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Background: High-grade serous carcinoma (HGSC) can exhibit high intratumoral heterogeneity (ITH). 

Despite a strong association between tumor-infiltrating lymphocytes (TIL) and survival in HGSC, ITH may 

have profound impacts on the anti-tumor T cell response. Yet, it is unknown how anti-tumor T cell 

responses contend with ITH over time in HGSC. Previous studies in melanoma and HGSC both showed 

tumor-reactive T cell clones emerge over time with their cognate tumor-antigens. Therefore, I 

hypothesized patients would share a common mechanism of T cell evolution to respond to ITH in HGSC. 

If so, I expect to see similar patterns of tumor recognition between primary and recurrent disease.  

Methods: Tumor-associated lymphocytes (TAL) were expanded from primary and recurrent ascites 

samples using high-dose IL-2 and a rapid-expansion protocol (REP). Following expansion, TAL were 

assessed for recognition of autologous tumor by IFN-γ ELISPOT and flow cytometry for CD137. CD137+ 

tumor-reactive TAL were FACS-purified and the tumor-reactive T cell repertoire was profiled by deep 

sequencing of TCRβ chains (TCRseq). Tumor-reactive TCR clonotypes were compared between primary 

and recurrent disease to elucidate differences in tumor-reactive populations over time in HGSC. 

Results: Patient TAL recognized tumor in two out of three cases. In patient IROC 060, the tumor became 

more immunogenic between primary and recurrent disease, which may reflect expression of new 

antigens and/or loss of an immunosuppressive phenotype. In patient IROC 106, the tumor remained 

immunogenic between primary and recurrent disease, which may reflect maintenance of stable antigen 

expression and an immune-sensitive phenotype. Patient IROC 034 did not exhibit any tumor-reactivity, 

suggesting tumor-reactivity is not ubiquitous in HGSC. FACS-purification of CD137+ T cells followed by 
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TCRseq was successfully performed on T cell populations of both high- and low-abundance, suggesting 

TCRseq can be performed on populations containing very few T cells. TCRseq results that profiled the 

clonal repertoire of tumor-reactive TAL from primary and recurrent disease in two patients, IROC 060 

and IROC 106, showed both patients had evidence of T cell loss and T cell emergence between primary 

and recurrent disease. Further, IROC 106 had evidence of T cell clones that were maintained between 

primary and recurrent disease. 

Conclusions: Anti-tumor T cell responses from ascites are both diverse between patients and dynamic 

within a patient, suggesting various mechanisms of T cell evolution to contend with ITH in HGSC. I 

developed a pipeline for the identification of tumor-reactive TCR sequences without the need for a 

priori knowledge of specific antigens. Additionally, this pipeline is feasible for very low-abundance 

samples, such as tumor-reactive T cells. 

Significance: This study provides early insights into how TAL contend with ITH in HGSC. Ultimately, these 

results will inform the design of adoptive T cell therapy for recurrent HGSC. 
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Chapter 1 - Introduction 

 

1.1 T Cell-Mediated Immune Responses 

 

T lymphocytes (T cells) mediate exquisitely specific destruction of intracellular pathogens such 

as viruses. They survey cells throughout the body searching for specific targets on infected cells that 

trigger a full-blown assault against a pathogen, while leaving surrounding healthy normal cells intact. In 

this way, T cells can mediate clearance of intracellular pathogens while leaving the host relatively 

unharmed. 

To elicit a T cell response, members of the two arms of the immune system, innate and 

adaptive, must communicate. While the innate immune system is poised to rapidly respond to 

conserved molecular patterns common to pathogens, the adaptive immune system has evolved the 

capacity to specifically recognize any potential pathogen. To initiate a cell-mediated immune response, 

cells from the innate immune system recognize pathogens through pattern recognition receptors 

(PRR), phagocytose these pathogens, and traffic to lymph nodes. Pathogenic proteins are then 

processed into peptide fragments by professional antigen presenting cells (APC) such as dendritic cells 

(DC), macrophages, and B cells. Pathogenic peptides are presented on the surface of APCs in molecular 

complexes called Major Histocompatibility Complex (MHC). MHC class I is expressed on all nucleated 

cells in the body, while MHC class II is typically restricted to APCs. In a process called T cell priming, 

APCs present these pathogenic proteins in the context of MHC to naïve cells of the adaptive immune 

response: CD8+ cytotoxic T lymphocytes (CTL) and CD4+ helper T lymphocytes (TH). Following priming, T 

cells become activated, divide, and traffic out of the lymph node to the site of infection, where they 

mediate infection clearance.1  

CD4+ TH cells orchestrate the adaptive immune response. They provide the appropriate signals 

to direct the right type of adaptive immune response to a specific pathogenic insult. Through their T 

cell receptor (TCR), CD4+ T cells recognize peptide antigens, displayed in the context of MHC class II. 

Once the CD4+ TCR recognizes its cognate antigen in MHC class II, it will secrete cytokines that help 

stimulate an appropriate and robust immune response.2 CD4+ responses promote cell-mediated 

immune responses through secretion of cytokines such as interferon-γ (IFN-γ) and tumor necrosis 

factor-α (TNF-α) which ultimately help APCs induce CD8+ T cell priming and differentiation into effector 

CTLs.2,3 
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CD8+ CTL are the direct effectors of the cell-mediated immune response. They act by specifically 

targeting infected cells and inducing cell-mediated apoptosis. In contrast to CD4+ T cells, CD8+ T cells 

recognize peptide antigen in the context of MHC class I. Upon TCR engagement, an immunological 

synapse forms between the T cell and its target, while a series of signaling events are initiated within 

the T cell that ultimately lead to release of effector molecules such as IFN-γ, granzymes, and perforin. 

Perforin molecules form polymers that bind to the target cell membrane at the immunological synapse. 

This creates pores for granzymes to enter the target cell cytoplasm and initiate a cascade of events that 

results in lysis of the target cell and elimination of the pathogen. Further, IFN-γ acts to increase target 

cell expression of MHC class I and II molecules to promote further immune-mediated killing.2–4  

Direct comparisons can be made between the immune response to intracellular pathogens and 

to tumors. In the same way that anti-viral T cells recognize viral antigens, T cells recognize tumor 

antigens and can mediate anti-tumor responses.5 Due to the exquisite specificity of antigen recognition 

through the TCR, T cells can distinguish minute differences between tumor cells and healthy cells, 

ultimately leading to tumor cell killing while leaving healthy, normal cells intact.6 Indeed, tumor-

infiltrating T cells (TIL) confer improved prognosis,7–9 and have been shown to directly recognize and kill 

tumor cells in a number of cancer settings.10,11  

 

1.1.1 The T Cell Receptor 

The specificity of T cells for their cognate antigen is defined by the TCR. The αβ TCR is a 

membrane-spanning polypeptide complex composed of one α- (TCRα) and one β-chain (TCRβ) linked by 

a disulfide bond.14 The intracellular domain of the TCR complex associates with numerous signaling 

domains that activate signaling cascades that result in T cell activation, effector function, survival, and 

proliferation.14,15 More specifically, the hypervariable region of the TCR confers antigen specificity and is 

created when the variable (V), diversity (D), and joining (J) regions of the TCR genomic loci are 

rearranged during T cell development. To further increase TCR variability, terminal deoxynucleotidyl 

transferase (TdT) adds nucleotides to V(D)J junctions. The resultant region, where the D and J segments 

join, is known as the CDR3 region. The CDR3 region forms the centre of the antigen-binding site on the 

TCR and directly binds cognate peptide in the context of MHC.16–18 The human genome encodes 52 Vβ 

segments, ~70 Vα segments, 2 D segments at the TCRβ locus only, 13 Jβ segments, and 62 Jα segments. 

Therefore, with all the combinatorial possibilities of V(D)J recombination at each TCR locus and the 

pairing of one recombined TCRα and TCRβ chain to form the full TCR, there are 1018 unique TCRs 
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possible that each recognize unique antigens and confer immunity against an enormously broad range 

of targets.19  

 

1.1.2 Markers of T Cell Activation 

Following activation, T cells up-regulate many cell surface molecules, such as programmed 

death-1 (PD-1), CD69, and several members of the tumor necrosis factor receptor super family (TNFRSF) 

including CD137, OX-40, and CD40 ligand (CD40L). These surface molecules perform important functions 

in vivo, and they can be used to detect activated T cells in vivo and in vitro. PD-1 and CD69 are expressed 

on activated T cells, but they function to suppress T cell activity. CD69 is a C-type lectin domain family 

member and is the earliest T cell activation marker expressed following stimulation (≤4 hours), making it 

an appealing target for identifying recently activated T cells.20,21 Upon binding its ligand, CD69L, CD69 

stimulates secretion of TGFβ, and suppresses the expression of pro-inflammatory cytokines such as IL-17 

and IFN-γ. Therefore, CD69 functions to suppress T cell responses.20,22–24 In contrast to CD69, PD-1 

expression peaks at 48-hours post-stimulation.25 PD-1 inhibits T cell activity by recruiting SHP-2 and 

dephosphorylating CD28.26–28 This inhibition is dependent on PD-1 binding to its ligands PD-L1 and PD-

L2.29–31 Mechanisms of PD-1-mediated T cell inhibition are discussed further in section 1.3.4.2.1. 

In contrast to CD69 and PD-1, which inhibit T cell function, CD137, OX-40, and CD40L promote T 

cell effector function, proliferation, and survival.32–34 OX-40 (CD134, TNFRSF4) is a marker of activated 

CD4+ T cells.32,34,35 OX-40 is up-regulated 24-48 hours post-stimulation and functions to promote T cell 

proliferation and augment cytokine secretion in activated T cells.34,35 CD40L (CD154) is another member 

of the TNFR family and is similar to CD137 and OX40.36 CD40L is highly expressed on CD4+ T cells 

between 2 and 6 hours after activation.37 CD40L binds to CD40, typically expressed on naïve B cells, and 

engagement leads to B cell activation and enhances the development of a TH2 humoral-mediated 

immune response.38 CD137 (4-1BB, TNFRSF9) is expressed on both activated CD4+ and CD8+ T cells.33,39 

CD137 is maximally up-regulated 24-48 hours post-stimulation40 and functions to promote proliferation, 

survival, cytokine secretion, and effector function in activated T cells.33 Due to its low background 

expression on non-activated T cells and its rapid and specific up-regulation following antigen 

stimulation,10,40,41 studies on both CD4+- and CD8+-mediated anti-tumor responses have favoured the 

use of CD137 as a marker of activated T cells in vitro. 
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1.2 Tumor Antigens 

Tumor antigens are a diverse category of proteins that allow immune-mediated discrimination 

between tumor and normal cells. Tumor antigens were first described in chemically-induced tumors in 

mice.42 In this model, tumors induced using methylcholanthrene could be removed and transplanted 

into syngeneic mice, or re-transplanted into the original mouse, and in both cases full immunological 

rejection of the tumor was observed. In contrast, allogeneic recipients had full tumor progression and 

died due to disease.42 Since this early study, numerous tumor antigens have been identified and 

exploited in the pursuit of immunotherapies.10,11,43 In humans, three main categories of tumor antigens 

have been identified: i) viral antigens, in cases of virally-induced cancers like Human Papilloma Virus 

(HPV)-induced cervical carcinoma,44 ii) self-antigens that the immune system recognizes due to 

incomplete tolerance and tissue-restricted expression,45 or iii) mutant proteins expressed specifically by 

the tumor.46 As described in more detail below, each of these classes of tumor antigen has been shown 

to elicit T cell-mediated anti-tumor immune responses.43,47–49 

 

1.2.1 Viral Antigens 

In virally-induced tumors, viral antigens are an obvious immunological target. Virally-induced 

tumors can arise from numerous viral infections such as: liver cancer from hepatitis B and hepatitis C 

infections,50 Hodgkin’s lymphoma and head and neck cancers from Epstein-Barr Virus (EBV) 

infections,51,52 and Kaposi’s sarcoma from either human herpesevirus-853 or human cytomegalovirus 

(CMV).54 Perhaps the most well-known virally-induced cancer types are HPV-induced cervical, 

anogenital, and head and neck cancers.55 HPV infects epithelial cells and integrates its genome into the 

genome of the host. HPV proteins E6 and E7 are oncogenes that inactivate p5356 and retinoblastoma 

protein,57 respectively, leading to the development of cancers.58 Despite their role in oncogenesis, HPV 

E6 and E7 are also antigens that can elicit T cell responses. Notably, many patients with HPV+ tumors 

harbour T cells specific for either E6 or E7 proteins.44,47,59 Indeed, a clinical trial studying adoptive cell 

therapy (ACT) using TIL with confirmed HPV reactivity found 3 of 9 cervical cancer patients had objective 

responses, with two having complete durable responses to ACT.10 Taken together, these data suggest 

viral antigens represent a tumor target antigen that can elicit strong, durable anti-tumor responses in 

humans.  
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1.2.2 Cancer Testis Antigens and Shared Tumor Antigens 

Cancer testis (CT) antigens have long been an attractive target in the study of anti-tumor 

immunity. CT antigens are normal proteins with highly specific, tissue-restricted distribution in germline 

cells. Because these antigens are not expressed in adult somatic cells, they are not presented to 

immature T cells in the thymus. Therefore, CT-antigen-specific T cells are not deleted from the T cell 

repertoire during thymic selection. Cancers have been shown to reactivate expression of these genes,60–

62 and as a result CT antigens have been studied extensively with the aim to exploit them in 

immunotherapy for CT-antigen expressing tumors. Numerous examples have been discovered, including 

melanoma antigen-1 (MAGE),  BAGE,63 and GAGE64 proteins, and NY-ESO-1.60 Notably, NY-ESO-1 has 

been shown to be expressed in 40.7% of ovarian cancers, and its expression is associated with poor 

prognosis.65 Both CD4+ and CD8+ T cell responses against NY-ESO-1 have been identified in HGSC 

patients.66–68 Further, a vaccine clinical trial using an MHC class II-restricted NY-ESO-1 epitope was 

shown to induce long-lived CD4+ and CD8+ T cell responses, as well as NY-ESO-1-specific antibodies in 18 

NY-ESO-1+ HGSC patients. Together, these data suggest that NY-ESO-1 is an attractive target for 

immunotherapy in HGSC. 

 

1.2.3 Neoantigens 

Perhaps the most important class of tumor antigens are mutant proteins that elicit non-self T cell 

reactivity, so-called tumor neoantigens. Because these mutant proteins are distinct from wild type 

proteins, they are not expressed in the thymus. Therefore, T cells that recognize these antigens are not 

deleted from the T cell repertoire during thymic selection. Because they escape central tolerance, the 

pool of neoantigen-reactive T cells is expected to be large,69 making neoantigens an attractive target in 

anti-tumor immune responses. There have been many examples of human T cell responses to mutations 

encoded by tumors.48,49,70,71 Studies have shown neoantigens are largely responsible for mediating 

clinical responses in patients treated with immunotherapy.72–74 For example, one study showed patients 

who responded to anti-PD-1 therapy had higher numbers of total mutations (synonymous, 

nonsynonymous, indels, and frameshifts) compared to patients who did not respond. Similarly, 

melanomas with higher mutational load responded better to anti-CTLA-4 therapy compared to tumors 

with lower mutational load.74 Additionally, one study reported that patients who responded to either 

anti PD-1 therapy or anti-CTLA-4 therapy were more likely to have homogeneous tumors with clonal 
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nonsynonymous mutations.72 Poor responders showed higher Tumor heterogeneity, as marked by high 

subclonal nonsynonymous mutation burden (such as mutations that are private to tumor cells or shared 

by only a few tumor cells) .72  Further, a recent study showed a patient with HPV+ cervical cancer who 

had a complete durable tumor regression had a higher frequency of neoantigen-reactive TIL compared 

to HPV-reactive T cells in the TIL,47 further highlighting the significance of neoantigens in anti-tumor 

immune responses. 

