated the
data presented in figure 4. I also helped Dr. Wan prepare the manuscript and
address the reviewers’ comments. Dr. Waliul I. Khan and Dr. Mark H. Kaplan
(collaborators) provided the STAT6 and STAT4 knockout mice, respectively. This
work was supervised by Dr. Wan who, along with Dr. Bramson, provided

experimental guidance and contributed to the interpretation of the results.
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ABSTRACT

Previous reports have suggested that autoimmune sequelac may be an
unavoidable consequence of successful immunization against tumor-associated
antigens which are typically non-mutated self-antigens. Using a melanoma
model, we demonstrated that CD4" T cell-mediated anti-tumor immunity and
autoimmunity could be separated by modulating the STAT4/STAT6 signaling
axis. Our results have revealed an unexpected dichotomy in the effector phase
following cancer vaccination where anti-tumor immunity is mediated via a
STAT6 and IL-4-dependent pathway whereas autoimmune pathology is mediated
via STAT4 through a mechanism that relies partially on IFN-y. Our results offer a
possibility to elicit specific anti-tumor responses without triggering unwanted

tissue autoimmune diseases.

INTRODUCTION

Many cancer vaccines are directed at antigens that are not only expressed within
the tumor but are also present on normal healthy tissues. Although it has been
suggested that breaking self-tolerance through successful application of cancer
vaccines will inevitably result in autoimmune sequelae, the true relationship

between anti-tumor and autoimmune pathology remains uncertain '>. Using a
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murine melanoma model, we and others have demonstrated that the development
of effective anti-tumor immunity also results in autoimmune depigmentation
(manifested as vitiligo) and this appears to be true for both T cell- and antibody-
mediated mechanisms '**. Concomitant development of anti-tumor immunity and
autoimmune pathology appears to occur more readily when there is
trauma/inflammation within the skin or the vaccination method is intensified .
These results suggest that vaccine-associated autoimmune destruction may not be
avoidable, especially when there is a concurrent inflammatory event in healthy
tissues that express antigens carried by the vaccine.

The important role of CD4" T cells as helpers to fully engage B cell and
CD8" T cell differentiation has been well established but their function as
effectors in anti-tumor immunity has been insufficiently studied. Increasing
evidence indicates that CD4" T cells are able to mediate tumor destruction without
direct interaction with tumor cells and that CD4" T cells may provide even greater
anti-tumor effect than CD8" T cells *®. Furthermore, reports from various groups,
including ours, have demonstrated the ability of CD4" T cells to reject CTL-

resistant, MHC class II-negative tumors '°.

Therefore, understanding the
potential for CD4" T cells as anti-tumor effectors is of broad value to both MHC
class II-positive and -negative tumors. With regard to MHC class Il-negative
tumors, it is believed that APCs infiltrating the tumor bed process tumor antigen

and present it to CD4" T cells. In turn, the tumor antigen-stimulated CD4" T cells

can produce IFN-y (Thl) or IL-4 (Th2); both of these cytokines display anti-
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angiogenic properties and are able to recruit other tumoricidal cells such as NK,

5,10-12 . . .
’ . These indirect destructive

macrophages or eosinophils into the tumor
mechanisms may prove advantageous over the direct effector functions mediated
by CD8" T cells as the indirect mechanisms should not be affected by MHC
expression levels on the tumor cell and consequently may deter the development
of tumor escape variants due to antigen loss. Little is known, however, about the
risk of autoimmune pathology caused by CD4' effector T cells and the
mechanisms regulating their functions against cancerous and normal tissues.
Some insight can be gained from a recent publication that found the anti-tumor
potency of CD4" T cells was directly related to their capacity to produce
depigmentation in the skin ", reinforcing the concept that these two processes are
linked.

We have previously reported that immunization with a recombinant
adenovirus (Ad) expressing human dopachrome tautomerase (DCT; also as
known as tyrosinase-related protein-2) could induce CD4" T cell-mediated tumor
protection and autoimmune vitiligo, independent of CD8" T cells '. In the present
study, we demonstrate that anti-tumor effector functions in this model are 1L-4
and STAT6-dependent, whereas autoimmunity requires IFN-y and STAT4

signaling. Our results offer a possibility to elicit specific anti-tumor responses

without triggering unwanted tissue autoimmune diseases.
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RESULTS

Conventional CD4" T cells, but not CD4" NKT cells, are required to mediate
anti-tumor immunity and autoimmunity

We have previously reported that immunization with AdhDCT could protect
C57BL/6 mice against a lethal B16F10 melanoma challenge and autoimmune
vitiligo '. Interestingly, tumor protection and vitiligo induction were abrogated
only by in vivo depletion of both CD4" and CD8" T cells at the effector phase,
while depletion of either subset alone did not affect the outcome of the two
events, suggesting that CD4" T cells are efficient in mediating tumor and normal
tissue destruction in the absence of CD8" T cells. However, since NKT cells also
express CD4, it is possible that we had misinterpreted the outcome of the anti-
CD4 treatment. Therefore, we evaluated the activity of AdhDCT immunization in
CD8-depleted, CD1-deficient mice (CD17"), which lack iNKT cells and CD8" T
cells. Under these conditions, the CD17 mice both resisted tumor challenge and
developed vitiligo demonstrating that iNKT cells were not involved in either anti-
tumor immunity or autoimmune vitiligo (Table 1). Importantly, since both tumor
protection and vitiligo development are independent of iNKT cells but could be
abrogated by simultaneous treatment with anti-CD8 and anti-CD4, these results

support an effector role for vaccine-induced CD4" T cells (Table 1).
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CD4-mediated effector functions do not require antibodies

