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Abstract 
A hallmark of cancer is the accumulation of mutations, and a small proportion of 

these give rise to mutant neoantigens – mutated peptides bound to Major Histocompatibility 

Complex (MHC) and recognized by T cells. Accumulating evidence suggests that mutant 

neoantigens (hereafter referred to as “neoantigens”) underlie successful immune therapies in 

cancers with high mutation loads, such as melanoma. Moreover, neoantigen-specific 

vaccines have successfully targeted highly mutated murine tumor models. However, less is 

known about neoantigen-specific T cell responses in cancers with moderate mutation loads, 

such as ovarian cancer. I hypothesized that (1) modified peptide-based vaccination schedules 

can lead to enhanced antigen-specific T cell responses; (2) neoantigen-specific vaccines can 

elicit T cell responses that eradicate murine ovarian tumors; and (3) neoantigen-reactive T 

cells are detectable in human ovarian tumors and peripheral blood. To activate high 

frequencies of antigen-specific T cells, I developed a vaccination method involving repeated, 

daily immunizations with long peptides and adjuvant. This method elicited robust T cell 

responses that eliminated established murine tumors. I used these enhanced vaccination 

methods to target tumor-specific mutations identified by exome- and RNA-sequencing of the 

ovarian tumor model ID8-G7. Prophylactic and therapeutic vaccinations were performed 

targeting all expressed mutations that had a predicted MHCI binding affinity < 1500 nM 

(n=17 mutations). Though the vaccines elicited robust T cell responses to most mutations, 

activated T cells failed to recognize ID8-G7 tumors in vitro and failed to control tumor 

growth in vivo, indicating that none of the evaluated mutations represented authentic 

neoantigens. I also investigated the neoantigen-specific T cell repertoire in blood and tumor 

samples donated by an ovarian cancer patient. A neoantigen-specific T cell response was 

identified in the first recurrence tumor sample, and a derived T cell clone recognized tumor 

from each of three time points. Furthermore, peripheral blood samples donated prior disease 

recurrence harbored T cells recognizing the same mutation. The results presented here show 

that neoantigen-specific T cells can arise spontaneously in ovarian tumors and are detectable 

in peripheral blood; however, low mutation burdens in ovarian cancer may limit the utility of 

neoantigen-targeted vaccines to a minority of patients with this disease. 
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Chapter One: Introduction 
Anti-tumor immunity can have profound impacts on cancer patient survival, and 

decades of research have revealed the targets that underlie the anti-tumor immune response. 

Over 100 years ago, physicians observed that tumors would occasionally spontaneously 

regress when cancer patients experienced infections, leading some to hypothesize that 

stimulating the immune system could activate anti-tumor immunity. Later, it was found that 

T cells recognized and killed tumor cells expressing target “antigens” on the cell surface [1]. 

Decades of research into the source of these tumor antigens resulted in a relatively short list 

of proteins [2]. Occasionally, the identified antigens were shared among cancer patients, and 

therapeutic anti-cancer vaccines were developed to elicit immune responses directed towards 

these shared antigens [3]. However, research also showed that mutated proteins gave rise to 

mutated tumor antigens, or so called “neoantigens”, unique to individual tumors, and these 

personal neoantigens represented a major challenge for anti-cancer vaccine development [2]. 

How can one identify a mutation that gives rise to a neoantigen from among the three billion 

nucleotides in the human genome? Historically, highly technical, time-consuming methods 

were required to identify each antigen, thereby limiting neoantigen discovery to case reports. 

Thus, it remained infeasible to scale-up neoantigen discovery to guide clinical vaccine 

development. However, improvements in DNA sequencing technologies, or “Next-

Generation Sequencing” (NGS), have made identifying tumor mutations relatively routine 

[4], thereby opening a new avenue for discovering neoantigen targets for vaccines. 

Sequencing tumors provides a list of mutations that can potentially give rise to 

neoantigens; however, this wealth of information also brings several questions about 

targeting neoantigens with vaccines. For example, how can we identify authentic neoantigens 

from among all tumor mutations? How can vaccines effectively target neoantigens once they 

are identified? What proportion of mutations is recognized by the immune system? Which 

tumor types are susceptible to neoantigen targeted immunotherapy? 

Some studies have been published that investigate these questions in the settings of 

melanoma and highly mutated murine tumor models, but studies investigating neoantigens in 

tumor types with moderate mutation burdens are lacking. One example of a moderately 

mutated tumor type is ovarian cancer, which in theory might be susceptible to personalized 
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neoantigen-specific vaccines since improved patient survival is associated with higher 

immune responses [5,6]. As described in this thesis, I investigated methods to activate 

immune responses to mutations in murine ovarian tumors, and I assessed the theoretical 

feasibility of vaccinating human ovarian cancer patients with neoantigen-targeted vaccines. 

Specifically, I hypothesized that (1) modified vaccination schedules can lead to improved T 

cell responses to peptide vaccines, (2) neoantigen-specific peptide vaccines can elicit 

therapeutic T cell responses towards murine ovarian cancer, and (3) naive or activated 

neoantigen-reactive T cells are present in ovarian cancer patient tumors and blood.  

Here in Chapter 1, I review the basic interactions between the immune system and 

tumor cells, and I provide a background on the biology of the most critical anti-tumor 

immune cell: the T cell. Further, I discuss clinical uses of immune therapy, with particular 

attention to anti-cancer vaccines. Subsequently, I discuss NGS technology, and I review the 

studies that have used NGS to identify neoantigens. Finally, I provide a brief background on 

ovarian cancer and give rationale for targeting this disease with neoantigen-specific vaccines.  

1.1 T cell biology and activation 

Overview 

The goal of most contemporary anti-cancer immune therapies is to activate anti-

tumor CD4 and CD8 T cells. To understand how the immune system recognizes tumor cells, 

one needs to consider the basic biology of T cells and the mechanisms used by T cells to 

recognize their targets. The T Cell Receptors (TCR) on T cells recognize short peptides 

(called epitopes) bound to the Major Histocompatibility Complex (MHC) on the target cell 

surface. These peptides are derived from digested intracellular and membrane bound 

proteins. A few peptides are proteolytically cleaved from the parent protein, bound to MHC, 

and shuttled to the cell surface as a peptide/MHC complex. When T cells are activated by 

peptide/MHC, the protein from which the epitope was derived is called an antigen. There are 

two types of MHC molecules encoded by Human Leukocyte Antigen (HLA) genes: MHC 

class I (MHCI) and MHC class II (MHCII). Almost all nucleated cells express MHCI, which 

presents peptides to CD8 T cells. CD8 T cells can directly kill cells that display epitopes on 

MHCI. Professional Antigen Presenting Cells (APCs) additionally express MHCII, which 

presents peptides to CD4 T cells. Most commonly, T cells recognize peptides derived from 
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pathogens; however, T cells can also recognize epitopes on tumors if the epitopes are 

sufficiently different from peptide/MHC found in healthy tissue. Furthermore, T cells may 

also recognize self antigens, occasionally resulting in autoimmunity  

In the following sections, I will first describe the antigen side of the T cell/target cell 

interaction. I discuss antigen processing, peptide/MHC interactions, and software to predict 

peptide affinity for MHC. Subsequently, I deconstruct the T cell side of the T cell/target cell 

interaction. I review T cell development in the thymus, APC activation of naive T cells, T 

cell activation in vivo and in vitro, and functions of activated T cells. Finally, I review 

mechanisms that tumors employ to evade the anti-cancer immune response. 

Antigen processing 

The production and presentation of peptides by target cells is a fundamental step for 

activating T cells and killing target cells (Illustration 1). Within the cytosol, cellular and viral 

(if the cell is infected) proteins are regularly degraded into short peptides by the proteasome, 

which is primarily responsible for generating the C-terminus of MHCI bound peptides [7]. A 

subset of these peptides is translocated into the Endoplasmic Reticulum (ER) via the 

Transporter associated with Antigen Processing (TAP). Empty MHCI molecules bound to β-

2 Microglobulin (B2M) are stabilized in the ER by the chaperone proteins calreticulin and 

ERp57, and they are coupled to TAP via the chaperone protein tapasin [8]. Thus, as peptides 

enter the ER, empty MHCI molecules are immediately available to bind. Peptides unable to 

bind MHCI are trimmed on the N-termini by ER amino peptidases into 8 – 10mers, 

potentially increasing their ability to bind MHCI [9]. Peptides that fail to bind MHCI are 

transported back into the cytosol to be processed into monomer amino acids for recycling 

[10]. Once a peptide binds the peptide-binding groove of MHCI with sufficient affinity 

(peptide/MHC binding is described in the next section), the peptide/MHCI/B2M complex 

becomes stable and is released from the chaperone proteins, transported through the Golgi 

apparatus, glycosylated, and shuttled to the surface of the cell [11]. There, the peptide/MHCI 

complex is presented for interrogation by the T Cell Receptor (TCR) on T cells. This process 

is called the endogenous antigen presentation pathway, and it is the primary mechanism that 

allows tumor cells to be recognized and killed by T cells (Illustration 1). Cancer cells may 

have aberrant protein production (i.e. overexpressed oncoproteins, mutant proteins, viral 
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oncogenes) that can lead to unique peptide presentation patterns, which may be recognized 

by T cells and result in tumor cell destruction. 

Professional antigen presenting cells (APCs) are primarily responsible for activating 

naive T cells that recognize antigens. Similar to most nucleated cells, APCs present peptides 

derived from intracellular proteins (or pathogens) via the endogenous antigen presentation 

pathway. However, APCs express additional cellular machinery, evolved to ingest, process, 

and present extracellular antigens (for example tumor antigens). The process of extracellular 

antigen presentation on MHCI molecules is called cross-presentation [12]. In this 

mechanism, APCs endocytose extracellular antigens and translocate the antigens from 

endosomes into the cytosol. There, antigens enter the endogenous antigen presentation 

pathway explained above, and peptides derived from the antigens are presented on MHCI 

[13]. In addition to presenting peptides on MHCI to CD8 T cells, APC present peptides 

derived from extracellular antigens on MHCII to CD4 T cells. Within endosomes, the 

peptide binding groove of MHCII is occupied by the Class II-associated Ii Peptide (CLIP). 

Cathepsins within endosomes digest endocytosed antigens into short peptides, and some of 

these peptides bind to MHCII with sufficient affinity to displace CLIP in the MHCII peptide 

binding groove. The peptide/MHCII complex is then shuttled to the cell surface where it can 

be interrogated by CD4 T cells (Illustration 1) [8]. The antigen processing pathway generates 

only a few peptides from each protein. For example, a study of viral epitopes found that only 

16% of peptides capable of binding to MHCI with high affinity (IC50 < 100 nM, described 

below) were naturally processed, highlighting antigen processing as a major limiting step in 

the generation of antigenic peptides [14]. The net effect of antigen processing is the 

generation of a set of peptides suitable to bind MHC molecules (described next). 

Peptide/MHC interaction 

The amino acid sequence of a peptide determines its binding affinity for a given 

MHC molecule, and consequently, whether the peptide/MHC can be found on the cell 

surface. The affinity of a specific peptide for a specific MHC can be measured empirically as 

the peptide concentration that displaces 50% of a benchmark peptide from cell-free MHC 

molecules, and the inhibitory concentration is measured as IC50 values. A peptide/MHCI 

binding affinity of IC50 < 500 nM was empirically found to identify most authentic antigenic 
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peptides [15]. MHCI binding peptides are usually between 8 to 11 amino acids long, most 

often 9mers, and MHCII binding peptides are usually between 13 to18 amino acids long, as 

the open ends of the MHCII peptide binding groove allow extended peptides to bind [8]. 

Peptide binding to the MHC is the single most limiting factor determining which peptides are 

presented [16]. For example, in silico analysis of all possible 9mer peptides from a set of 

viral proteomes revealed a median of 2% of peptides (range of .07% to 10.4%) bind to a 

given MHCI with a predicted IC50 < 500 nM [17].  

HLA loci (encoding MHC proteins) are the most polymorphic sites in the genome, 

which increases the complexity of identifying MHC-binding peptides [18]. The human 

population contains thousands of different HLA alleles, and the peptide binding groove is the 

most polymorphic site on the protein [19]. This results in each HLA allele product having a 

different peptide binding preference. Each person has three MHCI-encoding genes (HLA-A, -

B, -C) and up to six different HLA class I alleles (one paternal and one maternal for each 

locus). Also, each person has three MHCII encoding loci (HLA-DP, -DQ, -DR). Expression 

of multiple, highly-polymorphic HLA alleles results in a large variety of peptides presented 

on each person’s set of MHC molecules [19]. Additionally, because very few people have 

perfectly matching sets of HLA alleles, the set of peptides presented from any given antigen 

is unique for each person. While the extreme level of HLA allele polymorphism is 

advantageous for protection against viral and bacterial pathogens, it makes identification of 

antigenic epitopes highly challenging. The identification of immunogenic cancer epitopes is 

an area of intense investigation and is at the foundation of my search for cancer neoantigens. 

The affinity with which a peptide binds to an MHC allele is a critical parameter that 

determines whether a tumor antigen will mediate tumor rejection. Studies show that T cell 

recognition of peptides with high MHCI binding affinity led to tumor rejection, whereas T 

cell recognition of peptides with lower MHCI binding affinity led to tumor relapse [20,21]. 

Higher binding affinity of a peptide to MHC generally leads to longer time of peptide 

presentation, thereby increasing the time that a TCR may contact the peptide/MHC [22,23]. 

The model epitope SIINFEKL is an example of a high affinity epitope used extensively in 

murine models to assess tumor immunity (and used in studies in Chapter 2). This peptide 

binds MHCI (H-2Kb) with an IC50 = 1.4 nM [24], and targeting this antigen has led to tumor 

eradication in several mouse tumor models [25-27]. As a comparison, the epitope 
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AAGIGILTV from a tumor antigen (MART1) commonly targeted in human melanoma has 

an MHCI binding affinity of IC50 = 6955 nM [28], and targeting this antigen has led to few 

clinical responses [28,29]. Thus, the binding affinity of a peptide to MHCI is an important 

factor in evaluating cancer antigens, and many antigens targeted in human cancers to date 

have low MHCI binding affinities. 

Epitope prediction 

Epitope prediction algorithms can predict, with high accuracy, the binding affinity of 

a peptide for a given MHCI. The algorithm NetMHC performed the best in a competition to 

determine the best epitope prediction algorithm of the many available [30]. This algorithm 

uses machine learning based on measured, validated epitopes for each HLA allele to refine 

epitope predictions [31], and prediction accuracy is highest for common HLA alleles, for 

which more training data are available [30]. Another algorithm, called NetMHCpan 

(developed by the same group) can be used for HLA alleles with less training data [32]. This 

algorithm uses the primary genetic sequence of the queried HLA allele to identify 

biochemical characteristics of peptides likely to bind to the MHC binding groove. The 

program then assesses queried peptides to determine whether they have the characteristics 

necessary for MHC binding [32]. These epitope prediction algorithms achieved a Pearson 

correlation coefficient of 0.912 of predicted versus measured IC50 scores [33] and an Area 

Under the Curve (AUC) of 0.957 for true positives versus false positive epitopes [34]. 

Additionally, studies investigating viral epitopes showed that 94.8% of T cells activated by a 

virus recognized epitopes within the top 1% of predictions [35]. However, determining 

cutoffs for identifying antigens has been challenging as each HLA allele has different levels 

of peptide promiscuity [17]. For example, the percentage of peptides that bind MHCI with 

IC50 < 500 nM can range from 0.07% to 10% among different HLA allele products [17]. 

While some studies use a binding affinity cutoff of 500 nM for every HLA allele [14], others 

use a cutoff of the top 1% of binding peptides for each HLA allele, thereby generating an 

equal sized list of potential epitopes for each HLA allele [17]. Using higher cutoffs results in 

reduced probability that an authentic epitope is overlooked, but it increases the number of 

epitopes that require investigation. In my assessment of neoantigen peptide binding 

predictions in Chapter 3, I used a relaxed cutoff of IC50 < 1500 nM to reduce the probability 
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of missing authentic epitopes. Notably, epitope predictions determine only whether minimal-

epitope peptides are likely to bind to a given MHC allele; however, cellular antigen 

processing machinery can generate only 16% of peptides that are capable of surface binding 

to a given MHC [14]. Thus, most predicted MHCI binding peptides will not be authentic 

antigens because target cells will not produce them. 

Although antigen processing prediction and MHCII epitope binding prediction 

algorithms have been designed, accuracy is not reliable enough for applications in vaccine 

design [36,37]. For example, the best MHCII epitope prediction algorithms have an AUC of 

only 0.8 for true positive versus false positive predictions [38]. Processing algorithms are 

quite accurate for the proteasome when tested in cell free proteasome assays; however, the 

large number of different proteases in cells and the effects of highly-polymorphic MHC 

make processing predictions of whole cells less accurate than for cell free assays [38]. 

Recent improvements in the processing prediction algorithm NetChop3.0 Cterm resulted in 

correct identification of 95% of authentic processed antigens within the top 50% of 

predictions, but this level of accuracy is substantially lower than that for MHCI binding 

predictions [38]. Additionally, MHCII epitope prediction algorithms are not yet accurate 

enough for designing vaccines [39-41]. The best MHCII prediction algorithms predict the 

core sequence of MHCII binding peptides with an AUC of 0.85 for true positive versus false 

positives, but accuracy diminishes when flanking amino acid sequences are included [42]. 

Improvements to both antigen processing algorithms and MHCII epitope prediction 

algorithms would benefit cancer vaccine design. 

Thus far, I have reviewed the antigen side of the T cell/antigen interaction. In the next 

sections I will review the T cell side of this fundamental reaction in anti-tumor immunity. 

The TCR and T cell development in the thymus 

The role of the TCR is to distinguish “foreign” from “self” peptides presented by 

MHC molecules on the cell surface. The TCR for each T cell is generated through somatic 

rearrangement of the variable (V), diversity (D), and joining (J) gene segments, found within 

the TCR loci [43], and addition and/or removal of nucleotides at the splice sites [44]. The 

result is the expression of a unique TCR on each T cell. Theoretically, the rearrangements 

could result in a near limitless diversity of TCR sequences. However, sequencing TCRs in 
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healthy donors reveals that about 3 million to 25 million unique TCR sequences are 

expressed among the 1011 to 1012 mature T cells found in the body [45,46]. T cell selection 

within the thymus limits the number of different TCRs found among mature T cells within 

the body.  

 The purpose of thymic selection is to generate a T cell repertoire that is capable of 

recognizing and killing pathogen infected cells but not healthy cells. Pre-T cells are 

generated in the bone marrow and migrate to the thymus, where the TCR is rearranged and T 

cell maturation takes place. Thymic selection of T cells is based on the differential avidity of 

the TCRs for self-peptide/MHC complexes presented by thymic epithelial and dendritic cells. 

Only 10% of T cells that enter the thymus will express a TCR that, by chance, binds to self-

peptide/MHC on thymic cortical epithelial cells with enough avidity to be positively 

selected; the other 90% of unselected T cells undergo apoptosis at this stage of development 

[47]. Positive selection of T cells induces upregulation of anti-apoptosis molecules like BCL-

2 [48], the cytokine receptor IL-7Rα, and the chemokines receptor CCR7. Upregulation of 

these molecules promotes T cell survival and migration to the thymic medulla [48-50]. 

Medullary Thymic Epithelial Cells (mTECs) express the promiscuous transcription factor 

AutoImmune REgulator (AIRE) resulting in transcription of almost all proteins encoded in 

the genome, and by extension, almost all possible self peptide/MHC [51,52]. Of the T cells 

that enter the medulla, 50% are potentially autoreactive, as they express TCRs that bind with 

high avidity to self-peptide/MHC on medullary thymic epithelial cells or thymic dendritic 

cells [47]. T cells expressing the highest affinity TCRs undergo rapid apoptosis (negative 

selection), and T cells with slightly less high affinity TCRs convert to regulatory T cells 

(immune inhibitory cells discussed later). The result of thymic selection is a mature T cell 

repertoire with limited reactivity to self (i.e., central tolerance) but potentially strong 

reactivity to foreign antigens [48]. The T cells that survive thymic selection and enter the 

periphery are called “naive” T cells, as they have yet to encounter antigen and become 

activated.  

While important for a well-tuned immune system, central tolerance is not absolute. 

Because the avidity of TCR binding to self-peptide/MHC dictates T cell survival, T cells 

with TCR that bind to peptides presented at low levels in the thymus may survive central 

tolerance [53,54]. An elegant study using mice that expressed Cre as a self-antigen in distinct 
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tissues demonstrated the “leakiness” of central tolerance [55]. The study showed that mice 

expressing Cre under control of a ubiquitously expressed gene promoter generated almost no 

Cre-specific T cells, meaning Cre-specific T cells died due to thymic negative selection. 

However, mice expressing Cre under control of lungs or gut specific promoters generated 

Cre-specific T cells that escaped negative selection, and a large proportion of these T cells 

were regulatory T cells. Further, mice expressing Cre under control of a pancreas specific 

promoter generated Cre-specific T cells that escaped negative selection, and these T cells 

were not regulatory T cells [55]. Intriguingly, in all cases, spontaneous Cre specific 

autoimmunity was not observed, highlighting the multiple overlapping mechanisms that 

maintain self-tolerance beyond thymic selection [56]. These nuances of self-tolerance 

provide opportunities for targeting tumor antigens with limited expression on normal cells. 

For example, if the self-peptides are expressed at low levels in the thymus and high levels on 

tumors, T cells recognizing these peptides could escape thymic selection, become activated, 

and recognize and kill tumor cells. I will further discuss the implications of incomplete 

central tolerance on tumor immunity in a future section on classes of antigen.  

Activation of APC for antigen presentation 

Naive T cells that survive thymic selection and enter the periphery must become 

activated to carry out their functions of defending against pathogens or cancer. Dendritic 

cells (DCs) are specialized antigen presenting cells (APC) that are primarily responsible for 

activating naive T cells; indeed, depletion of all DCs prevents naive T cell activation [57]. 

Within peripheral tissues, DCs may be infected with viruses or bacteria. Alternatively, DCs 

may ingest bacteria, viruses, tumor cells, or foreign proteins through phagocytosis, 

macropinocytosis or endocytosis. Molecules on viruses and bacteria that contain Pathogen 

Associated Molecular Patterns (PAMPs), and molecules released from necrotic cells – 

including tumor cells – that contain Danger Associated Molecular Patterns (DAMPs), serve 

as danger signals that bind to Pattern Recognition Receptors (PRR) and alert DCs to 

pathogens or damage (Illustration 2). Specific PRR called Toll-Like Receptors (TLR) bind 

DAMPs (e.g., heat shock proteins (HSP), galactin-3 and High Mobility Group Box 1 

(HMGB1)) and PAMPs (e.g., peptidoglycan (TLR2), LPS (TLR4), flagellin (TLR5), dsRNA 

(TLR3), ssRNA (TLR8), and non-methylated CpG  (TLR9)) [58]. When PRR on DCs bind 
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to their respective ligands, DCs undergo phenotypic changes resulting in DC maturation [59]. 

They upregulate antigen presenting molecules like MHCI, MHCII; co-stimulatory molecules 

like CD80 and 86, 41BBL, OX40L, and CD70 [60]; and immunostimulatory cytokines like 

IL-12 and IFN-γ [61]. Once matured, DCs stop further ingestion of antigens, process and 

present epitopes derived from pathogens or tumors, and migrate to the nearest draining 

lymph node so that processed antigens can be efficiently interrogated by T cells (Illustration 

2). Matured DCs are capable of potently stimulating T cells that recognize antigens presented 

on the DC surface. Thus, DCs initiate the T cell response towards potentially dangerous 

antigens, including cancer antigens. 

Activation of naive T cells 

T cells that have yet to be exposed to their cognate antigen are defined as naive, and 

these cells can be activated through interactions with antigen-presenting DCs. In mice, naive 

T cells express low levels of CD44 and high levels of CD62L and CCR7, thereby decreasing 

rates of extravasation into tissue and increasing the rate of entry into lymph nodes [62]. 

Lymph nodes are specialized compartments evolved to efficiently facilitate T cell encounters 

with antigen presenting dendritic cells. Within a lymph node, intra-vital 2-photon 

microscopy showed that each T cell interacts with up to 320 dendritic cells per hour, and 

each dendritic cell interacts with 500 T cells per hour [63]. The result is extremely efficient 

recruitment of naive T cells into antigen driven responses. Studies using DNA barcoding of 

naive antigen-specific T cells showed that a 72 hour bacterial infection recruited 95% of all 

naive T cells capable of recognizing a bacterial antigen [64].  

For a naive T cell to become activated, the TCR on the T cell must recognize peptide 

epitopes bound to MHC molecules. The strength of the TCR-peptide/MHC binding is a key 

factor in determining the activation and expansion of naive T cells [65]. T cells with high 

avidity TCR require binding to very few (less than 10) peptide/MHC complexes, whereas T 

cells with low avidity TCR may require binding of thousands of cognate peptide/MHC 

complexes [66,67]. TCR binding to peptide/MHC results in phosphorylation of the closely 

associated CD3 complex, which initiates a signalling cascade that leads to T cell activation 

[68]. In addition to the signal received by TCR binding to peptide/MHC, T cells require 

appropriate costimulatory signals to become fully activated. Naive T cells constitutively 
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express CD28 on the surface, which binds to upregulated CD80 or CD86 on mature DCs. 

When CD28 on a T cell binds to upregulated CD80/86 on DCs concurrently with TCR 

stimulation, naive T cells become activated, produce Interleukin (IL)-2, and up-regulate other 

co-stimulatory receptor molecules like ICOS, 41BB, and OX40 [69]. When these molecules 

bind their cognate ligands on mature DCs, T cell proliferation is enhanced and T cell 

maturation can be modulated [68]. T cell activation is also enhanced by cytokines like IL-12, 

Interferon (IFN)-α, and IFN-β secreted by activated DCs [70]. The amount of antigen, 

avidity of the TCR for the antigen, appropriate costimulation, and cytokine milieu all work to 

coordinate the quality and size of the T cell activation. Once activated, T cells proliferate 

rapidly and can expand up to 105-fold in a week [71]. 

 Activated CD4 T cells can provide further maturation signals that allow DCs to 

become fully matured or “licensed” [72]. When mature DCs present an antigen that is 

recognized by a CD4 T cell, the naive CD4 T cell becomes activated, as described above. 

Activated CD4 T cells upregulate CD40L, which binds to CD40 on DCs and licenses the DC 

[73]. Thus, CD4 T cells “help” DC activation and are often referred to as “helper T cells”. 

DCs that receive activation signals from CD4 T cells increase secretion of cytokines like IL-

12, which further enhance activation of naive CD8 T cells. In virus infected mouse models, 

CD4 help was necessary for full CD8 T cell activation and memory formation (described 

below) [74]. Additionally, CD4 T cell interactions with DCs can induce production of the 

chemokines CCL3 and CCL4 (MIP-1α and MIP-1β), which attract antigen specific CD8 T 

cells to the licensed DCs and increase the efficiency of CD8 T cell activation [75].  

TCR stimulation in the absence of co-stimulatory signals may lead to T cell death, 

anergy, tolerance, or conversion to regulatory cells, and this process is necessary to avoid T 

cell mediated autoimmunity to self-antigens [76]. Cell apoptosis occurs often during normal 

physiological processes, and to avoid autoimmunity, it is crucial that T cell responses are not 

initiated towards this normal cell death. Thus APCs phagocytose apoptotic blebs and present 

processed peptides in a non-stimulatory context, often while secreting T cell inhibiting 

molecules like TGF-β and IL-10 [77]. When the TCR is engaged at the same time as the T 

cell is stimulated by these cytokines, T cells become inactivated [76]. Though these 

mechanisms reduce the incidence of autoimmunity, tumors often utilize these processes to 

deactivate tumor-specific T cells (discussed below) [78]. 
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In vitro T cell activation 

The pathways and processes described above relate to T cell activation in vivo; 

however, in vitro T cell activation is often required to study human tumor-reactive T cells. 

Several protocols have been developed for in vitro T cell activation using both antigen-

specific activation and non-antigen-specific activation. For example, mitogens like 

phytohaemaglutanin (PHA) and concanavalin A bind to sugars and cause T cell receptor 

oligomerization, resulting in polyclonal, non-antigen specific T cell activation and expansion 

[79]. Alternatively, agonist anti-CD3 antibodies can polyclonally activate T cells in a non-

antigen specific manner. The antibodies must bind to CD3 in a focused signal to result in T 

cell activation; therefore, anti-CD3 coated beads or plate bound anti-CD3 are often used to 

drive T cell activation [80]. Another method called the Rapid Expansion Protocol (REP) uses 

agonist CD3 antibodies, IL-2, and allogeneic feeder cells to polyclonally expand T cells [80]. 

Furthermore, cells transfected with DC derived co-stimulatory molecules have been used as 

artificial APCs [81,82]. For each of the above methods, T cell growth cytokines like IL-2, 

IL-7, IL-15 or IL-21 must be provided [83]. In addition to polyclonal, non-antigen-specific T 

cell expansion methods outlined above, antigen-specific T cell activation protocols have been 

developed. One method uses DCs harvested from peripheral blood that are subsequently 

pulsed with antigenic peptide or transfected with RNA or DNA encoding antigen. The DCs 

are then matured using TLR agonists and co-cultured with T cells [84]. This method results 

in selective expansion of antigen-specific T cells compared to bystander T cells, thereby 

increasing the frequency of the cells of interest in the resultant T cell cultures. 

Effector cells 

CD8 T cells 

Once naive CD8 T cells have been activated, they proliferate and differentiate into 

effector Cytotoxic T Lymphocytes (CTL) or long-lived memory CD8 T cells. Several factors 

determine the peak number of activated antigen-specific T cells and their differentiation 

status. These factors include the precursor frequency of naive CD8 T cells that can recognize 

the antigen [85], the affinity of the antigenic peptide for MHCI [85], the affinity of the TCR 

for peptide/MHCI [65], the duration of the TCR-peptide/MHCI interaction [86], the type of 

co-stimulation received from the APC [87,88], the duration of antigen exposure [89], and the 
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cytokine milieu in which the T cell was activated. When appropriately stimulated, a CD8 T 

cell can undergo more than 15 rounds of cell division, resulting in > 50,000-fold expansion 

[90]. Once activated, CD8 T cells differentiate into cytotoxic T cells (CTL) and express 

effector molecules regulated by the master CTL transcription factor Tbet [91]. Tbet induces 

expression of cytotoxic molecules like granzymes, and perforin, inflammatory cytokines like 

IFN-γ and TNF-α [92] and chemotactic molecules like P selectin glycoprotein 1 (PSGL1) 

and CCR5 [92]. When a CTL recognizes cognate peptide/MHC on a cell in the periphery, the 

T cell forms an immunological synapse that intimately binds the T cell to the target cell. The 

T cell then releases perforin, which forms a pore in the target cell, and granzyme, which 

enters the target cell and initiates caspase mediated cell apoptosis [93]. Additionally, CTL 

express FAS, which binds to FASL on the target cell and induces target cell apoptosis [93]. 

Furthermore, peptide/MHCI stimulated CTL release inflammatory cytokines that inhibit cell 

growth and cause upregulation of antigen presenting molecules on the target cell, thereby 

making the target more amenable to T cell mediated killing. Most cancer immunotherapies 

have attempted to activate CTL because of their ability to directly recognize and kill tumor 

cells that express cognate peptide/MHCI. 

After T cell expansion in response to infection, 90% of the T cells present at the peak 

undergo apoptosis, and the surviving T cells form long-lived memory T cells [61]. These 

memory T cells have frequencies that are greatly increased compared to the original naive 

repertoire for the same antigen. They have a reduced threshold for activation compared to 

naive T cells, and they can survive for decades [61]. Memory cells can be described in two 

main categories: central memory cells (TCM), which express high levels of CD62L and CD44 

and reside primarily in lymph nodes; and effector memory cells (TEM), which express low 

levels of CD62L but high levels of CD44 and are found in circulation and in tissues [61]. 

Memory T cells upregulate Foxo1, which represses T-bet expression and decreases effector 

functions [94]. Memory T cells may be formed from two main mechanisms: they may 

differentiate from former CTL and undergo a phenotypic change into memory T cells, and/or 

they may be formed during the original antigenic encounter, whereby a small subset of the 

activated T cells immediately forms memory cells [95,96].   

When CTL are chronically exposed to antigen, they undergo a phenotypic 

transformation into a hyporesponsive state called exhaustion. Exhausted T cells express 
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immune checkpoint molecules like cytotoxic T lymphocyte antigen-4 (CTLA-4), which 

binds to CD80/86 on APC; programmed cell death-1 (PD-1), which binds to PD-L1 and PD-

L2 on APC and target cells; and lymphocyte activating gene (LAG3), which binds to MHCII 

[97]. When these molecules bind their respective ligands, T cells are inhibited from killing. 