 

1.3 High-Grade Serous Carcinoma 

High-grade serous carcinoma (HGSC) of the ovary is a deadly disease. Fewer than 40% of women 

with HGSC survive longer than 10 years post-diagnosis.75 Serum levels of cancer antigen-125 (CA-125) 

are measured to track disease progression and response to treatment.76 CA-125 protein in the mucin 

family, which function to protect the mucosa from pathogens, including in the female reproductive 

tract.77,78 At diagnosis, CA-125 serum levels are elevated in 80% of epithelial ovarian cancer patients.76 

Following cytoreductive surgery and subsequent platinum-based chemotherapy, patients who respond 

well to treatment typically have a large reduction in serum CA-125 levels. Post-diagnosis, CA-125 levels 

are routinely monitored, and post-treatment increases are indicative of insensitivity to chemotherapy 

(chemoresistance) or tumor recurrence.76 Approximately 80% of patients with advanced HGSC will 

either have progressive disease or tumor recurrence, and survival rates have not changed in nearly 40 

years.75,79 Therefore, there is a desperate need for better treatment options that induce long-term 

disease control in HGSC patients. 

 

1.3.1 Effect of TIL on HGSC Prognosis 

Despite overall poor outcomes in HGSC patients,75 the presence of intra-epithelial TIL is associated 

with a positive prognostic outcome.7,80,81 Zhang et al were the first to correlate prognosis with the 

presence of intratumoral CD3+ TIL in HGSC.7 They found the five-year overall survival rate of patients 

who had TIL within epithelial tumor islets was 38%, while for patients without TIL it was just 4.5%.7 This 

striking difference has led to numerous studies evaluating multiple aspects of the immune response to 

cancer in attempts to directly harness the effects of the immune response to HGSC. These include 

studies attempting to identify whether patient outcomes are impacted by the subtype of T cells,82–84 the 

functional status of T cells,85–88 or other markers or cell types in the epithelium or stroma.89–91 Sato et al 

found intra-epithelial CD8+ TIL were associated with longer survival in epithelial ovarian cancer 
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patients.84 Further, they found patients with high CD8+/CD4+ TIL ratios had improved survival.84 The 

authors suggest this effect is due to the infiltration of not just CD4+ T helper cells, but also CD4+ CD25+ 

FoxP3+ T regulatory cells, which have an immunosuppressive effect on active CD8+ T cell responses.84 

However, despite the prognostic benefit of TIL in HGSC, survival rates remain low. This would suggest 

that other factors may thwart the anti-tumor immune response, leading to poor survival despite T cell 

infiltration.   

  

1.3.2 Clonal Evolution and Intratumoral Heterogeneity  

It is widely accepted that tumors exhibit clonal evolution due to their extreme genetic 

instability.92,93 Genetic instability is a hallmark of tumors,94 as mutations in DNA repair and replication 

mechanisms are nearly ubiquitous in tumors. Thus, without high fidelity DNA replication, altered gene 

expression patterns may emerge over time, leading to progressively different phenotypes in tumor 

subclones (reviewed in McGranahan and Swanton, 2015).95 

Clonal evolution requires selective pressure. Indeed, there is evidence of Darwinian-type 

selection in tumor cell populations.96 This selective pressure may be from various factors, such as 

nutrient competition in the tumor microenvironment,97 chemotherapy,98–102 and the anti-tumor immune 

response.103–105 These pressures can contribute to spatial intratumoral heterogeneity (ITH) in 

tumors,92,106  as well as temporal changes induced by pressure on tumor subclones over time.107  

 

1.3.2.1 Spatial Heterogeneity of HGSC Tumors 

Spatial ITH has been described in nearly every tumor type, as reviewed in Calderwood106 and 

Jacoby et al.92  One seminal study of three HGSC patients revealed striking differences in the subclonal 

architecture across several tumor sites in each patient.108 On average only 51.5% of mutations were 

shared between tumor sites within each patient. Further, gene expression profiles, copy number, and 

mutation variation was high between tumor sites. In fact, one patient had such high ITH between the 

right and left ovary, each of these sites looked as if it was a distinct tumor. A second case had 8 distinct 

tumor subclones present within five separate tumor sites in the peritoneal cavity.108  

In addition to genetic heterogeneity, HGSC tumors may also exhibit phenotypic variation. For 

example, one study showed certain regions within an HGSC tumor appear epithelial, while other regions 

from the same tumor displayed either mesenchymal or mixed phenotypes.109 These phenotypic 

differences may affect the expression of cell-surface markers, including those that impact anti-tumor 
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immune responses. For example, the expression of the immunosuppressive ligand, PD-L1, is associated 

with a state of epithelial-to-mesenchymal-transition (EMT).110,111 Further, selective pressure from 

chemotherapy, radiation, or the host immune system may lead to temporal changes in tumor antigen 

expression, which could directly impact the anti-tumor immune response. 

 

1.3.2.2 Temporal Dynamics of HGSC Tumors 

In addition to spatial ITH, HGSC patients can have a high degree of temporal variation. 

Evolutionary pressures may act over time to select tumor cells that resist treatment-induced apoptosis 

or cytolysis,112 evade the immune system through antigen loss or acquisition of an immunosuppressive 

phenotype,113 or accumulate additional mutations in genes contributing to tumorigenesis and tumor 

survival.93,114 Although some mutations may lead to gene expression patterns that confer resistance to 

immune responses,115 it may be possible that tumors also gain immunogenic mutations or undergo 

reactivation of CT antigens, bolstering anti-tumor immune responses. Therefore, it is possible that the 

antigenic landscape and immunogenicity of tumors may be very different between primary and 

recurrent disease. 

One notable example was discussed by Castellarin et al, where one HGSC patient was identified 

who experienced a strong response to chemotherapy, denoted by a sharp and complete reduction in 

serum CA-125 levels, followed by tumor recurrence.107 Interestingly, this tumor had large mutational 

differences between primary and recurrent disease.107 By recurrent disease, this patient lost a tumor 

subclone that expressed a set of mutations. However, another tumor subclone became very prominent 

by recurrence.107 A subsequent study on this patient revealed an immunogenic mutation in the 

hydroxysteroid dehydrogenase like-1 (HSDL-1) gene emerged between primary disease and first 

recurrence,49 suggesting chemotherapy may play a role in the expression of mutations that can be 

targeted by the anti-tumor immune response in HGSC. 

Studies show chemotherapy can put extensive selective pressure on tumor cell populations 

(reviewed in Lake et al).116 First, studies in multiple tumor types suggest chemotherapies can induce 

specific mutational signatures.117–119  For example, platinum-based chemotherapy in esophageal 

adenocarcinoma leads to the accumulation of C>A mutations in CpG islands due to preferential cross-

linking of C-G bases and improper DNA repair,119 which could lead to increased mutations and hence 

tumor-specific neoantigens. This finding is highly relevant to HGSC tumors, which are also treated with 

platinum-based chemotherapies. Notably, in a study on one HGSC patient, post-chemotherapy recurrent 
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tumor had a higher degree of clonal diversity compared to her primary, untreated sample.108 These 

results further implicate chemotherapy in the development of ITH over time in HGSC tumors. Second, 

chemotherapy can induce increased MHC class I and class II expression compared to chemo-naïve 

tumors, suggesting chemotherapy-induced differences in antigen presentation may occur in HGSC.98 

Further, platinum-based chemotherapy, specifically cisplatin, can induce increased expression of MHC 

Class I on the surface of tumor cell lines.99,100,102 Together, these studies suggest chemotherapy may 

have profound effects on ITH, potentially impacting the immune response to HGSC. 

 

1.3.3 Heterogeneity of the Anti-Tumor Immune Response 

 For long term disease control, the anti-tumor immune response must not only contend with 

spatial ITH, but also temporal changes in the tumor, which may result in very different antigen 

expression and disease characteristics at recurrent disease. Despite numerous studies evaluating ITH in 

tumors, few have been published on the spatial or temporal heterogeneity of anti-tumor immune 

responses.120–122 Nonetheless, they show patterns of TIL infiltration in several tumor sites within a 

patient are different between HGSC and renal cell carcinoma.120–122 Additionally, there are several 

selective pressures that may act on immune cells within the tumor microenvironment (TME) or the 

patient themselves. However, there have been few reports investigating the temporal changes to anti-

tumor immune responses.48,49 Therefore, it is largely unknown how these responses mediate long term 

disease control in HGSC. 

 

1.3.3.1 Spatial Heterogeneity of the Anti-Tumor Immune Response 

 The spatial heterogeneity of anti-tumor immune responses is largely understudied. However, a 

few studies have evaluated the complexity and heterogeneity of TIL infiltration of tumors. One study 

evaluating renal cell carcinoma found the T cell clonal repertoire, as identified by deep sequencing of 

TCRβ sequences in two to four tumor sites within each patient, found a high degree of immunological 

heterogeneity with a median of 2394 unique TCR clonotypes found in each tumor site. Further, the top 

100 most frequent T cell clones within each site had poor overlap with other tumor sites, indicating each 

tumor site had a largely unique anti-tumor T cell response.120 In contrast, a study in HGSC found the 

infiltration of various TIL subsets were largely homogeneous between tumor sites within most 

patients.122 Further, another study in HGSC showed tumor and metastatic sites within a patient contain 

a homogenous T cell repertoire as compared to peripheral blood.121 If the same T cells are found in 
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numerous tumor sites yet the repertoire is distinct from that of peripheral blood, it raises the possibility 

that TIL may recognize shared features between distinct tumor sites within the patient. Together, this 

suggests the anti-tumor immune response may contend with high ITH in recurrent disease by targeting 

shared features of tumor clones.  

 

1.3.3.2 Temporal Dynamics of the Anti-Tumor Immune Response 

The same selective pressures that act on tumors can also exert selective pressure on anti-tumor 

T cells. Tumor genetics influence tumor antigen expression, which subsequently influences anti-tumor T 

cell populations. Further, chemotherapy and radiation treatment may induce profound effects on the 

immune response to tumors through improvements in antigen presentation and immune cell 

recruitment to the tumor microenvironment, or alternatively, inducing immune cell death and 

suppressing anti-tumor immune responses. 

 Chemotherapy agents lead to extensive cell death in chemoresponsive tumors. Apoptotic 

bodies from dying tumor cells can express antigens.123 Further, apoptotic bodies likely get phagocytosed 

by APCs, which traffic to the lymph nodes to present antigens to T cells and stimulate an anti-tumor 

immune response.123 Notably, in a murine ovarian cancer model, cisplatin improved recruitment of 

macrophages and CD8+ tumor-reactive TIL and also reduced the overall immunosuppression in the 

tumor microenvironment.124 Further, one study showed that gemcitabine, a common chemotherapy 

agent used for treating recurrent tumors, increased tumor-antigen cross-presentation and induced 

antigen-specific T cell expansion in vivo.123 This suggests that chemotherapy may increase the amount of 

antigen presented to the adaptive immune system and raises the possibility that T cell responses to the 

tumor may become more robust and polyclonal following chemotherapy. 

A recent study from our lab described changes to the immune infiltrate in HGSC cases with 

matched pre- and post-chemo samples.125 Following platinum- and taxane-based chemotherapy, 

patients who had immune infiltrate prior to treatment had an increase in CD3+, CD8+, and CD20+ TIL 

subsets. Further, TIL expressed increased levels of functional makers such as TIA-1 and PD-1.125 Tumors 

that had no TIL prior to chemo had no change in immune infiltrate post-chemotherapy. These results 

suggest that chemotherapy may bolster an existing anti-tumor immune response, however this 

improved infiltration could be due to trafficking of non-tumor-specific immune cells to a highly inflamed 

environment. Thus, tumors may express barriers to TIL infiltration that are not circumvented by 

chemotherapy.  
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Radiation is also known to induce de novo anti-tumor immunological responses. A number of 

reports have demonstrated that radiation treatment of target lesions can also lead to the regression of  

non-irradiated lesions (reviewed in Kalina et al).126 This phenomenon is called the abscopal response and 

has been observed in numerous tumor types, such as lymphoma,127 hepatocellular carcinoma,128 

melanoma,129 renal cell carcinoma,130 and lung cancer.131 It has been hypothesized that the abscopal 

response is mediated by a systemic anti-tumor immune response.132 Indeed, there are numerous 

reports showing that radiotherapy improves responses to immunotherapies such as checkpoint 

blockade or vaccination.133–136 Even with treatment only to metastatic lesions (such as occurred with one 

of our study patients, IROC 106) systemic anti-tumor immune responses may be unleashed that shape 

the T cell landscape within the patient over time.  

 

1.3.4 Co-Evolution of Tumors and the Anti-Tumor Immune Response 

Tumor clonal evolution and the evolution of the associated anti-tumor immune response are 

dependent on one another. The immune system can exert pressure on the tumor by eliminating highly 

immunogenic tumor cell clones, while poorly immunogenic tumor cell clones remain. Additionally, 

tumor cells may exert pressure on immune cells by developing an immunosuppressive phenotype or 

recruiting immunosuppressive cells to the TME. This may lead to the deletion of tumor-reactive T cell 

clones from the patient repertoire. Therefore, changes to both populations of tumor cells and reactive T 

cells are intimately related, suggesting they may co-evolve. These concepts are exemplified in the 

concept of immunoediting and tumor-mediated immunosuppression, which are discussed below.  

 

1.3.4.1 Immunoediting 

The concept of immunoediting builds upon the foundational concept of immunosurveillance. It 

has long been hypothesized that tumors should be much more common in immunocompromised 

members of long-lived species, such as humans.113,137,138 Indeed, in mice with impaired interferon 

responses and perforin deficiencies, spontaneous tumors are more prevalent.139,140 Further, tumors 

grown in immunocompromised mice had a greater number of antigens than tumors grown in 

immunocompetent mice.141 These results helped to highlight the importance of the immune system in 

tumor development, and gave rise to the idea of immunoediting. Immunoediting is the process by which 

the immune system shapes the tumor through elimination of more immunogenic tumor cell clones, 

while selecting for less immunogenic clones. For example, immunoediting has been implicated in tumor 
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progression of a human tumor following vaccination against the CT antigen, NY-ESO-1.142 Thus, 

immunoediting is a significant challenge for immunotherapy. 

The process of immunoediting is divided into three phases: elimination, equilibrium, and 

escape.103 First, in the elimination phase, the tumor secretes multiple types of danger signals, such as IL-

2, TNF-ɑ, and type I interferons, which elicit both an innate and adaptive immune response that leads to 

destruction of immune cells in the TME. Elimination is contingent on both the presence of antigen, and 

anti-tumor T cells that are capable of eradicating tumor cells. Once tumors reach a certain size they start 

to invade surrounding tissue, which leads to the subsequent release of multiple signals, including 

inflammatory signals that recruit innate immune cells, along with additional adaptive immune cells into 

the TME, further promoting anti-tumor immunity. However, the immune response places selective 

pressure on the tumor, fostering the development of tumor cells that are poorly immunogenic, and this 

leads to the equilibrium phase.104,105,113 During the equilibrium phase, there is a no change in the number 

of highly immunogenic tumor cells versus poorly immunogenic tumor cells, because the rates of tumor 

cell proliferation and immune-mediated tumor cell killing are in balance.103 However, as chronic antigen 

stimulation abrogates the anti-tumor immune response, and/or as tumor cells acquire features that may 

allow for rapid growth of tumor cells that evade the immune response, the tumor enters the last phase, 

immune escape.104,105,113 Immune escape can be through various mechanisms, such as antigen-loss142 or 

down-regulation of the antigen processing143 and presentation144 machinery.   

Immunoediting is a challenge for immunotherapy because it is hypothesized that what is often 

observed upon initial diagnosis is the immunoedited, “escaped” tumor.105,113 As such, in patients with a 

late stage, aggressive tumor, such as those with HGSC,75 it is possible that due to complete immune-

mediated elimination of highly immunogenic tumor cell clones few cells remain that can be recognized 

by T cells. This presents challenges for developing immunotherapies for more advanced, or recurrent, 

forms of HGSC. Further, it highlights the importance of understanding the dynamic relationship between 

tumors and anti-tumor T cells, to give the best possible chance of mediating clinical responses using 

immunotherapy. 