It has previously been reported that immunization with tyrosinase-related protein-
1 (TRP-1) can elicit CD4" T cell-dependent immune responses against both
melanoma and melanocytes through induction of antigen-specific antibodies >*.
Although studies by our group and others have demonstrated that protection
following immunization with DCT is mediated primarily by T cells "%, it is
nevertheless possible that under extreme conditions, such as CD8" T cell
depletion, a role for antibodies as effectors may emerge. To confirm that the
CD4-dependent, CD8-independent immune protection was due to CD4" T cell
effector function and not simply due to their role as helpers for B cell
differentiation, we tested CD8-depleted, B cell-deficient (B'/') mice for induction
of anti-tumor immunity and autoimmune vitiligo. As summarized in Table 1,
both tumor protection and vitiligo occurred in B mice in the absence of CD8" T
cells demonstrating the vaccine-induced antibodies were not playing a significant
role as effectors in this model. Simultaneous depletion with CD8 and CD4
antibodies in B”" mice fully abrogated both protective immunity and the

development of vitiligo further confirming the role of CD4" T cells as effectors in

both of these processes.
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CD4-mediated anti-tumor immunity and autoimmunity are differentially
regulated by IL-4 and IFN-y

The results described above confirmed a role for AdhDCT-induced, DCT-specific
CD4" T cells as effector cells that provide anti-tumor immunity and autoimmune
vitiligo. Since characterization of the effector CD4" T cell response requires
concomitant depletion of CD8" T cells, we opted to use CD8a-deficient mice
(CD87) to simplify our further investigation of DCT-specific CD4" T cell
immunity. CD8”" mice immunized with AdhDCT were fully protected against
B16F10 challenge and this protection was completely abrogated by the depletion
of CD4" T cells one day prior to tumor challenge (Fig. 1A), confirming
dependence upon CD4" T cells. To confirm antigen-specificity, CD8” mice were
immunized with AdhDCT and challenged with B78H.1, a variant of B16
melanoma that does not express the DCT antigen. All mice succumbed to tumor
challenge confirming that the AdhDCT-mediated anti-tumor protection in this
model was antigen-specific (not shown).  Furthermore, AdhDCT-immunized
CD8” mice all developed vitiligo in a CD4-dependent manner demonstrating that
both CD4" T cell-mediated anti-tumor immunity and autoimmunity could be
generated in this model (Fig. 1A). Finally, neither protection nor vitiligo
development was affected by the treatment with anti-NK1.1 antibody, confirming
that neither NK nor any NKT populations were required for either outcome (Fig.

1A).
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Characterization of the CD4" T cell response in CD8”" mice revealed the
presence of T cells that could produce IFN-y and IL-4 but not IL-17A (Fig. 1B),
suggesting that AdhDCT gives rise to a mixed response of Thl and Th2 cells
without Th17 cells. Both Thl and Th2 CD4" T cells can mediate tumor and/or
tissue destruction through cytokine production. In this regard, IFN-y and IL-4
have been reported to cause damage to the tumor microenvironment by
suppressing angiogenesis and/or acting as chemoattractants for tumoricidal cells

6112 To determine whether these

such as NK, macrophages or eosinophils
cytokines play any role in anti-tumor and autoimmune responses in our model,
CD8” mice were immunized with AdhDCT and depleted of either IL-4 or IFN-y
during the effector phase. Surprisingly, tumor protection was completely
abrogated by neutralizing IL-4 but not IFN-y (Fig. 1C). By contrast, vitiligo was
diminished by blocking IFN-y while IL-4 depletion had no obvious impact (Fig.

10).

Anti-tumor and autoimmaune effects can be blocked through STAT6 and STAT4
deletion, respectively

Although the divergence described in the previous paragraph appears to suggest
that anti-tumor and autoimmune effects may require differential polarization of
CD4" T cells, both IL-4 and IFN-y can be produced by ThO cells and non-T cell

14-16

populations We thus set out to evaluate vaccination outcomes in Stat4-

deficient (Stat4”) and Stat6-deficient (Stat6”) mice. STAT4 is specifically
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phosphorylated in response to IL-12, and IL-12-dependent Th1 development and
IFN-y production are largely impaired in Stat4-deficient mice while Th2 functions
in these mice are intact '’. In contrast, STATG is activated in response to IL-4 and
STAT6-deficient T cells cannot differentiate into IL-4-producing Th2 cells but
they can develop into IFN-y producing Th1 cells '®.

As shown in Figure 2A, immunization of Stat6” mice with AdhDCT
resulted in both protection from tumor challenge and development of vitiligo in
the absence of CD4" T cells, suggesting that CD8" T cell-mediated anti-tumor
immunity and autoimmunity were fully intact in this mouse strain. Interestingly,
when Stat6”” mice were immunized with AdhDCT and depleted of CD8" T cells,
tumor protection was lost but vitiligo was not affected indicating that anti-tumor
immunity was dependent upon STAT6 signalling.

Strikingly, we observed the opposite outcome for CD4" T cell-mediated
responses in Stat4”" mice. Similar to the Stat6”” model, immunization of Stat4”"
mice with AdhDCT resulted in both tumor protection and vitiligo development
demonstrating that the CD8" T cell-mediated immune function was intact in this
mouse strain. However, following depletion of CD8 T cells, AdhDCT-
immunized Stat4”" mice were still able to resist tumor challenge but they no
longer developed vitiligo (Fig. 2B). Compared to the result in Figure 1C where
IFN-y-depletion only attenuated vitiligo, STAT4 deletion appears to be more
effective than elimination of a particular cytokine to prevent autoimmune

pathology. These results indicate that anti-tumor immunity and autoimmune
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pathology mediated by CD4" T cells can be separated along the STAT4/STAT6

signaling axis.