Moreover, exhausted T cells lose the ability to secrete inflammatory cytokines, proliferate, 

and kill target cells [98]. Intratumoral T cells often express markers of exhaustion. Moreover, 

blocking exhaustion pathways has led to improved anti-tumor immunity and increased 

survival in several tumor types. This therapeutic concept is called “immune checkpoint 

blockade” and is discussed in more detail later. 

CD4 T cells 

Once activated by APCs presenting antigenic peptides on MHCII, CD4 T cells can 

function as helper T cells (Th). Activated CD4 T cells have several functions that help to 

orchestrate immune responses. Depending on the context of the activating signal, they can 

differentiate into several different “T helper” subtypes, including Th1, Th2, Th17, regulatory 

T cells and more. They can also switch subtypes in certain situations. Th1 CD4 T cells are 

thought to be the most critical for activating robust anti-tumor immunity; therefore, I will 

focus discussion on this T helper subtype. As mentioned previously, Th1 cells license DCs, 

endowing DCs with the ability to more fully activate CD8 T cells. Additionally, Th1 cells 

secrete cytokines like INF-γ in the tumor microenvironment, leading to increased expression 

of the chemokines CXCL9 and CXCL10 and increased CTL recruitment [99]. Moreover, the 

cytokines secreted by Th1 CD4 T cells can cause a phenotypic switch of innate cells, leading 

to enhanced anti-tumor immunity. For example, M2 (wound healing) macrophages can be 

transformed into anti-tumor M1 (pathogen defense) macrophages [100]. Th1 cells can also 

kill tumor cells directly via TCR recognition of MHC on the tumor cell surface [101]. 

Finally, Th1 cells may recognize tumor cells or APC within the tumor microenvironment and 

produce inflammatory cytokines that lead to retarded tumor growth [102]. Similar to CD8 T 

cells, CD4 T cells form long-lived memory cells able to respond more quickly than naive 

cells, thereby providing additional protection from recurrent infection. 

Regulatory T cells 

Regulatory T cells (Tregs) are critical regulators of the immune system. Tregs 

express the transcription factor FoxP3, and mutations causing defects in FoxP3 lead to fatal 
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autoimmunity in both mice and humans [103,104]. Tregs can develop in the thymus when 

they bind to self peptide/MHC with high affinity, or they can differentiate from naive CD4 T 

cells in the periphery due to TCR stimulation coupled with TGF-β signalling [105]. Tregs 

inhibit effector T cell responses through several mechanisms: they secrete immune inhibiting 

cytokines like TGF-β [106] and IL-10 [107] to dampen T cell activation and convert APCs to 

a tolerogenic phenotype; they express CTLA-4, which can lead to deactivation of CD8 T 

cells [108]; they express CD39 and CD73, which convert the DC-maturing molecule ATP 

into immune dampening adenosine [109,110]; they can act as IL-2 sponges, thereby reducing 

IL-2 availability for other T cells and inhibiting growth of effector T cells [111]; and they 

can directly kill effector T cells, through granzyme and perforin mediated pathways [112]. 

Though Tregs play a crucial role in maintaining immune homeostasis, preventing 

autoimmunity, and inducing tolerance to commensal bacteria, they also play an important 

role in inhibiting the immune response to cancer (described below).  

Immunodominance 

When the immune system responds to a specific pathogen, multiple T cell clones that 

recognize different epitopes become activated and proliferate, and they may inhibit one 

another. After expansion, the relative frequencies of CTL that recognize each epitope form a 

highly-reproducible hierarchy referred to as the “immunodominance” hierarchy [113]. The T 

cells that expand to the highest numbers are called immunodominant T cells, and those that 

expand to lower numbers are called subdominant T cells. The immunodominance hierarchy 

may be caused by various overlapping factors. For example, one group found that all of the 

immunodominant T cell responses to a murine infection with LCMV were towards epitopes 

that bound to MHCI with an IC50 < 25 nM [85], indicating that peptide/MHCI affinity was 

an important determinant of immunodominance. Another group found that the naive T cell 

precursor frequency was highly correlated with the peak T cell frequency, indicating that the 

immunodominance hierarchy may be imprinted in the naive repertoire [114]. When 

responding to a complex antigen with multiple T cell epitopes, immunodominant T cells can 

inhibit proliferation of subdominant T cells, a phenomenon called immunodomination [16]. 

The abrogated expansion of the subdominant T cell only becomes apparent after five days 

[115], and the effect is only observed when both antigens are presented on the same APC. 



16 
 

When activated by DCs, immunodominant T cells secrete IFN-γ, which causes the DC to 

secrete the immune inhibiting molecule IDO and abrogate subdominant T cell expansion 

[115-117]. Furthermore, direct competition for available antigen on APCs also leads to 

immunodomination [118]. Immunodomination has been observed among both CD8 T cells 

[119] and CD4 T cells [115]. In the anti-cancer vaccine setting, immunodominance is an 

important factor when considering the number of antigens to use in a vaccination regimen. 

For example if a highly immunogenic antigen and a weakly immunogenic antigen are 

coupled in a vaccine, the T cell response to the highly immunogenic epitope may dominate 

the T cell response; thus, immunodomination by T cells recognizing one epitope may inhibit 

the anti-tumor T cell response to another epitope.  

Spontaneous anti-tumor immunity 

Though many of the mechanisms of T cell immunity described in previous sections 

were elucidated using viral and bacterial infection models, they apply to the spontaneous T 

cell response to tumors as well. As tumors grow, a proportion of the tumor cells undergo 

apoptosis or necrosis. Necrotic tumor cells release both tumor antigens and immune 

stimulating DAMPs into the tumor microenvironment. Subsequently, tumor antigens can be 

endocytosed by APCs and processed and presented on MHC molecules. Additionally, 

DAMPs like ATP and HMGB1 bind to PRR on DCs, inducing DC maturation [58]. The 

matured DCs migrate to the draining lymph node and activate tumor antigen-specific naive 

CD4 and CD8 T cells. Once a T cell is activated, it proliferates and differentiates to express 

effector molecules like IFN-γ, TNF-α, granzyme, perforin, and chemotactic molecules like 

PSGL1 and CXCR3. The activated T cells then migrate out of the lymph node and into 

circulation. Tumor inflammation can cause selectins (for example P-selectin) to be expressed 

on tumor vascular endothelial cells and chemokines (for example CXCL9/10) to be present 

in the vascular lumen ExtraCellular Matrix (ECM). When selectin ligands on activated T 

cells encounter selectins on activated vasculature (i.e. PSGL1 on T cells binds P-selectin on 

vascular cells), T cells roll along the vascular wall and interact with chemokines found in the 

vascular ECM (for example CXCR3 on T cells binds CXCL9/10 on the ECM) [120]. 

Ligation of chemokine receptors can induce T cells to express integrins and lead to T cell 

extravasation into the tumor tissue [120]. Once in the tumor, TCR on T cells may bind to 
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cognate peptide/MHC expressed on the tumor surface and kill the tumor via FAS or 

granzyme/perforin mediated pathways. Debris from tumor cells killed by T cells can serve as 

additional antigens and DAMPs, providing a positive feedback loop and leading to increased 

inflammation and further T cell mediated tumor killing (Illustration 2) [121]. 

Immune evasion by cancer 

Under selective pressure from anti-tumor immunity, the tumor cell population 

evolves mechanisms to evade the immune system [122]. Some of these mechanisms include 

attracting Tregs, attracting innate suppressive cells, inhibiting antigen presentation, and 

expressing immune inhibiting molecules. Cancer cells and Tumor-Associated Macrophages 

(TAM) secrete cytokines like CCL22 that recruit Tregs to the tumor microenvironment 

[123]. Tregs dampen anti-tumor immunity and promote tumor progression. They can convert 

anti-tumor CD4 T cells into Tregs, and they inhibit anti-tumor CTL. Moreover, increased 

ratios of Tregs to CD8 T cells are associated with poor overall survival in several tumor 

types [124-126]. Tumors also attract immature monocytes and induce their conversion into 

suppressive cells like TAMs and Myeloid Derived Suppressor Cells (MDSC) [127-129]. 

TAMs express immune inhibiting molecules like arginase-1, IL-10 and TGF-β, and they 

secrete wound healing molecules like Vascular Endothelial Growth Factor (VEGF) and 

Matrix Metalloproteinase (MMP)9, which prevent extravasation of anti-tumor T cells 

[112,127]. MDSCs are a heterogeneous mixture of cell types that inhibit T cell responses 

through expression of arginase-1 and suppressive cytokines [130].  

In addition to recruiting immune suppressive cells, tumor clones may be selected that 

have impaired antigen presentation, enabling evasion of the anti-tumor immune response. If 

an immune response is directed towards non-essential tumor proteins, the tumor may evolve 

to prevent expression of those antigens [131,132]. In this case, the immune system removes 

tumor subclones that express highly immunogenic epitopes, a process called “immune 

editing” [122]. Additionally, tumors may down-regulate or mutate genes involved in antigen 

presentation, thereby eliminating antigenic peptide/MHC expression [131,133]. Furthermore, 

tumor cells can express, or induce expression of, molecules like PD-L1/PD-L2, Galectin 9, 

and CD80/86, which bind to the T cell inhibiting molecules PD-1, TIM-3 and CTLA-4, 

respectively [134]. Through combinations of these various mechanisms, tumors evolve to 
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evade anti-tumor immunity. Intense investigation is focused on developing cancer treatments 

that reverse these immune evasion pathways [133]. 

Having introduced the basics of T cell biology and the mechanisms by which T cells 

target and kill tumor cells, I will next discuss how modulating anti-tumor T cell responses 

can lead to improved cancer patient survival. 

1.2 Clinical advances in T cell mediated cancer immunotherapy 

For over 100 years, researchers have attempted to harness the immune system to 

induce anti-tumor immunity and improve cancer patient survival. Multiple treatments have 

been investigated in the clinic, some of which have led to dramatic successes. Most trials 

have targeted metastatic melanoma, a highly immunogenic and deadly type of cancer. 

However, immunotherapies have also begun to improve patient survival in other tumor types. 

In this section, I describe some historical cancer immunotherapy trials and provide an 

overview of the recent clinical successes leading to increased interest in this field.  

Early immunotherapies – bacteria and IL-2 

In the 1890’s, William Coley pioneered the earliest use of immunotherapy to treat 

human cancers. He injected the bacteria Streptococcus pyogenes and Serratia marcescens 

into tumors, which stimulated an anti-bacterial immune response that would occasionally 

spread to the tumor [135]. These treatments – known as “Coley’s toxins” – did not become 

widely adopted for cancer treatment, as only sporadic successes were achieved. However, a 

similar treatment has found a place in modern cancer therapy: intravesical administration of 

bacteria (Bacillus Calmette-Guerin (BCG)) is used as an adjuvant after surgical resection in 

non-muscle invasive bladder cancers. Maintenance treatment with BCG reduces the risk of 

recurrence and progression in patients with superficial bladder cancer [136].  Successful 

BCG treatment is dependent on several factors including adhesion of the BCG bacteria to the 

bladder wall, internalization of the bacteria by cancer cells, induction of T cell stimulating 

cytokines, and induction of a secondary immune response that attacks tumor cells [137]. 

However, 20% of patients treated with BCG stop treatment due to severe side effects such as 

cystitis, fever, or systemic infection [138], which are not associated with dose or duration of 

BCG administration [139].   
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Cytokine therapy is another early cancer immunotherapy that has shown efficacy in 

some cancer types. IFN-α treatment induced the first-ever survival benefit in a randomized 

controlled phase III clinical trial of metastatic melanoma, leading to FDA approval of this 

therapy in some settings [140]. Unfortunately, the treatment was highly toxic and led to 

reduced treatment doses in most patients [140]. Interestingly, T cell mediated autoimmunity 

was highly correlated with better overall, and relapse-free, survival [141], suggesting that 

direct stimulation of T cells accounted for the successes. Clinical trials of systemic therapy 

with another T cell stimulating cytokine, IL-2, resulted in partial response rate of 10% in 

metastatic melanoma, leading to FDA approval of IL-2 for metastatic melanoma [142,143]. 

In one trial, 6% of patients observed complete responses but 2% of patients died due to 

adverse events, highlighting the severe toxicity of this cytokine and the need for careful 

patient selection based on overall health [142,144]. Both IFN-α and IL-2 therapies provide 

non-specific T cell stimulation in cancer patients, which in some cases leads to anti-tumor T 

cell activation. However, IL-2 also stimulates Tregs, which can inhibit anti-tumor immunity 

[145,146]. 

Adoptive T cell therapies 

Adoptive cell therapy (ACT) includes multiple techniques that use modified or 

expanded immune cells harvested from patients or healthy donors to treat tumors. Here, I 

focus on Tumor Infiltrating Lymphocyte (TIL), Bone Marrow Transfer (BMT), and 

Chimeric Antigen Receptor (CAR) ACT, and I discuss dendritic cell transfer in later chapters 

on vaccines. The earliest form of ACT utilized BMT for treatment of leukemias. Originally, 

patients received myeloablative chemotherapy and radiation to kill proliferating leukocytes 

including leukemia cells. Subsequently, patients received BMT to reconstitute the 

hematopoietic system, thereby rescuing the patient from hematopoietic failure and death.  

Further analysis revealed that patients who experienced graft versus host disease (GVHD) 

experienced a reduced likelihood of tumor relapse [147-149]. Further, one study found that 

leukemia patients treated with T cell depleted BMT or bone marrow from an identical twin 

observed higher relapse rates than patients treated with BMT containing T cells or non-

identical twin BMT [149]. This study indicated that successful BMT treatments of leukemia 

were mediated by donor T cells killing leukemia cells rather than myeloablative 
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chemotherapy killing the tumor cells. The observation of the Graft Versus Leukemia (GVL) 

effect of donor T cells spurred development of non-myeloablative chemotherapy to 

precondition patients for BMT, thereby reducing morbidity of this treatment [150-152].  

Subsequent studies determined that T cells often recognized minor histocompatibility 

antigens – antigens derived from single nucleotide polymorphisms (SNPs) that differ 

between donor and host – which mediated the graft versus leukemia effect [153,154].  

Several centres conduct ACT using ex vivo expanded TIL for cancer treatment. 

Tumor reactive T cells are enriched in the tumor compared to peripheral blood, but they 

often exhibit an exhausted phenotype [155]. Thus, to reinvigorate tumor reactive T cells, 

tumors are surgically resected, and TIL are expanded ex vivo using high doses of IL-2 and a 

subsequent REP [80]. Billions of expanded T cells are then transferred back to the cancer 

patient after the patients are preconditioned with lymphodepleting chemotherapy [156].  

Finally, patients are treated with maintenance doses of IL-2 to promote T cell survival [156]. 

Phase I and II clinical trials using ACT have resulted in response rates of over 50% in 

metastatic melanoma patients [157-159], and responses to TIL-ACT treatment in other tumor 

types have been observed in phase I trials [160,161]. However, due to the highly technical 

protocols and specific infrastructure necessary for this treatment, no phase III randomized 

controlled trials have been reported to date. 

A third type of ACT treatment uses engineered T cells that express Chimeric Antigen 

Receptors (CARs). For these treatments, autologous T cells are transfected with a construct 

containing the antigen binding domain of an antibody fused to the intracellular signaling 

domains of the TCR subunit CD3 and one or more T cell co-stimulatory molecules [162]. 

Thus, CAR T cells are not MHC restricted; they can bind antigens in native form on the 

target cell surface. CARs directed towards the B cell marker CD19 (CD19-CARs) have 

yielded complete response rates of 80 – 90% in acute lymphocytic leukemia [163,164]. The 

majority of CAR therapies have targeted CD19 or CD20 on hematologic malignancies, but 

CAR therapies targeting other tumor associated cell surface markers are in development 

[165,166] 

Together, ACT clinical trials provide unequivocal evidence of the profound anti-

tumor effects of T cells under specific circumstances. However, with the exception of a few 

lineage specific targets like CD19, the antigens that underlie many successful anti-tumor 
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immune responses have remained largely unknown due the diversity of tumor antigens and 

the technical challenges associated with identifying T cell antigens (as discussed below).  

Antibodies to activate T cells  

The stunning clinical success of immune checkpoint blockade antibodies has elevated 

the field of cancer immunotherapy over the last five years [167]. Recently, the immune 

modulatory antibodies Ipilimumab (Yervoy) and Pembrolizumab (Keytruda) received FDA 

approval for treatment of metastatic melanoma [168,169], and Nivolumab received FDA 

approval for melanoma and Non Small Cell Lung Carcinoma (NSCLC) [170,171]. These 

antibodies bind to T cells and block signalling of inhibitory T cell surface receptors CTLA-4 

(for Ipilimumab) and PD-1 (for Pembrolizumab and Nivolumab) [172,173]. The net effect is 

to enhance T cell reactivity toward tumors. Phase III clinical trials of Nivolumab 

demonstrated a remarkable objective response rate of 40% in highly pretreated metastatic 

melanoma patients [170], and it improved survival compared to standard of care in renal cell 

[174] and lung carcinomas [175,176] . Furthermore, while ACT therapy requires expert 

manipulation of T cells ex vivo and requires a unique product for every patient, checkpoint 

blockade therapy is an off-the-shelf treatment that can be administered in most hospitals. 

Thus, these therapies are becoming quickly adopted for treatment of some malignancies.   

Numerous other T cell activating antibodies are in various stages of development for 

cancer treatment. For example, Blinatumomab has been FDA approved for treatment of a 

subset of acute lymphoblastic leukemia patients, based on a single-arm trial that induced 

complete response in 43% of patients [177,178]. This bi-specific antibody binds to both 

CD19 on malignant cells and to CD3 on T cells, thereby re-directing T cell killing to 

malignant cells expressing CD19 [177]. Additionally, T cell modifying antibodies that block 

immune checkpoint molecules like TIM3 and LAG3 are in development, and clinical trials 

have been initiated [179]. Furthermore, antibodies that activate T cell co-stimulatory 

molecules such as OX40 (CD134) [180], CD27 [181], GITR [181] and 41BB (CD137) [182] 

are in development and some have entered clinical trials. Finally, combinations of T cell 

activating antibodies induce improved responses compared to single antibody treatments 

[183-185]. With the vast array of T cell modifying antibodies in the drug development 

pipeline, large numbers of clinical trials will be required to identify optimal combinations.  
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Vaccines 

In the next section, I discuss various vaccination strategies, and I examine the 

mechanisms of immune activation by therapeutic anti-cancer vaccines. 

1.3 Therapeutic, T cell mediated anti-cancer vaccines 

Tremendous efforts have been focussed on developing therapeutic vaccines to 

activate anti-tumor T cells that recognize specific tumor antigens. Prophylactic vaccines have 

enjoyed a great deal of success targeting tumors with a viral etiology. For example 

prophylactic vaccination against Human Papillomavirus (HPV) has been approved in several 

countries, leading to reduced incidence of cervical cancer [186]. Unfortunately, to date 

therapeutic anti-cancer vaccines have demonstrated fewer successes [187], but improvements 

are ongoing. The goal of therapeutic vaccines is to activate T cells that recognize antigens 

enriched on – or specifically expressed by – tumor cells. To maximize effectiveness, 

therapeutic cancer vaccines should be designed to achieve the following: delivery of antigen 

to DCs, presentation of peptides on DCs, induction of DC maturation, and activation of large 

numbers of T cells with high affinity TCRs. Multiple formulations of cancer vaccines have 

yielded increased patient survival in phase II trials in prostate, breast, lung, and other cancers 

[188-190], and some have entered phase III clinical trials [191,192]. Moreover, a prostate 

cancer vaccine that uses autologous DCs pulsed with the tumor associated antigen Prostatic 

Acid Phosphatase (PAP) was the first therapeutic anti-cancer vaccine approved by the FDA 

[193]. In this section on therapeutic cancer vaccines, I first discuss antigen identification 

methods and different classes of antigens that have been targeted with anti-cancer vaccines. 

Subsequently, I review various vaccination strategies, with a focus on peptide based vaccines 

as these were used in studies in Chapter 2 and 3. 

Methods of tumor antigen discovery  

The first step towards developing a tumor antigen targeted vaccine is to identify 

suitable tumor antigens. The search for antigens responsible for tumor rejection has been an 

active area of research for decades [194]. This search led to the first identification of a mouse 

tumor CTL antigen, in 1988 [195], and the first identification of a human tumor CTL 

antigen, in 1991 [196]. Since then, numerous tumor antigens recognized by tumor specific T 
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cells have been identified [1]. Four methods have been used to identify the majority of tumor 

antigens: 1) cDNA library screens, 2) reverse immunology approaches, 3) SERological 

analysis of recombinant cDNA EXpression libraries (SEREX), and 4) proteomic analysis of 

peptides eluted from MHC.  

cDNA library screens assess tumor reactive T cells against cDNA libraries generated 

from the autologous tumor. The method first requires the identification and isolation of 

tumor reactive T cell clones. Next, the HLA restriction of the clone is determined. 

Subsequently, a tumor cDNA library is constructed and small pools containing 50 – 100 

cDNAs are transfected into host cells that express the restricting HLA allele. Clonal tumor 

reactive T cells are then stimulated with transfected host cells, and transfected cultures that 

elicit T cell activation are identified.  Each cDNA within the pool that stimulated the T cell 

clone is individually transfected into additional host cells to determine the single cDNA that 

the T cell recognizes. Finally, the single T cell-stimulating cDNA is sequenced to identify the 

gene containing the T cell antigen [197]. A benefit of this method is that it assesses a T cell 

clone already known to be tumor reactive, and it is largely unbiased towards expected 

antigens. A drawback of this method is that it is labor and resource intensive.  

In contrast to cDNA library screens that start with a tumor reactive T cell clone, 

reverse immunology approaches for tumor antigen discovery starts with identification of a 

suspected tumor antigen based on tumor-restricted expression. Once a suspected tumor 

antigen is identified, epitope prediction software can be used to select potential minimal 

epitopes that bind to a given MHC. Alternatively, APC can be transfected with the gene 

encoding the suspected antigen. Next, the minimal peptides or transfected APC are co-

incubated with T cells, in vitro, to activate and expand antigen-specific T cells. Finally, 

tumor reactivity of the expanded cells is assessed using in vitro killing assays or T cell 

recognition assays [198]. A drawback to this method is that many T cell responses that 

recognize minimal peptides fail to recognize tumor cells due to lack of antigen processing 

[14]. Additionally, because high densities of antigen are presented by DCs, low avidity T 

cells may expand which may not be therapeutically beneficial. The current project uses 

reverse immunology approaches with tumor specific mutations as suspected antigens.  

Another method, called SEREX, uses components of both of the above techniques to 

identify tumor antigens [199]. The SEREX technique uses phage expression libraries of 
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tumor cDNA to screen autologous patient serum and identify antibody responses to tumor-

antigen. Once an antibody response is identified, indicating an immune response to an 

antigen, the cDNA is sequenced to identify the gene recognized by patient antibodies. 

Finally, reverse immunology approaches are used to detect T cell responses to the identified 

antigen [200]. A drawback of this method is that only antigens that elicit antibody responses 

are identified.  

T cell epitopes can also be discovered using mass spectrometry (MS) analysis of 

peptides eluted from MHC molecules. In this method, tumor cells are lysed and MHC 

proteins are isolated using immunoprecipitation. Epitopes are then eluted using acids, and the 

peptides are analyzed by MS [201]. A major benefit of this technique is that it identifies only 

authentic epitopes (i.e. epitopes that are naturally processed and presented by the analyzed 

cell). Therefore, MS has high selectivity since it avoids cryptic epitopes that would not be 

processed by antigen processing machinery. However, MS is technically challenging, 

requires large numbers of input cells, and has low sensitivity [1]. Another challenge for 

tumor antigen discovery using MS is that the data are usually interrogated using human 

peptidome databases, and so tumor mutations may be overlooked [1]. However, these 

challenges are being addressed by improving MS technologies to increase sensitivities and 

by using patient-specific DNA sequencing to build peptidome databases that includes tumor 

mutations [202].  

The approaches above have identified several tumor antigens [2]. I will next discuss 

the classes of tumor antigens that have been targeted with vaccines.  

Classes of tumor antigens for vaccines 

“Cancer antigen” is a broad term that includes protein-derived epitopes presented in 

MHCI and MHCII, tumor-associated post-translationally modified peptide epitopes, surface 

expressed proteins recognized by antibodies or CARs, and lipid antigens presented on CD1d. 

Here, I limit discussion to conventional peptide epitopes derived from tumor proteins and 

presented on MHC. For a tumor antigen to be an effective vaccine target, the antigenic 

epitope must be presented at higher levels on tumor cells than normal cells. As I discuss 

below, tumor antigens fall into several major groups, each with distinct advantages and 

disadvantages as targets for cancer immunotherapy.  
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Viral antigens 

Cancers of viral origin express virus-derived proteins that can be recognized by the 

immune system. For example, the E6 and E7 proteins from Human PapillomaVirus (HPV) 

make ideal therapeutic vaccine targets [203]. These antigens are tumor restricted, and 

proteins derived from the virus are implicated in tumorigenesis of cervical cancer, head and 

neck cancers and others [204,205]. Additionally, viral antigens are completely foreign, 

meaning that T cells bearing high affinity TCR recognizing viral antigens are not subject to 

central tolerance. Interestingly, patients with HPV positive oropharyngeal tumors are at a 

58% reduced risk of death compared to HPV negative tumors, perhaps indicative of anti-

HPV immunity [206]. However, only about 15% of cancers worldwide [207] have a viral 

etiology, limiting the broader applicability of targeting viral antigens with vaccines [205]. 

Differentiation/overexpressed  

Genes with increased expression due to amplification or other mechanisms can give 

rise to “overexpressed” T cell antigens. Examples include Human Epidermal growth factor 

Receptor 2 (HER2) on breast and ovarian carcinomas [208-210], and Mouse Double Minute 

2 homolog (MDM2) in multiple cancers [211]. Also, proteins that are differentially 

expressed in the tissue of origin of the tumor can give rise to “differentiation” antigens. For 

example, melanomas often express the differentiation antigens MART1, gp100 and 

Tyrosinase [212,213]. T cells recognizing overexpressed and differentiation antigens have 

been identified in several tumor types [1]. However, since differentiation and overexpressed 

antigens are also present in healthy tissue, T cells recognizing these classes of antigens are 

often low affinity as a result of thymic negative-selection [211,214,215]. Moreover, targeting 

such antigens with immunotherapy brings the risk of autoimmune toxicity [216]. 

Additionally, as part of normal peripheral tolerance mechanisms, Tregs may recognize 

overexpressed and differentiation antigens, thereby limiting the effectiveness of these 

vaccine targets [55]. 

CT antigens 

Many human cancers express cancer-testis (CT) antigens [1]. These proteins are 

normally expressed only in adult gametes, but can be aberrantly expressed in tumors due to 

DNA hypomethylation and gene dysregulation [217]. While the tumor-restricted expression 

pattern of CT antigens makes them attractive targets for immunotherapy, typically they are 
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expressed by only a portion of tumor cells and are dispensable for tumor cell survival [218]. 

Thus, tumor sub-clones that do not express the antigen are likely to evade CT-antigen 

directed immunity. Furthermore, though expression of CT antigens is mostly limited to adult 

gametes, studies of CT antigen knock-out mice suggest that thymic negative selection may 

eliminate some T cells that express the highest affinity TCRs for CT antigens [219]. 

Mutated antigens 

Finally, as discussed in detail in sections below, mutations represent a unique class of 

tumor antigen that has recently become experimentally accessible as a result of NGS 

advances. These antigens are tumor-restricted, which limits the potential for on-target/off-

tumor toxicity. Additionally, by definition, tumor mutations are not coded in the germ line; 

thus, T cells with high affinity TCR recognizing tumor mutations survive thymic selection. 

However, each tumor harbors a unique set of mutations with few mutations shared among 

patients, meaning targeting tumor mutations typically requires personalized strategies. 

Anti-tumor vaccination strategies 

The goal of anti-cancer vaccines is to induce high-frequencies of potent T cells 

capable of recognizing and killing tumor cells while avoiding non-tumor tissues. Several 

strategies have been developed to accomplish this goal, including use of irradiated tumor 

cells, antigen pulsed DCs, antigenic DNA, antigenic RNA, recombinant viruses and bacteria, 

and protein and peptide antigens. In the following paragraphs, I will discuss the theory 

behind each of these strategies and the benefits and drawbacks of each. 

Tumor cell/ lysate vaccines 

Whole tumor cell vaccines stimulate oligoclonal anti-cancer T cell responses towards 

tumor associated antigens expressed within the inoculated cell. The most clinically advanced 

vaccine candidate is called GVAX, which targets prostate cancer. This vaccine contains a 

mixture of two prostate cancer cell lines that are transfected to express Granulocyte 

Macrophage Colony Stimulating Factor (GM-CSF) [220], a cytokine that induces production 

of monocytes and their differentiation into DCs [221,222]. Unfortunately, phase III clinical 

trials with GVAX failed due to lack of efficacy [223]. Tumor lysates have also been used as 

vaccine reagents. Lysed cancer cells release immune stimulating agents like HMGB1, ATP, 

and heat shock proteins, which promote maturation of DCs and increased cross-presentation 
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of antigens. Vaccinations with lysates combined with various adjuvants have led to improved 

survival of tumor bearing mice [224,225]. A major benefit of lysate/cell based vaccines is 

that prior knowledge of specific tumor antigens is not necessary, as in theory, these 

techniques induce T cell responses towards any antigens present in the tumor. Moreover, 

these vaccines may elicit oligoclonal T cell responses to multiple tumor antigens. However, 

monitoring T cell responses to the vaccine is challenging since the tumor antigens remain 

unknown [220]. Furthermore, most of the vaccine is composed of normal cellular 

components; thus, self-peptides may outcompete immunogenic tumor epitopes for binding to 

MHC and may induce tolerance [226].  

DC vaccines 

Vaccines involving live, modified DCs are under intense investigation and have 

resulted in some clinical successes. As mentioned above, Sipuleucel-T – the first FDA 

approved therapeutic vaccine – is comprised of patient DCs pulsed with the prostate tumor 

associated antigen PAP [193]. DC vaccines involve collecting monocytes from patient 

PBMC, and inducing DC differentiation using cytokines like GM-CSF and IL-4 [227]. DCs 

are then induced to present tumor antigens using various methods: (1) Co-incubation with 

tumor cell lysate [228], (2) fusion to tumor cells [229], (3) co-incubation with peptide or 

protein tumor antigens [230], or (4) transfection with RNA or DNA encoding tumor antigens 

[227]. Various methods are in development to induce DC maturation prior to adoptive 

transfer. Though tumor-lysate-pulsed DC vaccines can induce maturation via DAMPs 

released by the dying cells, others have endeavoured to optimize DC stimulation [231]. For 

example DC maturation cocktails have incorporated cytokines and TLR agonists including 

TNF-α, IL-1β, IFN-γ, IFN-α, and poly(I:C) [232,233]. Benefits of DC vaccines include 

providing high concentrations of epitope on the APC surface, and ensuring DCs are in a 

matured state prior to inoculations. However, the highly specialized expertise necessary to 

generate these vaccines and substantial infrastructure for DC adoptive therapy limit clinical 

application of this technique. 

DNA and RNA vaccines 

Bacterial plasmids encoding tumor antigens have been developed to elicit anti-tumor 

immunity. Encoded within the DNA itself are unmethylated CpG, which are PAMPs that 

bind to TLR9 and induce DC maturation [234]. Thus, a benefit of DNA vaccines is that they 
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are self-adjuvanted. Once DNA gains entry into a DC, the antigenic sequence is transcribed 

and translated, and the encoded protein is digested and enters the endogenous antigen 

presenting pathway. Only a small fraction of the injected DNA reaches DC nuclei and is 

translated [234], meaning immune responses generated by most DNA vaccines are often 

weak. However, new technologies for efficient delivery of DNA to DCs are improving host 

antigen presentation and T cell activation [235,236]. 

In vitro transcription of tumor-antigen-encoding DNA produces RNA that can be 

used in vaccines to target antigens, including neoantigens [237,238]. mRNA is harvested 

from expression vectors, purified, and administered to patients. Some of the vaccine accesses 

the cytosol of DCs, and the mRNA is translated. Encoded proteins enter the endogenous 

antigen processing pathway, and epitopes are presented on MHCI and MHCII [239]. Similar 

to DNA vaccines, RNA binds to TLRs on DC and induces maturation; thus, RNA vaccines 

are self adjuvanting. A drawback of these vaccines is that free, naked RNA is unstable in 

vivo, as RNases quickly digest them [240]. However, strategies are being developed to 

increase uptake of RNA by DCs and increase stability in vivo. For example, repeated intra-

lymph node injections dramatically improve RNA-encoded-antigen presentation by DCs and 

enhance activation of antigen specific T cells in mice [237]. Moreover, RNA can be 

stabilized with proteins like protamine [241], or encapsulated in liposomes [242].  