 

1.3.4.2 Tumor-Mediated Immune Suppression 

Immune suppression can occur through various mechanisms that fall under two broad 

categories: (a) the triggering of inhibition through immunological checkpoints and (b) creation of an 

immunosuppressive TME. These two concepts are described below. 
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1.3.4.2.1. Immunological Checkpoints 

Various immunological “checkpoints” exist to stop the development of potentially damaging, 

over-exuberant immune responses.145,146 Many checkpoint molecules are part of the B7 family of 

molecules. Two of the most well-studied in the field of cancer immunology are PD-1 with its ligands PD-

L1 and PD-L2,29 and cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4).147 Both molecules function to 

attenuate immune responses, and in particular they help to maintain peripheral tolerance.145 However, 

these checkpoints can be exploited as immune-evasion strategies by malignant cells. Therefore, much 

attention has been paid to studying these proteins in cancers, in order to develop robust cancer 

therapies.148–150 

CTLA-4 and PD-1 share similar overall functions, however, the mechanisms by which each 

suppress the immune response are different. Like PD-1, CTLA-4 functionally suppresses T cells. It directly 

inhibits co-stimulation by blocking the interaction between the co-stimulatory molecule CD28 and its 

ligands CD80 (B7-1) and CD86 (B7-2) due to higher affinity over CD28. On effector T cells, CTLA-4 is 

upregulated rapidly and peaks at 6 hours following T cell activation.151 In contrast, CTLA-4 is 

constitutively expressed on Tregs. Tregs expressing CTLA-4 have been shown to cause down-regulation 

of CD80 and CD86 on DCs, thus abrogating APC-mediated activation of effector T cells.152 Mice deficient 

in CTLA-4 have severe immune dysregulation that leads to a fatal wasting disease,153,154 demonstrating 

that CTLA-4 has a critical role in the maintenance of peripheral tolerance.  

PD-1 is an inducible regulatory molecule that functions to indirectly suppress T cell effector 

functions by preventing phosphorylation of CD28. PD-1 is upregulated following TCR stimulation and 

peaks around 48-hours post-stimulation. To mediate suppression, PD-1 interacts with its own specific 

ligands, PD-L1 and PD-L2. Interactions between PD-1 and its ligands are thought to mediate peripheral 

tolerance. For example, mice that are PD-1 deficient develop lupus-like proliferative arthritis, as well as 

glomerulonephritis.155 PD-L1 can be expressed on normal epithelial and endothelial cells,31,156 as well as 

tumor cells and macrophages found within the tumor microenvironment. PD-L1 is up-regulated through 

the IFN-γ response pathway,156 and as such it is often expressed on cells found in areas of 

inflammation.157 PD-L2 expression is also IFN-γ inducible; however, expression patterns appear more 

restricted to DCs and mast cells.30 When PD-1 interacts with its ligands, it activates SHP-2, which in turn 

dephosphorylates CD28, thereby preventing the necessary co-stimulation required for T cell 

activation.26–28 Further, PD-L1 can be significantly up-regulated on tumor cells, including melanoma, non-
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small cell lung carcinoma, and colorectal cancer.158 Additionally, APC within the microenvironment can 

express PD-L1, particularly in ovarian cancer.88  

PD-1 expression may also demarcate tumor-reactive T cells. Three studies have shown 

prospective identification of tumor-reactive T cells by selection of PD-1+ TIL or peripheral T cells.47,159,160 

The first study found PD-1+ TIL were highly enriched for both tumor- and neoantigen-specific T cells.160 

The second study found circulating PD-1+ T cells from 4 melanoma patients were highly enriched for 

neoantigen-specific and germline-antigen-specific T cells in 3 of 4 patients studied.159 The third study 

from the same group used TCRβ deep sequencing on HPV+ cervical cancer patients’ peripheral blood and 

found HPV-reactive, neoantigen-reactive, and CT-antigen-reactive T cells were all enriched within the 

PD-1+ subset of peripheral T cells.47 

Checkpoint blockade has been gaining fast ground in the clinic due to the striking survival 

benefit seen in patients.161 Many of these therapies are in various stages of development and/or clinical 

trials. The two most prevalent types of therapies target either the PD-1/PD-L1 interaction or the CTLA-

4/B7-1 interaction. Clinical success of both PD-1/PD-L1 and CTLA-4 blockade has largely been reported in 

melanoma.161 Despite this success, clinical responses in other tumor types have been much more 

moderate, such as in HGSC,162 or even completely absent, as seen in a recently published clinical trial in 

advanced non-small cell lung cancer.163 Nonetheless, since February of 2017, there have been 7 FDA-

approvals for use of checkpoint blockade in numerous cancer settings,164 highlighting both the reality 

and promise of checkpoint blockade therapies for cancer. 

 Recently, several papers have been published highlighting a few mechanisms involved in 

resistance to checkpoint blockade.165–169 First, Zaretsky et al studied four cases of advanced melanoma, 

which had initial responses to anti-PD-1 therapy followed by delayed relapses.165 In three of the four 

cases there was impairment of an immune response pathway. Two patients had mutations in either the 

Janus kinase (JAK) 1 or JAK2 genes that resulted in an impaired IFN-γ response pathway. The third 

patient had a truncating mutation in the β2-microglobulin gene resulting in a loss of surface MHC class I 

expression. In the fourth patient, a mechanism of resistance could not be specifically identified.165 A 

second, more recent study also found loss-of-function mutations in both JAK1 and JAK2 that contributed 

to PD-1 blockade resistance in both melanoma and mismatch repair-deficient colorectal cancers.168 A 

third study found melanoma tumors that were resistant to anti-CTLA-4 therapy were deficient in IFN-γ 

pathway genes such as IFNG1 and IFNG2, the IFN-γ receptor components, interferon response factor 1 

(IRF1), and JAK2. A fourth study found resistance to anti-PD-1 therapy in lung cancers was due to the 
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upregulation of an alternate immunosuppressive pathway, T-cell immunoglobulin mucin-3 (TIM-3).167 

TIM-3 mediates T cell suppression by recruiting SH2-domain binding Src kinases Bat3 and Fyn that 

subsequently suppress TCR signaling.170,171  Last, a study on sequential CTLA-4 and PD-1 blockade found 

resistance to both checkpoint blockades was associated with high copy number loss and decreased 

expression of various immune related genes.169 In summary, triggering robust immune responses in 

patients using checkpoint blockade can mediate changes to the tumor that may prevent further T cell 

recognition and thus may have profound implications on anti-tumor immunity.   

 

1.3.4.2.2 Immunosuppressive Tumor Microenvironment 

The tumor microenvironment can be highly immunosuppressive. One mechanism tumors utilize 

to mediate this is attracting cells such as Tregs,172 myeloid-derived suppressor cells (MDSC),173 

plasmacytoid dendritic cells (pDC),174 and tumor-associated macrophages (TAMs).175 Tregs,172 which are 

particularly found in tumors that also have CD8+ T cell infiltration,176 can lead to direct inhibition of 

effector T cell responses in the TME through expression of CTLA-4 and TGF-β.83,177 Further, tumors can 

have dense infiltration of MDSC,173,178–180 which suppress CD8+ and CD4+ effector T cells through the 

release of arginase and reactive oxygen species such as iNOS.181,182 Plasmacytoid DCs174,183,184 are also 

found in tumors and mediate immunosuppression through various mechanisms including secretion of 

indolamine 2,3-dioxygenase 1 (IDO-1),185 promotion of Treg development,183 and stimulation of a 

regulatory phenotype in CD8+ T cells.184  TAMs have also been implicated in promoting an 

immunosuppressive TME. TAMs secrete cytokines, such as IL-10, which in turn suppress T cell 

responses.175 In fact, TAMs have been associated with acquired resistance to checkpoint blockade 

therapy, highlighting their role in immunosuppression of anti-tumor T cell responses.186 Further, tumors 

may also contain suppressive cells of non-hematopoietic origin, such as cancer-associated fibroblasts 

(CAF)187,188 and mesenchymal stem cells (MSC).189,190 CAF promote immune suppression through the 

expression of CXCL12 and subsequent exclusion of T cells from the TME,188,191 whereas human MSC 

promote immune suppression through secretion of IDO-1.192,193 

Tumor cells themselves can also express immunosuppressive molecules including IDO-1 and 

TGF-β.194,195 IDO-1 is one of two enzymes responsible for the degradation of tryptophan. Tryptophan 

catabolism leads to the production of metabolites called kynurenines, which may be toxic to T cells.195 

Further, tryptophan is an essential amino acid and depletion from the TME limits the metabolism of all 

cells, including TIL.196 IDO-1 is mainly expressed by pDCs as a consequence of inflammation,185 but it can 
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also be expressed by tumor cells to mediate immune suppression.197 TGF-β is an immunosuppressive 

cytokine that can be secreted by both cancer cells and immune cells. TGF-β is known to both promote 

the differentiation of Tregs198
 and suppress the effects of CD8+ T cells.199,200 In summary, there are 

numerous mechanisms tumors utilize to escape immune-mediated killing and these all may hinder 

attempts at targeting tumors with immunotherapies. 

  

1.3.5 HGSC Ascites 

Many studies of recurrent HGSC are limited by lack of recurrent tumor specimens.75 Most HGSC 

patients have a single cytoreductive surgery which is performed shortly after initial diagnosis. It is 

uncommon for HGSC patients to undergo surgery at relapse because there is no expected clinical 

benefit.201 However, patients with advanced HGSC often develop ascites. Malignant ascites consists of 

peritoneal fluid, various soluble factors, antibodies, and cells including tumor cells, lymphocytes, and 

leukocytes such as macrophages, monocytes, and dendritic cells.202 The composition of malignant 

ascites can vary between patients as well as between disease time points within a single patient. There 

is a high variability in tumor cell content, with some patients having minimal (<1%) tumor cell content 

while others have high levels of tumor cells in the ascites (>30%). Further, many of these tumor cells are 

part of large floating aggregates of tumor cells called tumor rafts.202,203 Therefore, malignant ascites can 

be used as a source of recurrent tumor and tumor-associated lymphocytes (TAL).  

There is evidence suggesting ascites tumor cells are representative of solid epithelial tumor cells 

in HGSC. First, tumor cells from the ascites display abnormal p53 expression, a hallmark of ovarian 

cancer.204 Second, ascites cells can express high levels of epithelial markers, such as epithelial cell 

adhesion molecule (EpCAM) and E-cadherin, and exhibited epithelial morphology.203 Further, these cells 

developed into invasive intraperitoneal tumors in nude mice after intraperitoneal injection of single cell 

suspensions.203 Together, this shows ascites can be used as a source of tumor cells for studying HGSC. 

There is evidence that TAL are enriched for tumor-reactivity. Notably, Ye et al identified tumor-

reactive T cells within the TAL population in ovarian cancer patients, with some patients’ TAL containing 

up to 12% tumor-reactive T cells.40 Although the enrichment of tumor-reactive T cells in TAL was less 

than the enrichment identified in TIL, both TIL and TAL were highly enriched for tumor-reactive T cells 

compared to peripheral blood.40 Additionally, a separate study in HGSC identified tumor-reactive T cells 

in the ascites of one patient.49 Therefore, ascites is a good source of tumor and TAL to study anti-tumor 

T cell responses in HGSC. 
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There has been a focus on CD8+-mediated anti-tumor immune responses. This is largely due to 

the direct cell killing mediated by CD8+ T cells, as well as the ability of CD8+ T cells to recognize antigen 

in the context of MHC class I+. Despite this, some studies have highlighted the importance of tumor-

specific CD4+ T cells.11,43,47 Notably, Tran et al described a case where a patient with a relapsed 

cholangiocarcinoma tumor following ACT was re-treated with a >95% CD4+ TH1 mutation-specific T cell 

population and experienced a second tumor regression.11 A significant challenge for studying tumor-

specific CD4+ T cells is the reduced expression or lack of MHC class II expression on tumor cells. To 

overcome this barrier, malignant ascites, which contains MHC class II+ antigen-presenting cells,202,203  

could be used to elicit and observe tumor-specific CD4+ T cell responses that are otherwise undetected 

by assessing recognition of tumor cells only. 

 

1.4 Adoptive Cell Therapy 

1.4.1 Successes of ACT 

Adoptive cell therapy (ACT) for cancer involves the transfer of large numbers of immune cells 

(109-1011) with cancer-specific reactivity. ACT in human tumors has yielded mixed results. The first trial 

in humans was conducted in 15 melanoma patients by Dr. Steven Rosenberg in 1988.205 This study 

observed objective clinical responses that lasted between 2 and 13 months in 9 out of the 15 patients 

and was the first indication that adoptive transfer of cells could mediate tumor regressions in the 

context of metastatic melanoma.205 The success of ACT was substantially improved after the adoption of 

pre-ACT lymphodepletion, which significantly improved TIL persistence in vivo post-infusion.206 

Subsequent clinical trials between 1998 and 2013 in melanoma have yielded objective responses in 34-

56% of patients.12 Such success in melanoma has spurred the development of ACT for other types of 

tumors. In fact, a search of www.clinicaltrials.gov for “TIL Therapy,” resulted in 98 active studies in many 

different tumor types, 79 of which are actively recruiting. However, previous clinical trials in non-

melanoma tumors show other tumor types do not seem as amenable to ACT therapy, as trials in 

colorectal cancer,207 renal cell carcinoma,208 ovarian cancer,209–212 and cervical cancer10 have all had 

more modest response rates. Particularly, two reports of ACT of TIL in ovarian cancer have shown 

encouraging initial responses, however complete responses to TIL have been few. In the first study, one 

of seven patients had a complete response and four of seven patients had an over 50% reduction in 

tumor size.209 However, these results were relatively short-lived, lasting only three to five months.209 

This study also evaluated concurrent chemotherapy and ACT and found it mediated robust clinical 

http://www.clinicaltrials.gov/
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responses lasting over 15 months in some patients.209 A second study from the same institution found 

ACT of TIL following chemotherapy induced long periods of remission compared to patients treated with 

chemotherapy only.212 Despite these encouraging preliminary results, TIL alone failed to elicit long-term 

clinical responses. Therefore, improved strategies for treating HGSC with ACT are needed.  

 

1.4.2 Approaches to ACT  

ACT has been conducted in several ways. The classical ACT protocol uses TIL propagated from 

fresh tumor digests or fragments using high-dose IL-2.213 This method builds on the fact that T cells 

require antigen stimulation and growth signals from IL-2 to proliferate.2 Therefore, by adding only 

exogenous IL-2 at high doses, this method of expansion is thought to allow for preferential expansion of 

tumor-reactive TIL. Following high-dose IL-2 expansion, cultures that recognize either autologous tumor 

cells or tumor antigens are selected and further expanded to high numbers using the Rapid Expansion 

Protocol (REP).213 However, these approaches lead to terminally differentiated T cells that may not be 

ideal for mediating long term responses to ACT.214 

Other trials have attempted to improve ACT by using TIL that display a less differentiated 

phenotype. Approaches to generating “young” T cells include limiting culture time to 3-fold less than the 

culture time for classical TIL generation or the addition of cytokines that may maintain less-

differentiated phenotypes.215,216 Clinical trials using less-differentiated TIL have elicited more robust 

clinical responses compared to treatment with classical TIL.217,218 The success of these approaches has 

led to ongoing research to find additional approaches to limiting terminal differentiation of TIL in vitro 

and subsequently maximizing clinical responses to ACT. 

Other studies have used TCR sequences identified from tumor-reactive T cell clones and 

engineered autologous peripheral T cells to express these TCRs.43,219 For example, T cells engineered to 

express TCRs that recognize NY-ESO-1 were used to treat NY-ESO-1+ multiple myeloma tumors and 

mediated encouraging clinical responses in 80% of patients.220 Another trial used engineered T cells that 

expressed a TCR specific for “melanoma antigen recognized by T cells-1” (MART-1) elicited durable 

clinical responses in 2 of 15 patients treated.221 Together, these results suggest ACT using engineered T 

cells represent a promising option for improving ACT. 

Clinical trials of chimeric antigen receptor (CAR)-expressing T cells have been incredibly 

successful in the setting of acute lymphoblastic leukemia (ALL), achieving complete response rates 

reaching 90%.222,223 CARs are engineered molecules that contain an external single-chain variable 
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fragment (scFv) linked to one or more signaling domains of costimulatory molecules such as CD137 or 

CD28, and the TCR intracellular signaling domain CD3ζ. The scFv molecule is a fusion protein of the 

heavy and light chain variable regions from an antibody that confers antigen specificity of the CAR 

molecule.224 The most commonly used CAR construct recognizes CD19, a B-cell specific antigen,225 and 

has been used in the setting of B cell malignancies such as ALL and chronic leukocytic leukemia (CLL).222 

Current research is directed to identifying new CAR T cell targets, such as carboxy-anhydrase-IX (CAIX) 

and mesothelin, however responses to these CAR T cells have been limited.226,227 Therefore, despite the 

diversity of approaches used for ACT, and the resounding successes seen in CD19-CAR T cell therapy of 

ALL and TIL therapy of melanoma, clinical responses in the majority of tumor types are rare, modest, 

and short-lived.   