STAT4/STATG6 signaling does not influence CD4" T cell differentiation
following AdhDCT immunization

In light of the involvement of STAT4 signaling for Thl and Th17 development,
we repeated these experiments in p40”” mice which lack both the IL-12 and IL-23
cytokines that play an important role in the elaboration of Th1 and Th17 functions
1920 Tmmunization of p40” mice with AdhDCT resulted in both protection from
tumor growth and vitiligo development suggesting that the effect of the STAT4
deletion may not be at the level of CD4" T cell differentiation (Fig. 3).

To directly evaluate whether the absence of either STAT4 or STAT6
resulted in differential programming of DCT-specific CD4" T cells to produce
cytokines, splenocytes from wild type, Stat4”” and Stat6” mice immunized with
AdhDCT were restimulated with a pool CD4" T cell peptide epitopes from hDCT.
Total numbers of DCT-specific CD4" T cells were enumerated by the CD154
mobilization assay, which detects antigen-specific CD4" T cells independently of
their cytokine secretion profile *'. Specific cytokine-producing CD4" T cells were
determined by intracellular staining (IFN-y and IL-2) as well as ELISPOT (IL-4).
Strikingly, deletion of either STAT4 or STAT6 had no impact upon the numbers

of DCT-specific CD4" T cells (Fig. 4A) or the frequencies of IFN-y-, IL-2- and

IL-4-secreting cells (Fig. 4B and C) relative to matched wild type control mice. In
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light of these data, we infer that the CD4" T cell population elicited by AdhDCT

is likely ThO or a mix of Th1 and Th2 responses.

DISCUSSION

To our knowledge, this is the first report that demonstrates a reciprocal role of
STAT4 and STAT6 signaling pathways in the development of autoimmune
pathology and anti-tumor immunity mediated by effector CD4" T cells. Although
antibody-mediated blockade of IL-4 and IFN-y produced effects similar to the
STATG6 and STAT4 deficiency, respectively, there was no evidence of altered Th
polarization in the STAT-deficient mice arguing against the possibility that these
reciprocal effects were reflective of a mixed population of DCT-specific Thl and
Th2 cells. Rather, our data suggest that the STAT proteins may play an important
role in the signaling pathway that is extrinsic to CD4" T cell differentiation.

The absence of autoimmune vitiligo in Stat4”™ mice, even when the skin
was deliberately damaged with a highly inflammatory agent, is a striking
observation. It is consistent with reports from murine models of autoimmunity,
such as experimental autoimmune encephalomyelitis and diabetes, where disease
pathology was associated with signaling via STAT4, while STAT6 signaling

22,23

pathway was associated with resistance to disease pathology . This paradigm

was previously interpreted as a reflection of the opposing functions of Thl
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(STAT4-dependent) and Th2 (STAT6-dependent) effector cells, where
pathogenic Thl cells were believed to be counter-regulated by Th2 cells *.
However, the role of Thl cells in autoimmune pathology has been challenged by
the recent discovery of Th17 cells and the associated evidence revealing that Th17
are responsible for some autoimmune pathologies that had been previously
ascribed to Thl cells **. Although STAT4 signaling influences the development
of both Thl and Th17 responses >, our data do not support a role for either
population in the development of autoimmune pathology in our model. The Stat4
" mice showed no evidence of skewing in CD4" T cell populations relative to WT
or Stat6”” mice. Vitiligo developed in mice lacking p40, a subunit for both IL-12
and IL-23 that are critical for Thl and Th17 differentiation '°, arguing against a
role for polarized CD4" T cells in our vitiligo model. The likelihood of Th17 cells
contributing to vitiligo in our model is further refuted by our inability to measure
any IL-17-producing DCT-specific CD4" T cells. Although neutralizing IFN-y
largely diminished autoimmune vitiligo, it could be detected in all immunized
animals including the Stat4”" mice, suggesting that other signaling pathways exist
to bypass STAT4-dependent production of IFN-y in this model ****. We believe
that our data are consistent with a role of STAT4 signaling downstream of the
effector CD4" T cells as seen in a diabetes adoptive transfer model where
diabetogenic CD4" T cells failed to produce disease in Stat4” hosts %. If our
hypothesis is proven to be correct, then targeting of STAT4 with specific

inhibitors may provide a useful tool for suppressing autoimmune sequelae
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following cancer immunotherapy using CD4" T cell-dependent strategies.

Another striking observation is that tumor rejection was mediated by IL-4
and dependent on the STAT6 signaling pathway. More importantly, this anti-
tumor mechanism did not evoke fulminant autoimmune pathology. The utility of
Th2 cells or IL-4 as anti-tumor effectors has been reported by others and in some
cases, Th2 cells were more effective than Thl cells in the clearance of CTL-
resistant tumors '°. Furthermore, a human clinical trial of Canvaxin, a cell-based
vaccine, found that the magnitude of vaccine-induced Th2 immunity correlated
with overall survival, and anti-tumor Th2 cells can be identified in cancer patients
supporting the possibility of generating such populations in humans **°'.  As
discussed above, we did not observe any influence of STAT6 signaling on the
differentiation of DCT-specific CD4" T cells, suggesting that STAT6 is also
required downstream of the effector CD4" T cells. Consistent with our
observation, Mattes et al demonstrated that tumor regression mediated by
transferred Th2 effector cells was dependent on host expression of STAT6 .
Furthermore, there is ample evidence that STAT6 plays a critical role in the late
phase of allergic asthma, in addition to its requirement in Th2 differentiation ***°,
In light of the data presented herein, it is reasonable to investigate strategies for
the development of cancer vaccines where the inoculum is designed to bias

toward a Th2/IL-4 response rather than typical strategies that aim for Th1/IFN-y

production.
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In summary, our results clearly indicate that CD4-mediated autoimmune
vitiligo and tumor immunity produced by immunization with AdhDCT are
differentially regulated by the STAT4/STATG signaling axis. This appears to be a
unique feature of CD4" T cell-mediated processes because the DCT-specific
CD8" T cells in both Stat4”" and Stat6”" mice were capable of producing both anti-
tumor immunity and autoimmune vitiligo. Although our AdhDCT vaccine did
not result in Th1/Th2 differentiation, designing vaccines that can deviate antigen-
specific Th1/Th2 balance should further increase anti-tumor immunity and offer a
novel strategy to control autoimmune sequelae without the need to target

individual cytokines.