Viral and bacterial vector vaccines 

Viral and bacterial vectors manipulated to express tumor antigens elicit robust anti-

tumor T cell responses in mice and in humans. Natural TLR agonists on these vectors induce 

DC maturation. Furthermore, the vectors can be designed to encode T cell stimulating 

molecules like CD80, ICAM-1 and LFA-3 [188]. Viral vector anti-cancer vaccines have 

resulted in positive responses in the clinic and phase III trials are underway in prostate cancer 

[243]. One limitation of these vaccines is that GMP quality is difficult to achieve for each 

vaccine formulation, thereby limiting these vaccines to shared tumor antigens [244]. 

Additionally, the multitude of vector antigens present induces vector-specific T cells that can 

inhibit tumor-antigen-specific T cells. This problem is being addressed using heterologous 

priming and boosting vectors with only the tumor antigens shared among inoculums 

[245,246]. While this ensures that only the tumor-specific T cells are boosted, it also 

increases the complexity of delivering the vector based vaccines.  
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Protein and peptide vaccines 

Proteins and peptides are the most common antigen formulations used in anti-cancer 

vaccines, but vaccine formulae require optimization. Several groups have developed anti-

cancer vaccines using peptides encoding minimal epitopes of known cancer antigens, often 

admixed in an oil emulsion called Montanide [247,248]. This vaccination strategy 

occasionally elicits robust T cell responses in humans [249]; however, clinical responses 

have so far been rare [247-249]. The main explanations for poor clinical efficacy of minimal 

peptides in oil emulsions are (1) weak adjuvants [250], (2) Montanide-induced mis-

localization of T cells to the injection site [251], and (3) inappropriate presentation of the 

antigen by non-APC [252].  

Inclusion of weak adjuvants may partially explain the poor clinical activity of 

minimal peptide vaccines to date. For example, in many peptide vaccine formulations, 

Montanide is the sole adjuvant. Though Montanide induces some level of DC maturation, the 

T cell responses elicited are generally weak, and antigen specific T cells can become 

tolerized [253,254]. Another adjuvant that has been used in several trials is GM-CSF 

[255,256]. GM-CSF induces generation and differentiation of monocyte derived DCs and 

macrophages [257,258]; however, the unanticipated effects of increasing MDSCs, TAMs, 

and tolerizing DCs may result in reduced clinical efficacy of vaccines that use GM-CSF 

[259,260]. Indeed, a multi-center clinical trial of peptide vaccines in Montanide with or 

without GM-CSF found that T cell responses were elicited in 34% of patients that received 

GM-CSF compared to 73% of patients who received peptide in Montanide alone [261]. 

Indeed, the majority of peptide-based anti-cancer vaccines to date may have been hindered 

by these suboptimal adjuvants. 

In contrast to Montanide and GM-CSF, TLR agonists are powerful DC maturation 

agents [262,263]. Some of the most common TLR agonists in use are LPS, a bacterial outer 

membrane component that stimulates TLR4 [264]; poly(I:C), a double stranded viral RNA 

mimic that stimulates TLR3 [265]; CpG, a bacterial DNA mimic that stimulates TLR9 [266]; 

and Imiquimod, a small molecule that stimulates TLR7 [267,268]. Studies in mice show that 

vaccines with TLR agonists induce dramatically increased T cell activation compared to 

vaccines using oil emulsions alone [252,268]. In mice, CpG and poly(I:C) have shown 
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superior adjuvant effects compared to LPS [269], and hence many contemporary clinical 

anti-cancer vaccines have incorporated these TLR agonists in vaccine formulae [270]. 

In addition to its suboptimal adjuvant effects, oil emulsions may have unanticipated 

effects on T cell localization and tolerization. A study in mouse models showed that the slow 

releases of minimal-epitope peptides from oil emulsion depots (incomplete Freunds adjuvant 

(IFA)) allowed direct surface binding and presentation of peptides on non-professional APC. 

Peptide presentation by non-APCs in a non-inflammatory environment induced T cell 

tolerance and death [251,253]. Moreover, antigen presentation on cells surrounding the 

antigen depot led to mis-localization of activated, antigen-specific T cells to the injection site 

rather than the tumor. Thus, the antigen injection site became a “T cell graveyard” [271]. T 

cell mis-localization may induce severe injection site swelling often observed with vaccines 

using minimal peptides in Montanide [247,248]. To overcome the limitations of minimal 

peptide vaccines, synthetic long peptides (SLP) are increasingly used in vaccine formulae 

[272].  

Synthetic long peptide vaccines 

Synthetic Long Peptides (SLP) greater than 20 amino acids long have many 

advantages over minimal peptide vaccines. For example, MHCI molecules cannot 

accommodate peptides longer than 15 amino acids, so SLPs are unable to surface bind to 

non-professional APC at the vaccine injection site. Therefore, SLP are targeted to 

professional APC, which process and cross-present epitopes and activate antigen specific T 

cells [252]. One study found that SLP vaccines and the TLR9 agonist CpG induced antigen 

presentation only on draining lymph node DCs, which led to superior T cell activation 

compared to minimal peptide vaccines [252]. Furthermore, they found that SLP in PBS 

elicited more robust T cell responses than SLP in Montanide [269]. An additional benefit of 

SLP vaccines is that they often encode both MHCI and MHCII epitopes, thereby improving 

CD8 T cell memory formation [272]. Furthermore, since DC antigen processing and 

presentation machinery dictates the identity of the presented epitope, predefining the minimal 

epitope within the SLP is not required. Finally, DCs process and present SLP more quickly 

and efficiently than protein antigens, resulting in improved T cell activation towards SLP 

vaccines [273]. When combined with TLR agonists, SLP vaccines activate potent anti-tumor 

T cell responses that have cured tumor-bearing mice in several disease settings [274-276] 
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and led to clinical responses in patients [277]. For example, long peptide vaccines targeting 

E6 and E7 induced complete responses in 9 of 19 patients with grade-three vulvar 

intraepithelial neoplasias [278]. However, the paucity of strong antigens – with HPV proteins 

a notable exception – has been a major hurdle limiting the effectiveness of SLP vaccines in 

the clinic [278]. Using next-generation sequencing (NGS) to identify neoantigens (described 

below) may surmount this hurdle and provide ideal antigens for use in SLP vaccines.  

Many of the benefits described above make SLP a highly attractive antigen 

formulation for use in neoantigen targeted vaccines. First, the simplicity of generating Good 

Manufacturing Practices (GMP) quality SLP for any antigen makes them convenient for 

designing personalized vaccines [279]. Second, previous knowledge of the minimal mutant 

epitope is not necessary as SLP encompass all possible mutant epitopes for a given mutation. 

Third, the ease of adding appropriate DC maturation signals like TLR agonists to a SLP 

vaccine adds to the attractiveness of this technique. However, improved methods are still 

required to maximize anti-tumor T cell responses to SLP vaccines. Our group has extensive 

experience using protein vaccines to target tumor antigens [203,280]. However, to target 

tumor neoantigens, generating a full-length protein for each mutation would be too 

cumbersome. I reasoned that our expertise in protein vaccination could be applied to SLP 

vaccines for use in targeting tumor neoantigen studies. 

In a subsequent section, I will further discuss the concept of targeting neoantigens; 

but first, I will review the advances in sequencing technology that make targeting 

neoantigens possible. 

1.4 Next generation sequencing 

History and platform 

Sequencing the entire human genome was a landmark achievement of mankind. In 

1977, Frederick Sanger first developed a method to sequence DNA using di-

deoxynucleotides (ddNTPs) to prematurely terminate DNA polymerization [281]. Over the 

next decades, improvements to this technique were developed, including incorporation and 

detection of fluorescently labeled ddNTPs [282,283], PCR [284], and the introduction of 

capillary sequencing [285]. These technologies led to the successful sequencing of the first 

human genome in 2001 [286,287]. However, using Sanger sequencing based methods to 
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determine the sequence of an entire genome was feasible for only the largest sequencing 

centers. 

The advent of Next Generation Sequencing (NGS) has distributed the ability to 

sequence genomes to much smaller labs. The technique – dubbed “massively parallel 

sequencing” – involves sequencing millions of overlapping, very short fragments (typically 

100 to 1000 bp) of source DNA. Several NGS platforms have been developed, but the most 

common – and the platform that I employed – is the Solexa/Illumina suite of sequencers. The 

source DNA is fragmented into short pieces, size selected, amplified, and fused to adapter 

sequences that are complementary to sequences found on the solid glass flow cell. The 

processed DNA fragments are added to the flow cell and anneal to the complementary 

sequences. Bridge amplification results in clusters of DNA fragments bound to the flow cell, 

with each cluster containing multiple copies of one fragment of DNA [288]. The sequencing 

chemistry can then proceed. The system uses four nucleotides (ATCG) that are each bound 

to a different colored fluorophore and blocked at the 3’-OH position to prevent more than 

one nucleotide being added in each step. After the sequencing primers are added, nucleotides 

are added, and the following sequence occurs for each DNA strand: (1) A single 

complementary nucleotide extends the primer; (2) non-integrated nucleotides are washed 

away; (3) a laser excites the fluorophore and the color of each fragment cluster is recorded; 

(4) the fluorophores are cleaved from the nucleotides; and (5) the 3’-OH is de-blocked and 

the newly synthesized strand is ready for the next nucleotide addition. This process is 

repeated 100 times (for my 100 bp sequencing runs), and the sequence of the colors emitted 

after each cycle are processed to determine the sequence of each fragment of DNA. This 100 

bp of DNA sequence is called a “read”.  

Massively parallel DNA sequencing can introduce errors that may be mistaken for 

real variants. For example, DNA is amplified prior to sequencing; therefore, PCR errors can 

be incorporated into some of the PCR product DNA. Since each product DNA strand is 

individually sequenced, strands with incorrect bases incorporated will be assessed as 

containing the different nucleotide [289]. Furthermore, problems with the sequencing 

chemistry can result in loss of signal and increased error towards the end of each read due to 

increased probability of failed or mis-incorporated bases. Moreover, clusters that overlap can 

lead to merged fluorescence emissions and low quality base-calls. To measure some of these 
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effects, phred base-quality scores can be used to assign the probability of an incorrect base 

call for each position [290].  These scores allow error recognition, which assists analysis and 

filtering and helps identify true variation [290]. However, template construction errors (like 

PCR error) have high base-quality scores, so these metrics cannot eliminate these errors. 

Because many base-call errors are largely sporadic, they can be overcome by “deeper” 

sequencing (i.e., obtaining more sequencing reads from the same input DNA). When each 

base is sequenced multiple times within multiple reads, many of the errors are drowned out 

by multiple correct sequences. The depth of sequencing is given as fold coverage of the 

target DNA and typically ranges from 30-fold to thousands-fold, depending on the assay 

design.  

In addition to base-calling errors, the highly repetitive nature of mammalian reference 

genomes can lead to mapping errors [291]. Often the sequence of a read is similar to several 

different loci within the reference genome, making determination of the true location of the 

sequencing read, and any variants within it, challenging [291]. Therefore, validation of 

identified variants is generally performed using a different assay design. For example, as 

described in Chapter 3, I used whole exome sequencing to identify variants, and I used RNA-

sequencing to confirm the variants. Alternatively, Sanger sequencing, or targeted re-

sequencing, of PCR amplified loci can validate variants. Despite the challenges of 

determining true variation within NGS data, sequencing technologies have shed light on the 

molecular lesions that lead to cancer. 

Genome, exome and transcriptome sequencing 

The three main classes of NGS used to identify tumor-specific coding mutations are 

whole genome sequencing (WGS), whole exome sequencing (WES), and whole 

transcriptome sequencing (RNA-seq) [292]. WGS, as the name implies, determines the 

sequence of the entire genome, approximately 98% of which is not protein-coding. This 

method can help to identify point mutations, as well as large structural rearrangements and 

gene amplifications/deletions. However, the majority of the sequencing data are intronic or 

intergenic and not useful for identifying epitopes, the vast majority of which are derived 

from translated proteins. This makes WGS inefficient for identifying immunogenic epitopes 

compared to the next two methods. WES is a method to enrich for DNA encoding exonic 
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sequences [293]. The method employs biotinylated RNA baits that are complementary – and 

hybridize – to exonic sequences. The method makes sequencing far more efficient for 

identifying epitopes, as only the protein-coding portion of the genome (approximately 2%) is 

sequenced. However, since each exon is sequenced as an island, and most fusion breakpoints 

are within non-captured introns, WES cannot be used to identify most gene fusions. RNA-

seq, as the name implies, assesses RNA that is processed into DNA for sequencing. For 

mRNA-seq, sample RNA is harvested and the mRNA is enriched and converted into double 

stranded DNA prior to shearing and sequencing. Thus, the method specifically sequences 

only transcribed genes [294]. RNA-seq can identify fusions, point mutations, and alternative 

splicing variants [295-297]. In addition, expression levels can be inferred from the proportion 

of RNA-seq reads that map to a given gene [298]. However, RNA-seq is inherently noisy 

due to infidelity of transcription and splicing within the source cells and degradation during 

processing [299]. For the most robust identification of potential epitopes, RNA-seq can be 

coupled with WES or WGS.  

NGS in cancer 

NGS has dramatically expanded our understanding of cancer. Sequencing both tumor 

tissue and matched normal tissue can identify tumor-specific alterations in the genome and 

transcriptome that influence cancer development, progression, and response to treatment. 

Initially, it was hoped that sequencing tumors would reveal a circumscribed set of druggable, 

recurrently-mutated genes responsible for the malignant phenotype (i.e., driver mutations). 

However, sequencing of thousands of tumor genomes has dampened these hopes. The 

majority of driver genes identified to date are mutated in at most a few percent of patients 

[300]. Indeed, large-scale sequencing projects like The Cancer Genome Atlas (TCGA) 

continue to identify new oncogenes as more tumors are sequenced [301,302]. Moreover, 

most somatic tumor-mutations are thought to be passengers and not implicated in 

tumorigenesis [300,303,304]. Furthermore, the mutational load differs by over three orders 

of magnitude within and between cancer types [300,303,304]. Collectively, the mutational 

diversity revealed by NGS highlights the need for personalized treatments that exploit the 

unique mutation profile of each tumor.  
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Personalized oncology 

Several centers are developing pipelines for administering personalized cancer 

treatments targeting NGS-identified molecular lesions. The first genomics-guided 

personalized cancer treatment was administered to a patient with metastatic adenocarcinoma 

of the tongue [305]. Integrated analysis of genome and transcriptome data revealed a putative 

driver mutation in the PTEN gene, as well as overexpression of the RET gene. Although this 

tumor type is not normally treated with RET inhibitors, on the basis of the NGS data, the 

patient was given the RET inhibitor Sunitinib, which led to temporary disease stabilization. 

In another study, NGS of a thyroid cancer identified a personal point mutation in mTOR that 

conferred resistance to the mTOR inhibitor Everolimus [306]. Based on early case reports 

such as these, several centres have initiated personalized cancer therapy trials [307-309]. One 

group sequenced a panel of 182 – 236 known driver genes in highly aggressive tumors from 

34 patients [307]. Patients received one or more drugs tailored to their mutation profile. Of 

eleven evaluable patients, three achieved a partial response and four achieved stable disease. 

While these results are encouraging, the majority of mutant gene products are not targetable 

with the current armamentarium of pharmaceuticals, thereby limiting the efficacy and 

broader applicability of personalized cancer therapy [310,311]. Furthermore, there is limited 

financial incentive for pharmaceutical companies to develop drugs for rare driver mutations 

with niche markets. These factors severely limit pharmacological approaches to personalized 

cancer therapy. However, personalized cancer immunotherapy may overcome some of these 

limitations. 

1.5 Neoantigens 

Tumors develop tens to thousands of coding mutations during the process of 

tumorigenesis, and by random chance, a small proportion of these can give rise to new T cell 

epitopes or “neoantigens”. While some mutations are within proteins on the cell surface and 

potentially targetable with monoclonal antibodies [312] or CAR T cells [313], the majority of 

mutations are intracellular, and therefore, antigen presentation on MHC is necessary. 

Neoantigens can arise when mutations affect either TCR contact residues [314] or anchor 

residues in peptide epitopes with affinity for MHC I or II [315]. Even a single amino acid 

substitution can yield an epitope that is sufficiently different from self to mark tumor cells 
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for T cell mediated destruction. Here, I discuss the benefits of neoantigens compared to other 

antigens, and I review strategies to identify and target neoantigens. 

Historical identification of neoantigens 

The concept of neoantigens is not new. By screening tumor-derived cDNA libraries 

with tumor-reactive T cell clones, several early studies provided anecdotal examples of 

immune system recognition of neoantigens [197,316,317]. Such studies demonstrated that 

neoantigens can be derived from both driver [318-320] and passenger genes [321,322] and 

are present in many different types of tumors, including melanoma [323], renal cell 

carcinoma [324], oral squamous cell carcinoma [318], colorectal carcinoma [325], lung 

carcinoma [326], and chronic myelogenous leukemia [327]. Some studies have indicated that 

neoantigens can be the predominant class of antigen recognized by TIL [1,328]. Moreover, 

some clinical responses to anti-cancer vaccines targeting self-antigens may be attributable to 

neoantigen specific T cells activated through “antigen spreading”. This phenomenon was 

observed in a patient who responded to a pox virus vaccine expressing the CT antigen 

MAGE. When the patient’s TIL were analyzed, few T cells recognized the vaccine antigen; 

however, a robust neoantigen specific T cell response was detectable after vaccination, which 

was absent prior to vaccination [329]. Furthermore, neoantigen-specific T cell responses 

have been associated with complete or partial tumor regression either spontaneously or after 

therapy [330-332]. About half of all tumor antigens discovered to date are neoantigens [2]. 

Most of these antigens were discovered using cDNA libraries or reverse immunology 

techniques described above; however, advances in NGS technology provide new strategies 

for identifying neoantigens and have expanded the number of potentially targetable 

neoantigens in each tumor. 

Advantages of neoantigens 

As therapeutic targets, neoantigens have several advantages over other classes of 

tumor antigen. First, neoantigen-specific T cells are not subject to thymic tolerance; 

therefore, high-affinity T cell clones may be available for immunotherapy [333]. Notably, T 

cells bearing TCRs with high affinity for their cognate antigens have greater cytotoxic 

capacity, longer persistence in the tumor environment, and decreased susceptibility to 
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immune suppression [67,334]. Second, while differentiation and overexpressed antigens are 

expressed by non-tumor tissues, neoantigens are exclusively expressed by tumor cells, 

reducing the potential for off-target toxicity [216]. Third, while viral and CT antigens may be 

expressed in only a limited number of tumors, NGS has revealed that a large proportion of 

tumors express multiple mutant gene products that could potentially serve as T cell targets 

[300]. However, as discussed next, it remains a major technical challenge to identify bona 

fide neoantigens from the tens to thousands of tumor mutations identified by NGS. 

Frequency and computational identification of neoantigens  

For a mutation to give rise to a neoantigen, several criteria must be met: a) the 

mutation must be present within a peptide that is processed from the parent protein by 

intracellular antigen processing machinery; b) the mutant peptide must bind with sufficient 

affinity to MHC; and c) the patient’s immune repertoire must contain T cells with sufficient 

affinity and specificity for the mutant epitope. As a result of these criteria, only a small 

percentage of mutations give rise to authentic T cell epitopes. For example, only 2% of 

peptides bind to a given HLA allele with an IC50 < 500 nM [17], and only 8% of peptides 

capable of binding MHCI are processed, presented, and recognized by host T cells [14]. 

From these data, one would predict that only a small proportion of mutations give rise to 

authentic neoantigens. Moreover, since the number of somatic point mutations in human 

tumors can vary by five orders of magnitude within and between tumor types [300,303], 

from the perspective of neoantigen load, some cancers are intrinsically more immunogenic 

than others.  

Until recently, the identification of personal neoantigens required highly labour-

intensive techniques that precluded routine use in the clinic; however, advances in NGS and 

epitope prediction are starting to address this feasibility issue. In addition to mutation 

profiles, a patient’s HLA type can be extracted from NGS data with high accuracy [335], 

thereby enabling epitope prediction to identify candidate neoantigens in large patient cohorts. 

For example, in a study analyzing data from The Cancer Genome Atlas (TCGA), the 

potential immunogenicity of 22,758 missense mutations from 515 tumors across six cancer 

types was assessed in silico [336]. The study found that the number of predicted neoantigens 

was positively associated with CD8 T cell infiltration and patient survival. Moreover, a study 
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of endometrial cancers found that high numbers of predicted neoantigens, caused by 

dysfunctional DNA proofreading, was associated with an increased cytotoxic immune 

signature and improved survival [337]. These results were corroborated and extended by a 

study that revealed a positive relationship between mutational load and cytotoxic immune 

cell signatures within tumors [338]. Interestingly, the authors also found that the frequency 

of predicted highly immunogenic mutations was lower than expected in some tumor types, 

raising the possibility that T cells may have exerted selective pressure against tumor cells 

expressing neoantigens. Furthermore, two complementary retrospective analyses have 

highlighted the ability of NGS and epitope prediction algorithms to identify validated targets 

of spontaneously-activated neoantigen-reactive T cells. One study found that epitope 

prediction correctly identified 87% of published neoantigens [330] (using an IC50 < 500 nM 

[15]). The second study found that exome sequencing and epitope prediction correctly 

identified 76 – 82% of published neoantigens [339], demonstrating the high sensitivity of 

these techniques. However, to identify tumor neoantigens prospectively, predicted 

neoantigens must still undergo empirical validation.  

NGS to identify neoantigens 

Despite current limitations of epitope prediction and processing algorithms, studies 

have used NGS to identify neoantigens in several tumor types, and increasing evidence 

points to neoantigens underlying the success of several immunotherapies. 

Neoantigen and checkpoint blockade therapy 

 Several lines of evidence suggest that neoantigens are the targets underlying 

effective anti-tumor T cell responses induced by immune checkpoint blockade. For example, 

patients with tumor types that harbour large mutational burdens, such as melanoma and 

NSCLC, experience the highest response rates to PD-1 blocking antibodies [331,340]. 

Moreover, patients with colorectal cancers harboring mismatch repair defects and 

correspondingly large mutation burdens responded more favorably to immune checkpoint 

blockade than patients with fewer tumor mutations [341]. Additionally, patients with 

melanoma with high mutational loads respond more favorably to Ipilimumab [332] and PD-1 

blocking therapies than patients with melanomas harboring fewer mutations [331]. These 

results were extended in a study demonstrating that an increased number of “clonal 
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neoantigens” (i.e. neoantigens present within all cells in a tumor) was associated with clinical 

response to checkpoint blockade, whereas a high subclonal-mutation count was associated 

with poor survival [342]. Further evidence for the role of neoantigen-specific T cells in 

checkpoint blockade therapy was provided by a study of a murine sarcoma model [343]. 

After treating tumor-bearing mice with either PD1 or CTLA4 blocking antibodies, NGS was 

used to identify two neoantigen-specific T cell responses in TIL. The neoantigen-specific T 

cells were activated strongly by checkpoint blockade and mediated a potent anti-tumor effect 

in vivo [343]. Finally, in a case report of a melanoma patient who responded well to 

Ipilimumab, T cell responses against two neoantigens expanded five-fold during Ipilimumab 

treatment in step with the clinical response to therapy [344]. These studies support the 

hypothesis that neoantigens are key T cell targets underlying effective checkpoint blockade. 

Potentially, the number of mutations within a tumor could stratify patients and identify who 

would respond best to these treatments, though defining cutoffs would be challenging 

(Illustration 3).  

Neoantigens in adoptive cell therapy (ACT) 

 Several studies suggest neoantigens are critical targets of successful TIL-ACT trials 

in melanoma patients. These studies involved whole exome sequencing of tumor samples 

and screening of ex vivo expanded TIL for recognition of tumor specific mutant peptides or 

minigenes. In a study of three melanoma patients who responded favorably to ACT [345], 

NGS identified 264 to 574 non-synonymous mutations per case, and TIL were found to 

recognize two to three neoantigens in each patient.  For one patient, neoantigens accounted 

for the majority of the tumor-specific T cell response, suggesting that neoantigen-specific T 

cells may have been responsible for the clinical response. In another study by the same 

group, NGS was used to identify neoantigen-specific T cell responses in two patients who 

had achieved durable responses to ACT [346]. Previously, conventional cDNA screening 

methods on the same TIL product had overlooked these neoantigens, indicating that NGS 

methodologies may be more sensitive for identifying neoantigens than other methods. 

Moreover, another study interrogated CD4 T cells from two patients who responded 

favorably to ACT [347] and found that neoantigen-specific CD4 T cell responses comprised 

a substantial proportion of the ACT product. Furthermore, two studies have identified 

expanded, neoantigen-reactive T cells within melanoma patient peripheral blood using 
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tandem minigenes [348] or neoantigen specific tetramers [349]. Together, these findings 

suggest that neoantigen-specific T cells are often present in melanoma patients and may be 

important mediators of successful ACT in this disease.  

Similar approaches have been applied to identify and target neoantigens in other 

types of cancer with varying levels of success. In one study, neoantigen-specific CD8 T cell 

responses were detected in peripheral blood from two Chronic Lymphocytic Leukemia 

(CLL) patients who achieved long-term remission following allogeneic hematopoietic stem 

cell transplantation [350]. Other studies have directly targeted neoantigens with ACT 

(Illustration 3), as illustrated by a case report involving a patient with metastatic 

cholangiocarcinoma [101]. The patient received ACT and experienced tumor stabilization for 

13 months. NGS revealed that approximately 25% of the TIL product used for ACT was 

comprised of a neoantigen-specific CD4 T cell clone recognizing a point mutation in the 

putative driver gene ERBB2IP. Once the tumor progressed, a near clonal population of 

mutation-specific T cells was selected for infusion. Subsequently, the patient experienced 

tumor regression without new tumor growth for at least 6 months after ACT. In contrast to 

this successful case study, an expanded study by the same group targeted 10 gastrointestinal 

tumors and identified 18 neoantigen-specific CD4 or CD8 TIL (range = 0 - 3 per case) [351]; 

however, treatment with TIL products enriched for mutation reactive T cells failed to prolong 

progression-free survival for most patients [351]. While the cholangiocarcinoma patient was 

successfully treated with neoantigen-specific T cell clones that recognized a driver mutation 

(in ERBB2IP), the patients in the follow-up study were treated with neoantigen clones that 

recognized mostly passenger mutations, indicating that neoantigen-based immunotherapies 

may be most successful when targeting driver mutations. Notably, the follow-up study did 

not assess neoantigen-specific T cells recognition of tumor cells; therefore, lack of tumor cell 

recognition is an alternative explanation for the failure of neoantigen-specific T cells to 

mediate tumor control [351]. 

Pre-clinical and clinical neoantigen-targeted vaccines 

For mutations to be of general utility as vaccine targets, a reasonable proportion must 

give rise to bona fide MHCI or MHCII binding epitopes. However, at present there is very 

little information regarding the proportion of mutations that meet this criterion. In the 
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aforementioned studies involving TIL, < 1% of tumor mutations elicited T cell responses 

[344,345,347,350]. However, these studies were designed to detect only pre-existing T cell 

responses. What has yet to be quantified systematically is the proportion of mutant peptides 

that are presented by MHCI or MHCII but ignored by the immune system. Immune 

monitoring in clinical trials has shown that vaccination can induce de novo T cell responses 

to mutations in genes such as BCR-ABL, P53, and RAS [327,352-357], lending support to 

the notion that neoantigens can be ignored by the immune system in the absence of 

intervention. Thus, an important area for research is to develop methods to predict, quantify, 

and therapeutically target neoantigens that evade spontaneous immune recognition.  

With NGS, one can expand the number of targets for vaccines beyond shared 

mutations such as mutant RAS or BCR-ABL to the entire complement of somatic mutations 

in an individual’s tumor. Thus, a compelling use of NGS is to guide the design of 

personalized, neoantigen-specific therapeutic cancer vaccines.  This approach has been 

applied in preclinical settings. In one such study, NGS of the melanoma murine model B16 

identified 962 mutations, of which 50 with favorable epitope prediction and expression levels 

were targeted with peptide vaccines [358]. Two of these peptide vaccines extended the 

survival of mice bearing established B16 tumors. The authors subsequently extended these 

results and found that neoantigen specific CD4 helper T cells were important mediators of 

the anti-tumor responses, and combining several mutant targets in a single vaccine improved 

survival of tumor-bearing mice [238]. Additional studies have demonstrated the efficacy of 

mutation-specific peptide vaccines in mouse models of colon cancer and carcinogen-induced 

sarcoma [314,315,343].  

Based on these pre-clinical successes, at least two personalized neoantigen-targeted 

trials using either mutant RNA or mutant peptides as antigens are currently recruiting 

patients with melanoma, a highly mutated cancer type [359,360].  Additionally, the first 

NGS-based neoantigen vaccine trial was recently published and involved three metastatic 

melanoma patients  [354]. Nine mutated peptides were found to induce activation of 

neoantigen-specific CD8 T cells. These T cell responses fell into three categories: (1) those 

detected prior to vaccination and subsequently expanded, (2) those detected only after 

vaccination, and (3) those activated towards mutations that were not naturally processed and, 

therefore, not useful for immunotherapy. These data demonstrate that neoantigen-specific T 
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cells can be activated by vaccination in cancer patients [354]; however, no data on patient 

outcomes has yet been published. 

Concluding remarks about neoantigens 

As NGS plays an increasing role in the care of cancer patients, opportunities will 

arise for the rational design of targeted immunotherapies (Illustration 3). Already, NGS has 

helped researchers discover that neoantigen-specific T cell responses are implicated in the 

efficacy of checkpoint blockade and ACT. Building on these early findings, one can envision 

several clinical applications in the near term, including (1) stratifying patients for checkpoint 

blockade based on the number of predicted neoantigens in tumors; (2) determining the 

effective dose and duration of checkpoint blockade by tracking neoantigen-specific T cell 

responses over time; (3) generating neoantigen-specific T cell products for ACT [101]; and 

(4) designing personalized vaccines encoding predicted neoantigens [354] (Illustration 3). Of 

these, neoantigen-specific vaccines seem poised to be the most feasible in the immediate 

future due to the simplicity of generating GMP quality reagents. However, the paucity of 

studies investigating human cancers with fewer mutations than highly mutated melanoma is a 

major impediment for the broad implementation of this type of therapy. Moreover, the pre-

clinical neoantigen-specific vaccines studies to date have targeted tumors containing 

anywhere from 949 to 4285 nonsynonymous mutations [238,314,343,358]. In contrast, 

human tumors contain a median of only 44 non-synonymous mutations [303], raising the 

question of whether tumors with intermediate to low mutation burdens are amenable to 

neoantigen-targeted vaccination. As discussed next, ovarian cancer is a common, clinically 

challenging malignancy that may illustrate both opportunities and challenges associated with 

targeting neoantigens.  

1.6 Ovarian cancer 

High grade serous ovarian carcinoma (HGSC) is the most common histological 

subtype of ovarian cancer, and long-term survival rates have not improved beyond 30-40% 

for the last 30 years [5]. Thus, HGSC is a disease in dire need of new therapeutic options. It 

has an intermediate mutation burden, and extended patient survival is strongly associated 
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with TIL [6]; thus, HGSC is a compelling disease for testing the applicability of neoantigen-

targeted vaccines in malignancies with intermediate mutation loads. 

HGSC incidence and treatment 

Of all ovarian cancers, HGSC is the most common subtype. Worldwide, the 

incidence of HGSC is 190,000 per year, and it accounts for 114,000 deaths annually [361]. 

The disease is usually diagnosed as a stage III or IV malignancy, resulting in high mortality 

rates. Several lines of evidence point to the distal fallopian tubes as the cellular source of 

most HGSC cases [279,362], though genetic mutations in cells of the ovary can also lead to 

malignancy [363]. At diagnosis, about a third of HGSC patients present with ascites, a 

peritoneal fluid accumulation that often contains tumor cells, Cancer Associated Fibroblasts 

(CAFs) and immune cells [364]. Ascites samples are often drained by paracentesis to 

improve patient comfort. Treatment typically involves surgical debulking and platinum based 

chemotherapy in either the adjuvant or neoadjuvant setting, to which most HGSC tumors are 

highly responsive. Unfortunately, 80 – 90% of HGSC recur and eventually develop 

chemotherapy resistance [5]. 

Genetics of HGSC 

In contrast to highly mutated malignancies such as melanoma, HGSC harbors a 

median of only 40 missense mutations per tumor [365], placing it very near the median for 

human cancers [303]. P53 is nearly ubiquitously mutated among HGSC cases, but no other 

gene is mutated in > 15% of HGSC cases [366]. Rather than point mutations, it is a disease 

that is associated with chromosomal instability, with DNA losses and gains a common 

characteristic [367]. In 50% of HGSC patients, this phenotype is due to disruption of 

homologous recombination DNA repair proteins – most often BRCA1 or BRCA2 – through 

mutations or transcriptional silencing [368]. HGSC is characterized by a high degree of 

intratumoral heterogeneity, which arises early during disease progression [369]. Using 

micro-arrays, two separate groups have identified four molecular subtypes of HGSC: 

C1/mesenchymal, C2/immune, C4/differentiated, and C5/proliferative [366,370]. When 

assessed by IHC, it was shown that C2/immune and C4/differentiated tumors contained a 

large proportion of intraepithelial TIL, and patients with the C2/immune subtype experienced 
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extended survival [370]. The inter- and intra-tumoral heterogeneity of HGSC make this 

disease a particularly attractive target for personalized oncology, including immunotherapy. 