 

1.4.3 Challenges of ACT 

Despite clinical trials of ACT starting nearly two decades ago, challenges remain for mediating 

durable, complete tumor regressions. First, some patient’s TIL expand poorly in vitro and therefore fail 

to yield enough cells for infusion.208 Second, TIL can have poor persistence post-infusion. This is thought 

to be due to the terminally differentiated phenotype of typical TIL for infusion214. Third, some tumors 

lack good T cell targets, particularly HGSC, due to low or moderate mutation burden.228 Therefore, 

efforts should be made to identify targets amenable to immunotherapy that do not rely on the overall 

mutation burden of tumors. Fourth, with engineered T cell strategies, there have been numerous severe 

toxicities reported. In CAR T cell therapy, cytokine release syndrome is nearly ubiquitous,222 and several 

off-target toxicities have been reported, including some that have been fatal.229,230 Further, there are 

reports of severe and fatal neurotoxicity in patients who received engineered T cells specific for MAGE-

A3.231 Perhaps the biggest challenge for ACT is the fact that these clinical trials are done on recurrent or 

refractory disease. These patients will likely have failed numerous prior therapies, suggesting their 

tumors may be treatment resistant, have limited tumor antigen expression, and/or display a highly 

immunosuppressive phenotype.107,112 Therefore, optimal protocols for the treatment of recurrent 

disease using ACT are required. 
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1.5 Previous literature on temporal changes to anti-tumor immune responses 

 

It is important to understand the mechanisms used by T cells to control ITH to improve ACT 

therapies of recurrent disease. Two studies have shown that tumor-reactive T cells emerge over time 

concomitantly with their cognate tumor antigen. However, they also found that both neoantigens and 

neoantigen-reactive T cell clones were lost over time. Despite this finding, Verdegaal et al (Nature 

2016)48 determined that TIL from all disease time points were able to recognize tumor from all disease 

time points in two melanoma cases.48 Further, as described above, the T cell responses to spatially 

distinct tumor sites in HGSC patients, irrespective of ITH, are largely homogeneous.121,122 Together, these 

results suggest the anti-tumor T cell response may target common features shared by primary and 

recurrent disease to contend with ITH. Indeed, if this is the case, ACT using primary TIL to treat recurrent 

tumors should elicit strong, durable clinical responses in HGSC. However, in previous ACT trials of HGSC, 

this was not the case,209,210 suggesting other factors may contribute to T cell responses to heterogeneous 

tumors. To develop improved protocols for ACT of recurrent tumors that elicit stronger, more durable 

clinical responses, I aimed to determine the predominant mechanisms by which tumor-reactive T cells 

respond to ITH in HGSC. 

 

1.6 Chapter 1 Summary, Aims, and Hypothesis 

 

In summary, T cells can produce specific, robust immune responses against tumors. These 

anti-tumor T cell responses are mediated by tumor antigens, such as viral proteins, CT antigens, and 

neoantigens. Further, the presence of TIL in tumors, such as HGSC, confer prognostic benefit, 

highlighting the important role of T cells in tumor control. Despite the positive prognostic effect of TIL in 

HGSC, the survival rate remains low, suggesting T cells encounter challenges in controlling tumors 

completely.  

One possible explanation for this is the high rate of ITH in HGSC tumors. Indeed, studies have 

shown HGSC tumors may lose tumor antigens over time and display phenotypes and contain cells that 

are associated with immunosuppression.49,88,109,176,180,184 Further, two studies found tumor-reactive T 

cells are dynamic over time,48,49 perhaps to contend with the increased immunosuppression and varied 

antigen expression. Based on these studies in HGSC and melanoma,48,49 I hypothesized that new T cell 

clones would emerge over time to respond to ITH. In this study, I had two specific aims. The first aim 
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(chapter 2) was to identify differences in anti-tumor T cell responses between primary and recurrent 

disease to determine how patterns of tumor-recognition change over time in HGSC patients. The second 

aim (chapter 3) was to profile the clonal repertoire of purified populations of tumor-reactive T cells from 

primary and recurrent disease to determine how these T cell populations change over time.  

ACT for HGSC is conducted on recurrent disease, yet it is unknown what the best T cell 

population is for mediating complete and long-lived clinical responses. This study will illuminate 

potential mechanisms utilized by TIL for long-term tumor control. Using the results from this study, we 

will be able to design optimal ACT protocols for the treatment of recurrent tumors to improve the 

chances of eliciting more complete and durable responses in HGSC patients. Ultimately, with optimized 

ACT protocols, we aim to improve survival rates for patients with HGSC.  
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2.1 Abstract 

 

Background: There is a strong association between tumor-infiltrating lymphocytes (TIL) and survival in 

high-grade serous carcinoma (HGSC). However, HGSC can change dramatically between primary and 

recurrent disease due to various selective pressures that lead to extensive intratumoral heterogeneity 

(ITH). Previous studies in melanoma and HGSC showed tumor-reactive T cell clones fluctuate over time 

with their cognate tumor-antigens. Therefore, I hypothesized patients would share a common 

mechanism of T cell evolution to contend with ITH in HGSC. If this is so, I expect to see similar patterns 

of tumor recognition between primary and recurrent disease.  

Methods: Tumor-associated lymphocytes (TAL) were expanded from primary and recurrent ascites 

samples using high-dose IL-2 and a rapid-expansion protocol (REP). Following expansion, TAL were 

assessed for recognition of autologous tumor by IFN-γ ELISPOT and flow cytometry for CD137. 

Results: Patient TAL recognized tumor in two out of three cases. In patient IROC 060, the tumor became 

more immunogenic between primary and recurrent disease, which may reflect expression of new 

antigens and/or loss of an immunosuppressive phenotype. In patient IROC 106, the tumor remained 

immunogenic between primary and recurrent disease, which may reflect maintenance of stable antigen 

expression and immune-sensitive phenotype. Patient IROC 034 did not exhibit any tumor-reactivity, 

suggesting tumor-reactivity is not ubiquitous in HGSC.  

Conclusions: Anti-tumor T cell responses from ascites are diverse between patients and dynamic within 

a patient, suggesting various mechanisms of T cell evolution to respond to ITH in HGSC. 

Future Directions: Individual tumor-reactive TAL clonotypes will be tracked over time by sequencing T 

cell receptors of FACS-purified CD137+ tumor-reactive subpopulations.  

Significance: This study provides early insights into how TAL contend with ITH in HGSC. Ultimately, these 

results will inform the design of adoptive T cell therapy for recurrent HGSC. 
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2.2 Introduction 

  

 Despite the low survival rate of HGSC,75 the presence of CD3+ and CD8+ tumor-infiltrating T 

lymphocytes (TIL) is associated with superior prognosis.7,84 There have been several reports of direct T 

cell recognition of tumor antigens and tumor cells,49,67,68 indicating the immune system can play a direct 

role in mediating tumor control in HGSC patients. Further, immunotherapies have elicited clinical 

responses in some HGSC patients.210,212,232,233 Despite the success in some patients, it is unknown why 

clinical responses to immunotherapy have been rare and modest in HGSC. 

 One possible explanation for these modest responses lies in the high spatial and temporal 

intratumoral heterogeneity (ITH) of HGSC tumors. One study evaluated multiple tumor sites within three 

HGSC patients and found gene expression profiles, copy number, and mutation variation was high 

between tumor sites.108 For example, one patient had eight distinct tumor subclones that were present 

within five separate tumor sites throughout the peritoneal cavity.108 Despite the heterogeneity between 

tumor sites, the immune infiltrate in each tumor site seems to be relatively homogeneous,121,122 

suggesting the immune response to HGSC may respond to shared features shared by each tumor 

subclone, rather than unique subclonal features. Further, HGSC tumors can exhibit temporal ITH.107 In 

particular, one study described an HGSC patient, who had dramatic responses to platinum-based 

chemotherapy, lost an entire tumor subclone while concomitantly gaining a new, prominent, tumor 

subclone between primary and recurrent disease.107 Further study on this patient found the co-

emergence of a neoantigen and cognate T cell pair at first recurrence.49 Another study of two melanoma 

patients also found neoantigens and their cognate T cell clones emerged together between primary and 

recurrent disease.48 However, the predominant mechanisms by which anti-tumor T cells contend with 

ITH in HGSC is unknown. 

 In this study, I investigated the dynamics of anti-tumor T cell responses in three HGSC patients. I 

expanded tumor associated T lymphocytes (TAL) from primary and recurrent ascites and evaluated their 

reactivity to both primary and recurrent tumor from ascites using IFN-γ ELISPOT and flow cytometry for 

CD137. Based on previous studies, I hypothesized patients would share a common mechanism of T cell 

evolution to contend with ITH in HGSC. Here I show tumor recognition patterns are diverse between to 

HGSC patients and dynamic within a patient over time, suggesting the anti-tumor T cell response utilizes 

various mechanisms to respond to ITH in HGSC.  

   



25 

 

2.3 Methods 

 

Patient Selection and Recruitment 

Patient specimens and clinical data were collected with informed written consent through a 

prospective study in partnership with the BC Cancer Agency’s Tumour Tissue Repository (TTR) called the 

Immune Response to Ovarian Cancer (IROC). Study ethics approval was granted by the BC Cancer 

Agency and University of British Columbia Research Ethics Board. All patients had a diagnosis of HGSC 

and had ascites specimens available from primary and recurrent disease timepoints. Patients IROC 060, 

IROC 106, and IROC 034 underwent standard surgical debulking followed by carboplatin-based 

chemotherapy. After recurrence, patients were treated with additional cycles of carboplatin-based 

chemotherapy and one patient (IROC 106) was additionally treated with radiation treatment for 

metastases.  

Specimens used in this study were accessed retrospectively through the TTR and IROC. Ascites 

was collected by the TTR at time of primary surgery or through palliative paracentesis. Isolation of 

ascites cells was done by centrifugation. Ascites cells were cryopreserved in 50% fetal bovine serum 

(FBS), 40% freezing media (RPMI 1640 (Gibco cat no. 22400-089), 10% FBS, 25 mM HEPES, 300 mg/L L-

glutamine, and 50 µM β-mercaptoethanol), and 10% dimethyl sulfoxide (DMSO). Peripheral blood was 

collected by the TTR prior to surgery and chemotherapy treatment. Peripheral blood mononuclear cells 

(PBMC) were prepared by Ficoll density centrifugation using SepMate tubes (StemCell Technologies; Cat 

No. 15465) and cryopreserved. Samples with a high density of erythrocyte contamination were 

subjected to ammonium-chloride-potassium (ACK) lysis prior to cryopreservation. Both ascites cells and 

PBMC were stored in the vapour phase of liquid nitrogen. 

 

Cell Lines and Culture 

To generate tumor-associated lymphocyte (TAL) cell lines, bulk ascites cells were thawed and 

cultured in complete media (RPMI 1640 (Gibco cat no. 22400-089), 10% pooled human AB male serum, 

100 µg/mL penicillin-streptomycin, 50 µg/mL gentamicin, and 50 µM β-mercaptoethanol) at 1x106 

cells/mL in the presence of 6,000 U/mL human interleukin-2 (IL-2; Novartis; DIN 02130181) at 37°C and 

5% CO2. Cultures were maintained by adding fresh complete media with IL-2 every 2-3 days and split 

when concentrations rose above 2x106 cells/mL. After 14 days, IL-2 expanded TAL lines were rested in 

complete media supplemented with 300 U/mL IL-2 and 10 ng/mL interleukin-7 (IL-7; Peprotech cat no. 
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200-07) for 2-3 days before cryopreservation in 50% human AB male serum, 40% complete media, and 

10% DMSO. 

Following high-dose IL-2 expansion, TAL were thawed and further expanded in vitro using the 

rapid expansion protocol (REP234) in complete media with 30 ng/mL OKT3 (eBioscience cat no. 16-0037) 

and 300 U/mL IL-2. Cultures were maintained by adding fresh complete media with IL-2 every 2-3 days 

and cultures were split when concentrations rose above 1x106 cells/mL. After 14 days, TAL lines were 

rested in complete media supplemented with 1 U/mL IL-2 and 10 ng/mL IL-7 for 2-3 days before 

cryopreservation. Additional REPs were performed as needed.  

OVCAR8 cells and HeLa cells were cultured separately in high-glucose Dulbecco’s Modified Eagle 

Medium (DMEM; Gibco cat no. SH30022.01) supplemented with 10% fetal bovine serum (FBS), and 100 

µg/mL penicillin-streptomycin. Cells were grown at 37°C and 5% CO2 and were split when they reached 

confluency. When indicated, cells were incubated with 100 U/mL recombinant human IFN-γ (Peprotech 

cat no. 200-02) for 24 hours at 37°C and 5% CO2 prior to trypsinizing and flow cytometric analysis of HLA 

expression. 

Ascites and tumor cell lines from IROC 060 and IROC 106 were kindly donated by Dr. Maartje 

Wouters. To generate tumor cell lines from ascites and disaggregated tumor, bulk ascites or bulk 

disaggregated tumor cells were washed in PBS, pelleted, and resuspended in Renaissance Essential 

Tumor Media (Cellaria cat no. CM-0001) supplemented with RETM-supplement (Cellaria), 0.25 µg/mL 

cholera toxin (Sigma cat no. C8052), 1% FBS, and 1% penicillin streptomycin. Cells were seeded into a 

T25 flask and once the cells reached confluency, split into a T75 flask. If the culture had significant 

fibroblast contamination, a partial trypsinization was performed. Briefly, following a short trypsinization 

period (approximately 2 minutes), any detached cells, which were highly enriched for fibroblasts, were 

removed. All remaining attached cells were left in culture. Once a clean tumor culture was established, 

the FBS was slowly raised in 1% increments up to 5% final FBS concentration. 

 

Flow Cytometric Analysis of TAL Lines, Tumor Lines, and Ascites Samples 

Bulk ascites and TAL lines obtained following the high-dose IL-2 expansion and REP were 

assessed by flow cytometry for expression of CD3 (Biolegend cat no. 317332), CD56 (BD cat no. 560361; 

eBioscience cat no. 11-0566), CD8 (Biolegend cat no. 300906 or 301036), CD4 (Biolegend cat no. 357404 

or 317444), CD103 (eBioscience cat no. 11-1037), CD137 (Biolegend cat no. 309810), and PD-1 

(eBioscience cat no. 25-2799). Samples were run on a Becton Dickinson FACSCalibur.  
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Purity of tumor cells from bulk ascites following the CD45 depletion (below) was assessed by 

flow cytometry for the following markers: EpCAM (eBioscience cat no. 12-9326 or 46-9326), CD45 

(Biolegend cat no. 304012, eBioscience cat no. 12-9459, or 46-0459), CD14 (Biolegend cat no. 301842), 

PD-L1 (eBioscience cat no. 25-5983), HLA-ABC (BD cat no. 561346 or 565291), and HLA-DR,DP,DQ 

(Biolegend cat no. 361706 or BD cat no. 564244). Tumor cell lines were analyzed following pre-

treatment with IFN-γ for expression of HLA-ABC (BD cat no. 561346 or 565291), HLA-DR,DP,DQ 

(Biolegend cat no. 361706 or BD cat no. 564244), and PD-L1 (eBioscience cat no. 25-5983).  

 

Purification of Tumor Cells from Bulk Ascites 

To isolate tumor cells, CD45+ cells were depleted from bulk ascites using magnetic beads 

(Miltenyi MACS cat no. 130-045-801) according to the manufacturers’ protocol with the following 

exceptions: (a) to prevent column clogging, samples were filtered through a 100 µm filter followed by a 

40 µm filter prior to loading the column to remove any large tissue clumps and tumor rafts.202,203 

Samples were pelleted and resuspended at 2x107 cells/mL, and (b) a maximum of 107 cells were loaded 

per LS column to prevent clogging.  

Following the separation, the CD45- and CD45+ fractions were each pooled, centrifuged, and 

resuspended in complete media. To increase tumor cell expression of HLA molecules prior to assessing 

tumor reactivity of TAL, the CD45- fraction was seeded at 105 cells/mL in complete media containing 100 

U/mL recombinant human IFN-γ (Preprotech cat no. 200-02) and incubated for 24 hours at 37°C and 5% 

CO2. The CD45+ fraction of ascites was plated at 106 cells/mL in complete media without IFN-γ and 

incubated for 24 hours at 37°C and 5% CO2. Prior to plating the tumor and TAL co-culture, the CD45- and 

CD45+ fractions were washed three times in AIM-V serum-free media (Gibco cat no. 12055-083) and 

resuspended in AIM-V serum-free media at 3.5x105 cells/mL. 