MATERIALS AND METHODS

Animals

C57BL/6 (H-2") female mice were obtained from Charles River Laboratories
(Wilmington, MA). Different gene knockout mice on the C57BL/6 background,
including CD8a-deficient (CDS'/ “; Jackson Laboratories, Bar Harbor, ME), IL-12-
deficient (IL-12 p40™; provided by Jeanne Magram, Hoffmann-La Roche, NJ),
Igu-deficient (B”"; Jackson Laboratories), CD1d-deficient (CD17"; provided by
Albert Bendelac, University of Chicago), Stat6-deficient (Stat6”"; provided by

Klaus Matthaei, Australian National University) '®, and Stat4-deficient mice
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(Stat4™) '7 were bred in our specific pathogen-free animal facility. All animal

experiments were approved by the McMaster Animal Research Ethics Board.

Cell culture and viral vectors

B16F10, a melanoma cell line derived from C57BL/6 mice and B78H.1, a variant
of B16 melanoma that does not express the DCT antigen (obtained from Hyam 1.
Levitsky, Johns Hopkins University) were cultured in complete MEM-F11 media
containing 10% FBS. AdhDCT is an E1/E3-deleted adenovirus that expresses the
full-length human DCT gene and AdBHG is an E1/E3-deleted virus that expresses

no transgene L

Immunization and tumor challenge

Mice were immunized with 1 x 10° pfu of AdhDCT by intramuscular injection.
Negative control mice received PBS or AABHG. Fourteen days later, mice were
challenged subcutaneously in the right hind flank with 1 x 10° B16F10 cells.

Tumor size was monitored daily and measured twice a week for 60 days.

Vitiligo induction

Our previous studies showed that manifest autoimmune pathology following
intramuscular vaccination with AdhDCT could be intensified by delivery of an
inflammatory agent to the skin '. To intensify the autoimmune pathology used as

a read-out for these studies, mice were immunized with AdhDCT and, fourteen

71



PhD Thesis — D. Bernard McMaster University — Medical Sciences

days later, their skins were “painted” with 120 pl of 2,4-dinitrobenzenesulfonic
acid (DNFB, 0.2% diluted in acetone/olive oil at a 4:1 ratio) (Sigma-Aldrich, St.
Louis, MO). Vitiligo development was monitored weekly for 8 weeks after the

DNFB challenge.

Immunodepletion and neutralization studies

Immunodepletion studies were conducted using the following mAbs from
American Type Culture Collection (ATCC, Manassas, VA): GK1.5 (anti-CD4),
2.43 (anti-CD8) and PK136 (anti-NK1.1). Purified mAbs (100 ug) were injected
1.p. 2 days before tumor or DNFB challenge and then twice a week for 4 weeks. A
rat IgG (Sigma, St. Louis, MO) was used as control. The efficiency of specific
depletion of lymphocyte subsets was >98% by flow cytometry using different
clones of antibodies (data not shown). To block IFN-y or IL-4 activity in vivo,
mice were injected i.p. with 200 pg of purified mAb R4-6A2 (anti-IFN-y; ATCC)
or 11BI1 (anti-IL-4; ATCC) based on the following protocol. Antibody
administration started 2 days before the tumor or DNFB challenge and then once
every other day for two weeks. At that point, tumor growth was evident in control

animals and the DNFB-caused lesion was completely healed.

Enzyme-linked immunospot (ELISPOT) assays
The ELISPOT assay was performed as described previously **. Spleens from

AdhDCT-immunized mice were harvested 10 days post-immunization, which
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corresponds to the peak of the CD4™ T cell response. Briefly, splenocytes (5 X
10°) were aliquoted into the appropriate wells and restimulated with DMSO or a
peptide  pool corresponding to the immunodominant (hDCTss.i02,
RKFFHRTCKCTGNFA) and subdominant (hDCT42.254, LPYWNFATGRNEC;
hDCTy49.465, DQLGYSYAIDLPVSV) CD4" T cell epitopes from hDCT (10
ug/ml each) **. The number of cytokine producing cells was enumerated using an
ImmunoSpot 3B analyzer (Cellular Technology Ltd.). Results are shown as mean

+/- SEM from 10 mice pooled from 2 separate experiments.

Intracellular cytokine staining (ICS)

Intracellular cytokines were visualized using a protocol we described previously
*. Briefly, aliquots of 2 x 10° splenocytes were plated in 96-well U-bottomed
plates and restimulated with DMSO or with the peptide pool previously described
for 1 hour at 37°C, 5% CO,. Brefeldin A (BD Biosciences) was added to a final
concentration of 5 pg/ml and the incubation was continued for another 4 hours.
The cells were then stained with anti-CD4-PeCy5.5 (clone RM4-5), treated with
Cytofix/Cytoperm (BD Biosciences) and stained with anti-IFN-y-APC (clone
XMG1.2), or anti-IL-2-PE (clone JES6-5H4). Alternatively, the cells were
stained with anti-CD154-APC (clone MR1), which was added at the beginning of
the restimulation, followed by the addition of 2 uM of monensin (BD

Biosciences) instead of Brefeldin A. All antibodies were purchased from BD

Biosciences with the exception of the anti-CD154-APC antibody, which was
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obtained from eBioscences. Data from stained samples were acquired using either
an LSRII or a FACSCanto (BD Biosciences) and analyzed using FlowlJo
(Treestar). Results are shown as mean +/- SEM from 10 mice pooled from 2

separate experiments.