Immune responses to ovarian cancer  

Several studies have implicated immunity as an important factor in HGSC, and 

further studies attempted to harness the immune system to fight this disease. Similar to other 

cancers, in HGSC, the presence of tumor-infiltrating CD3 T cells and CD8 T cells is 

associated with survival [6,371], which has inspired efforts to develop immune-based 

treatments [372]. A phase II clinical trial of a PD-1 blocking antibody for platinum resistant 

HGSC patients resulted in a modest objective response rate of 15% and a disease control rate 

of 45% [373]. These response rates are substantially lower than rates seen in melanoma and 

lung cancers [176,374], indicating that other treatment modalities are needed. Additional PD-

1 and PD-L1 blocking antibody trials are ongoing [375]. Several candidate target antigens 

have been identified, including p53 [376], WT-1 [377], NY-ESO-1 [378,379], mesothelin 

[380], and folate receptor [381]. Unfortunately, clinical anti-cancer vaccines targeting HGSC 

have shown limited benefits.  

Probably the most highly investigated target in HGSC is the CT antigen NY-ESO-1. 

When assessed by IHC, NY-ESO-1 protein was present in 43% of HGSC tumors [382]. 

Further, 30% of HGSC patients generated an antibody response to NY-ESO-1, indicating 

immune activation towards this antigen [382]. Based on these findings, several different 

vaccination strategies targeting NY-ESO-1 have been tested. One group used heterologous 

prime/boost with viral vectors, which activated CD8 and CD4 T cells in 46% and 91% of 

patients respectively. T cell responses associated with improved overall survival compared 

with patients who failed to mount NY-ESO-1 specific T cell activation [378]. Furthermore, 

vaccines with overlapping SLP encompassing most of the NY-ESO-1 protein mixed with 

poly(I:C) in Montanide elicited robust T cell responses capable of recognizing APCs pulsed 

with NY-ESO-1 protein [378]. One challenge with targeting this antigen has been that 66% 

of NY-ESO-1 expressing tumors displayed a heterogeneous, mosaic expression pattern 

[382], which led to outgrowths of antigen loss variants [383]. To overcome this, one group 

used DNA methyl transferase (DNMT) inhibitors to promote expression of NY-ESO-1 on 
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the tumor. When DNMT was used in conjunction with a vaccine comprised of NY-ESO-1 

protein, Montanide, and GM-CSF, disease stability was achieved in 50% of patients [384]. 

To date, each of the antigens targeted in ovarian cancer vaccines represents a self-

antigen, which suffers from issues of immunological tolerance, autoreactivity, or 

heterogeneous expression. Treating HGSC with neoantigen-specific vaccines potentially 

surmounts these obstacles and may result in beneficial outcomes. 

1.7 Thesis objectives 

Neoantigens are attractive targets for rationally designed anti-tumor vaccines for 

several reasons: (1) Neoantigens are tumor-restricted and may be recognized by high-affinity 

T cells; (2) neoantigen-targeted vaccines have successfully extended the survival of mice 

bearing highly mutated tumor models [314,343,358]; and (3) several studies indicate that 

neoantigens may underlie successful immunotherapy in humans with highly mutated tumor 

types [331,332,385]. However, it is unknown whether neoantigen-targeted anti-tumor 

vaccines can effectively treat ovarian cancers, which have lower mutation burdens and are 

thought to be less immunogenic than melanoma. 

The overall goal of my research was to investigate the concept of treating ovarian 

cancer using therapeutic vaccines targeting neoantigens. My thesis has three aims. Aim 1: To 

develop potent SLP vaccination methods for use in neoantigen-targeted vaccines. Aim 2: To 

identify immunogenic mutations in a mouse model of ovarian cancer, and use mutated SLP 

vaccines to treat tumor-bearing mice. Aim 3: To determine the proportion of somatic 

mutations that give rise to neoantigens in human HGSC. 

Demonstrating that neoantigen-targeted vaccines can eradicate murine ovarian tumors 

and that neoantigens are present in human HGSC tumors would support further development 

of neoantigen-targeted vaccines for this cancer type. 
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Illustration 1. Endogenous and exogenous antigen presentation.  
Endogenous, mutated self-proteins are digested by the proteasome into short peptides. A 
subset of these peptides is transported into the ER by TAP1 and 2. Tapasin assists loading of 
appropriate peptides into MHCI. The loaded MHCI/peptide/B2M complex is shuttled to the 
cell surface where it can be interrogated by the TCR on CD8 T cells. APCs can endocytose 
exogenous antigens, which enter endosomes. The antigen can be retrotranslocated into the 
cytosol by translocons, enter the endogenous antigen presentation pathway, and be cross-
presented to CD8 T cells. Alternatively, the antigen can be digested in the endosome by 
cathepsins into short peptides. Peptides that bind to MHCII with sufficient affinity can 
replace CLIP in the MHCII peptide binding groove. The MHCII/peptide complex is 
transported to the cell surface for interrogation by TCR on CD4 T cells.
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Illustration 2. Tumor antigen-specific T cell activation and tumor killing.  
Necrotic tumor cells release DAMPs and tumor antigens into the extracellular milieu. Tumor 
antigens are endocytosed by immature DCs, and DAMPS bind to PRR on the DC, causing 
DC maturation. Alternatively, tumor antigens and danger signals (often TLR agonists) are 
delivered in a vaccine to cause DC maturation and antigen presentation. Mature DCs 
upregulate T cell costimulatory molecules, process endocytosed antigen, present processed 
peptide/MHC on the cell surface, and migrate to the draining lymph node. Naive T cells, 
each with a unique TCR, scan the DC with the TCR receptor. Once a TCR binds 
peptide/MHCI with high enough avidity, the T cell becomes activated. It clonally 
proliferates, differentiates into CTL, and migrates out of the lymph node and into inflamed 
tissue (towards the tumor). In the tumor microenvironment, each T cell scans tumor cells and 
once the TCR binds cognate peptide/MHC, the T cell releases cytotoxic granules and kills 
the tumor.
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Illustration 3. Proposed use of NGS data to personalize immunotherapy. 
(This is a pre-copyedited, author-produced PDF of an article accepted for publication in 
Annals of Oncology following peer review. The version of record [386] is available online at: 
http://annonc.oxfordjournals.org/content/26/12/2367.long) The goals of immunotherapy 
are to either potentiate pre-existing anti-tumor T cell responses or initiate anti-tumor T cell 
responses, if anti-tumor immunity is low. The level of pre-existing tumor immunity can be 
assessed by measuring the level of T cell markers in RNA-seq data [338].  The total mutation 
load can be determined using whole genome or whole exome sequencing (WGS/WES). A) 
Patients with low T cells and low mutation load may benefit most from personalized tumor 
associated antigen (TAA) specific vaccines to activate T cells towards highly expressed 
TAA, which can be identified using RNA-seq data. B) Patients with low T cells and a high 
mutation load may benefit most from neoantigen-specific vaccines. C) Patients with high T 
cells but a low mutation load may benefit most from standard ACT, to amplify intratumoral 
T cells against undefined antigens. D) Patients with high T cells and high mutation load may 
benefit most from either checkpoint blockade, to relieve T cell suppression, or neoantigen-
targeted ACT, to amplify the mutation reactive T cell response. Combination therapies can 
also be used. 

http://annonc.oxfordjournals.org/content/26/12/2367.long
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Chapter Two: Improving long-peptide vaccines for cancer 
therapy 

2.1 Introduction 

Although Synthetic Long Peptides (SLP) have proved superior to minimal peptides as 

vaccine antigens, SLP vaccination rarely achieves rapid and robust antigen-specific T cell 

activation. SLP have many favorable characteristics for targeting tumor-specific mutations: 

(1) SLP can be produced to very high purity; (2) SLP pools can be generated quickly to make 

personalized vaccines; (3) they may contain CD4 and CD8 T cell epitopes; and (4) they 

effectively target dendritic cells for cross-presentation. However, SLP vaccines often elicit 

weak primary T cell responses (responses to the first vaccination) compared those elicited by 

viral and bacterial infections, demonstrating that current SLP vaccines are suboptimal. 

Adding Toll-Like Receptor (TLR) agonists to peptide vaccines improved T cell activation, 

and “prime-boost” strategies (first a “prime” immunization followed by one or more “boost” 

immunizations at later time points) dramatically increase peak secondary T cell responses 

[252,387]. However, the responses often take weeks to evolve [269] and tumors may 

progress during that time. Moreover, a slowly evolving T cell response can cause tumors to 

upregulate immune suppressive molecules [388]. In contrast a potent primary T cell response 

can overwhelm the tumor and induce tumor rejection [388]. Thus, optimizing SLP 

vaccination methods to elicit potent primary T cell responses could lead to improved anti-

tumor efficacy. 

One of the variables leading to lower primary T cell responses to peptides compared 

to viral infection could be the time that the antigen and adjuvant are present in vivo. In the 

work described here, I examined T cell responses to modified vaccination schedules. I 

hypothesized that shortening the intervals between prime and boost could mimic a viral 

infection and lead to improved T cell responses to soluble SLP and protein vaccines. 

Most SLP vaccine protocols have used long interval prime-boost schedules and were 

mixed in oil emulsions that release antigen slowly [389,390]. However, as described 

extensively in Chapter 1, vaccines delivered in oil emulsions led to T cell anergy, T cell 

mislocalization [251], and sub-optimal anti-tumor effects [187]. This motivated investigation 

of prime-boost vaccines that incorporated SLP and the TLR agonist poly(I:C) in PBS.  
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Studies showed that SLP plus poly(I:C) vaccines solubilised in PBS activated more antigen 

specific T cells compared to SLP plus poly(I:C) in oil emulsions [269]. However, 

vaccinations in PBS increased T cell responses only after boosting [269]; T cell responses 

were undetectable after the prime and prior to the boost [269]. Unlike oil emulsions, PBS 

does not act as an antigen depot. Therefore, peptide and poly(I:C) in PBS were quickly 

eliminated from the vaccine site, thereby reducing the primary T cell expansion to soluble 

vaccines. Potentially, vaccines delivered in PBS could elicit superior T cell responses if the 

antigen and adjuvant persisted at the site of injection. 

Murine studies provide numerous lines of evidence indicating that the duration of 

antigen presentation by mature APCs is a critical factor for generating robust primary T cell 

expansion. For example, in vitro studies showed that optimal T cell expansion occurred when 

T cells were exposed to antigen and co-stimulation for at least 2 days and received 

stimulating cytokines for three days [391]. Furthermore, in a study that used ampicillin to 

limit the duration of a L. monocytogenes infection to 24, 48, or 60 hours, significantly fewer 

antigen specific CD8 T cells were activated in mice experiencing abbreviated infections 

[392]. Mechanistically, the studies showed that elimination of the bacterial infection 

decreased the expression of the costimulatory molecules CD80 and CD86 on DCs, causing 

reduced activation of T cells [392]. Furthermore, antibodies blocking the interaction between 

TCR and peptide/MHC at either one, two, or three days post infection led to significantly 

fewer antigen-specific CD4 and CD8 T cells in the primary expansion, indicating that 

antigen presentation for at least three days was required to fully activate T cells [393]. 

Moreover, a study that investigated in vitro primed OTI T cells (from transgenic mice that 

express a single TCR recognizing the model antigen ovalbumin (OVA)) transferred into 

naive recipient mice found that continued exposure to antigen and inflammatory signals 

(provided by a model virus Lymphocytic Choriomeningitis (LCMV) expressing OVA) was 

necessary for full T cell expansion [394]. However, in mice vaccinated with soluble peptide 

and the TLR agonist CpG, antigen presentation and upregulation of CD80, CD86 and CD40 

on DCs was significantly reduced two days after vaccination [395]. Together, these studies 

indicate that antigen presentation on activated DCs for at least three to four days is necessary 

for optimal primary T cell expansion, yet soluble peptide and TLR agonist vaccines provide 

antigen and DC stimulation for two days or less. 
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Another consideration when developing peptide vaccines is whether CD4 help is 

necessary for CD8 T cell expansion. As discussed in Chapter 1, CD4 T cells can licence 

dendritic cells and cause them to continue to express co-stimulatory molecules, and CD4 T 

cells are required to establish long lived memory CD8 T cells [396]. To induce a CD4 T cell 

response that augments CD8 T cell expansion and memory formation, some vaccine studies 

have added the PAn DR Epitope (PADRE), which binds to many human and mouse MHCII 

alleles. One study showed that inclusion of the PADRE epitope in a SLP plus CpG vaccine 

caused a slight increase in responding T cells and a modest, non-significant improvement in 

survival after tumor challenge [397]. Another study found that mixing the E7-epitope (from 

HPV) and PADRE peptides resulted in slightly improved survival of tumor bearing mice 

compared to E7 peptide vaccination alone [398]. A third study added the PADRE antigen to 

a virus like particle encoding the E7 epitope to treat tumor bearing mice and found a slightly 

increased survival compared to mice that received the vaccine without the PADRE epitope 

[399].  Each of the above studies showed only a modest improvement in responses when a 

CD4 helper epitope was included in the vaccination, and it was unclear whether CD4 help 

was required for robust CD8 T cell proliferation in response to long peptides and TLR 

agonist vaccination.  

Here, I tested multiple variations of SLP and protein vaccines for activating large 

numbers of antigen-specific T cells and inducing tumor regression. First, repeated close-

interval vaccinations were compared to fewer inoculations for activating large numbers of 

CD8 T cells. Second, the optimal time period between prime and boost was assessed for 

inducing secondary expansion of CD8 T cells. Third, a vaccine combining a CD4 targeted- 

and a CD8 targeted-SLP was compared to vaccinating with a CD8 SLP alone. Daily 

vaccinations on four consecutive days led to significantly increased numbers of antigen 

specific CD8 T cells compared to fewer inoculations. Also, a second round of vaccinations 

21 days after the initial four inoculations boosted the T cell responses. Additionally, I found 

that T cell responses to an SLP vaccine encompassing a CD8 T cell epitope were not 

enhanced when co-administered with an SLP encompassing a CD4 T cell epitope. 

Furthermore, co-administration of the two SLP vaccines failed to augment clearance of 

antigen expressing tumor cells. The results presented here provide a framework for 
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developing high potency SLP vaccines to target tumor specific mutations discussed in 

Chapter 3. 

2.2 Methods 

Mice and E.G7 cell line 

C57BL/6 mice were purchased from Jackson Labs and maintained under specific 

pathogen-free conditions. All mouse protocols were approved by the Animal Care Advisory 

Committee at the University of Victoria, following Canadian Council for Animal Care 

guidelines. All experiments involved six to 12 week old mice. E.G7 tumor cells were grown 

in complete RPMI + HEPES (Gibco: 22400-089) supplemented with 10% FBS (Gibco: 

12483-020), 2mM L-glutamine (Hyclone: SH30034.01), 100U/ml Penicillin and 100µg/ml 

Streptomycin (Hyclone: SV30010), 50 µm β-mercaptoethanol (Sigma: M6250), and sodium 

pyruvate (Hyclone: SH30239.01). 

Peptides and Vaccinations 

Six to twelve week old C57BL/6 mice were anesthetized and subcutaneously 

inoculated in the flank using a 27 gauge needle. Each inoculation was composed of 50 µg of 

SLP (ProImmune) (long-SIINFEKL: PDEVSGLEQLESIINFEKLTEWTSSNVME, long-

OT-II: SAESLKISQAVHAAHAEINEAGREVVGSA, or long-Spas1-mut: 

VTRLLLEGISSTHVNHLHCLHEFVKSQTT) or 100 µg of chicken ovalbumin (OVA) 

(Sigma: cat# A5503) and 10 µg poly(I:C) (Amersham: 27-4732) admixed to a total of 300 µl 

in sterile PBS (Gibco: 20012-027). When two peptides were inoculated together, 50 µg of 

each peptide was added to 10 µg of poly(I:C) in sterile PBS to a total of 300 µl. For 

therapeutic vaccination experiments, mice received daily vaccinations for four consecutive 

days once the E.G7 tumors reached 36 mm2 as measured by caliper.  

IFN-γ ELISPOT 

In accord with MIATA guidelines [400], ELISPOT assays were performed using 

validated, standard operating protocols. Mice were euthanized using isofluorane, and spleens 

were immediately processed into single cell suspensions by pressing through 100 µm screens 

in complete RPMI (RPMI + HEPES supplemented with L-glutamine, β-mercaptoethanol, 
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penicillin and streptomycin, sodium pyruvate and 10% FBS). Red blood cells were lysed 

using ACK lysis buffer, and fresh splenocytes were counted on a Guava cytometer using 

Viacount (Cat#: 4000-0130). Splenocytes were diluted to 9 x 106 live cells/ml (usually 

between 75 – 85% of splenocytes were viable) in complete RPMI. ELISPOT plates (MSIP, 

Millipore: MSIPS4W10) were coated with 10 µg/ml of anti-mouse IFN-γ (mAb AN18, 

Mabtech: 3321-3-1000) capture antibody and incubated overnight at 4°C. Plates were 

washed and blocked for 2 hours at 37°C, 5% CO2 with complete RPMI. Within 2 hours of 

sacrificing mice, 9 x 105 live, processed splenocytes were added to each well and stimulated 

with 5 µg of the minimal peptide epitopes (for long-SIINFEKL, minimal peptide SIINFEKL 

was used, for the long OT-II, minimal peptide ISQAVHAAHAEINEAGR was used, and for 

long-Spas1-mut, minimal peptide STHVNHLHC was used), media alone, or 5 µg/ml 

Concanavalin A (Sigma: C5275) as positive control. Cultures were incubated for 20 hours at 

37°C and 5% CO2. Plates were washed, 1 µg/ml of secondary antibody (biotinylated anti-

IFN-γ: mAbR4-6A2, Mabtech: 3321-6-250 was added, and plates were incubated for 2 hours 

at 37°C. Plates were developed using Vector Labs’ Vectastain ABC Elite kit (Cat#: PK-

6100) and Vectastain AEC substrate reagent (Cat#: SK-4200) according to manufacturer’s 

protocol and scored with an automated plate reader (AID) using preset parameters that have 

been validated over several experiments.  

Flow cytometry 

Blood was harvested from the saphenous vein and processed within two hours. Red 

blood cells were lysed using ACK lysis buffer (Lonza: 10-548E), washed two times and 

incubated for 30 minutes at 4°C with fixable viability dye-EF780 (0.5 µl/1 ml suspension, 

eBioscience: 65-0865-18). After 30 minutes, cells were washed and incubated for 30 minutes 

at room temperature with anti-MHCII-FITC (1/200, eBiosciences: 1250166) and anti-CD8-

APC (1/500, eBioscience: 17-0081-83) antibodies and a Kb-SIINFEKL tetramer-PE 

conjugate (1/40, Beckman Coulter: T03000). Cells were washed two times and analysed on a 

FacsCalibur flow cytometer. At least 105 events were collected and analyzed using FlowJo 

V7.6.5. 
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Tumor regression experiments 

E.G7 tumor cells were grown in complete RPMI, harvested, and washed three times 

in sterile PBS. Eight to 12 week old female C57BL/6 mice were inoculated in the right flank 

with 2 x 105 E.G7 tumor cells in 200 µl of PBS. Once tumors reached 36 mm2 as measured 

by electronic digital caliper (Fowler Sylvac Ultra-Cal Mark III), mice were vaccinated with 

SLP and poly(I:C). Tumors were measured daily, and mice were sacrificed once tumors 

reached 400 mm2.  

2.3 Results 

Repeated vaccinations induced robust T cell responses 

In an effort to generate T cell responses to protein and peptide vaccines similar in 

magnitude to acute viral infections, vaccination schedules were modified to mimic the 

duration of acute viral infection (typically less than six days). To test this concept and 

empirically determine the optimal number of vaccinations to deliver, mice were vaccinated 

with poly(I:C) and the model antigen chicken ovalbumin (OVA) protein, an antigen that has 

been used extensively to examine immunity. Mice were vaccinated on day 0; days 0 and 1; 

days 0, 1, and 2; or days 0, 1, 2, and 3. For all groups, IFN-γ ELISPOT assays were 

performed on splenocytes on day 7. Mice that received four consecutive immunizations with 

OVA protein and poly(I:C) exhibited significantly higher frequencies of antigen-specific T 

cells (minimal epitope SIINFEKL) compared to mice vaccinated fewer times (Figure 1). The 

total amount of vaccine delivered did not account for this effect, as mice vaccinated with a 

single dose of four times the amount of OVA and poly(I:C) elicited smaller T cell responses 

(Figure 1). This vaccination schedule was dubbed “cluster vaccination”, as it involved a 

“cluster” of daily “vaccinations” on four consecutive days. 

Cluster vaccination using SLP targeting CD8 and CD4 T cells 

Cluster vaccination with the protein OVA proved effective for activating large 

numbers of antigen-specific T cells, but SLP peptides vaccines offer many advantages for 

targeting neoantigens compared to proteins (as discussed above and in Chapter 1). Therefore, 

I tested whether cluster vaccination using SLP antigens could activate large numbers of 
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antigen-specific T cells. Three main questions were critical for translating the cluster 

vaccination protocol to SLP vaccines: (1) Does cluster vaccination activate more T cells than 

a conventional single-dose prime/boost vaccination schedule? (2) Can cluster vaccination 

using SLP activate both CD8 and CD4 T cells? (3) Does co-vaccination with a SLP spanning 

a known CD4 epitope augment the CD8 T cell response? To assess each of these questions, 

cluster vaccination was performed using poly(I:C) and different combinations of two 29mer 

SLP: one SLP (OVA246-274: “long-SIINFEKL”) spanned a known CD8 T cell epitope 

(SIINFEKL), and a second SLP (OVA318-346: “long-OT-II”) spanned a known CD4 T cell 

epitope (ISQAVHAAHAEINEAGR). As a comparator, control mice were vaccinated with 

whole OVA protein and poly(I:C), as in Figure 1. Additionally, mice were vaccinated with 

long-SIINFEKL peptide on days 0 and 7 to assess the magnitude of T cell expansion induced 

by a conventional prime-boost vaccination schedule. Blood was harvested from mice every 

two to three days and stained with Kb-SIINFEKL tetramers to assess antigen-specific T cell 

expansion. A schematic of the vaccination and tissue harvesting schedules is shown in Figure 

2a, and an example of tetramer staining is shown in Figure 2b.  

Cluster vaccination elicited robust T cell responses to SLP antigens. For example, 

cluster vaccination with long-SIINFEKL SLP activated antigen-specific T cells to a similar 

extent as cluster vaccination with OVA protein (Figure 2c). Further, while cluster 

vaccination with long-SIINFEKL SLP massively expanded antigen-specific T cells, single 

vaccination with the same peptide resulted in almost no measurable response. However, 

when the single vaccination was boosted seven days later (single prime/boost), the peak T 

cell responses on day 15 were similar to those seen with cluster vaccinated mice on day 7 

(Figure 2c). To assess whether cluster vaccination could activate CD4 T cells, mice were 

vaccinated with poly(I:C) and long-OT-II peptide or OVA protein. On day eight after 

vaccination, splenocytes were harvested and ELISPOT assays were performed using the OT-

II epitope (OVA323-339) as recall antigen. Cluster vaccination with the long-OT-II peptide 

activated more OVA323-339-specific T cells than vaccination with OVA protein (Figure 2d). 

Finally, co-immunization with long-SIINFEKL peptide and long-OT-II peptide was tested to 

determine whether the SIINFEKL specific response would be augmented by a CD4 T cell 

response. Surprisingly, co-immunization failed to increase the number of SIINFEKL-specific 

T cells compared to vaccination with long-SIINFEKL peptide alone (Figure 2c). Further, 



56 
 

cluster vaccination with long-OT-II alone activated OVA323-339-specific T cells to a greater 

extent than mice co-vaccinated with long-OT-II and long-SIINFEKL (Figure 2d). In 

summary, cluster vaccination was effective for activating both CD8 and CD4 T cells towards 

MHCI and MHCII epitopes, respectively. Moreover, cluster vaccination with SLP elicited T 

cell responses that were similar in magnitude, but accumulated more rapidly, than single 

prime/boost regimens. Finally, co-immunization with two SLP (encompassing a CD4 and 

CD8 T cell epitope) did not improve epitope-specific T cell responses to either peptide; 

rather, a trend toward lower T cell expansion was observed.  

 E.G7 tumor treatment with peptide-based cluster vaccination 

To determine whether T cell responses activated by SLP cluster vaccination could 

induce tumor regression, mice harbouring established, OVA-expressing tumors (E.G7) were 

therapeutically vaccinated with various SLP regimens. Mice bearing subcutaneous E.G7 

tumors (approximately 36 mm2) were subjected to (1) cluster vaccination with long-

SIINFEKL SLP alone, (2) cluster vaccination with long-SIINFEKL SLP and long-OT-II 

SLP, (3) cluster vaccination with long-OT-II SLP alone, or (4) single dose priming/boost 

vaccination with long-SIINFEKL SLP. Poly(I:C) was included in all inoculation. Tumors in 

mice that received single prime-boost with long-SIINFEKL or cluster vaccination with long-

OT-II alone responded with a short period of disease stabilization followed by tumor 

progression (Figure 3). Tumors in mice that received cluster vaccination with long-

SIINFEKL SLP and long-OT-II SLP responded with an acute tumor regression followed by 

tumor progression (Figure 3). However, whereas complete responses were not observed in 

any other group, cluster vaccination with long-SIINFEL SLP alone caused complete 

regression of E.G7 tumors in 3/5 mice (Figure 3). Thus, in contrast to a conventional prime-

boost strategy, cluster vaccination with long-SIINFEKL SLP activated CD8 T cell responses 

of sufficient magnitude and immediacy to eradicate established E.G7 tumors. This response 

was not enhanced – and may have been hindered – by the addition of a long peptide (long-

OT-II) encompassing a known, tumor specific CD4 helper epitope. 
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Timing of cluster boosting 

In preparation for therapeutic vaccinations using mutant epitopes of potentially weak 

immunogenicity, the feasibility of boosting cluster vaccinated T cells using a second round 

of inoculations was assessed. Accordingly, mice that had been vaccinated with poly(I:C) and 

(1) long-SIINFEKL SLP, (2) OVA protein, or (3) long-SIINFEKL SLP and long-OT-II SLP 

were boosted on days 21 – 23 after the first immunization with a second cluster vaccination 

involving the same antigens. CD8 T cell responses were measured in peripheral blood using 

a Kb-SIINFEKL-tetramer. Strikingly, a substantial secondary expansion of antigen specific T 

cells was observed in mice cluster-primed and cluster-boosted with long-SIINFEKL SLP 

(Figure 4a). In contrast, the primary and secondary expansions of antigen-specific T cells 

were similar when mice were cluster-prime and cluster-boosted with OVA protein or with a 

combination of long-SIINFEKL and long-OT-II SLPs (Figure 4). 

To determine the optimal time interval between cluster-prime and cluster-boost, mice 

were cluster-primed with long-SIINFEKL on days 0 – 3 and cluster-boosted on either days 4 

– 7, 7 – 10, 14 – 17, or 21 – 23. Peripheral blood was harvested from mice every two days 

and assessed by Kb-SIINFEKL tetramer. The cluster boosts increased the frequency of 

antigen-specific T cell above the cluster-prime only when the boost was initiated on day 21 

(Figure 5a). Furthermore, cluster boosting at early time points (e.g. days 4 – 7) caused a 

highly significant decrease in the number of antigen-specific T cells at day 7 compared to 

mice that did not receive a cluster boost (Figure 5b). These data suggest that vaccine 

activated T cells require at least 21 days after the cluster prime to form memory T cells 

capable of a secondary expansion, and continuous daily vaccinations beyond four days leads 

to blunted peak T cell responses. 

Cluster-prime/cluster-boost with a neoantigen-encoding peptide 

Cluster-prime and cluster-boost activated large numbers of SIINFEKL-specific T 

cells. However, SIINFEKL is an uncommonly high affinity epitope that may not be 

representative of cancer antigens in general. Thus, it was unknown whether this regimen 

would be broadly applicable to other antigens, in particular neoantigens. Therefore, I 

assessed the T cell response to cluster-prime/cluster-boost with an SLP encompassing a 

known neoantigen from the Spas1 protein (found in the TRAMP-C2 mouse prostate tumor 
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model [401]) (long-Spas1-mut). Male mice were vaccinated on either (1) days 0 - 3 and days 

21 – 23 (cluster-prime/cluster-boost), or (2) days 21 – 23 only (cluster-prime). Mice were 

sacrificed on day 28, and IFN-γ ELISPOT assays were performed on splenocytes. Cluster-

prime and cluster-boost activated significantly more neoantigen-specific T cells compared to 

cluster-prime alone (Figure 6). Though the cluster-prime/cluster-boost vaccination schedule 

was not used to assess tumor control, the technique was effective for activating large 

numbers of T cells towards SLPs encompassing both a model antigen (SIINFEKL) and a 

tumor neoantigen (mutated Spas1). 

2.4 Discussion 

To induce regression of established mouse tumors using neoantigen-targeted SLP, 

vaccinations strategies should elicit immediate, robust, antigen-specific T cell responses, 

typically observed in response to viral or bacterial infections. As described here, repeated, 

daily inoculations of SLP and poly(I:C) may have mimicked a viral infection and elicited 

immediate and potent anti-tumor T cell responses. Repeated, close interval vaccinations for 

four days resulted in increased numbers of antigen activated CD8 T cells compared to fewer 

vaccinations. Further, a second round of SLP vaccinations boosted the T cell response when 

the delay between cluster prime and cluster boost was 21 days, and this timing was adequate 

for boosting both model antigen (SIINFEKL) and neoantigen specific CD8 T cells. 

Additionally, inclusion of an SLP encompassing a known CD4 epitope failed to augment the 

primary activation of CD8 T cells, secondary boost of CD8 T cells, or tumor control. The 

results here corroborate several studies showing that full activation of antigen specific T cells 

requires in vivo antigen and adjuvant exposure for at least four days [392-394]. However, 

most peptide vaccination schedules do not account for this requirement, which may explain 

why SLP vaccines to date have shown limited efficacy against human tumors [3]. Though 

statistical analyses were not performed due to the low number of mice in each group, the data 

shown here were representative of several experiments with various antigens. Moreover, they 

demonstrate improved SLP vaccination protocols for targeting cancer antigens, including 

neoantigens. 

Although daily vaccinations for four days induced improved T cell responses, 

continued vaccinations beyond four days led to a blunted peak T cell response and may have 
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induced T cell exhaustion (Figure 5). In a microarray analysis, one study found that when 

mice were exposed to chronic infections for more than six days, antigen-specific T cells 

increased expression of T cell exhaustion markers like PD-1, 2B4, and CTLA-4 and reduced 

expression of effector molecules like IFN-γ, TNF-α, and perforin [402]. Interestingly, oil 

emulsions used in many vaccine formulae slowly release antigen over weeks or months 

[251], and though they occasionally induce large numbers of T cells, only a small percentage 

of the T cells secrete effector cytokines [403]. Thus, SLP vaccines in oil emulsions may 

cause T cell exhaustion due to prolonged antigen exposure, similar to chronic viral 

infections. Similarly, I observed blunted T cell expansion when mice were vaccinated on 

eight consecutive days (Figure 5b), which may have mimicked a chronic viral infection and 

induced T cell exhaustion [402]. My results demonstrate a discrete time window that antigen 

and adjuvant should be present in a mouse for peak T cell activation and avoidance of 

exhaustion: three or fewer days is too short, whereas eight days is too long.  

Other groups have also modified the timing of administering soluble antigen in 

vaccines. One group assessed daily vaccinations of minimal peptides and CpG, and though 

the T cell responses were small, they also found that daily vaccinations led to increased T 

cell activation [404]. Furthermore, another group developed implantable micro-needles that 

release antigen over four days. When OVA and poly(I:C) were added to these needles, 

SIINFEKL specific T cells expanded to over 10% of the total CD8 T cell repertoire [405]. 

Continued development of these methods to deliver antigen for a discrete length of time will 

likely lead to improved T cell expansion, and potentially, improved clinical responses to 

vaccines. 

The optimal time between cluster priming and cluster boosting may be unique for 

each antigen and may depend on the amount of inflammation induced by the prime. For 

example, one study showed that vaccination with L. monocytogenes led to impressive T cell 

expansion; however, the responding T cells had effector memory phenotype, and a booster 

vaccination was unable to increase the T cell frequency [406]. In contrast, vaccination with 

peptide-pulsed dendritic cells led to weak primary T cell expansion; however, the responding 

T cells had central memory phenotype, and a booster vaccination resulted in a massive 

increase in the frequency of antigen-specific T cells [406]. The study found that IFN-γ 

signalling from the highly immunogenic prime inhibited formation of central memory T cells 
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and prevented early boosting of the T cell response. The authors concluded that minimally 

inflammatory priming vaccinations activated T cells that could be boosted within a short 

time [407]. These studies may provide insight for understanding the differences between 

Spas1 neoantigen SLP and long-SIINFEKL SLP in the cluster-prime/cluster-boost setting. 