 

Assessing Tumor Reactivity by IFN-γ ELISPOT and Flow Cytometry 

Standard IFN-γ ELISPOT assays were performed as described previously235 using the following 

reagents: MabTech IFN-γ primary coating antibody cat no. 3420-3-1000, MabTech IFN-γ secondary 

biotinylated antibody cat no. 3420-6-1000, Vectastain Elite ABC Kit Vector Labs cat no. PK6100, 

Vectastain AEC Substrate Reagent Vector Labs cat no. SK4200. TAL lines were thawed, washed in AIM-V 

serum free media (3 x 10mL washes; Gibco cat no. 12055-083), and plated in AIM-V serum free media at 

5x105 cells/well of a 96-well ELISPOT plate with or without 3.5x104 target cells per well. Wells containing 
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anti-CD3/anti-CD28 coated beads (Dynabeads; Gibco cat no. 11131D) were used as a positive control. 

Co-cultures were incubated for 20 hours at 37°C and 5% CO2. Spots were enumerated using an ELISPOT 

plate reader (AID GmbH). Wells with spot counts greater than 2X background were deemed positive. 

When sample availability allowed, separate TAL co-cultures, identical to those in the IFN-γ-

ELISPOT assay, were set up in U-bottom 96-well plates for flow cytometry. After a 20-hour incubation at 

37°C and 5% CO2, cells were harvested and stained for viability (Fixable Viability Dye V450 eBioscience 

cat no. 65-0863), CD3 (Biolegend cat no. 317332), CD8 (Biolegend 300906), CD4 (Biolegend cat no. 

357404), and CD137 (Biolegend 309810). Flow cytometry samples were run on a BD Influx Cell Sorter or 

BD FACSAriaII. 

 

Immunohistochemical Analysis of Primary FFPE Tumor Specimens: 

 Fresh, surgically resected tumor specimens were placed in 10% neutral buffered formalin and 

subsequently embedded in paraffin wax to create formalin-fixed paraffin-embedded (FFPE) tissue 

blocks. Staining was performed on 4 µm thick sections. Chromagens used were DAB, Ferengi Blue, and 

Warp Red.  

For the CD3, CD8, CD20 triple stain panel, deparaffinization was done using xylene followed by a 

series of ethanol and dH2O washes and slides were stained in an Intellipath FLX (Biocare Medical, 

Pacheco, CA). Heat-based antigen retrieval was performed in Diva Decloaker (Decloaking Chamber Plus, 

Biocare Medical, Concord, CA; Biocare cat no. BC-DV2004) with the following settings: P1 = 110°C for 15 

minutes; P2= 100°C, fan on; fan off = 80°C. Following antigen retrieval, slides were washed in dH2O and 

placed in an Intellipath FLX rack. Peroxidase blocking was done using a 5 minute peroxidased-1 wash 

(Biocare cat no. BC-PX968) followed by 10 minutes of non-specific blocking in background sniper 

(Biocare cat no. BC-BS966). Slides were washed in TBS buffer (Biocare cat no. BC-TWB945) and first 

round staining for CD3 (1/500, clone SP7) and CD8 (1/250; clone C8/144B) was conducted for 30 

minutes in the Intellipath FLX followed by a 30-minute incubation with MACH2 anti-rabbit double stain 

polymer (Biocare cat no. BC-MRCT525H). Following first-round staining, slides were washed with dH2O 

and incubated with SDS-glycine for 45 minutes. The diluent used was DaVinci Green (Biocare cat no. BV-

PD900). Slides were again washed with TBS buffer and stained for CD20 (1/300, clone L26) for 30 

minutes followed by a 30-minute incubation with MACH2 Mouse-AP polymer (Biocare cat no. BC-

MALP521H).  Finally, slides were counterstained using hematoxylin (1/5 dilution with dH2O; Biocare cat 

no. BC-CATHEM), dried, and cover-slipped using Ecomount (Biocare cat no. EM897L).   
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For the PD-L1, PD-1, CD8 triple stain panel, IHC was performed as described above with the 

following exceptions: Antibodies used for staining were PD-L1 (1/100, clone SP142), PD-1 (1/100, clone 

NAT105), PD-1 and PD-L1 were stained in the first round for 60 minutes and CD8 was stained in the 

second round for 30 minutes.  

MHC class I and class II single stains were done in a Ventana Discovery XT autostainer (Ventana, 

Tuscon, AZ). The protocol is the same as described above with the following exceptions: decloaking was 

done with the following settings: P1 = 125°C for 30 seconds; P2= 100°C, fan on; fan off = 80°C and 

antibodies used for staining were either MHC class I (clone EMR8-5) or MHC class II (clone CR3/43) for 

30 minutes followed by a 30-minute incubation with MACH2 anti-mouse HRP polymer (Biocare cat no. 

MHRP520H).  
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2.4 Results 

 

2.4.1 Clinical courses of the HGSC cohort 

 It is unknown how tumor immunogenicity and the anti-tumor T cell response change over time 

in HGSC patients. To evaluate this, it was necessary to select patients with multiple disease time points. 

Therefore, I assessed CA-125 levels from clinical data for HGSC patients and selected three patients for 

this study who had primary and recurrent disease. All three patients in our study cohort presented with 

high levels of serum CA-125 (Figure 1). IROC 060 (Figure 1A) and IROC 034 (Figure 1C) had suboptimal 

cytoreductive surgery (>1cm residual disease) at the time of diagnosis, whereas IROC 106 (Figure 1B) 

had optimal cytoreductive surgery (<1cm residual disease). All three patients received first round 

carboplatin and paclitaxel chemotherapy and experienced significant tumor regressions, as shown by 

complete reductions in serum CA-125 levels post-treatment. Despite good clinical responses, all three 

patients relapsed (Figure 1). Following relapse, IROC 060 had additional cycles of carboplatin with 

gemcitabine but developed platinum resistance and died 16-months post-diagnosis (Figure 1A). IROC 

106 (Figure 1B) also was treated with additional cycles of carboplatin and doxorubicin post-relapse, but 

ultimately developed platinum resistance. She had further treatment with letrozole and radiation on 

metastatic lesions, however she died over 2 years post-diagnosis. IROC 034 (Figure 1C) was the only 

patient to have two tumor recurrences. At first recurrence, she was treated with carboplatin and 

doxorubicin, which induced another strong tumor regression. However, she relapsed a second time and 

with no further treatment she succumbed to her disease nearly three years post-diagnosis. At both 

primary and recurrent disease, all three patients developed ascites, which was collected and 

cryopreserved for evaluation in this study. 
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Figure 1. Clinical courses of three HGSC patients studied (A) IROC 060, (B) IROC 106, and (C) IROC 034. 

Three patients were diagnosed with HGSC and underwent primary debulking surgery followed by a 

standard course of platinum-based chemotherapy. Tumor burden is indicated by CA-125 measurements 

(black dots). CA-125 U/mL was measured in blood serum as standard of care. Chemotherapy cycles are 

denoted with black bars and patients were treated with: CATX, carboplatin and paclitaxel; CAG, 

carboplatin and gemcitabine; CADX, carboplatin and doxorubicin. Down arrows represent ascites taps 

where ascites fluid was collected and ascites cells were harvested. Stars represent radiation treatment. 

Cross represents time of death.  
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2.4.2 CD137 identifies recently activated, TCR-stimulated CD4+ T cells better than OX-40 

 Given my aim to assess the tumor reactivity of CD4+ and CD8+ T cells from mixed TAL 

populations, I sought to find a cell surface marker that would identify recently activated T cells of the 

CD4+ and CD8+ subsets. CD137 is a well described activation marker on recently activated antigen-

specific CD8+ T cells,32,236 whereas the more canonical CD4+ activation marker is OX-40, or CD134.35 

Despite this, many other studies have used CD137 to identify recently activated CD4+ tumor-antigen-

specific T cells.11,40,47,48 To systematically assess which marker is best to identify recently activated CD4+ 

cells, I evaluated expression levels of OX-40, CD137, and two other activation markers (CD69 and CD40L) 

on CD4+ T cells in a REP-expanded healthy donor T cell population by flow cytometry over 6 days 

following various polyclonal stimuli: plate-bound anti-CD3 antibody, phytohemagglutinin (PHA), phorbol 

12-myristate 13-acetate and ionomycin (PMA/IM), and anti-CD3 and anti-CD28-coated Dynabeads.  

When analyzing potentially rare anti-tumor responses, it is important that background 

expression is very low. CD69 had the highest background expression on non-activated T cells (Figure 2A) 

and was therefore unsuitable for detecting rare antigen-specific CD4+ TAL. Despite low background, 

CD40L had the lowest expression level of any marker following stimulation (Figure 2) and accordingly 

was also unsuitable for detecting antigen-specific CD4+ T cells. Both CD137 and OX-40 had high 

expression levels post-TCR-stimulation (Figures 2B, 2C). However, CD137 had much lower background 

on unstimulated cells compared to OX-40 (Figure 2A). Due to limiting sample for tumor recognition 

experiments, it was sometimes necessary to harvest T cells for flow cytometry directly from the ELISPOT 

plate after 20 hours of co-culture. Therefore, although levels of OX-40 rose substantially higher than 

CD137 by 48-hours post-stimulation, CD137 had the highest expression on CD4+ T cells at 24 hours 

(Figures 2B, 2C). Further, CD137 was the most specific marker for identifying T cells activated through 

their TCR rather than by aggregation by a mitogen. In contrast to OX-40, which was up-regulated 

following PHA stimulation, CD137 was up-regulated robustly following TCR stimulation (Figures 2B, 2C) 

yet was low after stimulation with either PMA/IM or PHA (Figures 2D, 2E). Therefore, CD137 was 

determined to be the best activation marker to evaluate potentially rare, antigen-activated CD4+ TAL. 
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Figure 2. CD137 is the optimal activation marker to detect CD4+ T cells recently activated through the T 

cell receptor. REP-expanded T cells from healthy donor PBMC were left unstimulated (A), stimulated 

with (B) plate-bound α-CD3 monoclonal antibody, (C) α-CD3, α-CD28-coated Dynabeads, (D) 

phytohemagglutinin (PHA), or (E) phorbol myristate acetate (PMA) and ionomycin and the levels of the 

activation makers CD137 (squares), OX40 (circles), CD40L (up-facing triangles), and CD69 (down-facing 

triangles) were compared. Each data point is the mean of three T cell lines expanded from the same 

healthy donor and standard error is reported. CD4+ lymphocytes were gated on lymphocytes by FSC and 

SSC.  
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2.4.3 Ex vivo expression levels of HLA class I and II molecules on tumor cells  

Expression of MHC molecules is necessary for T cell recognition237 but can be highly variable on 

tumor cells238,239. To determine the baseline MHC class I expression on tumor cells in primary and 

recurrent ascites, bulk ascites cells were analyzed by flow cytometry for expression of EpCAM and MHC 

class I and II. All three patients had high MHC class I expression on both primary and recurrent EpCAM+ 

ascites cells (Figure 3). IROC 060 had high MHC class II expression on EpCAM+ tumor cells (Figure 3A), 

while both IROC 106 and IROC 034 had low MHC class II expression (Figures 3B, 3C). However, these 

results may be biased, as only a few cells were analyzed for MHC expression directly ex vivo due to 

sample limitation. For example, only 32 events fell within the EpCAM+ gate when analyzing IROC 106 

primary ascites (Figure 3B). Nonetheless, the results clearly indicate that MHC class II expression was not 

ubiquitous on tumor cells in ascites, raising the possibility that tumor-reactive CD4+ T cells may not be 

able to recognize autologous tumor cells. Therefore, to increase the likelihood of identifying potentially 

rare tumor-reactive T cells, I sought to increase MHC expression by pre-treating CD45- ascites cells with 

IFN-γ.  
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Figure 3. Ex vivo expression levels of MHC Class I and Class II on EpCAM+ tumor cells from bulk ascites of 

(A) IROC 060, (B) IROC 106, and (C) IROC 034. Gating strategy is shown in Figure A1. 
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2.4.4 IFN-γ pre-treatment has little effect on MHC and PD-L1 expression on EpCAM+ ascites cells 

IFN-γ is well known to increase expression of MHC molecules on the surface of many cell types, 

including tumor cells.240,241 However, some tumors have mutations that result in resistance to IFN-γ  

signaling and thus prevent IFN-γ-induced MHC up-regulation.166,168 Therefore, it was uncertain whether 

EpCAM+ ascites cells from each of the three HGSC patients would up-regulate MHC following IFN-γ pre-

treatment. To address this, I stimulated primary cell lines (derived from either IROC 060 bulk ascites or 

IROC 106 bulk disaggregated tumor) with IFN-γ for 24 hours and assessed expression of MHC class I and 

II by flow cytometry. On IROC 060 ascites tumor cells, IFN-γ treatment induced robust up-regulation of 

both MHC class I and II (Figure 4A). On IROC 106 tumor cells, IFN-γ also induced up-regulation of MHC 

class I, while MHC class II expression was unchanged (Figure 4B). IFN-γ signaling can also induce up-

regulation of the inhibitory cell surface protein PD-L1.156,241 Indeed, on both IROC 060 and IROC 106 

tumor cells, PD-L1 expression increased 10-fold following treatment with IFN-γ (Figure 4A,B).  

In contrast to the cell lines, primary human ascites cells did not respond as robustly to IFN-γ 

directly ex vivo. EpCAM+ tumor cells from IROC 060 and IROC 106 failed to up-regulate MHC class I or 

class II following IFN-γ treatment compared to untreated controls (Figures 5A-B, 6A-B, top row). 

Likewise, PD-L1 expression was high on untreated EpCAM+ tumor cells and failed to increase following 

IFN-γ pre-treatment (Figures 5A-B, 6A-B, bottom row). The lack of MHC upregulation was unexpected. 

Therefore, to confirm IFN-γ was active, I evaluated up-regulation of MHC and PD-L1 on the surface of 

CD45+ cells from parallel cultures of IROC 060 and IROC 106 bulk ascites. MHC expression levels on 

CD45+ cells were already high after 24 hours of in vitro cell culture, and as such, IFN-γ treatment failed to 

induce increased expression (Figures 5C-D, 6C-D, top row). However, PD-L1 expression did increase 

substantially (Figure 5C-D, 6C-D, bottom row), indicating IFN-γ was indeed functional. Although ex vivo 

expression levels of MHC class I expression was high on IROC 060 and IROC 106 EpCAM+ tumor cells and 

MHC class II expression levels were high on IROC 060 EpCAM+ tumor cells (Figure 3A,B), following 24 

hours of in vitro cell culture in the absence of IFN-γ, expression levels of MHC class I decreased. For 

example, 70% of IROC 060 primary EpCAM+ cells were MHC class I+ directly ex vivo while only 55% were 

MHC class I+ following 24-hour culture (Figure 5A). Likewise, IROC 060 recurrent EpCAM+ cells and both 

primary and recurrent IROC 106 EpCAM+ cells experienced a similar reduction in MHC class I expression 

levels following 24 hours of in vitro cell culture (Figure 5B, 6A,B) compared to directly ex vivo (Figure 

3A,B). In contrast, MHC class II expression levels on IROC 060 were maintained following in vitro culture 

(Figures 3A, 5A,B). Therefore, because MHC class I levels decreased following in vitro culture in the 
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absence of IFN-γ, yet did not increase after IFN-γ treatment, it suggests both IROC 060 and IROC 106 

tumor cells may have a resistance mechanism to IFN-γ signaling. 

In contrast to IROC 060 and IROC 106, IROC 034 did not have sufficient tumor cells to pre-treat 

tumor cells with IFN-γ for use in TAL reactivity assays and keep an aliquot as an untreated control. 