Statistical analysis

A two-tailed, paired Student ¢ test was used for the analysis.
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FIGURE LEGENDS

Figure 1. Both tumor protection and vitiligo induction require CD4" T cells
and depend on IL-4 and partially on IFN-y, respectively. CD8"" mice were
immunized with either PBS, AABHG or AdhDCT and then challenged 14 days
post-immunization with 1 x 10° B16F10 cells via s.c. injection or 120 pl of DNFB
painted on the shaved skin. (4) Depletion of CD4" T cells or NK1.1" cells was
performed by Ab injection starting on day 12 and subsequently administered
twice a week for 4 weeks. (B) DCT-specific CD4™ T cell responses were
measured via IFN-y, IL-4 and IL-17 ELISPOT assays using a hDCT CD4 peptide
pool to restimulate splenocytes derived from day 10 AdhDCT-immunized CD8”"
mice. (C) Depletion of IL-4 or IFN-y was performed by Ab injection starting on
day 12 and then administered every other day for two weeks. The results are
summarized from two individual experiments with 5-6 mice for each group. The
ELISPOT results are shown as mean +/- SEM from 10 mice pooled from 2
separate experiments. Photographs are representative of 15 mice in each group

from 3 separate experiments.

Figure 2. CD4-mediated anti-tumor immunity and autoimmunity are
differentially regulated by the STAT4/STATG6 signaling axis. Stat6™ (A) or
Stat4”" (B) mice were immunized with either PBS, AdBHG or AdhDCT and

challenged 14 days post-immunization with 1 x 10° BI6F10 cells via s.c. injection
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or 120 ul DNFB. Depletion of CD4" or CD8" T cells was performed by Ab
injection starting on day 12 and then administered twice a week for 4 weeks. The
results are summarized from two individual experiments with 5-6 mice for each

group. Photographs are representative of 10-15 mice in each group.

Figure 3. CD4-mediated STAT4-dependent autoimmunity does not rely on
Th1 or Th17 cells. IL-12 p40”" mice were immunized with either PBS, AdBHG
or AdhDCT and challenged 14 days post-immunization with 1 x 10> BI6F10 cells
via s.c. injection or 120 ul DNFB. Depletion of CD4" or CDS" T cells was
performed by Ab injection starting on day 12 and then administered twice a week
for 4 weeks. The results are summarized from two individual experiments with 5-

6 mice for each group. Photographs are representative of 10 mice in each group.

Figure 4. DCT-specific CD4" T cells harbor an unpolarized Th0 phenotype.
Splenocytes from day 10 AdhDCT-immunized WT, Stat6” and Stat4”” mice were
restimulated with a hDCT CD4 peptide pool and CD4" T cell responses were
measured via ICS of CD154 (4) or IFN-y/IL-2 (B) and IL-4 ELISPOT (C).
Results are shown as mean +/- SEM from 10 mice pooled from 2 separate
experiments. No results comparing WT vs Stat6”” or WT vs Stat4”™ mice were

found to be statistically significantly different.
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Table 1. Induction of protective immunity and vitiligo following
immunization with AdhDCT in CD1”" and B” mice. CDI1” or B mice were
immunized with 1 x 10° pfu AdhDCT for 14 days and then challenged s.c. with 1
x 10° (CD17" mice) or 5 x 10° (B”" mice) B16F10 cells or painted on the shaved
skin of the back with 120 ul DNFB. Antibodies were injected beginning two days
before the tumor or DNFB challenge and then once every other day for two
weeks. The onset of tumor formation and development of vitiligo were monitored
for 60 days. Immunization with PBS or a control vector AABHG had no impact

on tumor protection and vitiligo induction (not shown).

CD17" B”
Immunodepletion Protection  Vitiligo Protection Vitiligo
None 12/12 10/10 15/15 15/15
CD4 5/5 5/5 10/10 10/10
CD8 8/8 10/10 10/10 10/10
CD4 + CD8 0/7 0/9 0/10 0/10
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FIGURE 2-
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FIGURE 3-
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FIGURE 4-
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— CHAPTER 3—

Processing of tumor antigen differentially impacts the
development of helper and effector CD4" T cell responses
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ABSTRACT

CD4" T cells contribute to the antitumor T cell response as both effectors that
promote tumor rejection and helpers that facilitate the activation of other
antitumor effector cells, such as CD8" T cells. Maximal engagement of both
effector and helper CD4" T cell responses is a desirable attribute of cancer
vaccines. We have employed the B16F10 murine melanoma model and a series
of recombinant adenovirus vaccines expressing mutant forms of the tumor
antigen, dopachrome tautomerase, to investigate the relationship between antigen
processing and the antitumor CD4" T cell response. Our results have revealed an
unexpected dichotomy in the generation of helper and effector CD4" T cell
responses where CD4" T effector responses are dependent upon protein
processing and trafficking while CD4" T helper responses are not. The results
have important implications for strategies aimed at augmenting antigen

immunogenicity by altering intracellular processing and localization.