The cluster-prime with long-Spas1 SLP elicited a relatively weak T cell response of about 

600 antigen specific T cells per million splenocytes, but the cluster-boost 21 days later 

elicited a further ten-fold expansion. In contrast, long-SIINFEKL SLP cluster-prime elicited 

robust T cell expansion of two percent of all circulating CD8 T cells, but the cluster-boost 

elicited only a further two-fold expansion. Timing of boosts may also be altered by 

inflammation. For example, single-dose prime using long-SIINFEKL SLP led to an almost 

undetectable primary T cell response, but the single-dose boost seven days later led to a huge 

amplification of antigen specific T cells (Figure 2c). In contrast, cluster-prime with long-

SIINFEKL SLP elicited a robust primary T cell response, but cluster-boost amplified T cell 

responses only when initiated 21 days later (Figure 5a). Thus, similar to the published studies 

above, I found that weak primary T cell responses to peptide vaccinations could be boosted 

more quickly and to a greater extent than strong primary T cell responses. For neoantigen 

discovery in Chapter 3, these data implied that weakly immunogenic neoantigens may be 

potently boosted, and the resultant T cells may expand beyond the detection threshold for 

ELISPOT assays; whereas highly immunogenic neoantigens may be poorly boosted, but 

resultant T cells may have already expanded beyond the detection threshold for ELISPOT 

assays. 

CD4 T cell responses are often found to be important for optimal tumor clearance 

[408,409]; however, addition of a CD4 antigen was dispensable for tumor rejection in the 

cluster vaccination setting. As discussed in Chapter 1, CD4 T cells can have multiple roles in 

cancer immunity. They can licence DCs to improve T cell activation, and they are critical for 

formation of memory CD8 T cells. However, CD4 T cells can also form Tregs that inhibit 

anti-tumor immunity. Others have shown that single prime-boost vaccinations combining 

SLP encompassing CD4 and CD8 epitopes led to improved survival of tumor bearing mice 

compared to vaccinating with SLP encompassing CD8 epitopes alone [25]. In contrast, I 

found that addition of long-OT-II SLP to the vaccine failed to enhance regression of E.G7 

tumors compared to vaccination with long-SIINFEKL SLP alone (Figure 3). It is possible 
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that cluster vaccination sufficiently activated dendritic cells so that CD4 help was no longer 

necessary to elicit a curative antigen-specific CD8 T cell response. In support of this, one 

study showed that MHCII-negative mice (which lack CD4 T cells) mounted a CD8 T cell 

response that cleared L. monocytogenes equally well as mice fully constituted with CD4 T 

cells [410]. However, the study also showed that CD4 help was necessary for CD8 T cell 

memory formation and for CD8 T cells to respond to re-challenge [410]. I did not assess 

whether memory CD8 T cells were formed after tumors were cleared, but this could be 

assessed with a second tumor challenge at later time points. Some clinical trials have shown 

detrimental effects of including tumor specific CD4 T cell antigens in vaccines. For example, 

one trial found that 78% of patients observed CD8 T cell responses to melanoma-specific 

epitopes peptides when combined with peptides activating tetanus toxoid specific CD4 T 

cells (non-tumor associated antigen). However, only 19% of patients observed a CD8 T cell 

response when the vaccine was combined peptides activating melanoma associated antigens 

specific CD4 T cells. The authors speculated that Tregs may have reduced the CD8 T cell 

responses [411]. The same group also found that repeated weekly immunizations resulted in 

increased FoxP3 T cell accumulation at the vaccination site [412], indicating that Tregs may 

have become activated. Thus, the overall effects of co-administration of CD4 and CD8 T cell 

targeted peptides has yet to be elucidated, but the work presented here indicates that 

additional CD4 targeted peptides are not required for effective tumor clearance.   

In conclusion, I showed that cluster vaccination activated both CD8 and CD4 T cells, 

and it was effective for activating both model- and neoantigen-specific T cells. Furthermore, 

cluster vaccination with a long peptide encompassing a CD8 T cell epitope led to curative 

responses in mice harbouring established E.G7 tumors. Moreover, CD8 T cells could be 

boosted to large numbers by a second round of cluster vaccination. Thus, the studies in 

Chapter 2 provide a platform for delivering therapeutic SLP vaccines targeting neoantigen-

specific T cells. In Chapter 3, I applied these methods to target neoantigen-specific T cells in 

the ID8-G7 ovarian tumor model.
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2.5 Figures 

 
Figure 1. Consecutive daily immunizations to activate antigen specific T cells. 
(Figure modified and reproduced with permission from CCC [280]) Mice (n = 3 per group) 
were immunized subcutaneously with OVA protein (100 μg) and poly(I:C) (10 μg) on the 
days indicated. One group of mice was vaccinated on a single day with a four-fold larger 
dose of vaccine (400 μg OVA and 40 μg poly(I:C)). Mice were sacrificed seven days after 
the first vaccination, and IFN-γ ELISPOT assays were performed on splenocytes. Each point 
represents the number of T cells responding to minimal SIINFEKL peptide or media alone in 
a single mouse. 
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Figure 2. T cell responses to cluster vaccination with long peptides. 
A. Schematic of vaccination and bleed tissue harvest for ELISPOT and tetramer analysis. 
Mice were vaccinated with poly(I:C) and various peptides, and PBMC or splenocytes were 
harvested at the peak of the T cell responses. B. Example tetramer staining on PBMC from a 
mouse that had been cluster vaccinated with long-SIINFEKL peptide (50 μg) and poly(I:C) 
(10 μg) and a naive mouse. Plots shown were gated on lymphocytes, then on CD8+,MHCII-. 
C. Summary data of tetramer positive CD8 T cells from mouse PBMC (n = 5 per group) 
vaccinated with the following schedules: Cluster vaccination with OVA protein (100 μg) and 
poly(I:C) (10 μg), cluster vaccination with long-SIINFEKL peptide (50 μg) and poly(I:C) 
(10 μg), single dose vaccination of long-SIINFEKL (100 μg) and poly(I:C) (50 μg) (day 7 
bleed), single dose prime and single dose boost on day 7 with long-SIINFEKL (100 μg) and 
poly(I:C) (50 μg) (day 15 bleed), or cluster vaccination with long-SIINFEKL and long-OT-II 
peptides (50 μg each) and poly(I:C) (10 μg). D. IFN-γ ELISPOT assays on splenocytes from 
mice cluster vaccinated with poly(I:C) (10 μg) and either long-OT-II peptide (50 μg), OVA 
protein (100 μg) or long-OT-II (50 μg) and long-SIINFEKL (50 μg) peptides. Splenocytes 
were stimulated in ELISPOT wells with the minimal OT-II peptide (10 μg) or media alone. 
Each point represents the T cell response from a single mouse. 
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Figure 3. Vaccination to treat established E.G7 tumor cells. 
Mice were inoculated with E.G7 tumor cells (2 x 105/mouse) and tumors were measured 
daily. Once tumors reached approximately 36 mm2, mice (n = 5 per group) were vaccinated 
with one of the following reagent schedules: Cluster vaccination with long-SIINFEKL 
peptide (50 μg) and poly(I:C) (10 μg), cluster vaccination with long-SIINFEKL and long-
OT-II peptides (50 μg each) and poly(I:C) (10 μg), single vaccination prime and day 7 boost 
with long-SIINFEKL (100 μg) and poly(I:C) (50 μg), or cluster vaccination with long-OT-II 
peptide alone. Arrows represent days that vaccinations were administered. Each line 
represents the tumor sizes of a single mouse. Mice were sacrificed once tumors reached 400 
mm2). 
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Figure 4. Effects of cluster boosting on CD8 T cell responses. 
Mice were cluster vaccinated as in Figure 2 with poly(I:C) (10 μg) and either long-
SIINFEKL peptide (50 μg), long-SIINFEKL and long-OT-II peptides (50 μg each), or OVA 
protein (100 μg). PBMC were harvested and stained with Kb-SIINFEKL tetramers as in 
Figure 2. Each line represents in a single mouse and the frequency of tetramer positive cells 
out of all CD8 T cells. Dates of vaccinations are represented with arrows.  
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Figure 5. Effect of cluster boost timing on SIINFEKL specific T cell expansion. 
Mice (n = 5 per group) were vaccinated with long-SIINFEKL peptide (50 μg) and poly(I:C) 
(10 µg) on the days indicated with arrows. PBMC were harvested on day 0 and every 2 days 
starting on day 7 and stained as in Figure 2 with Kb-SIINFEKL specific tetramers. A. Each 
line represents the frequency of tetramer positive T cells in a single mouse over time. B. 
Frequencies of tetramer positive T cells on day 7 from mice vaccinated on days 0-3 and days 
4-7 versus mice that had received vaccinations on days 0 – 3 and received the boosts after the 
day 7 blood draw. (Mann-Whitney test using Graphpad-Prism 6). 
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Figure 6. Cluster prime and cluster boost to activate neoantigen specific T cells. 
Mice (n = 5 per experimental group) were vaccinated with long-Spas1-mut peptide (50 μg) 
and poly(I:C) (10 μg) on days 21 – 24 (cluster prime) or days 0 – 3 and 21 – 24 (cluster 
prime + cluster boost). One mouse was not vaccinated and served as a negative control. Mice 
were sacrificed on day 28 and splenocytes were harvested. Splenocytes (5 x 105 cells/well) 
were added to ELISPOT wells and stimulated with minimal Spas1 mutant epitope or media 
alone. Spots represent the number of IFN-γ secreting cells per 5 x 105 splenocytes in a single 
mouse. Due to the extremely high number of antigen specific T cells, splenocytes from 
vaccinated mice were diluted 1/10 in splenocytes from naive mice.   
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Chapter Three: Targeting ID8-G7 tumor specific mutations with 
peptide vaccines 

3.1 Introduction 

As outlined in the previous chapter, I developed an effective protocol for activating 

neoantigen- and model antigen-specific T cells using cluster vaccination with SLP and 

poly(I:C). Here in Chapter 3, I apply this peptide vaccination protocol to target neoantigens 

in a mouse model of ovarian cancer (ID8-G7).  

As discussed in Chapter 1, others have successfully targeted various highly-mutated 

mouse models with neoantigen-specific vaccines. However, the studies published to date 

have targeted tumors harboring extremely high mutation burdens, with between 949 and 

4285 nonsynonymous mutations in each case [238,314,343,358]. Since human tumors 

contain a median of only 44 non-synonymous mutations [303], the question remains open as 

to whether these pre-clinical successes are relevant to human tumors with average mutation 

burdens. To predict the broader utility of neoantigen vaccines targeting human tumors with 

moderate mutation burdens, I first investigated neoantigen specific vaccines in a tumor 

model (ID8-G7) expected to harbour few mutations, and then I applied the results from the 

mouse model directly to human cancers using epitope prediction of TCGA mutations in 

HGSC. 

The ID8 tumor line has been used extensively to study the biological and 

immunological characteristics of ovarian cancer [413-415]. After intraperitoneal 

implantation, the ID8 line gives rise to aggressive, widely disseminated cancers along with 

extensive ascites, similar to human HGSC pathology. These tumors are sensitive to immune 

checkpoint blockade [415] and adoptive T cell therapy [27]. Moreover, they can be 

therapeutically treated using protein vaccines targeting the CT antigen Sp17 [416], or using 

ID8 tumor lysate pulsed dendritic cell vaccines [231], making the ID8 model an attractive 

system to assess new T cell-based immunotherapies for ovarian cancer. 

In contrast to mutagen induced murine models investigated previously, the ID8 tumor 

line arose by spontaneous transformation of normal murine ovarian surface epithelial cells 

during serial in vitro passage [417]; therefore, I hypothesized it would harbour a similar 

mutation burden to human ovarian cancers. On the other hand, since the transformation 
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process occurred entirely in vitro, in the absence of any immunological pressure, it might 

have given rise to neoantigens with unnaturally high MHC affinities. To mitigate this risk, I 

used a derivative of the ID8 line (ID8-G7), which underwent one round of in vivo passage in 

a syngeneic (C57Bl/6), immunocompetent mouse [27]. I anticipated this would result in a 

repertoire of neoantigens that more closely resembles tumors from immunocompetent 

ovarian cancer patients. While this may have eliminated expression of some immunogenic, 

dispensable mutations (i.e., passenger mutations), any essential driver mutations should have 

been retained. An added benefit of the ID8-G7 line was that it expresses the CD8 T cell 

epitope SIINFEKL, and near-complete regression of advanced disease can be achieved by 

adoptive transfer of SIINFEKL-specific CD8 T cells (OT-I T cells) [27], demonstrating the 

sensitivity of ID8-G7 tumors to immunological control. Thus, the ID8-G7 model provided a 

well-controlled system for evaluating neoantigens as targets for immunotherapy of human 

ovarian cancer. 

To this end, I performed preclinical vaccine studies targeting tumor-specific 

mutations in ID8-G7. After performing whole exome and transcriptome sequencing of the 

tumor line, all identified nonsynonymous mutations were systematically evaluated as targets 

for prophylactic and therapeutic vaccination. Using data from The Cancer Genome Atlas 

(TCGA), I compared my findings to 220 human HGSC cases. Collectively, my findings from 

these murine and human studies indicate that the relatively low mutation load in ovarian 

cancer presents a major challenge for neoantigen-based vaccines.  

3.2 Methods 

Exome and RNA sequencing 

Library construction, sequencing, and bioinformatic analysis were performed at 

Michael Smith’s Genome Sciences Centre. Genomic DNA was extracted from cultured ID8-

G7 tumor cells and normal C57Bl/6 splenocytes. DNA was prepared for exome selection 

according to the manufacturer’s protocol using Agilent SureSelectXT Reagent kit HSQ (Cat# 

G9611A), and DNA was enriched for exomes using Agilent SureSelectXT All Mouse Exon 

Kit (Cat# 5190-4641). 100bp, paired-end sequencing was performed using the Illumina 

HiSeq2000 platform. After RNA extraction, mRNA was enriched using Miltenyi Biotec 

µMACS mRNA Isolation Kit (Cat# 130-090-276) and converted to cDNA using Invitrogen 
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Superscript Double-Stranded cDNA Synthesis Kit (Cat# 11917-010). cDNA was sheared, 

end polished, and ligated to adapters followed by 100bp paired-end sequencing on the 

Illumina HiSeq2000 platform. 

Bioinformatic analysis 

100bp paired-end reads from exome sequencing were mapped to the murine reference 

genome (mm9) using Burrows-Wheeler Aligner (BWA)[418]. Duplicates were flagged using 

Picard MarkDuplicates (version 1.102), and SNV and indels were identified using Samtools 

(version 0.1.18) pileup and VarFilter [419]. Variants were annotated using Annovar [420], 

and visually inspected using Integrated Genomics Viewer (IGV) (version 2.3.32) [421]. All 

variants found in dbSNP138 were removed. RNA-seq reads were aligned to a genome-plus-

junctions reference (mm9) using BWA, and reads that mapped to junctions were repositioned 

as large-gapped genomic alignments. Reads were visualized using IGV to determine whether 

RNA sequencing reads contained mutated alleles identified in the exome sequencing data. If 

both RNA and exome sequencing data contained a variant that was not present in the 

C57BL/6 exome sequencing data, the variant was deemed a tumor-specific mutation. The 

predicted binding affinity to H-2Kb and H-2Db of mutated peptides was determined using 

NetMHCpan2.4 [32]. 

Mice and tumor cell lines 

C57BL/6 mice were purchased from Jackson Labs and maintained under specific 

pathogen-free conditions. All mouse protocols were approved by the Animal Care Advisory 

Committee at the University of Victoria, following Canadian Council for Animal Care 

guidelines. Adoptive cell transfer of splenocytes from female OT-I transgenic mice (Jackson 

Labs) containing T cells recognizing the chicken ovalbumin (OVA)257-264 epitope SIINFEKL 

were used as positive controls for tumor bearing experiments [422]. Mouse mammary tumor 

virus MMTV/neuOT-I/OT-II transgenic mice were used as hosts in tumor-bearing experiments 

[26]. These mice are tolerant to the SIINFEKL epitope due to expression of the OT-I epitope 

(SIINFEKL) tagged onto the rat neu gene in mammary epithelial tissue. ID8-G7 [27] tumor 

cells were grown in High Glucose DMEM (Hyclone: SH30022.01) supplemented with 5% 

FBS (Gibco: 12483-020), 2mM L-glutamine (Hyclone: SH30034.01), 100U/ml Penicillin 



71 
 

and 100µg/ml Streptomycin (Hyclone: SV30010), and 1X Insulin Transferrin Selenium 

(ITS) (Corning: 354351). 600µg/mL G418 (Corning: 30-234-CR) was added to maintain 

expression of the transgene MMTV/neuOTI/OTI
  on a cassette containing a neomycin resistance 

gene.  

Vaccinations 

Six to twelve week old female wild type (WT) or MMTV/neuOT-I/OT-II mice were 

anesthetized and subcutaneously inoculated in the flank using a 27 gauge needle. Each 

inoculation was composed of 25 – 50 µg of peptide (ProImmune) or 100 µg of chicken 

ovalbumin (OVA) (Sigma: cat# A5503) and 10 µg poly(I:C) (Amersham: 27-4732) admixed 

to a total of 300 µl in sterile PBS (Gibco: 20012-027). For therapeutic vaccination 

experiments, mice received daily vaccinations on days 3-6 after tumor inoculation. For all 

other vaccination experiments, mice received daily vaccinations on days -28 to -25 and -7 to 

-4 with either tumor implantation or sacrifice of mice on day 0. For vaccinations using tumor 

lysates as antigens, ID8-G7 tumor cells were grown as above. However, to eliminate FBS 

contamination in the tumor lysate inoculum, ID8-G7 tumor cells were maintained in FBS-

free media composed of High Glucose DMEM  supplemented with 2mM L-glutamine, 

100U/ml Penicillin and 100µg/ml Streptomycin, and 1X Insulin Transferrin Selenium (ITS). 

After 48 hours in FBS-free media, cells were harvested, washed 3 times in sterile PBS and 

re-suspended to 107 cells/ml in PBS. Cells underwent seven freeze/thaw cycles and were 

sonicated to ensure complete lysis. Cell lysate suspension was assessed by trypan blue 

staining to ensure all cells were dead. WT or MMTV/neu-OTI/OTII transgenic mice were 

vaccinated on days 0 – 3 and days 21 – 24 with ID8-G7 lysate equivalent to 4 x 105 tumor 

cells and poly(I:C) (10 µg) admixed to 300 µl in PBS. 

Tumor-bearing mouse experiments 

ID8-G7 tumor cells were detached from plates using trypsin, washed 3 times in sterile 

PBS, and re-suspended in sterile PBS at 107 cells/ml. The cell suspension (106 cells in 100µl) 

was injected into the peritoneal cavity of each mouse. Mice were monitored and euthanized 

at the first sign of abdominal distension due to ascites accumulation. On necropsy, all mice 

with abdominal distension contained highly disseminated tumors. For adoptive transfer 
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experiments, OT-I transgenic mice were euthanized, and splenocytes were processed by 

pressing splenocytes through a 100µm nylon filter, lysing red blood cells with ACK lysis 

buffer (Lonza: 10-548E), and counting live splenocytes by trypan blue staining. OT-I 

splenocytes (105 cells in 100 µl) were injected into the tail vein of recipient mice, followed 

by vaccination with 100 µg of OVA and 10µg of poly(I:C) on four consecutive days.  

IFN-γ and IL-2 ELISPOT assays 

In accord with MIATA guidelines [400], ELISPOT assays were performed using 

validated, standard operating protocols. Vaccinated female mice were euthanized using 

isofluorane, and spleens were immediately processed into single cell suspensions by pressing 

through 100 µm screens in complete RPMI (RPMI + HEPES (Gibco: 22400-089) 

supplemented with L-glutamine, 50 µm β-mercaptoethanol (Sigma: M6250), penicillin and 

streptomycin, sodium pyruvate (Hyclone: SH30239.01) and 10% FBS). Red blood cells were 

lysed using ACK lysis buffer, and fresh splenocytes were counted on a Guava cytometer 

using Viacount (Cat#: 4000-0130). Splenocytes were diluted to 5 x 106 or 107 live cells/ml 

(usually between 75 – 85% of splenocytes were viable) in complete RPMI. ELISPOT plates 

(MSIP, Millipore: MSIPS4W10) were coated with 10 µg/ml of anti-mouse IFN-γ (mAb 

AN18, Mabtech: 3321-3-1000) or IL-2 (Mabtech: 3441-2H) capture antibody and incubated 

overnight at 4°C. Plates were washed and blocked for 2 hours at 37°C, 5% CO2 with 

complete RPMI. Within 2 hours of mice being sacrificed, 5 x 105 to 106 live, processed 

splenocytes were added to each well and stimulated with 0.002 - 20 µg/ml of the indicated 

peptides, media alone, 5 µg/ml Concanavalin A (Sigma: C5275) as positive control, or 

suspensions of 105 tumor cells/well. Cultures were incubated for 20 hours at 37°C and 5% 

CO2. Plates were washed, 1 µg/ml of secondary antibody (biotinylated anti-IFN-γ: mAbR4-

6A2, Mabtech: 3321-6-250, or biotinylated anti-IL-2: Mabtech: 3441-2H) was added, and 

plates were incubated for 2 hours at 37°C. Plates were developed using Vector Labs’ 

Vectastain ABC Elite kit (Cat#: PK-6100) and Vectastain AEC substrate reagent (Cat#: SK-

4200) according to manufacturer’s protocol and scored with an automated plate reader (AID) 

using preset parameters that have been validated over several experiments. 
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Intracellular cytokine staining (ICS) and cell sorting 

Mice were vaccinated and euthanized as described above. Fresh splenocytes (2 x 106 

cells/1ml/well) were incubated with 20 µg/ml of cognate mutant peptide, or media alone, in 

24 well plates. For ICS, splenocytes were incubated for 2 hours at 37°C and 5% CO2. 

GolgiPlug (BD: 51-2301KZ) was added, and the cells incubated for an additional 11 hours. 

Cells were then processed according to the manufacturer’s protocol using the 

FoxP3/Transcription Factor Staining Set (eBioscience, Cat#: 00-5523). Briefly, cells were 

harvested and stained for 30 minutes with fixable viability dye (eF780, eBioscience: 65-

0865-18), washed and stained for 30 minutes with surface antibodies (CD4-V450 BD: 

560468; CD8-PE, TONBO Biosciences: 50-0081-U100; MHCII-FITC, eBiosciences: 

1250166), fixed and permeabilized, and stained for 30 minutes with IFN-γ antibodies (IFN-γ-

APC, eBiosciences: 17-5743). Analytical flow cytometry was performed on a BD 

FACSCalibur flow cytometer and analyzed using FlowJo (vX.07). For cell sorting, cells 

were harvested from 24 well plates after 24 hours of stimulation with peptide. Cells were 

filtered through a 40µm nylon filter, stained with viability dye-eFluor780, washed, and 

stained with surface antibodies (CD4-V450; CD8-V500, BD: 560776; MHCII-FITC; 41BB-

PE, BioLegend:107105; OX40-APC, BioLegend: 119409). Cells were sorted using BD 

Influx cell sorter, and sorted cells were expanded in 100U/ml IL-2 (eBiosciences: 34-8021) 

in complete RPMI.  

Neoantigen prediction in the TCGA lung cancer and HGSC datasets 

TCGA mutation annotation files were parsed and HLA alleles predicted from RNA-

seq data for HGSC, lung adenocarcinoma (LUAD), and lung squamous cell carcinoma 

(LUSC) tumors as previously described [336]. SNVs were further filtered by requiring at 

least one read in the RNA-seq bam file to have the mutated base. Samtools v0.1.17 was used 

to extract reads covering the mutation site from the indexed bam files, and a custom python 

script checked for the mutated base. Epitope predictions were performed for all 8-11mer 

peptides relative to autologous HLA-A allele(s) using NetMHCpan v2.8 [32]. An IC50 value 

of < 100 nM was used as the threshold for calling high affinity epitopes [14]. Since only 

HLA-A alleles were called due to challenges in calling unambiguous HLA-B and C alleles 

from 50bp sequencing data provided by TCGA, values were multiplied by 3 to account for 3 
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HLA loci (HLA-A, B, C). To estimate the likelihood of a patient with a given number of 

predicted neoantigens containing at least one authentic neoantigen, we applied the findings 

of a study showing that only 8% of peptides that bind MHCI with IC50 < 100 nM proved to 

be authentic (ie. 92% were not authentic) [14]. We calculated the chance of a patient 

containing 0 immunogenic mutations using the equation 0.92N, where “N” equals the number 

of predicted neoantigens. Subtracting from one, we arrived at the percent likelihood of a 

patient with N predicted neoantigens containing at least one authentic neoantigen. 

3.3 Results 

Identification of mutations in the ID8-G7 tumor line 

Exome sequencing was performed on genomic DNA from both the ID8-G7 tumor 

cell line and MMTV/neuOTI/OTII murine splenocytes. In addition, RNA-seq was performed on 

the ID8-G7 tumor line. Exome sequencing generated 127 million reads that mapped to the 

reference mouse genome, resulting in an average of 89-fold coverage. Paired-end RNA-seq 

generated 158 million mapped reads. After removing variants present in either the control 

mouse genome or dbSNP138, 92 non-synonymous tumor-specific coding variants were 

identified (Figure 7). Of these, 42 variants were present in at least 1 read within the RNA-seq 

data, indicating that they were transcribed. Non-sense mutations were excluded from 

analysis, as these were not expected to give rise to T cell epitopes. This left 39 non-

synonymous, transcribed, missense or insertion/deletion (Indel) variants (Figure 7). The 

amino acid sequences encompassing the mutations were queried using epitope prediction 

software (NetMHCpan2.4 [32]). Using a relaxed cutoff of IC50 < 1500 nM, I identified 17 

mutations predicted to give rise to at least one MHCI binding epitope, and these were 

advanced to vaccination experiments (Table 1). One additional predicted MHCI binding 

mutation (in the gene 1110021LRik) could not be assessed due to difficulties synthesizing 

the corresponding peptide. All of the targeted mutations qualified as intermediate affinity 

binders, as their predicted IC50 scores ranged from 103 – 1160 nM (Table 1). 

Induction of mutation-reactive T cells by peptide vaccination 

To determine whether any of the 17 predicted neoantigens were immunogenic, naive 

C57/Bl6 mice were vaccinated with 29mer peptides with the mutated residue in the central 
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position. By using 29mer peptides, intracellular antigen processing could potentially produce 

any mutation-bearing epitope of 15 amino acids or less. Each group of mice was vaccinated 

with 1 of the 17 mutant peptides and poly(I:C) on four consecutive days as previously 

described [280], followed by four additional daily inoculations three weeks later. T cell 

responses were assessed by IFN-γ ELISPOT. As described in Chapter 2, this vaccination 

schedule elicited robust T cell responses to 29mer peptides encoding SIINFEKL and mutant 

Spas1 (Figure 5 and 6). When used to target ID8-G7 tumor-specific mutations, vaccination 

elicited T cell responses to 11/17 mutant peptides (Figure 8). For these 11 responses, cross-

reactivity to the wild type (WT) version of the peptide was assessed by titrating the WT and 

mutant peptides in IFN-γ ELISPOT assays. For 4/11 mutations, T cells responded to the 

mutant and WT peptides at similar concentrations, indicating a high degree of cross-

reactivity (Figure 9). For the remaining 7/11 mutations, T cells showed > 100-fold higher 

sensitivity to the mutant peptide compared to the WT peptide (Figure 9). Intracellular 

cytokine staining revealed that 5/7 of these responses involved both CD4 and CD8 T cells 

(Figure 10), with CD4 T cells dominating the responses in 4/5 cases. The remaining 2/7 

responses were mediated by CD4 T cells alone. Thus, 7/17 (41%) of mutant peptides elicited 

a mutation-specific T cell response after vaccination, and most responses were dominated by 

CD4 T cells.  

Therapeutic vaccinations targeting ID8-G7 mutations 

To test whether vaccine-activated mutation-specific T cells would eliminate ID8-G7 

cells, mice that had been implanted three days earlier with ID8-G7 tumor cells were 

vaccinated on four consecutive days with individual mutant peptides and poly(I:C). As 

expected, 9/10 positive control mice that underwent ACT with OT-I followed by vaccination 

with OVA and poly(I:C) remained tumor free 80 days post tumor implantation (Figure 11). 

In contrast, none of the seven mutant peptide vaccines increased survival of mice beyond that 

seen with non-vaccinated control mice (Figure 11). Additionally, I performed similar 

therapeutic vaccinations using peptides that were either minimally immunogenic (Celsr, 

GM608, Mterfd1, Pla2g4a), or elicited cross-reactive T cells (Bat1a, D6ertd527a, Plcxd2, 

Tle1). These eight additional vaccines each failed to increase survival of tumor-bearing mice 

(Figure 11). 
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Prophylactic vaccinations of mice 

Recognizing that cancer vaccines are not always effective for treating established 

tumors, I also tested mutant peptides in a prophylactic vaccination setting. Mice were 

vaccinated with mutant peptides on days -28 to -25 and -7 to -4, followed by intraperitoneal 

injection of ID8-G7 tumor cells on day 0. One animal per group was euthanized on day 0, 

and T cell activation was confirmed in all cases by IFN-γ ELISPOT. Mice that received 

adoptive transfer of OT-I and vaccination with OVA remained tumor free for > 300 days, 

confirming that ID8-G7 tumor cells were susceptible to T cell-mediated rejection. However, 

none of the mice vaccinated with mutant peptides showed a significant difference in survival 

compared to mice that received an irrelevant peptide or no vaccination (Figure 12). Thus, 

despite eliciting robust T cell responses, none of the mutant peptide vaccines demonstrated a 

significant anti-tumor effect in either the prophylactic or therapeutic settings. 

In vitro tumor recognition experiments 

To investigate why mutant peptide vaccines failed to provide tumor control in vivo, I 

assessed whether vaccine-induced T cells recognized ID8-G7 tumor cells in vitro. As before, 

mice were vaccinated with mutant peptides, and splenocytes were harvested on day 28. In 

IFN-γ (Figure 13a) and IL-2 (Figure 13b) ELISPOT assays, splenocytes from immunized 

mice responded strongly to corresponding mutant 29mer peptides but showed no response to 

ID8-G7 tumor cells. As a positive control, SIINFEKL-specific T cells responded to both 

peptide and ID8-G7 tumor cells (Figure 13a and 13b). To further assess CD4 T cell 

responses, splenocytes from vaccinated mice were stimulated in vitro with cognate peptides, 

sorted based on upregulation of 41BB and OX40 (Figure 13c), and expanded with IL-2. ID8-

G7 tumor cells were pre-treated with IFN-γ, which resulted in up-regulation of MHCII 

(Figure 13c). Tumor cells and T cell lines were co-incubated overnight and assessed by IL-2 

ELISPOT assay. None of the mutation-reactive CD4 T cells demonstrated recognition of 

ID8-G7 cells (Figure 13d). Collectively, the results of these tumor recognition experiments 

suggest that none of the assessed mutations gave rise to epitopes that were naturally 

presented by MHCI or MHCII on ID8-G7 tumor cells in sufficient quantity to stimulate T 

cells. 
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Vaccination with ID8-G7 tumor lysate and recall with mutant peptides 

As an additional assay to determine whether ID8-G7 tumor specific mutations gave 

rise to authentic mutant epitopes, T cell responses to mutations were assessed from mice 

vaccinated with ID8-G7 tumor lysate and poly(I:C). My first attempt to vaccinate mice with 

an ID8-G7 tumor lysate resulted in overwhelming background in the ELISPOT assays (data 

not shown). I hypothesized that the source of the background was contaminating FBS from 

the media in which the ID8-G7 were grown. Thus, in the subsequent experiment, all FBS 

was removed from the media 48 hours prior to harvesting ID8-G7 tumor cells for use as 

lysate. The resultant FBS-free ID8-G7 tumor lysates were used as antigen in cluster 

vaccination prime and boost on WT and MMTV/neu-OTI/OTII transgenic mice. Splenocytes 

were harvested and incubated with each of the mutated peptides and ID8-G7 tumor cells in 

IFN-γ ELISPOT assays. Mutated peptides, long-SIINFEKL peptide, and ID8-G7 tumor cells 

each failed to induce responses by T cells from vaccinated MMTV/neuOTI/OTII transgenic 

mice (which are tolerant to SIINFEKL), indicating that the lysate vaccine did not activate 

mutation reactive T cells (Figure 14). In contrast, stimulation in the ELISPOT assay with 

both long-SIINFEKL peptide and ID8-G7 tumor cells activated robust T cell responses in 

vaccinated WT mice, indicating that the lysate vaccination was capable of eliciting tumor 

reactive T cells (Figure 14). These data provided further evidence that the ID8-G7 tumor line 

contained no neoantigens. 