Therefore, for IROC 034, MHC and PD-L1 expression levels on IFN-y pre-treated cells were compared 

with tumor cells directly ex vivo, rather than to an untreated control. Unexpectedly, IROC 034 MHC and 

PD-L1 expression levels were substantially lower in the IFN-γ treated group compared to the direct ex 

vivo sample (Figures 3C, 7A-C). This apparent reduction in MHC and PD-L1 expression could have been 

due to reduced tumor cell viability following overnight culture, as was seen for IROC 060 and IROC 106 

(data not shown), rather than a biological response to IFN-γ. Thus, EpCAM+ tumor cells from all three 

patients failed to up-regulate MHC molecules in response to IFN-γ treatment. Nevertheless, regardless 

of IFN-γ treatment, EpCAM+ cells from IROC 060 and IROC 106 did express MHC class I, and some cells 

also expressed class II. This suggests MHC expression may not be a barrier to T cell recognition of 

EpCAM+ tumor cells for two of three study patients.  

 

Figure 4. IFN-γ pre-treatment results in up-regulation of MHC class I, MHC class II, and PD-L1 on primary 

human cell lines. (A) IFN-γ pre-treatment of an ascites tumor cell line grown from IROC 060 primary bulk 

ascites. (B) IFN-γ pre-treatment of a tumor cell line grown from IROC 106 disaggregated tumor. Both cell 

lines express cytokeratin and are CD45-. Yellow histograms represent unstained controls, red histograms 

represent un-treated cell lines, and blue histograms represent IFN-γ-treated cell lines. 
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Figure 5. Effect of IFN-γ pre-treatment of IROC 060 EpCAM+ tumor cells and CD45+ cells from bulk 

ascites. (A,C) IROC 060 primary and (B,D) recurrent ascites cells were treated with IFN-γ for 24 hours. 

Post-treatment, (A,B) EpCAM+ tumor cells and (C,D) CD45+ ascites cells were analyzed for expression of 

MHC Class I,  MHC Class II, and PD-L1.  Gating strategy is shown in Figure A1.
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Figure 6. Effect of IFN-γ pre-treatment of IROC 106 ascites EpCAM+ tumor cells and CD45+ cells. (A,C) 

IROC 106 primary and (B,D) recurrent ascites cells were treated with IFN-γ for 24 hours. Following 

treatment, (A,B) EpCAM+ tumor cells and (C,D) CD45+ ascites cells were analyzed for expression of MHC 

Class I,  MHC Class II, and PD-L1.  Gating strategy is shown in Figure A1.
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Figure 7. Effect of IFN-γ pre-treatment of IROC 034 ascites EpCAM+ tumor cells. (A) IROC 034 primary, (B) 

first recurrence, and (C) second recurrence CD45- ascites cells were treated with IFN-γ for 24 hours. 

EpCAM+ and CD45- ascites cells were analyzed for expression of MHC Class I, MHC Class II, and PD-L1.  

Gating strategy is shown in Figure A1. 
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2.4.5 Assessment of tumor reactivity by TAL 

 Using the methods described in the preceding sections, I evaluated the ability of CD4+ and CD8+ 

TAL to recognize primary and recurrent disease. TAL reactivity was assessed to three different cellular 

populations from primary and recurrent disease: (a) bulk ascites, consisting of a heterogeneous cellular 

mixture including EpCAM+ tumor cells, monocytes, and lymphocytes (subsequently called ascites), (b) 

CD45- ascites cells purified from ascites using a CD45+ microbead depletion, and highly enriched for 

EpCAM+ tumor cells (subsequently called CD45- cells) and (c) CD45+ ascites cells isolated by harvesting all 

cells bound to the magnetic column following a CD45+ microbead-based depletion of ascites 

(subsequently called CD45+ cells). Each patient exhibited a different pattern of ascites evolution and 

corresponding change in anti-tumor T cell response over time, and are therefore described separately in 

the following sections: 

 

2.4.5.1 IROC 060 ascites reactivity by TAL 

I first assessed primary TAL for recognition of primary and recurrent tumor from ascites. Primary 

TAL did not recognize primary ascites but strongly recognized recurrent ascites (i.e. 1% versus 8% of 

CD3+ T cells up-regulated CD137; Figures 8A, 8B). The response to recurrent ascites was predominantly 

mediated by the CD8+ subset of TAL (Figure 8A). These results were further supported by IFN-γ ELISPOT, 

which showed primary TAL secreted IFN-γ only in response to recurrent ascites (Figure 8B).  I next 

assessed recurrent TAL for recognition of primary versus recurrent ascites. Similar to primary TAL, 

recurrent TAL did not recognize primary ascites, but recognized recurrent ascites (i.e. 0.5% versus 3% of 

CD3+ T cells up-regulated CD137; Figures 8C,D). Again, this was supported by ELISPOT results showing 

recurrent TAL secreted IFN-γ only in response to stimulation with recurrent ascites (Figure 8D). In 

contrast to primary TAL, the responding recurrent TAL involved nearly equal proportions of CD4+ and 

CD8+ T cells (Figure 8C), suggesting either the loss of a CD8+ T cell response or the emergence of a CD4+ T 

cell response between primary and recurrent disease.  

When primary and recurrent TAL were assessed for reactivity to the CD45- and CD45+ cell 

fractions from ascites, it was clear that all reactivity was directed towards CD45+ cells (Figure 9). To 

ensure TAL were not recognizing a ubiquitous auto-antigen expressed on CD45+ cells, TAL were screened 

for reactivity to autologous PBMC. Despite robust reactivity to recurrent ascites and CD45+ cells, there 

was no reactivity to autologous PBMC from either primary or recurrent TAL (Figures 8, 9), suggesting TAL 

were not auto-reactive. Rather, TAL likely recognized a tumor-associated antigen presented by CD45+ 
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cells. In summary, IROC 060 ascites did not elicit an immune response at primary disease yet induces a 

robust immune response at disease recurrence. Concomitantly, TAL became a mixture of CD8+ and CD4+ 

T cells over time.  

 

 

 

Figure 8. Ascites reactivity of IROC 060 TAL. IL-2 and REP expanded primary (A, B) and recurrent (C, D) 

TAL were stimulated with autologous primary and recurrent ascites cells. Reactivity was called positive 

when it was at least two times the level of reactivity to autologous PBMC in the IFN-γ ELISPOT (B, D) and 

by CD137 expression (A, C). The frequency of CD8+CD137+ TAL is represented by hatched bars while the 

frequency of CD4+CD137+ TAL is represented by solid grey bars. The gating strategy for CD137+ TAL and 

representative dot plots are shown in Figure A2. Representative images of the IFN-γ ELISPOT wells are 

shown above each bar in the graphs (B, D).  

 



 

43 

 

 

Figure 9. Tumor and ascites reactivity of IROC 060 TAL. IL-2 and REP expanded primary (A, B) and 

recurrent (C, D) TAL were stimulated with autologous primary and recurrent bulk ascites cells, CD45- 

tumor cells, and CD45+ ascites cells. Reactivity was called positive when it was at least two times the 

reactivity to autologous PBMC in the IFN-γ ELISPOT (B, D) and by CD137 expression (A, B). The frequency 

of CD8+CD137+ TAL is represented by hatched bars while the frequency of CD4+CD137+ TAL is 

represented by solid bars. Assessment of TAL recognition of primary ascites, tumor, or CD45+ cells is 

represented by red bars while assessment of TAL recognition of recurrent ascites, tumor, or CD45+ cells 

is represented by blue bars. The gating strategy and representative dot plots are shown in Figure A2.  

 

 

 

 

 

 



 

44 

 

2.4.5.2 IROC 106 ascites reactivity by TAL 

In contrast to IROC 060, primary TAL from IROC 106 demonstrated robust recognition of primary 

or recurrent tumor from ascites. Nearly 75% of the responsive primary TAL were CD4+; Figures 10A,B). 

Recurrent TAL also recognized primary or recurrent ascites (Figures 10C, 10D). In contrast to primary 

TAL, responding recurrent TAL were 50% CD4+ and 50% CD8+ (Figure 10C). There was significant 

background IFN-γ secretion when primary TAL were co-cultured with autologous PBMC. However, 

representative ELISPOT images show substantially more IFN-γ secretion when TAL were cultured with 

either primary or recurrent ascites (Figures 10B,D) compared to autologous PBMC, suggesting despite 

potential background auto-reactivity, TAL exhibit specific recognition of tumor-associated antigen. 

Further, flow cytometry results showed TAL express very little (<1%) CD137 following stimulation with 

autologous PBMC (Figures 10A,C) compared to stimulation with ascites (3-8% CD137+). TAL also showed 

no reactivity to autologous B cells, further indicating TAL recognize a tumor-associated antigen rather 

than a self antigen ubiquitously expressed on blood cells.  

When I assessed TAL reactivity to the CD45- or CD45+ fractions, it was clear ascites-reactivity of 

IROC 106 TAL was entirely directed towards CD45+ cells, rather than tumor-enriched CD45- cells (Figure 

11). Again, despite the lack of response to CD45- cells, background reactivity to autologous PBMC and B 

cells was low (Figures 10, 11). Therefore, TAL likely recognized a tumor-associated antigen presented by 

CD45+ cells, rather than an auto-antigen expressed on blood cells. In summary, results suggest IROC 106 

ascites elicited T cell responses at primary and recurrent time points, whereas tumor-reactive TAL 

changed from predominantly CD4+ to a nearly equal mixture of both CD4+ and CD8+ T cells.  
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Figure 10. Ascites reactivity of IROC 106 TAL. IL-2 and REP expanded primary (A, B) and recurrent (C, D) 

TAL were stimulated with autologous primary and recurrent ascites cells. Reactivity was called positive 

when it was at least two times the level of reactivity to autologous PBMC and autologous B cells in the 

IFN-γ ELISPOT (B, D) and by CD137 expression (A, C). The frequency of CD8+CD137+ TAL is represented by 

hatched bars while the frequency of CD4+CD137+ TAL is represented by solid grey bars. The gating 

strategy for CD137+ TAL and representative dot plots are shown in Figure A3. Representative images of 

the IFN-γ ELISPOT wells are shown above each bar in the graphs (B, D). 
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Figure 11. Tumor and ascites reactivity of IROC 106 TAL. IL-2 and REP expanded primary (A, B) and 

recurrent (C, D) TAL were stimulated with autologous primary and recurrent bulk ascites cells, CD45- 

tumor cells, and CD45+ ascites cells. Reactivity was called positive when it was at least two times the 

reactivity to autologous PBMC and autologous B cells in the IFN-γ ELISPOT (B, D) and by CD137 

expression (A, B). The frequency of CD8+CD137+ TAL is represented by hatched bars while the frequency 

of CD4+CD137+ TAL is represented by solid bars. Assessment of TAL recognition of primary ascites, 

tumor, or CD45+ cells is represented by red bars while assessment of TAL recognition of recurrent 

ascites, tumor, or CD45+ cells is represented by blue bars. The gating strategy and representative dot 

plots are shown in Figure A3. IFN-γ ELISPOT TNTC values were estimated to be 200 spots based on the 

highest countable number of spots on the ELISPOT plate. 
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2.4.5.3 IROC 034 ascites reactivity by TAL 

IROC 034 presented a unique opportunity to evaluate anti-tumor T cell responses from ascites 

over two disease recurrences (Figure 1C). However, TAL from primary, first recurrence, or second 

recurrence time points failed to respond to tumor from ascites from any disease time point (Figure 12). 

While IROC 034 did not up-regulate CD137 or secrete IFN-γ in response to ascites, they did up-regulate 

CD137 and secrete IFN-γ in response to stimulation with anti-CD3/anti-CD28-coated Dynabeads, a 

polyclonal stimulant (Figure 13). Further, both primary and 2nd recurrence TAL had weak reactivity to 

autologous PBMC (more than 2X background spots in the media control) and 1st recurrence TAL have 

weak reactivity to both autologous B cells and PBMC (Figures 12,13), indicating TAL may have low-level 

specificity to an autologous antigen found on blood cells. At all time points, ascites reactivity was equal 

or lower than reactivity to autologous PBMC or B cells (Figure 12), suggesting IROC 034 TAL are capable 

of activation, yet do not specifically recognize autologous ascites from any disease time point. 

Patterns of primary and recurrent ascites reactivity in IROC 060, IROC 106, and IROC 034 were 

diverse. IROC 060 primary ascites did not elicit a T cell response while her recurrent ascites elicited a 

robust T cell response (Figure 8). In contrast, both IROC 106 primary and recurrent ascites elicited a 

strong T cell response (Figure 10). Further, IROC 034 ascites was incapable of eliciting a T cell response 

at any disease time point (Figure 12). In both cases with tumor reactivity, IROC 060 and IROC 106, 

tumor-reactive TAL became mixtures of both CD4+ and CD8+ T cells over time. Although results from 

IROC 060 and IROC 106 were encouraging, results from IROC 034 show tumor-reactivity is not 

ubiquitous in HGSC patients. In summary, patterns of tumor recognition were diverse between patients, 

with evidence of both CD8+-mediated and CD4+-mediated anti-tumor T cell responses, as well as 

complete absence of an anti-tumor T cell response from ascites. Despite this, both IROC 060 and IROC 

106 tumor-reactive TAL became a mixture of CD8+ and CD4+ T cells, indicating a potential shared 

mechanism of T cell evolution within HGSC patients.  
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Figure 12. Ascites reactivity of IROC 034 TAL. IL-2 and REP expanded primary (A, B) 1st recurrence (C, D), 

and 2nd recurrence (E, F) TAL were stimulated with autologous primary and recurrent ascites cells. 

Reactivity was called positive when it was at least two times the level of reactivity to autologous PBMC 

and autologous B cells in the IFN-γ ELISPOT (B, D, F) and by CD137 expression (A, C, F). The frequency of 

CD8+CD137+ TAL is represented by hatched bars while the frequency of CD4+CD137+ TAL is represented 

by solid grey bars. The gating strategy for CD137+ TAL and representative dot plots are shown in Figure 

A4. Representative images of the IFN-γ ELISPOT wells are shown above each bar in the graphs (B, D, F).  
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Figure 13. IROC 034 TAL responses to both negative and positive controls. (A) Flow cytometry analysis of 

CD137 expression and (B) IFN-γ ELISPOT results of primary, 1st recurrence, and 2nd recurrence TAL either 

unstimulated (media) or stimulated with autologous PBMC, B cells, or Dynabeads. The frequency of 

CD8+CD137+ TAL is represented by hatched bars while the frequency of CD4+CD137+ TAL is represented 

by solid grey bars. The gating strategy for CD137+ TAL and representative dot plots are shown in Figure 

A4. Representative images of the IFN-γ ELISPOT wells are shown above each bar in the graphs. IFN-γ 

ELISPOT TNTC values were estimated to be 200 spots per 100,000 cells based on the highest number of 

countable spots in ELISPOT plates from assessing IROC 106 TAL (Figures 11,12).  
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2.4.6 Characteristics of immune infiltrate and tumor phenotype in primary tumors 

 The infiltration of various T cell subsets are associated with prognosis in ovarian 

cancer.7,80,82,242,243 However, it is unknown whether TIL infiltration or tumor phenotype in primary tumor 

is associated with an anti-tumor TAL response in HGSC. Therefore, retrospective analysis of 

immunohistochemistry for CD3, CD8, MHC class I, and MHC class II was done on all three patients. 

Further analysis of PD-1, and PD-L1 was done on IROC 060 and IROC 106, but due to insufficient tumor 

tissue these analyses were not possible on IROC 034. Because of the positive prognostic effect of CD3+ 

and CD8+ TIL in HGSC, I expected presence of TIL would be associated with an anti-tumor TAL response 

for each of the patients studied.  

 Both IROC 060 and IROC 106 had strong anti-tumor TAL responses (Figures 8-11), however only 

IROC 060 had infiltrating CD3+, CD8+, and CD4+ (CD3+CD8- were presumed CD4+) T cells (Figure 14). 

Surprisingly, IROC 106 had no TIL (Figure 15A) except for one tissue section in which 3 CD8+ T cells were 

visible (Figure 15B). In contrast, IROC 034 had no observed anti-tumor T cell response yet had dense 

intratumoral infiltration of CD3+, CD8+, and CD4+ T cells (Figures 16A-C). Thus, TIL infiltration patterns in 

primary tumors are not associated with an anti-tumor TAL response in HGSC patients. Likewise, all three 

patients’ tumors expressed MHC class I on epithelial and stromal cells (Figures 14C, 15C, 16D). IROC 060 

expressed very high levels of MHC class I, while expression in IROC 106 and IROC 034 was lower and had 

a patchier distribution across the tumor epithelium (Figures 15C, 16D). The only tumor that had 

epithelial expression of MHC class II was IROC 060 (Figure 14D), yet the primary TAL response to tumor 

was predominantly CD8+-mediated (Figure 8A). In IROC 106 and IROC 034, expression of MHC class II 

was limited to stromal cells that had morphological characteristics of macrophages (Figures 15D, 16E). 