INTRODUCTION

CD4" T cells are a key component of the adaptive immune response against
tumors and increasing evidence suggests that CD4" T cells can be highly potent

antitumor effectors '>. When tumor cells express MHC 11, as in the case of B cell
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leukemias, CD4" T cells are capable of recognizing tumor cells directly, leading
to up-regulation of death-inducing ligands and secretion of cytotoxic granules *'°.
CD4" T cells can also mediate rejection of MHC II-negative tumors through
indirect mechanisms following in sifu activation by APCs that have engulfed
tumor-derived antigens. Activated CD4" T cells can promote tumor rejection

11-14

indirectly through the release of tumor-suppressing cytokines and the

recruitment of innate effector cells !¢

This indirect pathway is an important
facet of the tumor-specific effector CD4" T cells as this mechanism allows CD4"
T cells to reject tumors which escape CDS" T cell recognition by down-
modulation of MHC I '®, Recent work from both animal and human studies has
underscored the potency of effector CD4" T cells for cancer immunotherapy and
even suggested that CD4" T cells may be more potent than CD8" T cells when
compared on a cell-per-cell basis '**°.

Previous investigations by our group have revealed an important role for
CD4" T cells in the protective immunity produced by a prototype melanoma
vaccine comprising a recombinant human adenovirus (Ad) type 5 vector
expressing human dopachrome tautomerase (hDCT; vector name = AdhDCT).
Immunization with AdhDCT can render immune competent mice completely
protected against tumor challenge and can promote regression of established

tumors when combined with cyclophosphamide *'%.

Using a combination of
antibody depletion and gene-deficient mice, we have shown that CD4" T cells

play a significant role in the antitumor response produced by immunization with
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AdhDCT *"**** Following AdhDCT immunization, DCT-specific CD4" T cells
act as helpers for the CD8" T cell response and effectors that are capable of
effectuating tumor rejection and skin depigmentation *'. Using synthetic peptides,
we identified a heteroclitic CD4" T cell epitope (hDCTgo.101) in the hDCT that
functions as a target for helper CD4" T cells that promote CD8" T cell immunity
2. Immunization with the murine homolog of DCT (mDCT) produces only a
weak CD8" T cell response. By converting GIn86 and Asn92 in mDCT to Leu
and His, respectively, it is possible to engineer the mDCT protein to carry the
heteroclitic epitope found in hDCT **. The CD8" T cell response produced by the
mutant protein was 10-fold greater than the response to wild type mDCT and
comparable to the response produced by hDCT, confirming the helper function of
the CD4" T cells directed against this epitope **. Interestingly, CD4" T cells
directed against hDCTgo.10; do not effectuate tumor rejection *>. Therefore, we
refer to hDCTgo.j0;-specific CD4" T cells as helpers. We have been unable to
define a target for the CD4" T cells that promote tumor rejection but they can be
identified functionally using tumor challenge studies in mice that lack CD8" T

21,24
cells =~

. In the context of this manuscript, we will refer to the latter population
as effectors since they effectuate tumor rejection. Further, we have uncovered an
interesting dichotomy with regard to the processes involved in CD4" T cell-
mediated antitumor immunity and autoimmunity whereby the former was

dependent on IL-4/STAT6 signaling while the latter required IFN-y/STAT4

signaling 2*. Our current efforts are directed at exploiting this dichotomy and
g g p g y
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maximizing CD4" T cell-mediated tumor rejection while minimizing autoimmune
sequelae.

In this manuscript, we describe an Ad vector that expresses a mutant form
of hDCT lacking the dominant CDS8" T cell epitope, SVYDFFVWL
(AdhDCTAVYD). This vector was created to facilitate studies of CD4" T cell-
dependent antitumor immunity without the mitigating effects of hDCT-specific
CDS8" T cells. Surprisingly, this mutant failed to elicit protective CD4" T cell
immunity. Characterization of the hDCTAVYD protein and analysis of additional
mutants revealed that the protective CD4" T cell response was dramatically
affected by intracellular processing of hDCT whereas the helper CD4" T cell
response was not. These results have important implications for vaccine design
and indicate that care must be taken when manipulating antigens in an effort to

increase their immunogenicity.

RESULTS

Immunization with a mutant hDCT that lacks the immunodominant CD8
epitope, SVYDFFVWL, results in loss of both CD8" and CD4" T cell-mediated
tumor protection

Previous reports have demonstrated that the hDCT epitope, SVYDFFVWL

25,26

(DCTis0-188), 1s alone sufficient to produce protective immunity . Therefore,
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we created a variant of hDCT (hDCTAVYD, Fig. 1a) which lacked this epitope in
an effort to generate an antigen that would only evoke protective CD4" T cell
immunity. The serine residue at position 180 was not removed in order to
preserve a putative N-linked glycosylation motif (N-X-S) found immediately
upstream of DCTgo.1ss (‘"°NCS1g0). Mice were immunized with Ad vaccines
expressing either wild type hDCT (AdhDCT) or the mutant (AdhDCTAVYD) to
examine immunogenicity via ICS analysis (see Fig. S1 for example of the flow
cytometry data). As expected, the hDCTg.135-specific response was fully
abrogated following immunization with AdhDCTAVYD while CD8" T cell
immunity to the subdominant epitope, hDCT342.351, was intact (Fig. 1b). In fact,
immunity to hDCTj342.351 was significantly increased (p<0.05) in mice immunized
with AdhDCTAVYD. We previously demonstrated that the magnitude of the
CDS8" T cell response to hDCT343.351 was dependent upon helper CD4" T cells
responsive to the heteroclitic epitope hDCTgo.10; >>. The robust CD8™ T cell
response to hDCTs4.351 suggests that the mutation in AdhDCTAVYD did not
impair the development of helper CD4" T cells. Indeed, examination of CD4" T
cell immunity to the dominant and subdominant CD4" T cell epitopes in hDCT,
hDCTgg.101 and hDCTa4z.254, revealed no differences between the wild type and
mutant vaccines (Fig. 1¢).