Predicted immunogenic mutations in human HGSC versus lung cancer 

The findings in the ID8-G7 tumor model suggested that mutations with intermediate 

affinity for MHCI (with predicted IC50 scores from 103 - 1160 nM) have a low probability 

of giving rise to authentic, therapeutically relevant epitopes. Instead, high affinity epitopes 

may be required, as supported by numerous murine and human studies [20,21,330,339,423]. 

To explore the implications of this for human HGSC, the TCGA HGSC dataset (TCGA-OV) 

was interrogated to determine the proportion of tumors with somatic point mutations 

predicted to give rise to high affinity MHCI binding peptides (IC50 < 100 nM). For 

comparison, the lung carcinoma datasets were used as examples of tumor types with high 

mutation burdens. Candidate neoantigens were identified based on the following criteria: (1) 

The mutation presence in the tumor but not in matched normal tissue (Figure 15a); (2) at 
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least one read from RNA-seq data supporting expression of the mutated allele (Figure 15b); 

and (3) a predicted MHCI binding score of IC50 < 100 nM for at least one of the autologous 

HLA-A alleles (Figure 15c). Only samples with unambiguous HLA-A allele calls were 

analyzed for immunogenicity due to challenges in calling unambiguous HLA-B and C alleles 

from 50 bp sequencing data. Since only HLA-A alleles were assessed, the results were 

multiplied by three to account for the three MHCI loci in humans (HLA-A, -B, and –C). 

Using these parameters, the median number of predicted MHCI neoantigens was 6 for HGSC 

compared to 27 for lung cancer. Empirical studies of viral epitopes indicate that only 8% of 

peptides that bind MHCI with IC50 < 100 nM prove to be authentic epitopes (i.e., are 

naturally processed and presented by MHCI) [14]. Therefore, after multiplying by 0.08, we 

estimated that the expected number of authentic MHCI neoantigens in a tumor with median 

number of predicted epitopes was 0.48 for HGSC compared to 2.16 for lung cancer. Based 

on these assumptions, a patient with the median number of mutations would have only a 39% 

chance of containing one or more authentic MHCI-binding neoantigens in HGSC compared 

to an 89% chance in lung cancer. Put another way, 12% of HGSC cases versus 51% of lung 

cancers would have > 90% likelihood of containing at least 1 neoantigen. Thus, results from 

both the ID8-G7 tumor model and TCGA data reveal the potential limitations of targeting 

neoantigens in HGSC. 

 

3.4 Discussion 

I investigated the concept of using neoantigen-specific vaccines to target ovarian 

cancer using a murine tumor model and in silico analysis of human HGSC data from TCGA. 

The ID8-G7 tumor line was analyzed by whole exome sequencing, RNA-seq, and epitope 

prediction, and 92 mutations were identified, 39 of which resulted in amino acid substitutions 

and were transcribed according to RNA-seq data. By in silico analysis, none of the 

transcribed mutations gave rise to neoepitopes predicted to bind MHCI with high affinity 

(IC50 < 100 nM); therefore, mice were vaccinated with mutant peptides containing MHCI 

epitopes with intermediate predicted affinity (IC50 scores of 103 - 1160 nM). Although 7/17 

peptide vaccines elicited robust, mutation-specific CD4 and CD8 T cell responses, the 

mutation-reactive T cells failed to recognize ID8-G7 tumor cells in vitro. Moreover, neither 
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prophylactic nor therapeutic vaccination resulted in effective anti-tumor activity in vivo. 

When combined with published results [20,314,343], my findings indicate that high affinity, 

MHCI binding epitopes (IC50 < 100 nM) may be required to elicit neoantigen-reactive CD8 

T cell responses capable of mediating tumor regression. Yet bioinformatic analysis of TCGA 

data revealed that only 12% of HGSC cases had > 90% likelihood of harboring at least one 

neoantigen. Thus, this study highlights a major challenge associated with neoantigen-specific 

vaccines in HGSC and potentially other malignancies with intermediate to low mutation 

loads. 

Although I used an established approach to predict CD8 T cell neoantigens, it is 

possible that relevant MHCI-binding neoantigens may have been overlooked. For example, 

using an MCA-induced mouse fibrosarcoma model, one group reported that therapeutically 

relevant neoantigens did not necessarily have the highest predicted MHCI binding affinity 

but rather the greatest difference of MHCI binding affinity between the mutant and wild type 

peptide [315]. However, two studies have shown that the majority of published human CD8 

T cell neoantigens identified by non-biased cDNA library screens could be predicted based 

on the binding affinity of the mutant peptide alone [330,339]. In one of these studies, 22/31 

(71%) of validated neoepitopes were predicted to bind autologous HLA with IC50 <100 nM, 

while most of the remaining neoepitopes (5/31, 16%) had predicted IC50 scores between 100 

and 500 nM [330]. Furthermore, authentic CD8 T cell neoantigens identified in all other 

NGS-guided preclinical studies could be identified using high predicted binding scores (IC50 

< 100 nM) [314,343,424]. Thus, since every predicted epitope with an IC50 score < 1500 nM 

was evaluated, it seems unlikely that authentic MHCI-binding neoantigens were missed by 

our analysis.  

Recently, several groups have highlighted the importance of CD4 T cell responses to 

neoantigens. In one study, a neoantigen-targeted vaccine induced activation of CD4 T cells 

that mediated rejection of B16F10 melanoma [238]. Moreover, neoantigen-specific CD4 T 

cells are commonly found among tumor-infiltrating lymphocytes in melanoma patients 

[347]. Furthermore, adoptive transfer of a near-clonal population of neoantigen-reactive CD4 

T cells resulted in regression of a human metastatic cholangiocarcinoma [101]. My 

neoantigen-specific vaccines were designed to allow processing of MHCII epitopes and 

activation of CD4 T cells, since all possible mutant epitopes up to 15 residues in length could 
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be processed from a mutant 29mer peptide. Indeed, CD4 T cells were the dominant 

component in 6/7 mutation-specific T cell responses, yet none of these responses translated 

to anti-tumor efficacy in vivo. It is possible that I overlooked therapeutically relevant CD4 T 

cell neoantigens that were > 15 residues in length or present among the 22 expressed 

mutations not assessed. Unfortunately, MHCII epitope prediction algorithms are not yet 

sufficiently accurate for efficient vaccine design [39-41]; however, the need for such tools is 

becoming increasingly evident for cancer immunotherapy.  

Two important and related limitations of the ID8-G7 project were the effects of 

immune editing and the lack of strong MHCI binding peptides. Since the ID8-G7 tumor line 

had been passaged in an immunocompetent mouse, highly immunogenic neoantigens present 

in the parental ID8 line may have been lost or silenced due to the act of injecting an 

immunocompetent mouse with 106 tumor cells [122]. Immune editing of neoantigens was 

demonstrated in an MCA-induced sarcoma model, where a tumor that arose in an immune 

deficient mouse was found to carry a mutation which was lost upon transplantation of the 

tumor into an immunocompetent mouse [424]. Thus, immunogenic mutations may have been 

lost from the ID8-G7 tumor that grafted and eventually grew in the immunocompetent 

mouse. Supporting this hypothesis, I found that the ID8-G7 tumor genome contained four 

mutations within epitopes predicted to bind MHCI with IC50 < 100 nM that were not 

transcribed. It is possible that these may have been silenced due to immune editing. 

However, given the higher tumorigenic capacity of the ID8-G7 line compared to the parental 

ID8 line [27], it would appear that expression of these mutations is not required for tumor 

cell proliferation, viability or metastatic spread. Thus, at best, they may represent passenger 

mutations with questionable value as therapeutic targets. Despite these theoretical 

considerations, one must concede that murine tumor models inevitably have caveats with 

respect to immune editing. Ultimately, estimates of neoantigen load are best made in human 

cancers, where tumors develop under natural physiological conditions that include immune 

editing.  

To this end, TCGA data were used to estimate the prevalence of neoantigens in 

HGSC and, as a comparator, lung cancer. It was calculated that a tumor with the median 

number of predicted neoantigens would likely contain 2.16 authentic neoantigens in lung 

cancer versus 0.48 in HGSC, meaning that many HGSC tumors may be devoid of authentic 
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neoantigens. Thus, in identifying patients likely to respond to neoantigen vaccines, it may be 

important to focus on the most highly mutated cases.  

From my studies on the immune response to the mutated ID8-G7 genome, I 

determined that repeated vaccinations successfully activated T cells towards the majority of 

mutations tested. However, T cell activation towards mutations was only a first step to 

identifying therapeutically useful vaccine targets. Since only 8% of all peptides with a MHCI 

binding affinity < 100 nM are naturally processed and presented authentic antigens [14], few 

T cell responses induced by peptide vaccination were expected to recognize tumor cells. 

Indeed, none of the induced T cells recognized tumor, nor did they improve survival of 

tumor bearing mice. Furthermore, the analysis of TCGA data revealed that most human 

HGSC cases were expected to harbour no immunogenic mutations. With this in mind, in the 

studies described in Chapter 4, I identified a HGSC patient with a high predicted neoantigen 

load, and I searched for neoantigen reactive T cells within this patient’s ascites and 

peripheral blood.
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3.5 Figures 

 

Figure 7. Identification of potentially immunogenic mutations. 
Mutations were identified by whole exome sequencing, and expression was assessed using 
RNA-seq. Epitope prediction was performed using NetMHCpan2.4 [32]. Starting with 92 
mutations in genomic DNA, 17 mutations within peptides predicted to bind MHCI (IC50 < 
1500 nM) were advanced to subsequent experiments. 
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Figure 8. Immunogenicity of mutant peptides. 
Mice (n = 3 per group) were vaccinated daily on days 0 - 3 and 21 - 24 with mutant 29mer 
peptides (50 µg, one peptide per group) and poly(I:C) (10 µg). On day 28, mice were 
euthanized, and splenocytes (106 cells/well) were stimulated in duplicate with mutant 29mer 
peptides (20 µg/ml) or media, and assessed by IFN-γ ELISPOT. Positive control mice were 
vaccinated with a 29mer peptide (long-SIINFEKL) encompassing the known OVA257-264 
epitope. A. Eleven of 17 mutant peptides elicited robust T cell responses. Dots represent 
responses in individual mice, and bars represent the mean for three mice. The dashed line 
shows the threshold for positivity (3 x maximum background for splenocytes in media alone 
determined post-hoc). B. Representative ELISPOT wells from 3 mice vaccinated with 
mutant Cul2 peptide and stimulated in duplicate with mutant Cul2 peptide or media alone. 
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Figure 9. T cell specificity for mutant versus wild type peptides. 
Mice (n = 2 per group) were vaccinated as in Figure 2. On day 28, mice were euthanized, and 
splenocytes (5 x 105 cells/well) were stimulated in duplicate with titrated concentrations of 
mutant or wild type 29mer peptides in IFN-γ ELISPOT wells. Dots and bars represent the 
mean and range of responses, respectively.  
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Figure 10. CD4 versus CD8 T cell responses to mutant peptide vaccines. 
Mice (n = 2 per group) were vaccinated as in Figure 2. On day 28, splenocytes were 
harvested from vaccinated mice, incubated overnight in media containing the indicated 
mutant peptides or media alone, and analyzed by flow cytometry. Cells were gated on 
viability and lack of MHCII expression (activated murine T cells are MHCII negative). The 
percentage of IFN-γ-secreting CD8 and CD4 T cells was determined. A. Example of a mixed 
T cell response (CD8 top and CD4 bottom) to mutant Dync1h1 29mer peptide versus media 
alone. B. Summary of data for 7 mutant peptides and the positive control peptide long-
SIINFEKL. Bars and dots represent mean and individual responses, respectively.  
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Figure 11. Therapeutic vaccination with mutant peptides. 
Mice (n = 5 per group) received ID8-G7 tumor cells (106 cells) on day 0 and were 
therapeutically vaccinated on days 3 - 6 with individual mutant peptides (50µg) and 
poly(I:C) (10µg). As a positive control, one group was adoptively transferred OT-I 
splenocytes (105 cells) on day 2, followed by vaccination on days 3-6 with OVA protein (100 
µg) and poly(I:C) (10 µg). Non-vaccinated mice served as negative controls. Each graph 
shows the survival of mice vaccinated with a single mutant peptide versus controls. Mice 
were euthanized once they displayed abdominal distension due to ascites.   
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Figure 12. Prophylactic vaccinations with mutant peptides. 
Mice (n = 5 per group) were vaccinated on days -28 to -25 and -7 to -4 with individual 
mutant peptides (25 µg) and poly(I:C) (10 µg). As in Figure 11, mice that received OTI and 
vaccination served as positive controls. As negative controls, one group was vaccinated with 
an irrelevant peptide, and a second group received no vaccination. On day 0, mice received 
ID8-G7 tumor cells (106). Mice were euthanized once abdominal distension due to ascites 
was observed. 
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Figure 13. In vitro assessment of T cell reactivity to ID8-G7 tumor cells. 
Mice were vaccinated as in Figure 2, and splenocytes were harvested on day 28. OT-I 
splenocytes were used as positive controls. Splenocytes (5 x 105 per well) were stimulated in 
duplicate with cognate mutant peptide (20 µg/ml), media alone, or ID8-G7 tumor cells (105 
cells per well) and assessed by A. IFN-γ ELISPOT, or B. IL-2 ELISPOT. C. To assess tumor 
recognition by mutation-reactive CD4 T cells, 4-1BB+OX40+ CD4 T cells from the above 
mice were FACS purified and cultured in recombinant murine IL-2 (100 U/ml). ID8-G7 
tumor cells were incubated in IFN-γ (100 U/ml) for 72 hours to cause up-regulation of MHCI 
and MHCII. Sorted and expanded CD4 T cells (104 per well) were stimulated in duplicate 
with cognate mutant peptide (20 µg/ml), media, ID8-G7 tumor cells or ID8-G7 tumor cells 
incubated in IFN-γ for 72 hours. OT-I T cells were used as a positive control for tumor cell 
recognition. Bars and lines represent mean and standard deviation of duplicate wells, 
respectively. 
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Figure 14. Tumor cell suspension vaccine and recall with mutant peptides. 
MMTV/neu-OTI/OTII mice (n = 3) were vaccinated with ID8-G7 tumor cell lysates (4 x 105 cell 
equivalents) and poly(I:C) on days 0 – 3 and days 21 – 24. On day 28, splenocytes were 
harvested and splenocytes of each group were pooled. Splenocytes (106/well were incubated 
with individual mutated peptides (20 μg/ml) or ID8-G7 tumor cells (105 cells/well) in 
ELISPOT assays. Lysate vaccinated wild type mice (n = 3) were used as positive controls as 
they are not tolerant to the SIINFEKL epitope nor to rat neu. 
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Figure 15. Mutation and neoantigen loads in human HGSC and lung cancer. 
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Figure 15. Mutation and neoantigen loads in human HGSC and lung cancer. Individual 
cases are aligned on the X axes in rank order according to the total number of mutations 
identified by whole exome sequencing (panel A); the same order of cases was used in panels 
B and C. Y axes indicate the number of mutations meeting the indicated criteria for each 
panel. Lung cancer cases (n = 603) are shown as solid black triangles, whereas HGSC cases 
(n = 274) are shown as hollow circles. A. Somatic, non-synonymous mutations identified by 
whole exome sequencing (total mutations). B. Somatic, non-synonymous mutations with at 
least one corresponding read in the RNA-seq data (transcribed mutations). C. Peptides 
predicted to bind autologous HLA-A with an IC50 < 100nM and containing somatic, non-
synonymous, transcribed mutations. Only samples with unambiguous HLA-A allele calls are 
shown (lung n = 158, HGSC n = 220).  
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3.6 Tables 

 

Table 1. Predicted epitopes and 29mer selected for vaccination 
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Chapter Four: Detection of neoantigen-specific T cells in human 
HGSC  

4.1 Introduction 

In the previous chapter, I showed in a murine model that vaccinations can activate T 

cells towards tumor-specific mutations; however, the activated T cells had no effect on 

survival of tumor bearing mice. Furthermore, by in silico analysis, I showed that just over 

half of human HGSC cases harbored no predicted high-affinity MHCI-binding neoantigens. 

On the other hand, these data also show that just under half of HGSC tumors should harbor 

predicted high-affinity MHCI-binding neoantigens. However, it is unknown how efficiently 

naive, neoantigen-reactive T cells get recruited into the anti-tumor immune response. For 

example, do HGSC tumors spontaneously activate neoantigen reactive T cells? If they do, 

are all possible neoantigen-reactive T cells found within the tumor, or does HGSC patient 

blood harbor activated or naive, neoantigen-reactive T cells that are prevented from 

infiltrating the tumor? 

As discussed in Chapter 1, several studies have identified activated, neoantigen-

reactive T cells within the TIL compartment [319,345,346,349]. However, T cells capable of 

reacting to authentic neoantigens may be prevented from entering – or they may be 

deactivated by – the hostile tumor microenvironment due to several reasons: (1) Tumor 

vasculature may downregulate expression of adhesion molecules, thereby preventing T cell 

extravasation [425]; (2) neoantigens may be presented in a non-inflammatory context, 

causing neoantigen-reactive T cell anergy [78]; (3) the tumor may recruit regulatory T cells, 

MDSCs, or TAM, leading to inhibited T cell response to stimuli [426]; and (4) the tumor and 

stroma may secrete anti-inflammatory cytokines, preventing activation of naive, neoantigen-

reactive T cells [427]. For these reasons, patient peripheral blood may be an untapped 

reservoir of neoantigen-reactive T cells undetectable in the TIL compartment. Therefore, I 

hypothesized that (a) HGSC patients harbor activated, neoantigen-reactive T cells within 

both the TAL and peripheral blood compartments, and (b) peripheral blood contains 

additional naive neoantigen-specific T cells that are absent from the TAL compartment. 

To test these hypotheses, a HGSC case was identified that had previously undergone 

whole exome sequencing and was found to harbor multiple mutations [428].  Aliquots of this 
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patient’s live, Tumor Associated Lymphocytes (TAL) and peripheral blood mononuclear 

cells (PBMC) were available; thus, it was possible to assess this patient’s activated and 

naive, neoantigen-reactive T cell repertoire within both the TIL and PBMC compartments. 

However, three interrelated challenges made identifying naive, neoantigen-reactive T cell 

particularly difficult: (1) Naive antigen-specific T cells exist in extremely low frequencies 

(1/104 to 1/107) in peripheral blood [71,429,430]; (2) both TCR binding to cognate 

peptide/MHC, and T cell co-stimulation, are required to activate and expand naive T cells; 

(3) only two vials of this patient’s PBMC were available from each of four blood draws. 

Since the detection threshold for immunological assays like ELISPOT and tetramer-based 

flow cytometry is about 1/104 but naive T cell frequencies can be 1/107, a method was 

required to both activate and enrich naive mutation-reactive T cells. As described in Chapters 

2 and 3, vaccines can expand antigen-specific T cells in vivo to levels that are well within 

detection thresholds; however, the patient was not enrolled in a neoantigen-targeted vaccine 

clinical trial. Peptide-loaded, matured, autologous dendritic cells (DCs) can be used to 

selectively activate and expand antigen-reactive T cells in vitro [431]; however, DCs are rare 

in peripheral blood (< 1% DCs [432]), and insufficient patient PBMCs were available to 

stimulate T cells in this manner. FACS sorting using tetramers can be used to enrich for 

naive, antigen-reactive T cells [430]; however, tetramers for many HLA alleles are not yet 

available, and even if they were, limited amounts of patient blood precluded use of this 

method. The paucity of blood samples meant that a method was required to interrogate the 

complete repertoire of CD8 T cells within each vial of blood with minimal waste.  

A promising alternative method had been published for identifying naive, neoantigen-

specific CD4 T cells [433]. In this study, hundreds of parallel T cell cultures were 

polyclonally expanded, generating libraries of small-scale T cell cultures. Each culture was 

initially seeded with 2000 naive T cells, and these T cell cultures were expanded 1000- to 

5000-fold. Therefore, after expansion, the frequency of each T cell clone in each culture 

theoretically remained at 1/2000, which is within immunological assay detection thresholds 

of 1/104. Moreover, the total number of T cells in each culture was 5 x 106, a sufficient 

number of T cells for testing multiple antigens at 5 x 105 T cells/well in ELISPOT assays 

[433]. By assaying a library of 192 expanded T cell cultures, the study describing this 

technique assessed antigen reactivity of 2000 x 192 = 3.8 x 105 initially naive T cells [433]. 
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Thus, this study demonstrated a method to identify naive, antigen-reactive T cells within 

PBMC without requiring autologous stimulating cells, and this method was modified and 

applied to the current study. 

In the current study, CD8 T cells – and not CD4 T cells – were assessed due to the 

following reasons: (1) CD8 T cells have direct cytotoxic effects on tumor cells and are 

thought to underlie many successful immunotherapies, whereas CD4 T cells can have both 

pro- and anti-tumor effects; (2) tumor recognition by CD8 T cells can be easily assessed 

using autologous tumor, whereas tumor recognition by CD4 T cells is more difficult to assess 

due to lack of MHCII expression on many tumors; and (3) epitope prediction algorithms are 

much more accurate for MHCI binding peptides compared to MHCII binding peptides. 

Therefore, CD8 T cells from three time points of ex vivo expanded TAL were assessed for 

recognition of patient tumor-specific mutations. A single mutated peptide (encoding a 

mutation in HSDL1) elicited a T cell response in the first ascites TAL, and this T cell clone 

recognized tumors from all three time points. However, this T cell clone was absent in all 

other TAL samples. Using the methods outlined by Geiger et al. [433], several additional 

mutation-specific T cells were detected in patient peripheral blood, including T cells that 

recognized mutant HSDL1. The T cells that recognized additional tumor mutations each 

failed to recognize tumor from any time point. In contrast, the blood derived mutant HSDL1 

specific T cells recognized tumor from all three time points, and these T cells were identified 

in PBMC samples donated prior to tumor recurrence. This study indicates that tumors 

efficiently recruit and activate naive T cells capable of recognizing authentic neoantigens. 

Furthermore, the method presented here provides a framework for assessing and expanding 

neoantigen-reactive T cells from small quantities of peripheral blood and could be used to 

generate neoantigen-reactive T cell clones suitable for ACT. 

4.2 Methods 

Biospecimens and clinical data 

The participant (IROC024) was enrolled with informed written consent in the BC 

Cancer Agency/Tumor Tissue Repository’s “Immune Response to Ovarian Cancer” (IROC) 

study, which was approved by the Research Ethics Board of the BC Cancer 

Agency/University of British Columbia. Ascites samples were collected at primary surgery 
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and during palliative paracentesis. Ascites cells were separated from supernatant by 

centrifugation (300g x 10 min), and cryopreserved in 10% DMSO (Sigma: D2650), 50% 

FBS (Gibco: 12483-020), 40% complete RPMI + HEPES (Gibco: 22400-089) (supplemented 

with 10% FBS ), 50 µmol β-mercaptoethanol (Sigma: M6250), 2 mmol L-glutamine 

(Hyclone: SH30034.01), and 1 mmol sodium pyruvate (Hyclone: SH30239.01). PBMC from 

IROC024 and healthy donors were isolated using density centrifugation with Ficoll (GE 

Healthcare: 17-1440-03) as previously described [434]. Cells were frozen first at -80°C in 

Mr. Frosty cases, then at -180°C in vapor phase liquid nitrogen. Patient HLA alleles were 

typed from exome sequencing data using published methods [335].  

Epitope prediction and construction of peptide pools 

NetMHCpan2.4 [32] was used to predict the binding affinity of mutated peptides to 

IROC024 HLA allele products. All possible mutated 8, 9, 10, and 11mers sequences 

spanning each mutation were assessed. All peptides that were predicted to bind the patient’s 

MHCI with an IC50 < 50nM were purchased (crude, Genscript). In addition, for each 

mutation without a peptide predicted to bind with IC50 < 50 nM, the best predicted binding 

peptide (IC50 > 50 nM) was purchased. Thus every mutation was represented by at least one 

predicted MHCI-binding mutant peptide (Table 2). Peptides were solubilised in DMSO at 10 

mg/ml. All peptides that encompassed the same IROC024 mutation were pooled into a single 

mutation-specific peptide pool. This resulted in 37 mutant peptide pools, each containing 1 to 

13 peptides. Finally, aliquots of the 37 mutant peptide pools were pooled into a master 

peptide pool containing every predicted mutant-epitope (76 peptides in total). Pools of 

mutant 15mer peptides were also generated. Three 15mer peptides that overlapped by 11 

amino acids were purchased for each mutation. This ensured that every mutant epitope 11 

amino acids or smaller would be represented within at least one mutant 15mer peptide (Table 

4-supplementary), allowing neoantigens that were not predicted to bind MHCI to be 

identified. For each mutation, the three mutant 15mers were pooled together resulting in 37 

mutant 15mer pools. Finally, aliquots of each of the 37 pools were pooled together to make a 

master pool of 111 mutant 15mer peptides.  
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Generation of TAL lines from ascites 

TAL were generated using a previously described protocol [80]. Briefly, bulk ascites 

were thawed in complete RPMI, washed, and re-suspended to 106 cells/ml in complete RPMI 

supplemented with 6000 U/ml of human IL-2 (generously provided by the National Cancer 

Institute, USA). Three ml of cell suspension was added to each well of a 6 well plate. Media 

was changed every two to three days, and cells were split as necessary to maintain 

concentration at approximately 106 cells/ml. After 2 weeks of T cell expansion in high dose 

IL-2, a modified rapid expansion protocol (REP) [80] was performed using irradiated (50 

Gy) PBMCs from healthy donors (PBMC: T cell ratio = 100:1), IL-2 (300 U/ml [349]), and 

CD3 agonist antibody (30 ng/ml, eBioscience: 16-0037-85). T cells were expanded for two 

weeks and split to maintain concentration of 106 cells/ml. After two weeks, T cells were 

rested in low dose IL-2 (1 U/ml), to eliminate background IFN-γ secretion, and IL-7 (10 

ng/ml (Peprotech: 200-07), to prevent T cell apoptosis. 

Peripheral blood CD8 T cell expansion 

Cryopreserved PBMC were thawed, washed, and resuspended in 3% FBS in PBS 

(Gibco: 20012-027). CD8 T cells were enriched by magnetic negative depletion using the 

CD8+ T Cell Isolation Kit (Miltenyi: 130-096-495) according to the manufacturer’s protocol. 

Enriched cells were stained with viability-dye-EF780 (0.5 μl dye/2 ml cell suspension) 

(eBioscience: 65-0865-18), CD8-FITC (1/100, BioLegend: 300906) and CD4-PE (1/100, 

BioLegend: 357404) and assessed on a FacsCalibur flow cytometer using FlowJo analysis 

software (VX.07). Cells were counted using Viacount (Cat#: 4000-0130) on a Guava cell 

cytometer, and 2000 cells were added to each well of a round bottom 96 well plate. To serve 

as feeder cells, healthy donor PBMC were thawed, washed, irradiated (50 Gy), counted, and 

2 x 105 cells were added to each well. Complete RPMI media was supplemented with human 

IL-2 (300 U/ml) and agonist CD3 antibody (30 ng/ml). Half of the media was removed and 

replaced with fresh media including additives on day 5 and every two days afterwards. Cells 

were split into replicate plates when cell pellets exceeded approximately 3 mm in diameter. 

After two weeks of expansion, one replicate plate was kept in reserve for future studies, and 

seven replicate plates were pooled using 96 well deep well tubes (Corning: 4408), keeping 

each original culture separate from all others. Pooled cultures were washed in complete 
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RPMI, re-suspended in resting media containing IL-2 (1 U/ml) and IL-7 (10 ng/ml), and 

distributed to 96 well flat bottom plates to rest. After 48 hours rest, replicate wells were 

pooled and washed in preparation for ELISPOT screens (described below). We dubbed this 

method “miniline” T cell expansion as it resulted in hundreds of T cell “lines” each derived 

from a “mini” aliquot of 2000 cells.  

After the miniline ELISPOT screens, cultures that were mutation reactive were bulk-

REP expanded. Wells from the reserve plate that corresponded to the mutation reactive wells 

in the ELISPOT were harvested. All of the T cells from each identified well were added to 

T25 flasks (Falcon: CA29185-300) and stimulated with IL-2 (300 U/ml), agonist CD3 

antibody (30 ng/ml) and feeder cells (2 x 107 irradiated (50 Gy) PBMC from healthy donors) 

in 10 ml of complete RPMI. Cells were counted every two to three days and split as 

necessary to maintain cell concentration of 106/ml. After two weeks of expansion, cells were 

rested for two days in 1 U/ml of IL-2 and 10 ng/ml of IL-7. Aliquots of each bulk-REP 

expanded T cell culture were frozen at 2 to 20 million T cells/vial in 10% DMSO and 90% 

FBS.  

IFN-γ ELISPOT assays 

IFN-γ ELISPOT assays were performed according to the manufacturer’s protocol 

(Mabtech). Briefly, nitrocellulose plates (MSIP, Millipore: MSIPS4W10) were incubated 

with 1/100 diluted IFN-γ capture antibody (mAb 1-D1K ) (Mabtech: 3420-3-1000) in PBS 

overnight. Plates were washed with PBS and blocked for two hours with complete RPMI. 

Plates were washed again, and T cells were added to each well and stimulated with peptides 

or tumor cells as indicated in each section. After 20 hours of incubation at 37°C and 5% CO2, 

cells were removed from ELISPOT plates using a multichannel pipette, and plates were 

washed with PBS containing 0.05% Tween20. Diluted secondary IFN-γ antibody (1/1000, 

Mabtech: 3420-6-1000) was added and incubated at 37°C and 5% CO2 for two hours. Plates 

were washed again with PBS containing 0.05% Tween20, and developed with Vectastain 

Elite ABC kit (Vector Labs: PK-6100) and Vectastain AEC substrate reagent (Vector Labs: 

SK-4200). After 10 minutes, plates were rinsed with tap water, dried, and analyzed on an 

ELISPOT automatic plate reader (AID). 
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Miniline ELISPOT screens 

The published study [433] demonstrating the utility of generating libraries of 

activated T cells to assess the naive repertoire used monocytes pulsed with protein antigens 

to stimulate T cell cultures, and it assessed reactivity based on [3H]Thymidine incorporation 

[433]. However, for the current study, the lack of PBMC resources meant that monocytes 

were not available for stimulating T cell cultures. Since large peptides pools have been 

previously shown effective for identifying antigen-specific T cells [435], mutated-peptide 

pools were used as stimuli to identify mutation-reactive T cells in the current study. For each 

plate of miniline expanded T cell cultures, five replicate ELISPOT plates were used to assess 

reactivity to peptides. Five random cultures from each miniline plate were counted using 

Viacount on a Guava cytometer, and between 4 x 105 and 106 T cells were added to each 

ELISPOT well. One of the replicate ELISPOT plates was incubated with media alone as a 

negative control; one plate was stimulated with the minimal peptide pool (50 µg/ml); one 

plate was incubated with the 15mer mutated peptide pool (50 µg/ml); one plate was 

incubated with the MART1 minimal peptide (ELAGIGILTV) (Genscript) (5 µg/ml), and one 

plate was incubated with the CEF11 peptide (from EBV, GLCTLVAML) (5 µg/ml). Post hoc 

analysis of the pre-surgery ELISPOT screen indicated that a cutoff of  > 13 spots and > 3-fold 

over background eliminated almost all false positive calls (positive in media wells). For example, 

miniline culture A1 would be considered mutation reactive if the A1 well on the mutant-

peptide-stimulated ELISPOT plate contained > 13 spots and more than three-fold more spots 

than the average spot counts in well A1 on the media-stimulated ELISPOT plate and the A1 

on the MART1 stimulated plate.  

ELISPOT to identify specific mutation reactivity 

The T cell response to the large peptide pool with all 37 mutations was deconvoluted 

to identify the single mutation that each bulk-REP expanded T cell line recognized. One 

million bulk-REP expanded T cells were added to each well of an ELISPOT plate. Duplicate 

wells were each stimulated with one of 37 minimal peptide pools comprised of all mutant 

peptides encompassing a single mutation (10 µg/ml). Alternatively, if a culture was 

identified as positive in the miniline screen in only the 15mer peptide stimulated well, the 

deconvolution ELISPOT assay was incubated with 37 mutant15mer pools, each comprised of 

three mutant 15mers encompassing a single mutation. Negative control wells were incubated 
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with media alone. Quadruplicate wells were incubated with either the full minimal mutant 

pool or the full 15mer mutant pool.  

Tumor recognition ELISPOT 

ELISPOT assays were used to assess whether sorted T cell lines recognized 

autologous ascites tumor cells. To enrich for tumor cells within bulk ascites samples, CD45 

positive leukocytes were removed by magnetic separation with CD45 MicroBeads (Miltenyi: 

130-045-801) according to the manufacturer’s protocol. T cells (105) from each sorted T cell 

line were incubated with the cognate mutant peptide (5μg/ml), CD45 depleted ascites cells (2 

x 104), and bulk ascites cells (105) from each time point. MART1 peptide was used as a 

negative control for each T cell line. Additionally, autologous CD40L activated B cells were 

used as negative control target cells, and CD40L activated B cells pulsed with cognate 

peptide were used as positive control target cells.  