IROC 106 primary TAL response to tumor was predominantly CD4+-mediated, which suggests tumor 

infiltrating macrophages may be associated with a CD4+-mediated anti-tumor response; however, IROC 

034 had no tumor-reactive TAL (Figure 12), which suggests tumor infiltrating macrophages have no 

association with the presence of tumor-reactive TAL within the ascites. Finally, neither IROC 060 nor 

IROC 106 had any substantial PD-L1 staining (Figures 14B, 15B), suggesting PD-L1 expression, like MHC 

class I, class II, or TIL infiltration, is not associated with the presence of tumor-reactive TAL in ascites.  
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Figure 14. IHC analysis of IROC 060 surgically resected primary tumor stained for (A) CD3 (blue), CD8 

(brown), and CD20 (red), (B) PD-1 (blue), CD8 (red), and PD-L1 (brown), (C) MHC class I (brown), and (D) 

MHC class II (brown).  



 

52 

 

 

Figure 15. IHC analysis of IROC 106 surgically resected primary tumor stained for (A) CD3 (blue), CD8 

(brown), and CD20 (red), (B) PD-1 (blue), CD8 (red), and PD-L1 (brown), (C) MHC class I (brown), and (D) 

MHC class II (brown). 
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Figure 16. IHC analysis of IROC 034 surgically resected primary tumor for (A) CD3, (B), CD8, (C) CD4, (D) 

MHC class II, and (E) MHC class II. All markers were stained individually and visualized using DAB (brown) 

chromogen.  
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2.4.7 Cellular characteristics of primary and recurrent ascites in HGSC 

  It is unknown whether differences in ascites cellular composition between primary and 

recurrent disease can be used to predict ascites reactivity. Therefore, retrospective analysis of ascites 

from all three HGSC patients was performed by analyzing flow cytometry data for tumor content using 

EpCAM and for monocyte and lymphocyte content by FSC/SSC to find predictive markers of ascites-

reactivity. Only recurrent IROC 060 ascites elicited anti-tumor T cell responses (Figures 8, 9) despite IROC 

060 primary and recurrent ascites having high EpCAM+ tumor cell content (31% and 35.5% EpCAM+ cells, 

respectively; Figure 17A). Between IROC 106 and IROC 034, only IROC 106 exhibited any ascites-

reactivity (Figures 10, 11, 12), however both patients had increasing EpCAM+ tumor cell content from 

primary to recurrent ascites (Figures 17B,C). Therefore, ascites-reactivity could not be predicted simply 

based on EpCAM+ tumor cell content of ascites.  

In contrast, there were some evident trends between tumor-reactive TAL and the presence of 

monocytes in ascites. IROC 060 recurrent TAL had a greater proportion of responding CD4+ TAL 

compared to primary TAL (Figures 8A,C). Concordantly, IROC 060 recurrent ascites had a larger 

monocyte population compared to primary ascites (Figure 18A). Likewise, IROC 106 primary TAL ascites-

reactivity was predominantly CD4+-mediated (Figure 10A), and indeed IROC 106 primary ascites had a 

larger monocyte population compared to recurrent ascites (Figure 18B). IROC 034 ascites had an 

increase in monocytes over time (Figure 18C) however, it had a lack of tumor-reactive TAL at any time 

point (Figure 12). Therefore, these results suggest that in patients who demonstrate ascites-reactivity, 

the presence of monocytes in ascites is associated with an increased population of CD4+ tumor-reactive 

TAL compared to CD8+ TAL.  

The presence of lymphocytes in ascites was associated with the overall frequency of tumor-

reactive TAL. IROC 060 and IROC 106 had an overall decrease in the frequency of CD3+ tumor-reactive 

TAL. Over 8% of primary CD3+ TAL were tumor reactive, compared to only 3% of recurrent TAL (Figures 

8A,C). Consequently, the population of lymphocytes in recurrent ascites was smaller compared to 

primary ascites (29.8% vs. 19.8%; Figure 18A). Likewise, the overall proportion of tumor-reactive T cells 

was reduced in recurrent TAL compared to primary (Figures 10A,C) and accordingly, the lymphocyte 

population of recurrent ascites was reduced compared to primary ascites (53.9% vs. 14.3%; Figure 17B). 

IROC 034 lymphocyte content of both primary and 1st recurrence ascites was very similar; however, it 

had reduced by over 20% by 2nd recurrence (Figure 18C). Nonetheless, IROC 034 had no tumor-reactive 
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TAL and therefore, any association of lymphocyte content with tumor-reactive TAL may be specific to 

cases with demonstrated ascites-reactivity. 

 

 

Figure 17. Ex vivo proportions of EpCAM+ tumor cells in bulk ascites for the three HGSC patients studied, 

(A) IROC 060, (B) IROC 106, and (C) IROC 034. The percentage of EpCAM+ cells are indicated inside the 

rectangular gate within each dot plot. Each patient’s ascites samples were analyzed together, however 

samples between patients were analyzed at different times. Therefore, the EpCAM+ gate is unique to 

each patient. Cells were gated on singlets and the gating strategy is outlined in Figure A5.  
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Figure 18. Ex vivo proportions of lymphocytes and monocytes in bulk ascites for the three HGSC patients 

studied: (A) IROC 060, (B) IROC 106, and (C) IROC 034. Lymphocytes and monocytes were gated based 

on FSC and SSC and the percentage of both populations are indicated beside the gate within each dot 

plot. Each patient’s ascites samples were analyzed together, however samples between patients were 

analyzed at different times. Therefore, the gates are unique to each patient. Cells were gated on singlets 

and the gating strategy is outlined in Figure A5. 
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2.4.8 Ex vivo TAL phenotypes from primary and recurrent ascites in HGSC 

  Retrospective analysis of primary and recurrent ascites from all three patients was performed by 

analyzing flow cytometry data for CD3, CD8, CD4, PD-1, CD103, and CD137. For both IROC 060 and 106, 

PD-1 expression on TAL ex vivo as higher on the subset of TAL that mediated anti-tumor reactivity. 

Indeed, IROC 060 primary CD8+ TAL mediated the anti-tumor response (Figure 8A) and had 2-fold higher 

PD-1 expression compared to primary CD4+ TAL (i.e. 8.6% vs 4.78% PD-1+; Table 1). By the time of first 

recurrence, equal proportions CD8+ and CD4+ TAL mediated the anti-tumor response (Figure 8C) and 

accordingly, PD-1 expression was comparable on both CD8+ and CD4+ T cells (i.e. 5.97% vs 4.43% PD-1+; 

Table 1). This same trend was evident for IROC 106 TAL (Table 1, Figures 10A,C). In primary disease, CD4+ 

T cells mediated the anti-tumor immune response (Figure 10A) and correspondingly had over 2-fold 

higher PD-1 expression compared to CD8+ TAL (Table 1). This correlation was not perfect, as recurrent 

CD4+ TAL ex vivo had 3-fold higher PD-1 expression compared to CD8+ TAL (Table 1) despite having an 

equal mixture of CD8+ and CD4+ T cells mediated the anti-tumor response (Figure 10A,C). IROC 034 had 

no tumor-reactive TAL at any disease time point (Figure 12). Consistent with this, PD-1 expression levels 

were similar on both CD8+ and CD4+ TAL (Table 1). In contrast, expression of CD137 and CD103 was low 

and similar between primary and recurrent disease in all three patients (Table 1), suggesting no 

association between ex vivo expression levels of either CD137 or CD103 on T cells from ascites and 

ascites-reactivity.  
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Table 1. Characteristics of TAL ex vivo and post-expansion from each of the three HGSC patients studied. Ex vivo TAL gating strategies are shown 
in Figure A6, IL-2 expanded TAL gating strategies are shown in Figure A7, and REP-expanded TAL gating strategies are shown in Figure A8.   
Samples were stained for CD3, CD8, CD4, PD-1, CD137, and CD103. Ex vivo and IL-2-expanded TAL PD-1, CD103, and CD137 values are 
represented as the percentage of either the total CD4+ and CD8+ T cells (IROC 060) or the total CD3+ T cells (IROC 106 and IROC 034). REP-
expanded TAL PD-1, CD103, and CD137 values are represented as the percentage of total singlet lymphocytes by FSC and SSC 

 

 
 

IROC 060 IROC 106 IROC 034 

Primary Recurrent Primary Recurrent Primary 
1st 

Recurrence 
2nd 

Recurrence 

Ex Vivo 

 
CD8+ 

 

Total 48.5% 44.0% 29.2% 20.8% 41.1% 28.0% 28.2% 

PD-1+ 8.61% 5.97% 11.0% 9.49% 9.46% 6.25% 6.95% 

CD137+ 0.35% 0.096% 0.069% 0.096% 0.052% 0.029% 0.11% 

CD103+ 8.89% 6.07% 2.54% 5.90% 1.10% 0.93% 1.67% 

 
CD4+ 

 

Total 48.8% 53.6% 63.7% 74.8% 50.1% 67.1% 68.3% 

PD-1+ 4.78% 4.43% 25.2% 31.6% 5.04% 6.43% 8.29% 

CD137+ 0.44% 0.19% 0.064% 0.38% 0.061% 0.044% 0.13% 

Post IL-2 
Expansion 

 
CD8+ 

 

Total 65.6% 40.6% 29.7% 29.9% 52.3% 34.6% 42.0% 

PD-1+ 22.4% 17.4% 7.18% 11.0% 9.28% 5.01% 14.9% 

CD137+ 1.90% 0.84% 0.90% 0.53% 1.28% 1.83% 2.67% 

CD103+ 4.04% 6.46% 0.28% 1.23% 1.18% 0.87% 8.56% 

 
CD4+ 

 

Total 13.2% 44.9% 62.9% 63.0% 35.8% 58.1% 44.6% 

PD-1+ 4.80% 35.1% 30.2% 33.3% 12.9% 12.9% 12.1% 

CD137+ 0% 1.29% 0.10% 0.49% 0.78% 1.92% 1.81% 

Post REP 
Expansion 

 
CD8+ 

 

Total 70.1% 45.0% 7.65% 26.0% 30.8% 22.2% 27.0% 

PD-1+ 8.20% 4.90% 3.90% 10.5% 19.6% 13.7% 13.3% 

CD137+ 0.39% 0.10% 0.035% 0.15% 0.047% 0.077% 0.032% 

CD103+ 0.10% 0.13% 0.012% 0.17% 0.67% 0.056% 0.048% 

 
CD4+ 

 

Total 22.2% 46.6% 91.6% 72.4% 54.7% 74.9% 71.0% 

PD-1+ 5.54% 20.1% 49.4% 46.6% 42.7% 48.9% 42.2% 

CD137+ 0.061% 0.096% 0.25% 0.62% 0.071% 0.067% 0.027% 



 

59 

 

2.4.9 Characteristics of expanded T cells from primary and recurrent ascites 

 I also assessed the phenotype of expanded TAL using flow cytometry for CD3, CD4, CD8, CD137, 

PD-1, and CD103. Within each patient, primary and recurrent TAL had similar populations of CD4+ and 

CD8+ T cell subsets directly ex vivo (Table 1). However, certain TAL subsets expanded preferentially 

following high-dose IL-2 and a REP. For example, IROC 060 primary TAL had a nearly 4-fold greater 

proportion of CD8+ T cells compared to CD4+ T cells following expansion, despite comparable 

populations of CD4+ and CD8+ TAL ex vivo (Table 1). Consistent with this, ascites reactivity of primary TAL 

was predominantly CD8+-mediated. Likewise, for all other TAL populations from IROC 060 and IROC 106, 

the T cell subset that preferentially expanded during the high-dose IL-2 expansion mediated ascites-

reactivity. In contrast, expression of PD-1, CD137, or CD103 on expanded TAL showed no consistent 

association with ascites-reactivity (Table 1). Collectively, monocyte and lymphocyte content of ascites as 

well as ex vivo expression of PD-1 on TAL and the high-dose IL-2 and REP expansion patterns were 

associated with tumor-reactive TAL and therefore may represent markers that can be used for 

predicting ascites reactivity in HGSC. 
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2.5  Discussion 

 

To determine how the anti-tumor immune response changes over time to respond to 

intratumoral heterogeneity in HGSC, I evaluated changes in the T cell response to primary and recurrent 

disease in three HGSC patients. The three patients showed different patterns of ascites recognition. In 

the case of IROC 060, primary ascites did not elicit a T cell response, but recurrent ascites elicited a 

robust T cell response (Figure 8), indicating ascites changed from non-immunogenic to highly 

immunogenic during the progression from primary to recurrent disease. In the case of IROC 106, 

primary and recurrent ascites elicited robust immune responses, demonstrated by TAL from primary and 

recurrent disease recognizing ascites from primary and recurrent disease (Figure 10), indicating ascites 

remained immunogenic during progression from primary to recurrent disease. Finally, in the case of 

IROC 034, neither primary nor recurrent ascites elicited a T cell response, indicating this patient’s cancer 

remained relatively non-immunogenic over time (Figure 12). As discussed below, these three different 

response patterns provide unique insights into the co-evolution of tumors and the immune response in 

human cancer patients.  

It is not clear why ascites-derived tumor cells from IROC 060 primary disease or IROC 034 

primary and recurrent disease did not elicit T cell responses. An explanation could be the moderate 

mutation burden of HGSC compared to other tumor types in which T cell reactivity is more commonly 

found.244 Recently, Martin et al228 found the low mutation burden in a mouse model of epithelial ovarian 

cancer limited the ability to find neoantigen-reactive T cell clones. In fact, peptide vaccines based on 

predicted neo-epitopes of the mouse epithelial ovarian tumor line ID8 failed to elicit a therapeutic 

response and induce tumor regression, despite each mutant peptide activating mutation-specific T cells 

in vitro.228 Although the mutation burden of IROC 034 and IROC 060 tumors is unknown, it is possible 

these tumors may not harbour any immunogenic mutations and thus may not elicit an anti-tumor 

immune response.245 Further, given the potential for high ITH in HGSC tumors, it is possible that the 

tumor could express an immunogenic antigen, but only in a low-frequency subclone,108 thus, lowering 

the chances of detecting a reactive T cell clone with the threshold of current methods.  

The lack of tumor-reactivity found in these patients may be due to limited expansion of tumor-

specific T cells. T cell expansion requires growth signals from IL-2 and TCR stimulation,2 however 

expansion can be constrained by various factors. For example, an immunosuppressive ascites 

environment246,247 may prevent the proliferation of specific TAL and subsequent detection of tumor-
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reactivity. Ascites fluid  has been shown to suppress T cell function247 and can contain 

immunosuppressive cytokines, 246–249 subsets of immunosuppressive cells172,173,179,180, such as those that 

express immunosuppressive molecules such as PD-L128,29, IDO-1195, β-catenin250,251, TGF-β194, VISTA149, 

and CD155150. Indeed, in my study, IROC 060 and IROC 034 had high PD-L1 expression on EpCAM+ tumor 

cells in the ascites (Figures 5A,B, 6A,B, 7A-C) and PD-1 expression on TAL (Table 1). It was unclear why 

PD-L1/PD-1 interactions blocked T cell expansion in these specific cultures when PD-1 and PD-L1 were 

also expressed on ascites samples that did have tumor-reactive T cell expansion. Therefore, interactions 

between PD-1+ T cells and PD-L1+ EpCAM+ tumor cells may be part of a more complex network of other 

immunosuppressive factors that prevent expansion of tumor-reactive T cell subsets and should be 

studied further. 

 I found TAL reactivity in IROC 060 and IROC 106 was directed towards the CD45+ fraction of 

ascites, rather than towards tumor cells. Cell-intrinsic immune resistance mechanisms may explain the 

lack of reactivity towards tumor cells. For instance, impaired IFN-γ signaling pathways may lead to 

reduction in expression of MHC molecules on the cell surface of tumor cells and subsequently impair T 

cell responses. Recent studies evaluating resistance mechanisms to checkpoint blockade therapy found 

non-responding tumors had genomic defects in IFN-γ pathway genes such as JAK1, JAK2, as well as 

truncation of the β-2-microglobulin gene resulting in impaired expression of MHC class I.165,166 In this 

study, EpCAM+ ascites cells did not up-regulate either MHC or PD-L1 in response to pre-treatment with 

IFN-γ (Figures 5A,B, 6A,B, 7A-C), suggesting tumor cells may possess intrinsic mechanisms of IFN-γ 

resistance. Further, irrespective of IFN-γ pre-treatment, EpCAM+ tumor cells expressed much higher 

levels of PD-L1 than CD45+ cells in the ascites (Figure 5, 6), suggesting tumor cells could be directly 

suppressing the T cells and concealing a tumor-specific TAL response.  