Our previous work demonstrated that both CD4" T cells and CD8" T cells
were capable of independently protecting against lethal challenge with B16F10

21,22

following immunization with AdhDCT and it was necessary to ablate both

92



PhD Thesis — D. Bernard McMaster University — Medical Sciences

cell populations to abrogate the protective effect >'. Indeed, we show that CD8" T
cell depletion prior to tumor challenge does not impair protective immunity
imparted by AdhDCT (compare Figs. 1d,e).  Therefore, we expected
AdhDCTAVYD to provide robust protection against B16F10 challenge through a
CD4" T cell-dependent mechanism. Surprisingly, the protective response
produced by AdhDCTAVYD was largely attenuated relative to AdhDCT (Fig.
1d). The modest protective immunity afforded by AdhDCTAVYD was lost
following depletion of CD8" T cells, indicating that the protection was provided
by immunity elicited by subdominant CD8" T cell epitopes, like hDCT345.35; (Fig.
le).

We have previously determined that CD8-deficient mice can be used to
study CD4" T cell protective immunity generated by immunization with AdhDCT
2224 Therefore, we also evaluated protection against B16F10 following
immunization with AdhDCTAVYD in CD8-deficient mice. Similar to the
scenario in CD8-depleted wild type mice, immunization with AdhDCT provided
complete protection against B16F10 whereas no protection was afforded by
immunization with AdhDCTAVYD (Fig. 1f). The surprising observation that
removal of a CD8" T cell epitope attenuated the protective CD4" T cell response
prompted us to further investigate the mechanisms underlying the generation of

helper and effector CD4" T cell responses following AdhDCT immunization.
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Comprehensive epitope mapping of the region surrounding the deletion in
AdhDCTAVYD did not reveal any previously unidentified CD4 epitopes

It seemed paradoxical that the helper CD4" T cell response elicited by hDCT was
unaffected by the deletion of residues 181 — 188 while the protective CD4" T cell
response was fully attenuated. The simplest explanation for this observation is
that the deletion also affects a CD4" T cell epitope. Using a combination of IFN-
Y, IL-4 and IL-10 ELISPOT assays, we have conducted extensive mapping of the
DCT T cell epitopes in both CD8-deficient mice (data not shown) and wild type
mice *%. We could not identify a CD4" T cell epitope that correlated with tumor
rejection. Based on the current results, we prepared a comprehensive set of
synthetic peptides that spanned the entire region deleted in hDCTAVYD (Table
S1). ICS analysis of these peptides using splenocytes from CD8-deficient mice
immunized with AdhDCT failed to reveal new reactivities (Table S1). These
results argue against the likelihood that removal of residues 181 — 188 disrupted a

CD4" T cell epitope in hDCT.

Mutation of the putative glycosylation site '"*NCS s results in impaired protein
trafficking and attenuated CD4" T cell-mediated protection

Protein conformation can significantly impact the presentation of epitopes on
MHC II. As an example, Golgher et. al. determined that recognition of gp90 by
CD4" T cells was dependent on the peptide conformation which was controlled by

lycosylation *’. Since the deletion in hDCTAVYD was adjacent to a putative N-
glycosy

94



PhD Thesis — D. Bernard McMaster University — Medical Sciences

linked glycosylation site, we suspected that glycosylation at this site may have
been disrupted. On Western blot analysis, hDCT resolves as two distinct
glycoforms of 69 and 80 kDa ** (Fig. 2a, lane 1). When we compared the
migration pattern of hDCTAVYD to hDCT by Western blot, we observed that the
higher molecular weight form (80 kDa) was lacking from hDCTAVYD (Fig. 2a,
lane 4) and that minor, smaller molecular weight forms (<69 kDa) were
appearing.  These results were reminiscent of a previous report where
glycosylation of TRP-1 was disrupted *°. Based on the proximity of the deletion
in hDCTAVYD to a putative glycosylation site ('"*NCSg0), we suspected that this
mutation may have disrupted glycosylation at N178. We, therefore, created a
hDCT mutant where N178 was replaced with D178 (hDCT-N178D, Fig. 2b) to
determine whether lack of glycosylation at this site was the determining factor in
the impaired immunogenicity of AdhDCTAVYD. The hDCT-N178D mutant,
similarly to hDCTAVYD, also failed to produce the higher molecular weight form
(Fig. 2a, lane 7) and both mutants seemed to give rise to the development of
minor glycoforms that were <69 kDa but greater than 59 kDa (the estimated
molecular weight of the protein).

The 69 kDa glycoform of hDCT is found in the endoplasmic reticulum
(ER) following translocation of the protein from the cytoplasm and addition of
initial N-linked glycans; this glycoform appears to represent the majority of the
hDCT when expressed from recombinant Ad (Fig. 2a, lane 1). The 80 kDa

glycoform is found in the Golgi and represents a more mature form of the protein
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that harbors complex glycan structures as well as additional post-translational
modifications **. This glycoform is only a minor component of the hDCT
produced by AdhDCT infection, suggesting that the majority of the virally-
expressed protein remains in the ER. To confirm the localization of the various
glycoforms of hDCT, the proteins were subjected to digestion with glycosidases
* EndoHy specifically cleaves N-linked glycans that are attached in the ER
whereas PNGaseF cleaves all sugar chains, including complex structures added in
the Golgi. The fully de-glycosylated proteins migrated at an approximate weight
of 59 kDa (Fig. 2a, lanes 3, 6, 9), which is consistent with the estimated
molecular weight of hDCT. As predicted, EndoHy treatment caused the 69 kDa
band to appear as 59 kDa but did not affect the 80 kDa band (Fig. 2a, lanes 2, 5,
8) supporting the assertion that the 80 kDa represents a more mature form of the
protein that has migrated to the Golgi. Since neither hDCT-N178D nor
hDCTAVYD gave rise to the 80 kDa glycoform of DCT, we conclude that these
proteins do not migrate to the Golgi.