Generation of autologous CD40L activated B cells 

Autologous B cells were generated as previously described [431]. Briefly, IROC024 

PBMC (106 cells/well) were added to lethally irradiated (75 Gy) CD40-L cells (2.5 x 105 

cells/well) (kindly provided by Dr. John Gordon) and cultured in Iscove’s Modified 

Dulbecco’s Medium (IMDM) with HEPES (HyClone: SH30228.01) supplemented with 10% 

heat inactivated human AB serum (Sigma: H4522-100ML), 1X Insulin Transferrin Selenium 

(ITS) (Corning: 354351), 2 mM L-glutamine, 50 µM β-mercaptoethanol, 100 U/ml Penicillin 

and 100 µg/ml Streptomycin (Hyclone: SV30010), 2 ng/ml human IL-4 (Peprotech: 200-04), 

and 1 µg/ml cyclosporine A (Sigma: C3662-5MG). Media was changed every 2 – 3 days as 

needed, and cells were split to maintain cell concentration of approximately 106/ml. Every 6 

days, new CD40L cells were added to the cultures. Cultures were assessed by flow cytometry 

to determine the percentage of live cells that were CD19 positive (1/100, eBioscience: 11-

0199-42). 

Flow cytometry and FACS sorting 

To sort mutation reactive T cells from frozen bulk-REP expanded T cell lines, the 

optimal resting conditions after thawing were determined empirically (Figure 30-

supplementary). To isolate mutation reactive T cells, vials of bulk-REP expanded T cell lines 
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were thawed, allowed to recover for 24 hours in IL-2 (300 U/ml), and incubated with cognate 

peptide (10 µg/ml) for 24 hours. Cells were then washed in complete RPMI, and stained with 

fixable viability dye-V450 (1 µl/0.5 ml suspension, eBioscience: 65-0863-18). Cells were 

washed again and incubated with the surface staining antibodies CD8-FITC and 41BB-APC 

(1/100, BioLegend: 309810). Cells were assessed on an Influx cell sorter, and live, 

41BB+CD8+ T cells were sorted into 200 µl of complete RPMI. FACS data were analyzed 

using FlowJo VX.07.  

For Vβ spectratyping, sorted T cell lines were stimulated with cognate peptide for 24 

hours, washed, and stained with viability dye-EF780. After 30 minutes incubation, cells were 

washed, and stained with surface antibodies for CD8-BV421 (1/200, BioLegend: 301036) 

and 41BB-APC. They were then divided into eight aliquots, each of which was stained with 

a different Vβ antibody cocktail (1/10, Beckman Coulter: IM3497) according to the 

manufacturer’s protocol. The eight Vβ cocktails cover 70% of the Vβ repertoire. Cells were 

detected on a FacsCalibur flow cytometer and analyzed using FlowJo VX.07.  

4.3 Results 

IROC024 clinical course 

IROC024 was considered a good candidate for studying neoantigen-reactive T cells 

due to five important characteristics: (1) The tumor and ascites were MHCI positive, 

allowing direct assessment of tumor recognition by T cells; (2) the tumor samples were 

previously shown by IHC to contain TIL, allowing interrogation of TIL specificity; (3) 

ascites had been donated at three time points, allowing assessment of the evolution of 

mutation reactive TIL over time; (4) blood had been donated at four time points, allowing 

investigation of T cell responses in peripheral blood over time; and (5) the tumor had been 

shown to harbour 37 missense mutations by whole exome sequencing [428], providing a 

target list of potential neoantigens.  

The patient’s clinical course is shown in Figure 16. The patient was initially treated 

with debulking surgery followed by chemotherapy with carboplatin and paclitaxel. 

Subsequently, the patient achieved biochemical remission for several months. However, the 

CA-125 level (a marker of tumor burden [436]) became elevated nine months post-surgery, 

indicating tumor recurrence. Another round of chemotherapy consisting of carboplatin and 
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gemcitabine was administered, and the disease went into a second remission. However, six 

months later, the CA-125 level rose again, indicating a second tumor recurrence. The patient 

received pegylated liposomal doxorubicin, but this proved ineffective. The patient 

succumbed to her disease 18 months after surgery (Figure 16).  

The patient donated blood at the following time points: pre-surgery, three months 

post-surgery, six months post-surgery, and one year post-surgery. Ascites samples were 

collected at the time of primary surgery and each of the two recurrences (Figure 16). Whole 

exome sequencing had been performed previously on purified ascites-derived tumor cells 

from three ascites donation time points [428], and a total of 40 mutations were identified. Of 

these, 29 were stable over time, whereas the remainder disappeared (n = 7) or emerged (n = 

4) over time. Three of these mutations resulted in premature stop codons that were not 

expected to give rise to T cell epitopes, leaving 37 potential neoantigens [428].  

Identification of neoantigen-specific T cells in TAL 

To determine whether IROC024 ascites harbored mutation-reactive T cells, TAL 

lines were generated from each of the three time points and assessed for mutation 

recognition. For each of the 37 patient mutations, epitope prediction was used to identify a 

set of potentially immunogenic mutated antigens. All mutant epitopes predicted to bind to 

autologous HLA allele products with an IC50 < 50 nM were assessed. For mutations without 

an epitope predicted to bind with IC50 < 50 nM, the best predicted MHCI binding mutant 

peptide was used (Table 2). Additionally, for each mutation, three overlapping 15mer 

peptides were used to provide an unbiased assessment of T cell reactivity, independent of 

epitope predictions. For each of the three ascites draws, TAL lines were generated using high 

dose IL-2 expansion followed by a REP, as previously described [80]. Peptides 

encompassing each mutation were used to stimulate expanded TAL lines in IFN-γ ELISPOT 

assays. Previously, the patient had been assessed for recognition of the CEF peptide pool 

(containing established minimal peptides from Cytomegalovirus (CMV), Epstein-Barr Virus 

(EBV), and Influenza Virus (IV)) and found to be highly reactive towards the CEF11 

peptide. Therefore, CEF11 peptide and the CEF peptide pool were used as positive control 

stimulations. Of all the mutations and time points evaluated, we observed only one positive T 

cell response. Specifically, the TAL line from the first recurrent ascites sample recognized 
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both the predicted minimal epitope and the 15mer peptide pools encoding a point mutation 

(L25V) in HydroxySteroid Dehydrogenase-Like protein 1 (HSDL1L25V) (Figure 17). There 

was no recognition of mutant HSDL1 in the primary or second recurrence TAL samples.  

Furthermore, no reactivity was found towards any of the other mutated peptides. Thus, of the 

37 mutations in this patient’s tumor, only one appeared to induce a T cell response identified 

in TAL, and only at one time point.  

Although a T cell response was identified that recognized mutated peptides, to be an 

authentic neoantigen, the mutation-reactive T cells must also recognize tumor cells. 

Therefore, a mutant HSDL1-reactive T cell clone was generated by limiting dilution cloning. 

The clone was found to be highly reactive to the minimal epitope CYMEAVAL, and did not 

react to the wild type version of the peptide CYMEALAL (Figure 18a). The HSDL1 mutant 

specific T cell clone was then assessed for recognition of autologous ascites tumor cells from 

each of the three time points. The T cell clone was slightly reactive to tumor cells from the 

primary time point and highly reactive to tumor cells from the first and second recurrence 

time points (Figure 18b). In an attempt to explain the variable reactivity to the tumor, the 

sequencing data were analyzed to determine the Variant Allele Frequency (VAF) of the 

HSDL1 mutation. The VAF was only 3.5% in the primary sample and > 50% in the first and 

second recurrences, which corresponded to the levels of tumor reactivity of the HSDL1 

mutation-specific T cell clone (Figure 18c). Thus, the HSDL1 mutation was present in a 

minor subclone of the primary ascites tumor and became predominant in the first and second 

recurrence. Conceivably, the rapid expansion of this antigenic tumor clone may have 

triggered the HSDL1-specific T cell response observed at first recurrence. However, the T 

cell response was undetectable by second recurrence, despite continued expression of the 

mutant epitope. 

Two explanations that most likely explained the apparent loss of the HSDL1 response 

at second recurrence were that the HSDL1 mutation-specific T cells became dysfunctional 

and unable to secrete IFN-γ, or they were physically absent from the ascites. Therefore, we 

sequenced the CDR3 region of the TCR-β chain on the HSDL1 mutation-specific clone, and 

performed CDR3 specific PCR amplification of ascites samples directly ex vivo. As 

expected, PCR successfully amplified the relevant CDR3 region from the first recurrence 

ascites. However, no PCR product was produced from the primary or second recurrence 
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samples. The limit of detection for this assay was estimated at 1/105. Thus, the HSDL1 

specific clone that was isolated was either absent or at exceedingly low frequencies in the 

primary and second recurrence samples. 

Minilines to identify rare, antigen-specific T cells from peripheral blood 

Despite the presence of mutant HSDL1 epitope on the primary and second recurrence 

ascites, the HSDL1 specific clone was absent from both of these samples. Therefore, I 

reasoned that other neoantigens could also be present on this tumor, despite a lack of 

corresponding T cells in TAL. I assessed PBMC from four blood donation time points to 

identify mutation-reactive T cells that were absent from TAL. The blood supply for 

IROC024 was very limited, so a method developed by Geiger et al. [433] was adapted for 

interrogating antigen specificity of peripheral blood CD8 T cells. The protocol was first 

piloted using HLA-A2+ healthy donor PBMCs. CD8 T cells from a healthy donor were 

purified by negative magnetic depletion, and 2000 cells were seeded into each well of two 96 

well plates (4 x 105 cells among 192 wells). Each miniline culture was REP expanded 1000- 

to 5000-fold into replicate plates, keeping each culture segregated. After expansion, cells 

were rested, and each of the 192 cultures was stimulated with the following antigens in IFN-γ 

ELISPOT assays: media as a negative control, CEF11 peptide as a positive control, MART1 

peptide (to test for responses of high-frequency, naive T cells), and the IROC024 mutant 

peptide pool (work flow is shown in Figure 19a). For example the miniline culture in well 

A1 of plate 1 was distributed among five A1 wells in five ELISPOT plates, and each full 

ELISPOT plate was incubated with one of the antigens. Among 192 miniline cultures, five 

were MART1-reactive. Since MART1 T cells are naive in most healthy donors [437], the 

method was deemed effective for expanding and identifying naive, antigen specific T cells 

(Figure 19b). Additionally, 19 wells were CEF11 reactive, indicating that activated or 

memory cells could also be expanded and detected using this method (Figure 19b). Thus, the 

miniline approach proved effective for identifying both naive and activated antigen-specific 

T cells. 
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Identification of mutation-reactive CD8 T cells from PBMC  

The miniline method was next used to interrogate IROC024 peripheral blood for 

mutation-specific CD8 T cells. Patient PBMC from each of four time points were thawed and 

enriched for CD8 T cells. Purity was > 80% for each of the cultures, as assessed by flow 

cytometry (Figure 20a), and a total of 2.7 x 106 CD8 T cells among the four time points were 

seeded into 96 well plates as described above (2000 cells/culture, 1344 separate cultures). 

Each miniline was expanded into replicate plates, and one of each of the replicate plates was 

retained in reserve for future studies. Each miniline was stimulated with five antigens in IFN-

γ ELISPOT assays: media alone, CEF11 peptide as a positive control, MART1 peptide, a 

pool of all predicted minimal binding mutant peptides, and a pool of overlapping 15mer 

mutant peptides. All wells were positive for CEF11 responses, indicating a high frequency of 

T cells in this patient that recognized this antigen. Furthermore, I identified 23 MART1 

reactive wells from 8 x 105 CD8 T cells in the pre-surgery time point (Supplementary 29a) 

for a frequency of 1/~35,000, which is within the range for HLA-A2+ healthy donors [433]. 

Since MART1 is a melanoma differentiation antigen and unlikely to be expressed on HGSC, 

this provided further evidence that the miniline approach could activate and identify naive T 

cells in patient PBMC. As for the peptide pools encoding the 37 mutations, a total of 27 

positive T cell minilines were identified across the four time points and advanced to further 

analysis below (Figure 21, Figure 29-supplementary, and Table 3). 

Identification of the specific mutations recognized by T cells 

The miniline ELISPOT screens were performed in singlicate, so additional assays 

with increased numbers of cells were necessary to confirm mutation-reactivity and identify 

which specific mutation elicited the T cell response in each positive culture. Therefore, for 

each positive miniline culture, T cells from the corresponding well of the reserve plate were 

harvested and bulk-REP expanded. The cells expanded several hundred-fold over the course 

of two weeks, and aliquots of expanded T cells were frozen. 

To confirm mutation reactivity and identify the specific mutation recognized by each 

of the 27 T cell lines, each bulk-REP expanded T cell line was assessed by IFN-γ ELISPOT 

for recognition of each of the 37 minimal epitope pools, each corresponding to all peptides 

encompassing the individual mutation. Three examples are shown in Figure 22. T cell line 
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4H2 recognized the NOX4-mutant peptide pool. T cell line 4C5 recognized the HSDL1-

mutant peptide pool. T cell line 4D12 proved to be non-reactive. In total, 15 of the 27 bulk-

REP expanded T cell lines responded to individual mutant peptide pools, whereas the 

remaining 12 lines were unresponsive to any of the mutations (Table 3). These unconfirmed 

T cell responses may have been false positives, or the antigen reactive T cells may have 

failed to expand in culture to reach detectable levels. In summary, 15 cultures were 

confirmed to react to a specific mutant peptide pool. In total, seven mutations were 

recognized and involved the genes KIAA1467 (n = 2 T cell lines), NOX4 (n = 2), CAPN7 (n 

= 1), ZNF41 (n = 1), MARK2 (n = 1), OR4C11 (n = 1), and HSDL1 (n = 7). As for the 

HSDL1 mutation specific T cell response in blood, one clone was identified in the pre-

surgery sample, one in the three month sample, five in the 6 month sample (immediately 

prior to the first recurrence), and none in the one year sample.  

Isolation of mutation-reactive T cells 

To determine whether any of the 15 mutation-reactive T cell lines recognized 

autologous tumor, highly enriched T cell cultures of each mutation reactive T cell clone were 

required. Therefore, each bulk-REP expanded T cell line was FACS-purified based on 

peptide-induced CD137 expression and expanded to sufficient numbers for IFN-γ ELISPOT 

assays against tumor samples. An example FACS plot of CD137 upregulation is shown for 

the T cell line 4H2 stimulated with the mutant NOX4 peptide pool (Figure 23). After 

expansion, 11 of 15 sorted T cell lines were highly reactive to cognate peptides, and four of 

the sorted T cell lines were not reactive, indicating the original responding T cell clone had 

been lost during expansion. Examples of a reactive T cell line (4H2) and non-reactive T cell 

line (1D4) are shown in Figure 24a. Of the 11 successfully expanded T cell lines, seven 

recognized mutant HSDL1, and the four remaining lines recognized mutations in NOX4, 

CAPN7, ZNF41, and OR4C11 (Table 3). 

To assess the frequency of each mutation reactive T cell clone within each sorted T 

cell line, cultures were analyzed by flow cytometry using a set of antibodies designed to 

discern the Vβ gene usage by T cells. Since a given T cell clone expresses only one of 47 

functional Vβ genes [438], the frequency of T cells that express a specific Vβ can be used as 

a proxy to estimate the clonality of T cell cultures. An example of Vβ staining is shown in 
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Figure 26b for sorted T cell line 4H2. For each sorted T cell culture, 40% – 94% of the T 

cells expressed the same Vβ, indicating that these T cell lines were highly enriched for a 

single T cell clonotype (Table 3). Vβ combined with 41BB staining performed on peptide-

stimulated cultures confirmed that T cells expressing the dominant Vβ were antigen specific. 

Four different Vβ were identified among the seven HSDL1-reactive T cell clones, indicating 

this mutant antigen was recognized by at least four distinct T cell clones. Figure 26c shows 

an example of sorted T cell line 4H2 stimulated with peptide and stained with Vβ and 41BB 

antibodies. In summary, I successfully generated 11 T cell lines containing mutation-reactive 

T cells at frequencies adequate for assessing tumor reactivity.  

Identification of the minimal epitope recognized by each T cell line 

Since each sorted T cell line had been stimulated with pools of all predicted minimal 

epitopes encompassing a single mutation, I next determined the minimal epitope recognized 

by each T cell line using IFN-γ ELISPOT assays. Each of the 11 sorted T cell lines was 

stimulated with individual minimal and 15mer mutant peptides that comprised the individual 

mutation peptide pool. The minimal epitope was operationally defined as the shortest peptide 

that elicited a response. Two examples (4H2 and 4C5) of minimal epitope identification are 

shown in Figure 25, and the epitope recognized by each T cell culture is listed in Table 3. 

Mistakenly, a typo meant that the peptide RSRSSSLGNK was ordered and used in addition 

to the true mutation CSRSSSLGNK found within the WNK1 gene. A sorted T cell line 

(1A10) was generated using the above methodology, but it recognized the typo and not the 

mutant or wild type version of the peptide. In subsequent experiments, this WNK1 typo-

specific sorted T cell line was used as a negative control for tumor recognition experiments, 

since it would not be expected to recognize tumor. 

T cell recognition of ascites tumor cells 

To determine whether the sorted T cell lines recognized autologous tumor cells, I first 

assessed each of the HSDL1 reactive sorted T cell lines for reactivity to each time point of 

ascites in IFN-γ ELISPOT assays. As a positive control, I used the T cell clone (clone 1) that 

was derived from the first recurrent ascites sample and was previously shown to be tumor 

reactive (Figure 17). Similar to clone 1, each of the HSDL1 mutation-reactive sorted T cell 
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lines responded weakly to the primary ascites sample, highly to the first recurrent ascites 

sample, and variably to the second recurrent ascites sample (Figure 26). Thus, all seven 

HSDL1-specific T cell clones recognized autologous tumor cells with similar intensity and 

temporal dynamics. 

Next, I assessed the tumor-reactivity of the four T cell lines that recognized mutations 

other than HSDL1. To increase confidence that any reactivity observed would be due to 

recognition of tumor rather than contaminating leukocytes, CD45 positive cells were 

magnetically depleted from ascites. For each ascites sample, CD45 contamination was 

reduced from 85% pre-depletion to less than 10% post-depletion (Figure 27). In IFN-γ 

ELISPOT assays, mutation-specific sorted T cell lines were stimulated with CD45 depleted 

ascites cells (2 x 104) and bulk ascites cells (105) from each time point. Minimal cognate 

peptide and minimal peptide-pulsed autologous B cells were used as positive control targets, 

and MART1 peptide and non-peptide pulsed B cells were used as negative control targets. A 

MART1 specific sorted T cell line and the WNK1-typo-specific (1A10) T cell line were used 

as negative controls, and an HSDL1-specific line (2D1) that proved tumor reactive in the 

previous experiment was used as a positive control. As expected, the negative control sorted 

T cell lines recognizing MART1 and WNK1-typo failed to recognize ascites from any time 

point. Also as expected, the positive control HSDL1-specific sorted T cell line (2D1) was 

weakly reactive to the primary ascites and highly reactive towards the first and second 

recurrent ascites samples (Figure 28). In contrast, each of the sorted T cell lines specific for 

mutations other than HSDL1 failed to recognize ascites cells from any time point (Figure 

28). Thus, is appears that the HSDL1 mutation gave rise to the only bonafide MHCI epitope 

expressed by tumor cells and recognized by autologous T cells. 

4.4 Discussion 

To identify and assess T cell responses to the evolving mutation landscape in an 

ovarian cancer patient, I examined the naive and activated T cell responses to tumor-specific-

mutations in patient IROC024 ascites and blood samples. A single T cell reactivity towards a 

mutant epitope (mutant HSDL1) was discovered in TAL from the first recurrent ascites, and 

a mutant HSDL1 T cell clone was derived that recognized tumor from each of the three 

ascites time points [439]. I adapted a published protocol [433] for activating and assessing 
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naive T cells and generated seven mutant-HSDL1 reactive T cell lines from peripheral blood: 

one from pre-surgery, one from three months post-surgery, and five from six months post-

surgery. Further, I generated eight additional T cell lines that recognized six other mutations. 

High purity sorted T cell lines that recognized mutations in HSDL1, NOX4, CAPN7, 

ZNF41, and OR4C11 were assessed for tumor recognition. While each of the HSDL1-

reactive T cell lines recognized all ascites tumor samples, all of the other mutation-reactive T 

cell lines failed to recognize any tumor sample. These data show that only the HSDL1 

mutation gave rise to an authentic neoantigen, and this neoantigen induced a spontaneous T 

cell response that was detectable in both ascites and PBMC. This study provides the first 

assessment of both the activated and naive neoantigen-reactive T cell repertoire in HGSC. 

Further, this study indicates that spontaneous T cell activation towards authentic neoantigens 

is efficient, as the only authentic neoantigen elicited T cells detected in blood and in the 

ascites.  

In this study, all mutant peptides were found to be cryptic when the corresponding T 

cells were undetectable in the ascites. This indicates that immunotherapies designed to 

activate naive neoantigen-reactive T cells may result in immune responses unable to 

recognize tumors. In contrast, studies to further expand or maintain activated neoantigen-

reactive T cells may promote anti-tumor immunity by targeting only authentic neoantigens. 

One method to potentiate activated T cells is with PD-1 blockade [170], and studies have 

shown that responses to this therapy are associated with increased mutation load [331]. My 

data suggest that the success of this therapy may be due to neoantigen-specific T cell 

potentiation, rather than activation of de novo T cell responses. An example of this was seen 

in a case report of a patient who responded to Ipilimumab. It was found that the neoantigen-

reactive T cell response identified in TIL after treatment was also present in PBMC prior to 

treatment (at a frequency of 0.08%) [344], indicating that these T cells had been activated 

spontaneously and prior to checkpoint blockade therapy [344]. My data show that the 

spontaneous HSDL1-mutation specific T cell responses ultimately failed to control tumor 

growth, as it was absent in the ascites from the second time point. One can speculate that 

checkpoint blockade therapy may have helped this patient by improving persistence of these 

T cells. 
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 The current study highlights patient peripheral blood as an alternative source for 

tumor neoantigen reactive T cells, which may be utilized for ACT clinical trials. Many 

patients are deemed ineligible for TIL-ACT trials because TIL cannot be acquired. For 

example, surgical resection may be contraindicated due to the anatomical location of the 

tumor [440] or morbidity associated with tumor resection [441]. However, cancer patient 

peripheral blood is easily accessible and could be used as an alternative source of tumor 

reactive T cells. One group stimulated patient PBMCs in vitro with irradiated autologous 

tumor cells and generated T cell products for ACT [442]. A subset of patients treated with 

these T cells experienced clinical responses, demonstrating that peripheral blood can be used 

as a source of therapeutic T cells [442]. Clinical response can be elicited by adoptive transfer 

of near-clonal populations of neoantigen reactive T cells [101], and my study expands the 

number of potential patients eligible for such treatments by generating neoantigen-reactive T 

cell lines from small quantities of peripheral blood.  

In addition to generating T cell clones from peripheral blood for ACT, neoantigen-

reactive T cells could be monitored in peripheral blood to assess tumor burden. I found that 

the HSDL1 reactive T cell response was amplified at the six month blood draw (5:106 at six 

months versus 1:8x105 at both pre and three months). Intriguingly, the six month blood draw 

was three months prior to detecting increased CA-125 levels and tumor recurrence (Figure 

16); thus, the expansion of HSDL1 reactive T cells foreshadowed tumor recurrence and 

could have served as an early warning that the tumor was growing. With the ever decreasing 

cost of NGS and the ever improving technologies for identifying antigen specific T cells 

[433,443], identifying a de novo T cell response to a tumor mutation could augment current 

biochemical and imaging strategies to warn of impending tumor recurrence.  

It is notable that the HSDL1 T cell expansion in peripheral blood coincided with an 

increase in the frequency of mutant HSDL1 positive tumor cells in IROC024, from 3.5% in 

the primary to 60% in the first recurrence (Figure 18). The sudden appearance of a large 

quantity of antigen may have sparked the HSDL1-specific T cell expansion. Ultimately, the 

T cell response failed to persist, demonstrating the anti-immune effects tumors may exert. In 

Chapter 5 (Conclusions), I will further discuss the evolution of T cell responses to the 

changing mutation landscape of tumors.  
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Due the limited number of PBMC samples for IROC024, we assessed peripheral 

blood CD8 T cells by adapting a published protocol for interrogating naive CD4 T cells 

[433]. In contrast to strategies that require large amounts of blood to generate autologous 

dendritic cells [431], the miniline approach maximized the proportion of CD8 T cells that 

could be interrogated for antigen reactivity. Thus, this method could be useful in situations 

where blood volumes are limiting. For example, patients with autoimmune diseases, or 

highly advanced tumors often become lymphopenic [444]. Moreover, patients involved in 

clinical trials are often capable of donating only small amounts of blood. The miniline 

approach could be applied to these patients to identify rare, antigen-specific T cells. 

Despite the benefits of minilines for identifying rare, antigen-specific T cells from 

small quantities of peripheral blood, there are drawbacks to this approach for detecting the 

full complement of naive neoantigen-reactive T cells.  For example, the low throughput of 

this method (i.e., 100 ELISPOT plates to analyze 4 x 106 originally naive cells) compared to 

high throughput techniques that use large quantities of blood meant that several mutation-

reactive T cells were probably overlooked due to the small sample size analyzed. Indeed for 

most mutations recognized by T cells, only one mutation-specific T cell clone from one time 

point was identified, but these T cells were probably circulating at all time points. Another 

drawback of the miniline approach was a lack of antigen-specific T cell enrichment during 

expansion, which probably led to some mutation-reactive T cells becoming undetectable. For 

example, methods using antigen pulsed dendritic cells specifically expand T cells of interest, 

resulting in high frequencies of antigen-specific T cells in positive cultures [431]. In contrast, 

the miniline approach polyclonally activates all T cells [433]; thus, mutation-reactive T cells 

had no competitive growth advantage over irrelevant T cells. Moreover, during miniline 

expansion, anergic/exhausted tumor-reactive T cells would have a competitive growth 

disadvantage compared to non-anergic T cells [78]. Indeed, proliferation of each T cell was 

highly variable: even when investigating a single antigen – MART1 – the frequency of 

antigen-reactive T cells in positive cultures ranged from 14 to more than 800. Moreover, 

since some of the confirmed mutation-reactive T cell responses were right on the threshold of 

positivity in the ELISPOT screen (for example miniline culture 2G2 had only 14 spots/well), 

some mutation-reactive T cells were likely overlooked as they were just under the detection 

threshold. Expanding antigen-reactive T cells using dendritic cells overcomes many of the 
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challenges associated with miniline T cell expansion [431]. Alternatively, sorting tetramer 

positive CD8 T cells and cloning them directly from PBMC removes differential T cell 

expansion from the calculus [430]. Unfortunately, these techniques require large quantities of 

peripheral blood. Nonetheless, future efforts to interrogate the proportion of mutations that 

give rise to neoantigens should focus on patients with sufficient quantities of PBMC to make 

use of these superior techniques. On the other hand, the miniline approach provides a feasible 

means to identify antigen-specific T cells when blood samples are limited. 

Authentic neoantigen-reactive T cells recognizing mutant HSDL1 were identified in 

the ascites and peripheral blood of a HGSC patient. However, the other evaluated mutations 

failed to give rise to authentic neoepitopes expressed by tumor cells. The reasons for the lack 

of tumor recognition are being investigated. To determine whether the mutated genes were 

expressed by the tumor, I will perform qPCR on ascites to determine the level of RNA 

expression of each mutant gene. To determine whether putative mutant epitopes were 

generated by antigen processing machinery, I will transfect autologous B cells with IVT-

RNA encoding each mutation and test for T cell recognition of a non-malignant cell. Finally, 

to determine whether antigen processing defects within the tumor cell may prevent antigen 

processing of the mutant epitope, I will transfect autologous ascites cells with IVT-RNA of 

each mutation and test for recognition by T cells.  

In summary, the data from this study indicate that spontaneous activation of authentic 

neoantigen-reactive T cells is efficient. Moreover, our findings suggest that the most useful 

immunotherapies will be those that potentiate spontaneously-activated neoantigen-reactive T 

cells. Finally, the miniline method proved effective for identifying rare, activated neoantigen-

reactive T cells from small quantities of blood and may represent a viable alternative for 

generating neoantigen-reactive T cell clones for ACT in cases where blood volume is 

limiting. 
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4.5 Figures 

 
Figure 16. IROC024 clinical course. 
(Figure modified and reproduced with permission from CCC [439]) Patient was enrolled in 
our centre’s study on the Immune Response to Ovarian Cancer (IROC) at time point 0 and 
assigned a de-identification number (IROC024). The line and dots represent the measured 
blood CA-125 levels as a surrogate for tumor burden. Horizontal lines indicate the time of 
chemotherapy treatment. Arrows represent time points when ascites samples were donated, 
the cross represents time of death, and the red stars represent blood donations.
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Figure 17. Mutation-specific T cell responses in the first recurrent ascites. 
(Figure modified and reproduced with permission from CCC [439]) IROC024 ascites cells 
were incubated with 6000 U/ml of IL-2 to expand TAL and subsequently REP expanded. 
Resultant T cells (2 x 105/well) were stimulated with predicted MHCI binding peptides and 
overlapping 15mer peptides encompassing each mutation in an IFN-γ ELISPOT assay. The 
CEF peptide pool, the CEF11 minimal peptide, and a 15mer encompassing the CEF11 
epitope were used as positive controls. 
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Figure 18. T cell reactivity to WT peptide and tumor, and VAF of HSDL1 mutation. 
(Figure modified and reproduced with permission from CCC [439]) A. A T cell clone that 
recognized mutant HSDL1 was stimulated in an ELISPOT assay with decreasing 
concentrations of the mutant (CYMEAVAL) and wild type (CYMEALAL) peptides. B. The 
HSDL1 mutation-reactive T cell clone was stimulated with 5 x 104 purified tumor cells from 
the primary, first recurrence, and second recurrence ascites samples and measured by IFN-γ 
ELISPOT assay. Autologous CD4 T cells were used as negative control target cells. C. The 
variant allele frequency (VAF) of HSDL1 was determined from targeted re-sequencing data 
for each of the three ascites sample time points. 
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Figure 19. The miniline screen methodology and sample screen plates. 
A. One vial of PBMC (107 cells) was thawed, CD8 T cells were isolated using magnetic 
columns and 2000 CD8 T cells were added to each well of a 96 well plate. Cells were 
stimulated with irradiated healthy donor PBMC (2 x 105), OKT3 antibody (30 ng/ml) and IL-
2 (300 U/ml). Cells were expanded and split as necessary into eight replicate plates. Cells 
were then pooled, rested in low dose IL-2 (1 U/ml) and IL-7 (10 ng/ml) for 48 hours, pooled, 
and distributed to five ELISPOT plates. Each ELISPOT plate was stimulated with a different 
antigen. B. Example ELISPOT results from two miniline plates. Each plate was expanded 
and rested as in A and distributed into 5 ELISPOT plates/miniline plate. Each ELISPOT 
plate was stimulated with a different antigen as noted in the legend. Each point on the x axis 
represents the indicated well number from five ELISPOT plates, each stimulated with one of 
five antigens. Asterix represent positive wells (>13 spots and > 3-fold more spots than the 
average of other stimulation conditions for that well). 
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Figure 20. IROC024 miniline screen. 
A. Representative flow cytometry plots for CD8 enrichment. CD8 T cells were enriched 
using magnetic purification, and pre- and post-enrichment cells were stained with viability 
dye, CD4 and CD8. B. Sample miniline screen of IROC024 T cells. Purified CD8 T cells 
were expanded using the miniline protocol and stimulated in separate ELISPOT plates with 
media alone, MART1 peptide, a peptide pool of all IROC024 predicted mutant minimal 
MHCI-binding peptides, and an overlapping 15mer pool encompassing each mutation. 
Asterix represent positive wells. 4C5 is highlighted and was considered positive towards 
both the minimal pool and the 15mer pool. 
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Figure 21. Positive T cell cultures from all miniline screens. 
One vial of blood was thawed from each of the four blood donation time points and 
expanded using the miniline protocol (Figure 19a). Cells were stimulated in ELISPOT assays 
with media alone, MART1 minimal peptide, a pool of all predicted minimal mutant peptides, 
or an overlapping 15mer pool encompassing each mutation. Positivity was determined as > 
13 spots and > 3-fold more than the average of the other stimulations for the well.  
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Figure 22. Deconvolution ELISPOT to determine mutation reactivity. 
Each positive T cell culture from the screen was bulk-REP expanded (200/1 irradiated donor 
PBMC feeder cells/cultured T cell, 300 U/ml of IL-2, 30 ng/ml OKT3) and rested (1 U of IL-
2, 10 ng/ml IL-7). Resultant T cells were stimulated with 37 mutated peptide pools 
encompassing all predicted mutant peptides for a single gene (in duplicate) in IFN-γ 
ELISPOT assays. Three examples are shown: Top, three month miniline screen well 4H2; 
middle, six month miniline well 4C5 (sorted and expanded); bottom, three month miniline 
well 4D12 (reactivity not confirmed). CEF11 was used as a positive control. 
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Figure 23. Sample sorting of mutation reactive T cells. 
Bulk-REP expanded, mutation reactive T cells were thawed, rested in IL-2 (300 U/ml) for 24 
hours then stimulated with minimal peptides encompassing the mutation towards which the 
cells were reactive or media alone. Cells were stained with viability dye, CD8 and 41BB 
antibodies and sorted using an Influx cell sorter. Shown is an example of well 4H2. Left: 
non-stimulated, Middle: stimulated with all peptides encompassing the NOX4 mutation, and 
Right: stimulated cells after sorting. 
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Figure 24. Clonality of sorted T cell lines. 
A. Sorted T cell lines were thawed, rested in IL-2 (300 U/ml) for 24 hours and stimulated 
with cognate peptide. Wells 1D4 and 4H2 are shown as examples of a non-mutation reactive 
T cell line and a mutation reactive T cell line. Percentage of CD8 T cell that up-regulate 
41BB in response to peptide is shown. B. Sample Vβ spectratyping for one T cell line (4H2). 
Cells were thawed and incubated with viability dye, CD8 antibody, and each of eight Vβ 
antibody cocktails. C. For T cell lines with more than one large Vβ population, cells were 
stimulated with cognate peptide and stained with viability dye, CD8 and 41BB antibodies, 
and each of the Vβ cocktails found to be enriched in the culture. Well 4H2 is shown as an 
example of a T cell line with two dominant Vβ. 
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Figure 25. Deconvolution of minimal epitope for highly clonal T cell lines. 
Each highly enriched mutation-recognizing T cell line was stimulated with each of the 
individual peptides that encompassed the mutation and assessed by IFN-γ ELISPOT. At the 
right is each peptide aligned and the shortest peptide that elicits a robust T cell response is 
boxed in red. Shown are two examples of mutation reactive T cell lines 4H2 and 4C5. 
Peptides that elicited a response are bolded and underlined, the mutation is red, and the 
minimal peptide encompassed by a red box. A. Well 4H2 (mutant NOX4 reactive). B.  Well 
4C5 (mutant HSDL1 reactive).  
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Figure 26. Mutant HSDL1-specific T cell reactivity to ascites 
Each of the HSDL1 specific T cell lines were co-incubated in IFN-γ ELISPOT assays with 
media alone, minimal HSDL1 peptide (5 μg/ml), or bulk ascites cells (105) from the primary, 
first recurrence, or second recurrence. A non-reactive T cell line was used as a negative 
control target cell. The HSDL1 clone from the first recurrent ascites sample was used as a 
positive control T cell line.  
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Figure 27. CD45 depletion of IROC024 ascites. 
Ascites samples were thawed, filtered through 100 µm and 60 µm screens, and magnetically 
depleted of CD45 positive cells. Aliquots from each sample were taken from the pre-
depletion samples and post-depletion samples and stained with viability dye, CD45 (using a 
different antibody clone than the depletion), CD3 and MHCII antibodies. Percentages shown 
are the percent of live cells that are CD45+.  
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Figure 28. Mutation-specific T cells reactivities to ascites. 
CD45 depletion was performed as in Figure 26. In IFN-γ ELISPOT assays, T cells (105) 
from each line were incubated with the cognate mutant peptide (5μg/ml), CD45 depleted 
ascites cells (2 x 104) from each time point, and bulk ascites cells (105) from each time point. 
T cell line 2D1 (HSDL1 reactive) was used as a positive control effector cell line, and a 
MART1 and WNK1-typo reactive T cell lines were used as a negative control effector cell 
lines. Autologous CD40L activated B cells were used as negative control target cells, and B 
cells pulsed with cognate peptide were used as positive control target cells. MART1 peptide 
was used as a negative control peptide for each T cell line.   
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4.6 Tables 

 
Table 2. Minimal peptides encompassing each IROC024 mutation 
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Table 3. Assessment of each mutation reactive line from miniline screen 
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Figure 29-supplementary. Miniline culture ELISPOT screens. 
Miniline cultures were generated from isolated CD8 T cells from each of four time point 
blood draws: A. Pre-surgery (4 plates of minilines), B. 3 month post-surgery (4 plates of 
minilines), C. 6 month post surgery (5 plates of minilines), and D. 1 year post-surgery (1 
plate of minilines). Each miniline culture was distributed among 5 ELISPOT plates. Each 
ELISPOT plate was stimulated with one reagent: Media alone, MART1 peptide, minimal 
mutant peptide pool, 15mer mutant peptide pool, or CEF11 (not shown). Each graph 
represents one miniline culture split among 5 ELISPOT plates.
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Figure 30-Supplementary. Improving 41BB detection by varying IL-2. 
Bulk-REP expanded, mutation-reactive T cells were thawed and rested for 24 hours in media 
containing various concentrations of IL-2 either with or without 10 ng/ml IL-7. Cells were 
subsequently stimulated with mutant HSDL1 peptide for an additional 24 hours. Cells were 
stained with viability dye, CD8 and 41BB antibodies. Frequency of 41BB+ of all CD8 T 
cells is shown. A. Sample flow cytometry plots of T cells incubated in the indicated 
concentrations of IL-2 either plus or minus peptide stimulation. B. Graph of the percentage 
of CD8 T cells that up-regulate 41BB in the different resting conditions.  
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Table 4-supplementary. Example of peptides used to assess a mutation in NOX4 
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Chapter Five: Conclusions 

Overview 

Several lines of evidence point to neoantigens as important immunogenic 

determinants underlying successful immunotherapies. Since they are tumor restricted, 

neoantigens may be recognized by T cells bearing high affinity TCR. Additionally, clinical 

studies have shown that increased mutation loads correlated with responses to checkpoint 

blockade in lung cancer and melanoma [331,342,385]. Moreover, neoantigen-specific T cells 

have been often found in melanoma patients who undergo successful ACT with TIL 

[345,346,348,349,445]. Furthermore, neoantigen vaccines have successfully treated mice 

harboring highly-mutated tumor models [238,314,343,358]. Almost all of the identified 

neoantigen-reactive T cells recognized mutations unique to a single tumor, meaning that 

treatments designed to activate these T cells need to be personalized. However, prior to this 

study, it was unknown the extent to which neoantigens are present, or targetable, in tumors 

with intermediate mutation burdens like ovarian cancer. 

Anti-tumor vaccines seem a rational option to raise an immune response towards 

tumor antigens, and a few clinical trials have been initiated to target neoantigens 

[359,360,446]. However historically, therapeutic anti-cancer vaccines have elicited only 

sporadic clinical responses. Two main challenges have been that anti-tumor vaccines elicit 

weak T cell responses, and they have targeted antigens that were not tumor restricted. I 

investigated opportunities to overcome both of these challenges. I hypothesized that (1) 

modifications to vaccination schedules can lead to improved T cell responses to SLP 

vaccines, (2) neoantigen peptide vaccines can elicit therapeutic T cell responses towards 

murine ovarian cancer, and (3) naive or activated neoantigen-reactive T cells are present in 

ovarian cancer patient tumors and blood.  

To test these hypotheses, I developed and adapted techniques for maximizing T cell 

responses to SLP vaccines, which I piloted on model antigens and applied to neoantigens. 

Various SLP vaccination schedules were tested, and daily inoculations for four consecutive 

days (dubbed “cluster vaccination”) elicited the highest frequencies of antigen-specific T 

cells and rejected established E.G7 tumors. Furthermore, inclusion of an Synthetic Long 

Peptide (SLP) encompassing a CD4 T cell epitope in the cluster vaccinations protocol failed 
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to augment the CD8 T cell response and failed to reject tumors. Moreover, cluster-boost 21 

days after the cluster-prime elicited very high frequencies of antigen-specific T cells. I then 

targeted neoantigens in the ID8-G7 ovarian cancer model with these optimized vaccination 

protocols. WES and RNA-seq were used to identify 92 missense mutations, 44 of which 

were expressed, but none of the mutated epitopes were predicted bind with high-affinity to 

MHCI. SLP vaccines targeting intermediate affinity mutant epitopes elicited high 

frequencies of mutation-specific T cells, most of which were CD4 T cells; however, these T 

cells had no effect on tumor growth and failed to recognize tumor cells in vitro. Additionally, 

in silico analysis of TCGA data revealed that most HGSC patients were predicted to harbor 

no high affinity mutated epitopes.  

To further investigate the potential of targeting neoantigens in human ovarian cancer, 

three ascites samples and four peripheral blood samples donated by a HGSC patient were 

interrogated for reactivity to autologous tumor mutations. A single T cell response to a 

neoantigen (mutated HSDL1) was identified in the first recurrent ascites, with no evidence of 

HSDL1-specific T cells in primary or second recurrent ascites. Furthermore, using a unique 

method to assess all naive and activated CD8 T cells in each vial of blood, I identified 

several additional HSDL1-specific T cell clones from three different blood donation time 

points, each of which was prior to the detection of tumor recurrence. Several other T cells 

reactive to other mutations also were detected and isolated, but these T cells failed to 

recognize tumor. Overall, studies of both the ID8-G7 tumor model and the human HGSC 

patient suggest that efforts to activate naive mutation-reactive T cells may elicit only 

irrelevant T cells that cannot recognize tumor cells. Thus, assessment of T cell recognition of 

authentic neoepitopes on the tumor cells is a critical step that should be incorporated when 

targeting neoantigens with personalized vaccines.  

Cluster vaccination versus other vaccine strategies 

The majority of therapeutic anti-cancer vaccine clinical trials have used minimal 

epitopes peptides from confirmed cancer antigens admixed in oil emulsions [447]. Though 

this seems like a rational choice of modalities and some clinical successes have been 

observed [247], minimal peptides in oil emulsions have several key drawbacks (as discussed 

in Chapter 1), and most clinical trials have failed to achieve responses [187]. The 
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shortcomings of minimal epitope peptide vaccines inspired development of SLP and 

inclusion of TLR agonists in contemporary vaccinations formulations [262,448]. One such 

clinical study in ovarian cancer showed that vaccinations targeting NY-ESO-1 with SLP plus 

poly(I:C) in oil emulsions elicited antigen specific T cell responses in 91% of patients [449]. 

Another study used SLP vaccines encompassing E6 and E7 proteins, which led to clinical 

responses in HPV positive vulvar intraepithelial neoplasias [278]. Clinical responses 

associated with higher frequencies of activated effector T cells [389], demonstrating the 

utility of anti-cancer SLP vaccines and providing rationale for further development of SLP 

vaccination methodologies. 

Recognizing the need to improve SLP vaccine effectiveness, I modified the SLP 

vaccine schedules to maximize the primary antigen-specific T cell response. While 

delivering vaccines in oil emulsions releases antigen slowly and may result in T cell 

tolerance [253], delivering vaccines in soluble form may allow antigen presentation for too 

short of time and result in weak T cell expansion [391,392,394]. My studies demonstrate that 

daily vaccinations for four consecutive days (cluster vaccination) with soluble antigen and 

poly(I:C) resulted in greater primary CD8 T cell expansion compared to vaccinations for less 

than four days or vaccinations for eight consecutive days (Figure 1, 5). Cluster vaccination 

provided antigen and adjuvant for an ideal duration that resulted in immediate and robust T 

cell responses, superior to most peptide vaccination strategies to date. For example, some 

contemporary murine studies used variations of SLP vaccines and TLR agonists to reject 

model tumors. However, these studies required in vitro stimulation of vaccinated mouse 

splenocytes to detect vaccine induced T cells, indicating suboptimal T cell priming 

[252,387]. Alternatively, single prime-boost vaccinations with SLP encompassing an HPV-

E7 epitope elicited antigen-specific T cells that comprised 7% of all CD8 T cells, but the 

peak response was delayed until 21 days after the first vaccination [269]. In contrast to these 

studies, cluster vaccination with poly(I:C) and an SLP encompassing SIINFEKL induced T 

cell responses easily detectable directly ex vivo seven days after vaccination, demonstrating 

the superiority of this vaccination schedule for eliciting robust primary T cell responses.  
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Why is cluster vaccination superior to other vaccine techniques? 

A robust, sudden primary T cell response to vaccination may be required for tumor 

eradication, but a slowly evolving T cell response may allow tumors to evade immune 

pressure. In non-tumor bearing mice, the peak T cell responses elicited by cluster vaccination 

and single prime-boost vaccination were similar in magnitude but delayed for several days in 

the single prime-boost group (Figure 2c). However, cluster vaccination induced tumor 

rejection, whereas single prime-boost vaccination allowed continued tumor growth (Figure 

3). Why did similar magnitude T cell responses result in dramatically different therapeutic 

results? One explanation for the failure of single prime-boost vaccinations to reject tumors 

could be that the delayed peak T cell response allowed increased tumor growth and the tumor 

became too large for T cells to eliminate. A related explanation provides some mechanistic 

insight into the differential tumor control of cluster vaccination versus single prime-boost. 

Effective anti-tumor immunity may require immediate and potent T cell responses that 

cluster vaccination achieves. For example a study showed that a slowly evolving T cell 

response induced a small wave of T cells that entered the tumor microenvironment five days 

after vaccination and caused the tumor to rapidly upregulate immune inhibiting molecules 

like PD-L1, PD-L2, Galectin-9, and TGF-β [388]. These immune dampening molecules 

prevented the subsequent flood of antigen-specific T cells from killing the tumor [388]. 

Further analysis found that the size of the initial wave of T cells predicted tumor regression, 

but the size of the peak T cell response was not associated with tumor regression; thus, the T 

cell expansion kinetics rather than the peak T cell response dictated tumor regression [388]. 

These results may help to explain the poor control of E.G7 tumors when a single prime-boost 

SLP vaccine was used: The initial small T cell response to the prime may have allowed the 

tumor to upregulate immune evasion molecules prior to the large wave of T cells in response 

to the boost. In contrast, cluster vaccination provides a massive primary attack that may 

control E.G7 tumor prior to induction of immune evasion molecules. Further research is 

warranted to investigate the immune inhibitory network expressed in the tumor 

microenvironment during cluster versus single prime-boost vaccinations to determine the 

mechanism for differential tumor control. 
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Applying cluster vaccination to human cancers 

If the T cell kinetics prove to be responsible for improved efficacy of cluster 

vaccination, the results could help explain the lack of responses observed in most clinical 

vaccine trials [450], even when large T cell responses are eventually activated [249]. Clinical 

anti-cancer vaccine trials typically use weekly or monthly boosts, resulting in small primary 

T cell responses that slowly increase [412]. Thus, the small wave of T cells may prepare 

human tumors to evade the subsequent massive wave of T cells induced by the boost 

vaccinations. In contrast to slowly evolving T cell responses to long interval prime-boost 

vaccines, clinical TIL-ACT trials administer massive numbers of T cells all at once, and they 

achieve higher response rates than vaccines. Potentially, the immediacy of the large T cell 

attack from TIL-ACT could be partially responsible for superior responses. If proved correct, 

the immediate and potent T cell response induced by cluster vaccination could improve 

clinical anti-cancer vaccine trials. However, another challenge of clinical vaccine trials has 

been that most targeted self-proteins, which typically activate T cells with lower affinity 

TCR. 

Neoantigen targeted therapies: mutation counts matter 

Targeting neoantigens offers several advantages over targeting self-proteins (as 

discussed in Chapter 1), but the low frequency of mutations that give rise to authentic 

neoantigens and the lack of shared mutations among patients make identifying and targeting 

neoantigens challenging. In the ID8-G7 neoantigen vaccine study described in Chapter 3, the 

low mutation burden and corresponding weak predicted binding epitopes were probably 

major factors for the absence of authentic neoantigen-reactive T cells. However, the ID8-G7 

neoantigen load was likely more representative of typical human tumors than the models 

targeted by other groups. For example, the thousands of mutations identified in published 

murine neoantigen vaccines studies [238,314,343,358] are orders of magnitude higher than 

the median of 44 in human tumors [303]. Moreover, most clinical studies that identified 

neoantigen specific T cells within TIL were conducted in highly-mutated melanomas 

[344,345,347,349]. In contrast, our group found that only 1 of 3 HGSC patients harbored 

neoantigen-reactive T cells, with the lone positive case further examined in Chapter 4 [439]. 

Furthermore, a study of non-small cell lung cancer patients treated with PD-1 blocking 
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antibodies determined that the number of mutations that best divided responders from non-

responders was 178 [331], a mutation frequency that is rare in most cancer types. Thus, 

mutation burden has proved to be a critical factor determining whether a tumor will harbor 

authentic neoantigens. However, analysis in Chapter 3 of TCGA data found that the median 

number of predicted neoantigens in human ovarian tumors was 0.48, meaning that just over 

half of human HGSC tumors were predicted to have no targetable neoantigens. Therefore, 

my results suggest that, similar to failed tumor control in the ID8-G7 model, most HGSC 

patients would fail neoantigen targeted treatments. 

In addition to considering average mutation burden in a tumor type, it is important to 

recognize that mutation burden can vary by several orders of magnitude within some tumor 

types [300]. An extreme example of this phenomenon is endometrial cancer (EC), where 

patients with mutations in POLE, encoding a DNA proofreading enzyme, have 105-fold 

more predicted neoantigens than POLE non-mutated EC [451]. These patients have very 

high levels of TIL and favorable prognosis [452,453]. Another example is colorectal cancer, 

where cases with microsatellite instability harbor dramatically more mutations than 

microsatellite stable tumors [304]. Interestingly, the highly mutated subset of colorectal 

tumors responded more favorably to checkpoint blockade than less mutated cases [454]. 

Unfortunately, HGSC exhibits a relatively narrow range of mutation burdens and lacks a 

hypermutated subtype [455]. Indeed, only 12% of HGSC cases have > 90% chance of 

harboring at least one authentic neoantigen compared to 51% of lung cancers (Figure 15). 

Therefore, neoantigen targeted vaccines may be suited for only a few HGSC patients. 

The number of mutations in a tumor can be evaluated as higher or lower depending 

on the depth of sequencing.  The initial founder cell that develops into a tumor harbors a 

distinct set of mutations that are found in all daughter cells. The VAF of these mutations is 

often close to 0.5 (assuming a pure tumor sample with heterozygous mutations in one of two 

alleles). However, tumors also develop additional mutations, mostly passengers, as they 

grow and divide [365]. When a tumor is sequenced, the VAF is lower for mutations 

generated in cells further from the founder cell. The mutation frequency follows an inverse 

power law with the allelic frequency: increasingly more mutations are found at lower VAF 

[456]. Interestingly, one group found that responses in lung cancer and melanoma patients to 

immune-checkpoint blockade were associated with higher mutation loads in founder clones, 
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but not with higher mutation loads in subclones (as determined by the VAF) [342]. These 

data suggest that tumors derived from founder cells exposed to a lifetime of mutagenic 

assaults (for example melanoma and lung cancers mutated by UV rays and smoking, 

respectively) would respond well to immune checkpoint blockade. However, tumors that 

acquire a mutator phenotype later during tumor progression would have fewer founder 

mutations and respond poorly to immune checkpoint blockade. Though these tumors may 

have many mutations, each mutation would have a low VAF. Indeed thousands of mutations 

would be identified in every tumor if it was sequenced extremely deeply, and some of these 

mutations would likely be immunogenic. However, targeting these subclonal mutations 

would probably be futile, as only a small proportion of the tumor cells would be recognized 

and killed. Therefore, neoantigen vaccine design should give higher priority to mutations in 

founder clones compared to mutations in subclones. On the other hand, there may be 

exceptions (as discussed below) where a T cell response to a minor subclone may prevent 

clonal outgrowth. 

Clinical trials may have already demonstrated the challenges of targeting low VAF 

mutations. One study investigated gastrointestinal tumors and identified mutation reactive T 

cells in 9/10 patient TIL [351]. This study used a low VAF cutoff to call mutations, resulting 

in an average of 145 mutation-calls/patient. Lowering the mutation calling threshold had a 

similar effect to sequencing more deeply: more mutations are identified at lower VAF 

(though more false positive variants would also be identified). When neoantigen reactive TIL 

products recognizing these mutations were administered to patients, few clinical responses 

were observed (Tran E, Canadian Cancer Immunotherapy Consortium, Vancouver BC, May 

2015).  The reason for the low response rate is difficult to determine since T cell reactivity to 

autologous tumor was not assessed, but low VAF of target mutations may have contributed 

[351]. In contrast, in a second study, a patient derived T cell clone was isolated that 

recognized a putative driver mutation (in ERBB2IP) that was present in all assessed 

metastases, indicating the mutation was in a founder clone. The T cell recognized tumor 

cells, and ACT of a near clonal neoantigen specific T cell product led to tumor regression 

[351]. In summary, when targeting neoantigens with ACT or vaccines, mutations with high 

VAF should be prioritized to improve clinical responses.  
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Identification of neoantigen specific T cells prior to vaccination 

In both the ID8-G7 and HGSC projects (Chapters 3 and 4), I activated and identified 

several mutation reactive T cell responses that were ultimately red herrings, unable to 

recognize autologous tumor. An alternative approach to neoantigen vaccine design is to first 

identify endogenously-activated neoantigen-specific T cells. For example, one group 

investigated neoantigen-specific T cells in TIL from a murine tumor [343]. T cells were 

identified that recognized two of the 62 predicted MHCI-binding mutant epitopes (IC50 < 30 

nM) assessed. Tumor-bearing mice treated with SLP vaccines encoding the two confirmed 

neoantigens led to statistically significant improved survival [343]. By first identifying 

endogenously-activated neoantigen-reactive T cells, vaccines could be designed to target 

antigens known to be authentic. In my studies of IROC024 neoantigens (Chapter 4), T cells 

were identified in patient peripheral blood that recognized several mutations, including 

mutated HSDL1. However, the only authentic neoantigen was the HSDL1 mutation, and T 

cells recognizing this mutation were spontaneously activated and expanded in the ascites. If 

this patient had received a cocktail of predicted neoantigen peptides, several T cell responses 

may have been elicited, but only one would be biologically relevant. As discussed in Chapter 

1, when two vaccine antigens are presented by the same APC, the T cell response to one 

antigen can inhibit the T cell response to a second antigen, a phenomenon known as 

immunodomination [16,115,119]. Therefore, a vaccine cocktail of predicted IROC024 

neoantigens may have led to non-relevant mutation-specific T cells inhibiting the T cell 

responses to the authentic HSDL1 neoantigen. By first identifying authentic neoantigen 

reactive T cells in ascites or tumor, personalized vaccines can be designed to target only the 

biologically relevant antigen(s).  

Often in clinical settings, TIL or TAL are unavailable for the identification of 

neoantigen reactive T cells, but the methods developed in Chapter 4 could be used to detect 

authentic neoantigen-reactive T cells from small quantities of blood. To generate TIL or 

TAL, live tumor or ascites are required, but these samples are often unavailable due to 

morbidities associated with surgical resection [440,441]. Additionally, in some cases TIL fail 

to expand ex vivo and are therefore unavailable to assess for neoantigen reactivity [457]. 

Patient peripheral blood is much more accessible than TIL or TAL, and neoantigen specific 

T cells have been identified in peripheral blood using tandem-minigene-transfected 
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autologous DCs [348]. However, DC generation required leukapheresis and large quantities 

of blood, which some cancer patients may be unable to supply. In contrast, the methods 

applied in Chapter 4 detected, isolated, and expanded endogenously-activated HSDL1-

specific T cells from small quantities of blood. Using these methods, almost all cancer 

patients could be assessed for neoantigen reactivity, and an immunotherapy could be 

designed to target each patient’s authentic neoantigens. 

Proteomics to identify neoantigens 

Proteomic analysis of peptides eluted from MHC molecules is another method to 

ensure that neoantigens are processed and presented [458]. One group assessed two mouse 

tumor models, MC-38 and TRAMP-C1, using a combination of exome sequencing, epitope 

prediction, and proteomics analysis. Exome sequencing identified 4285 and 949 non-

synonymous mutations, epitope prediction identified 170 and 6 predicted neoepitopes (IC50 

< 500 nM), and mass spectrometric (MS) analysis identified seven and zero mutated peptides 

from MC-38 and TRAMP-C1, respectively. T cells recognizing three neoantigens were 

identified in MC-38 TIL, and vaccines targeting these three neoantigens induced tumor 

rejection. The three authentic neoantigens in the MC-38 model bound to MHCI with 

predicted IC50 values of 8, 9, and 2 nM, highlighting the high affinity of authentic 

neoepitopes for MHCI. In contrast, this study identified very few mutated peptides that were 

predicted to bind MHCI in the TRAMP-C1 model, and similar to my findings on ID8-G7 

described in Chapter 3, no authentic neoantigens were identified in the TRAMP-C1 model. 

By using MS, the authors avoided chasing predicted neoantigens that were not processed and 

presented in the TRAMP-C1 model. Similar approaches have identified SNP-derived 

peptides presented on MHCI in humans [202,459], demonstrating the feasibility of this 

technique in some cases. For these studies, billions of live cells were required for MS 

mediated discovery of epitopes; therefore, MS mediated neoantigen discovery would be 

limited to either tumor cell lines or tumor types with large quantities of available cells. 

However, MS technologies are constantly improving and sensitivities are increasing; 

therefore, MS techniques could soon allow identification of mutated peptides from patient 

tumor-cells.  
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Neoantigen specific T cell co-evolution with tumor 

Although causal relationships cannot be determined through anecdotal observations, 

the HSDL1 neoantigen T cell response could demonstrate an interesting move/counter move 

between the tumor and anti-tumor T cells. The HSDL1 VAF was only 3.5% in the primary 

ascites sample, and the HSDL1 neoantigen was ignored by the immune system at this time 

point. However, in the first recurrence ascites the HSDL1 VAF became > 50%, and the 

immune system no longer ignored the HSDL1 mutation. Along with the sudden abundance 

of neoantigen came an HSDL1-mutation specific T cell attack that was detectable in the first 

recurrent ascites and was expanded in the blood. At second recurrence, the HSDL1 VAF was 

still > 50%, but the HSDL1 specific T cells had disappeared from the ascites and blood, 

indicating that the immune system had lost the battle. Thus, the tumor seemed to have 

counteracted the neoantigen specific T cell response, not by evolving into an antigen-loss 

variant, or so called “immune editing”, but potentially, by eliminating the T cells that were 

attacking the tumor, or “tumor editing”. Several mechanisms discussed in Chapter 1 could 

account for tumor editing. For example, high levels of PD-L1 expression on the tumor, 

TAM, MDSC, or Tregs may have caused HSDL1 specific T cell anergy and eventual T cell 

death [134]. Also, these immune inhibiting cells could secrete various factors like TGF-β, 

Arginase-1, and IL-10 that inhibit activated T cells [127-129]. Moreover, persistent antigen 

in a non-inflammatory microenvironment could induce T cell anergy [78]. By whatever 

mechanism, the HSDL1 mutation specific T cell response was no longer found in ascites or 

blood by second recurrence. Potentially, immune intervention could have potentiated the 

HSDL1-specific T cells and perpetuated the battle between the immune system versus 

cancer. 

The study described in Chapter 4 was unique in that mutation-reactive T cells were 

assessed at multiple time points in both tumor and PBMC. A single HSDL1-mutant reactive 

T cell response was identified in the pre-surgery and three month blood draw time points. 

Given the low frequency of these clones (1/8x105), it is probable that these T cells were still 

naive. In contrast, five HSDL1 mutation specific T cells were identified in the six month 

blood draw, indicating that these T cells had become activated. However, at this time point, 

tumor recurrence had not been diagnosed. Therefore, the T cell expansion foretold of the 

impending tumor recurrence. Hypothetically, had we been monitoring the PBMC in real time 
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and identified the expanded HSDL1-specific T cell response, treatments could have been 

initiated prior to biochemical relapse (increased CA-125). Further, identification of expanded 

neoantigen-specific T cells would have provided rationale for immunotherapies once they 

proved to recognize autologous tumor. For example, the patient could have been treated with 

an ACT product composed of clonal HSDL1-specific T cells, immune checkpoint blockade 

to potentiate the T cell response, or an HSDL1 mutated peptide vaccine to amplify these T 

cells.  

If the case described in Chapter 4 had been studied at only one time point, I may have 

arrived at dramatically different conclusions about the potential value of neoantigen-targeted 

vaccines. For example, had only the primary sample been analyzed, the HSDL1 response 

would have been undetectable in the ascites but detectable in blood. Thus, I would likely 

conclude that the blood harbors authentic neoantigen-reactive T cells that are absent from the 

ascites. Had only the first recurrent samples been analyzed, the HSDL1 response would have 

been detected in ascites and blood. Thus, I would likely conclude that T cells recognizing all 

authentic neoantigens are activated and can be found both in the blood and the ascites. 

However, had only the second recurrence been analyzed, the HSDL1 response would be 

undetectable in both ascites and blood. Thus, I would have likely concluded that this tumor 

was devoid of neoantigens. The diversity of these theoretical conclusions based on when the 

sample was analyzed demonstrates the plasticity of the immune response to tumors. It also 

demonstrates that large numbers of patients should be analyzed at multiple time points to 

draw firm conclusions about the true neoantigen repertoire of cancers and the utility of 

targeting neoantigens with vaccines. 

Alternative neoantigen targets 

To date, all NGS studies that identified neoantigens – including the present study – 

have evaluated only point mutations and small indels. However, like many cancers, HGSC is 

thought to be primarily driven by large genomic rearrangements and transcriptome 

aberrations rather than point mutations [367,460]. These aberrations can give rise to other 

classes of neoantigen involving gene fusions [327], intron retentions [461], and splice 

variants [462]. Some of these alterations can be highly immunogenic, as they deviate even 

further from the germ line sequence compared to point mutations. Typically, these types of 
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variants are identified using RNA-seq, which at present, is beset with high rates of false 

positive variant calls. Further improvement in the construction of RNA-seq libraries and 

bioinformatic analysis of RNA-seq data will create access to new classes of neoantigens for 

immunotherapeutic targeting in HGSC and other chromosomally unstable cancers. Thus, 

while the “point neoantigen repertoire” of HGSC may contain relatively few targets for 

immunotherapy, other classes of neoantigen await investigation. The strong prognostic 

significance of tumor-infiltrating T cells in HGSC [6,371] provides both impetus and 

optimism for these efforts.  

Concluding remarks 

Cancer immunotherapy has enjoyed a renaissance during the last five years. The 

successful use – and eventual FDA approval – of T cell activating antibodies to destroy 

human tumors has driven renewed ambition for developing new immunotherapies. Advances 

in NGS make it feasible to identify immune responses to private tumor mutations, and 

studies indicate that tumor mutations may be the underlying antigens targeted by successful 

immune therapies: (1) Tumors with higher mutation burdens respond better than tumors with 

low mutation burden to immune checkpoint blockade [331,340]; (2) neoantigen-targeted 

vaccines have cured mice of established tumors in several cancer model systems 

[238,314,343,358]; (3) neoantigen specific T cells are commonly identified in patients who 

observe clinical responses to TIL ACT [463]; and (4) neoantigens are not found in the germ 

line so TCR that bind to neoantigens may be exceptionally high affinity [21]. Thus, several 

lines of evidence indicate that neoantigens represent outstanding targets for successful 

immunotherapy. 

The studies presented in this thesis demonstrate improved methods for activation and 

identification of neoantigen specific T cells, yet they also offer sober reflection on the 

broader applicability of targeting neoantigens in many tumor types. My studies demonstrate 

that tumors with low or intermediate mutation burdens may harbour no targetable 

neoantigens. This is in concordance with a study that showed that patients with less than 178 

mutations were unlikely to respond to PD-1 blockade therapy [331]. Furthermore, the 

identification of a tumor neoantigen is only the first small step towards successfully targeting 

that mutation with a vaccine. For example, HPV E6 and E7 proteins seem to represent ideal 
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antigens that share many antigenic properties with neoantigens: (1) HPV proteins are present 

in most cervical cancer cases; (2) they are completely foreign; (3) epitopes are well 

described; (4) the proteins are ubiquitously expressed within tumor cells; and (5) they are 

driver proteins. Yet immunotherapies targeting HPV antigens continue to have only 

moderate clinical response rates [464]. Once neoantigens are readily identifiable in each 

tumor, will immunotherapies targeting neoantigens also suffer from moderate clinical 

response rates? 

Methods to identify and target neoantigens with personalized therapies are in their 

infancy. As described in this thesis, I advanced development of these therapies by improving 

SLP vaccination protocols to elicit potent and immediate T cell responses and by developing 

a technique to identify antigen specific T cells from small amounts of peripheral blood. The 

improved vaccination protocols can be easily be applied for targeting confirmed neoantigens. 

Furthermore, the miniline approach detected rare, activated and naive neoantigen-reactive T 

cells, which could be used to direct or generate neoantigen-targeted immunotherapies. 

Though neoantigen-targeted immunotherapies are in their infancy, continued advancements 

could make these treatments a viable option for select cancer patients in the near future. 
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