We next evaluated the immunogenicity of AdhDCT-N178D. As in the
case of AdhDCTAVYD, the CD4" T cell responses to hDCTgog.19; and hDCTa42-254
were comparable to those elicited by AdhDCT (Fig. 2¢). To confirm that the
helper functions were unaffected, we also examined the CD8" T cell responses
and found that CD8" T cell immunity was intact as well (Fig. 2d). Thus, despite
the protein trafficking defect, AdhDCT-N178D evokes a helper T cell response

comparable to AdhDCT. To examine the effector CD4" T cell response produced
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by AdhDCT-N178D, we immunized CD8-deficient mice as described above ****,
Similar to AdhDCTAVYD, protective immunity produced by AdhDCT-N178D
was significantly impaired compared to AdhDCT (Fig. 2e). Thus, although the
helper CD4" T cell response produced by AdhDCT-N178D was unimpaired
relative to AdhDCT, the effector CD4" T cell response was significantly

attenuated.

De-glycosylation of hDCT putative N-linked glycosylation sites does not
generate any new CD4 epitopes

Since the presence of the 80 kDa molecular weight glycoform of hDCT correlated
with the generation of protective CD4" T cell immunity, we considered a previous
report involving tyrosinase where a T cell epitope was generated by cytoplasmic
de-glycosylation of N-linked glycans, which resulted in the conversion of
asparagine to aspartic acid °°. We hypothesized that the generation of the CD4
effector epitope(s) may be dependent upon a similar event. So, we synthesized
peptides covering all putative N-linked glycosylation motifs (N-X-C/S/T) and
substituted asparagine residues for aspartic acid residues (Table S2). Potential
reactivity to these peptides was evaluated via ICS analysis. Results obtained from
these experiments failed to uncover any new CD4 reactivities, indicating that
conversion of asparagines to aspartic acid following de-glycosylation of hDCT
does not give rise to measurable T cell responses following immunization with

AdhDCT (Table S2).
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Immunization with a trafficking-defective variant of hDCT results in abrogated
CD4" T cell-mediated tumor protection

The melanosomal transport signal present in melanoma-associated antigens
(gp100, TRP-1/gp75, TRP-2/DCT) can direct antigens to the MHC II

3132 Therefore, the impaired

compartment and enhance CD4" T cell stimulation
effector CD4" T cell response observed following immunization with
AdhDCTAVYD and AdhDCT-N178D may reflect improper intracellular
trafficking rather than the inability to generate a conformational or glycosylation-
dependent effector CD4" T cell epitope. To address the possibility that targeting
of hDCT is important for the generation of the effector CD4" T cell responses, we
removed two key targeting elements from the protein: the ER signal sequence
(SS, residues deleted: 2-23) ** and the putative melanosomal transport signal
(MTS, residues deleted: 491-496) (Fig. 3a). hDCTASS lacks the ER signal
sequence and thus is expected to remain cytoplasmic. hDCTAMTS lacks the
melanosomal targeting signal, but retains the transmembrane domain and is
expected to traffic through the Golgi without being re-directed to melanosomes.
As expected, Western blot analysis shows that hDCTASS completely lacks N-
linked glycosylation (Fig. 3b, lanes 4-6). Interestingly, hDCTAMTS actually
appeared to be more stable than hDCT and gave rise to higher levels of the mature
80 kDa glycoform (Fig. 3b, lane 7). With regard to the generation of CD4" T cell

immunity, both AdhDCTASS and AdhDCTAMTS were able to elicit hDCTgo.101-

and hDCT,4y05s-specific CD4™ T cell responses of a similar magnitude to
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AdhDCT (Fig. 3¢). In fact, the response to hDCTgo.191 Was significantly higher in
mice immunized with AdhDCTAMTS compared to AdhDCT (p<0.05), likely due
to the fact that this protein variant appears to accumulate to higher levels.
DCTgo.155-specific CD8" T cell responses produced by AdhDCTASS were
reduced relative to AdhDCT (p<0.005; Fig. 3d), consistent with the observation
that this mutant is expressed at lower levels than the wild type protein; however,
the CD8" T cell response to hDCT34.351 was intact and the response to DCTjgo-1s3
was still markedly higher than the response to the murine form of the protein
(mDCT) which cannot elicit CD4" T cell help * indicating that the helper
response produced by AdhDCTASS was intact. Likewise, the CD8" T cell
response produced by AdhDCTAMTS was comparable to the wild type vaccine
indicating that the helper CD4" T cell response evoked by this vaccine was intact
as well (Fig. 3d).

Generation of protective CD4" T cell immunity was next evaluated in
CD8-deficient mice. As shown in Figure 3e, CD4" T cell-mediated tumor
protection was completely abrogated in mice immunized with AdhDCTASS
whereas mice immunized with AdhDCTAMTS displayed tumor protection
comparable to AdhDCT. We can conclude from these latter observations that the
melanosomal transport signal is not critical for the production of either helper or
effector CD4" T cell responses. Deletion of the ER signal sequence, similar to the
AVYD and N178D mutations, impaired the generation of effector CD4" T cell

immunity whereas the helper response remained unaffected.
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AdhDCTAVYD fails to elicit protective CD4" T cell immunity in DCT-deficient
mice

We hav