The lack of TAL reactivity to tumor cells may highlight the requirement of co-stimulation for full 

T cell activation. For example, CD28 engagement by its ligands, CD80 and CD86 (B7-1 and B7-2), is 

necessary for full effector T cell activation.252 Additionally, members of the tumor necrosis factor 

receptor super family, such as CD137 and OX40, provide pro-survival and proliferative signals upon 

binding with their ligands.32,35,253 Non-hematologic tumor cells have been shown to express no, or low 

levels of costimulatory ligands such as CD80, CD86, and CD137L,146,254–256  while macrophages and other 

immune cells express high levels of co-stimulatory ligands.147,257–259 Therefore, with efficient unimpaired 

antigen processing and presentation in the context of appropriate co-stimulation, tumor-reactive TAL 

may be fully activated towards CD45+ cells. Tumor cells, on the other hand, with defects in IFN-γ 
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response, expression of suppressive molecules, moderate MHC expression, and potentially a lack of co-

stimulatory ligands, may not be able to fully activate TAL and therefore direct recognition of purified 

tumor cells may escape detection. 

The ability to specifically identify and select tumor-reactive T cells from polyclonal populations 

would be helpful for development of immunotherapies, leading to improved tumor-specificity and less 

in vitro manipulation as compared to current protocols. There have been several markers suggested for 

prospective identification of tumor-reactive T cells,40 but it is unknown what the best marker is to select 

such cells from polyclonal populations like peripheral blood, TIL, and TAL. One study by Ye et al 

suggested CD137 was the most accurate identifier of tumor-specific T cells in ovarian cancer.40 However, 

rather than assessing CD137 levels directly ex vivo, the authors rested bulk disaggregated tumor and 

ascites samples in IL-7 and IL-15 overnight prior to assessment of CD137 to increase the percentage of 

positive cells. Because the authors found CD137 levels to be low directly ex vivo, CD137 is unlikely the 

best marker for identification of tumor-reactive TIL directly ex vivo.40 Indeed, in my patient cohort, 

CD137 levels were very low (<1%) on TAL directly ex vivo from all time points (Table 1), suggesting 

CD137 is a poor marker of tumor-reactive TAL directly ex vivo.  

A few recent studies from our lab suggested CD103 is another candidate marker for identifying 

the tumor-reactive subset in ovarian cancer.87,242,260 CD103 is a marker of tissue-resident memory T cells 

(TRM) and is up-regulated following antigen-specific activation in the presence of TGF-β.261 However, 

CD103 levels on TAL were found to be low across all three patients’ ascites samples and therefore, 

CD103 is unlikely to be a predictive marker of tumor-reactive TAL directly ex vivo.  

Another set of papers published recently suggested CD27 may be a good marker of prospective 

identification of tumor-reactive T cell subsets in melanoma or ovarian cancer.86,262 CD27 is a tumor 

necrosis family (TNF) receptor family member involved in T cell proliferation, effector function, and 

development of T cell memory.263  One study in melanoma evaluated CD27 in TIL subsets used for 

clinical infusion262 while the study in ovarian cancer found CD27+ TIL conferred a prognostic benefit.86 

Neither study showed direct evidence that CD27+ T cells were highly enriched for tumor-reactivity, and 

therefore CD27 was not investigated in this study. 

Perhaps the most promising marker for prospectively identifying tumor-reactive T cells is PD-1. 

Notably, there has been exceptional clinical success using checkpoint blockade therapies that specifically 

block the suppressive interaction between PD-1 and PD-L1/PD-L2.161 Additionally, two studies 

demonstrated the use of PD-1 as a marker of a highly enriched tumor-reactive T cell population in TIL 
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and peripheral T cells.159,160 In agreement with earlier studies, I showed ex vivo levels of PD-1 expression 

were higher on the subset of T cells that mediated the anti-tumor response. For example, CD8+ T cells 

from IROC 060 primary disease mediated the anti-tumor response (Figure 8A) and in line with this, 

primary CD8+ TAL expressed 2-fold higher PD-1 compared to primary CD4+ T cells (Table 1). These results 

require validation in a larger cohort of patient; nonetheless, PD-1, more so than CD103 or CD137, may 

be a useful marker for prospectively identifying tumor-reactive T cells. 

I next investigated whether patterns of TIL infiltration in primary solid tumors were indicative of 

anti-tumor TAL responses using immunohistochemistry analysis of T cell infiltration in primary tumor 

tissue. Patterns of T cell infiltration in solid tumor were not indicative of anti-tumor TAL responses. In 

fact, IROC106 had a near complete absence of TIL in primary tumor (Figure 15A,B) despite the presence 

of tumor-reactive TAL in primary ascites (Figure 10A). These findings may be explained by the 

differences in T cell infiltration between ascites and tumor. Because of their dense architecture, tumors 

are likely far more exclusive to T cell infiltration compared to the liquid ascites. For example, tumors can 

erect barriers to T cell infiltration by promoting the development of extremely dense stroma264 or 

through the expression of various molecules that prevent trafficking of immune cells into the TME, such 

as dipeptidylpeptidase-4,267 or CXCL12188,268.265,266 Therefore, it is not unexpected that tumor-reactive T 

cells may be present in ascites despite a near complete absence of T cells in the tumor. These results 

suggest that HGSC patients who lack TIL infiltration in their tumors may still be amenable to ACT using T 

cells isolated from ascites.  

This study had a few limitations. First, only three patients were in the study cohort, which limits 

any conclusions made about overarching patterns of tumor and anti-tumor T cell evolution. This is 

particularly true because each patient exhibited different patterns of ascites recognition. Therefore, 

results should be validated on a larger cohort of HGSC patients. Second, due to the overall low number 

of CD45- cells within ascites samples from IROC 060 and IROC 106 primary ascites and IROC 034 ascites 

(data not shown) and subsequent sample loss during the CD45+ depletion of ascites, almost the entire 

sample had to be used for assessing TAL reactivity, leaving very little sample available for flow cytometry 

analysis of MHC class I, class II, and PD-L1. For example, only 29 events fell within the viable, singlet, 

EpCAM+ gate when analyzing MHC and PD-L1 expression on IROC 060 primary ascites following IFN-γ 

pre-treatment (Figure 5A). Therefore, conclusions made on the expression patterns of both MHC and 

PD-L1 may not necessarily represent biological reality. Last, without knowing the specific antigen that 
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TAL recognize, it is not possible to elucidate more specific mechanisms of T cell evolution, highlighting 

the importance of profiling tumor-reactive T cell clones by TCRseq, as discussed in chapter 3.  

This study highlights potential mechanisms used by the immune system to contend with ITH 

over time in HGSC. Two recent studies have shown new tumor mutations with concomitant responsive T 

cell clones emerged over time in ovarian and melanoma patients.48,49 Wick et al studied one ovarian 

cancer patient and found a non-synonymous point mutation in the hydroxysteroid dehydrogenase-like 1 

(HSDL1) gene that emerged over the time between primary disease and first tumor recurrence.49 

Despite maintenance of the HSDL1 mutation at 2nd recurrence, the HSDL1-mutation-reactive T cell clone 

had been lost from the ascites T cell repertoire.49 A separate study of two melanoma patients showed 

similar results.48 This study found neoantigens and cognate T cell clones were dynamic over time, with 

both patients’ tumors losing neoantigens with their cognate T cell clones while subsequently gaining 

new neoantigens and cognate T cell clones over time.48 These studies suggest that the neoantigen 

landscape and concomitant T cell responses are dynamic, with new T cell clones recognizing new tumor 

antigens emerging over time. As such, the finding that IROC 060 and IROC 106 tumor-reactive TAL 

became more equal mixtures of CD4+ and CD8+ T cells by recurrent disease compared to the primary TAL 

may indicate that in these two patients, T cells adapt to ITH by recognizing a more diverse set of both 

class-I- and class-II-restricted tumor-associated antigens.  

ITH in tumors may induce the immune system to recognize common antigens shared by primary 

and recurrent disease. For example, despite the overall dynamic nature of neoantigens and neoantigen-

reactive T cells in the two melanoma patients studied, Verdegaal et al found that T cells from every 

disease time point recognize tumor cells from all but one disease time point.48 In IROC 060 and IROC 

106, the “evening-out” of CD4+ and CD8+ tumor-reactive T cell populations, together with the overall 

reduction in the frequency of tumor-reactive T cells by recurrent disease, suggest tumor-reactive T cells 

were lost over time in both patients. If this is the case, based on the findings from Verdegaal et al,48 it 

could be argued that the tumor-reactive T cells lost between primary and recurrent disease may have 

been T cells that recognized neoantigens also lost between primary and recurrent disease, while tumor-

reactive T cells recognized common antigens remained from primary to recurrent disease. However, 

without knowing the antigen specificities or the clonal diversity of these TAL populations, it is not 

possible to elucidate this. This issue is further addressed by the TCRseq results in chapter 3.  

These results have implications for the treatment of HGSC with adoptive cell therapy (ACT). In 

HGSC, surgically resected primary tumor is often the only source of TIL.201 Secondary surgeries at 
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recurrent time points are not associated with prognostic benefit and are therefore not part of standard 

of care.269 However, ACT trials are limited to treating recurrent disease. Therefore, given the potential 

for high ITH in HGSC tumors, it is critical to know whether TIL from primary disease can recognize 

recurrent disease. If results from this study are confirmed by studying additional HGSC patients, they 

would indicate primary TAL recognize recurrent disease even more robustly than recurrent TAL, 

suggesting primary TAL may, in fact, be the best choice to improve the changes of eliciting strong clinical 

responses in ACT of HGSC. Further, for patients like IROC 106, whose tumors are largely devoid of TIL, 

ascites may represent a source of tumor-reactive T cells that would otherwise be unattainable using 

primary tumor specimens. Recurrent ascites also offers an opportunity to expand T cells from disease 

time points closer to the time of ACT treatment. In summary, this study shows primary TAL recognized 

recurrent disease and may mediate clinical responses through ACT of recurrent tumors.   

This study also illuminated a potential challenge for ACT in HGSC. Namely, TAL specifically 

recognized the CD45+ fraction of ascites and not purified tumor cells, which raises the possibility that 

ACT of TAL may not lead to direct tumor killing. However, CD45+ antigen-presenting cells are often 

found in tumors.270,271 This raises the possibility that adoptively-transferred T cells may still elicit robust T 

cell responses despite lacking the ability to directly recognize tumor cells. During robust immune 

responses, T cells may induce indirect anti-tumor effects through the release of effector molecules such 

as IFN-γ and TNF-α, which have been shown to suppress tumor cell growth.272,273 Also, APCs may activate 

CD4+ helper T cells which in turn may stimulate the humoral immune response, leading to the 

production of anti-tumor antibodies,2 further bolstering the anti-tumor immune response and ultimately 

leading to tumor regression. In fact, a recent study from our lab found the presence of plasma cells in 

the stroma of HGSC tumors was significantly associated with improved prognosis,89 highlighting the 

importance of the humoral arm of the adaptive immune response in HGSC.  

In summary, I determined anti-tumor T cell responses from ascites are diverse between HGSC 

patients and dynamic within a patient. Nonetheless, in cases with demonstrated ascites-reactivity, 

primary TAL recognized recurrent disease, suggesting ACT of recurrent tumors using TIL from primary 

disease may mediate clinical responses in HGSC patients.  
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3.1 Abstract 

 

Background: Intratumoral heterogeneity (ITH) can be high in high-grade serous carcinoma (HGSC). 

However, it is unknown how anti-tumor T cell responses predominantly respond to ITH in HGSC. 

Previous studies in melanoma and high-grade serous carcinoma show tumor-reactive T cell clones 

fluctuate over time with their cognate tumor-antigens. Further, in chapter 2, I demonstrated that the 

anti-tumor T cell response varies between patients and is dynamic within each patient. Therefore, I 

hypothesize new tumor-reactive T cell clones emerge over time to contend with ITH. If this is true, I 

should see differences in the clonal repertoire of tumor-reactive T cells between primary and recurrent 

disease. 

Methods: CD137+ tumor-reactive TAL were FACS-purified following overnight co-culture of TAL with 

autologous ascites. RNA was extracted and sent for deep sequencing of TCRβ chains (TCRseq) at the 

Michael Smith Genome Sciences Centre (Vancouver, BC) to profile the tumor-reactive repertoire of both 

primary and recurrent disease. Raw sequencing reads were analyzed using the MiXCR data analysis suite 

and TCR clonotypes were compared between primary and recurrent disease to elucidate differences in 

tumor-reactive populations over time in HGSC.  

Results: FACS-purification of CD137+ T cells followed by TCRseq was successfully performed on high- and 

low-abundance T cell populations, suggesting TCRseq can be performed using very few T cells. IROC 060 

and IROC 106 had numerous tumor-reactive T cell clones that were unique to either primary or 

recurrent disease. Further, IROC 106 had tumor-reactive T cell clones that were shared between primary 

and recurrent TAL.  

Conclusions: I developed a pipeline for the identification of tumor-reactive TCR sequences without the 

need for a priori knowledge of specific antigens. Further, this pipeline is feasible for very low-abundance 

samples, such as tumor-reactive T cells. For both patients, TCRseq results show some tumor-reactive T 

cell clones are lost over time, while others emerge between primary and recurrent disease to respond to 

ITH in HGSC. 

Future Directions: Trends observed in patterns of T cell evolution within HGSC patients will be validated 

across a larger patient cohort. Additionally, the pipeline developed can be used to further study the 

immune response to HGSC using in situ PCR, T cell engineering, and immune monitoring post-adoptive 

cell therapy (ACT). 
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Significance: This study provides early insights into how TAL respond to ITH in HGSC. Ultimately, these 

results will inform the design of adoptive T cell therapy for recurrent HGSC. 
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3.2 Introduction 

 

 Intratumoral heterogeneity (ITH) is a significant challenge for the immune response to tumors. 

Spatial ITH has been described in nearly every tumor type,92 including high-grade serous carcinoma 

(HGSC).108 One study on spatial ITH in HGSC found that on average only 51.5% of mutations were shared 

between tumor sites within each patient. Therefore, one can appreciate that the anti-tumor T cell 

response must take certain approaches to deal with this diversity. First, the anti-tumor T cell response 

may be comprised of a diverse set of T cell clones that recognize several private tumor antigens 

expressed by different subclones within the tumor architecture. This was described in renal cell 

carcinoma, where TCRseq profiling of various tumor sites within a patient revealed poor overlap 

between the most abundant T cell clones, suggesting a heterogeneous anti-tumor response.120 

Alternatively, T cells could recognize common features of every tumor clone. This approach has been 

observed in HGSC, where T cell profiling of various tumor sites have shown more homogenous T cell 

populations.121,122 

Not as much is known about temporal ITH of tumors and their corresponding anti-tumor T cell 

responses. One seminal study described large mutational differences between primary and recurrent 

disease in an HGSC patient who had dramatic responses to platinum-based chemotherapy.107 Further, 

the patient lost one tumor while gaining a new, prominent, tumor subclone at recurrence.107 

Subsequently, it was determined that this patient had a new immunogenic mutation that emerged in 

the first recurrence along with a mutation-specific T cell clone.49 Another study in melanoma also 

showed emergence of new T cell clones with their cognate neoantigen over time.48 However, both 

studies also found tumor-reactive T cell were lost over time, irrespective of antigen loss.48,49 Despite 

these findings, it is largely unknown if there are predominant mechanisms which tumor-reactive T cells 

use to contend with ITH in HGSC. 

 In this study, I compare the clonal repertoire of tumor-reactive TAL between primary and 

recurrent disease. I FACS-purified CD137+ tumor-reactive TAL from primary and recurrent disease and 

sequenced the TCRβ chains in these populations by Illumina-based TCRseq to profile the TCR clonotypes 

of tumor-reactive TAL. Based on previous studies as well as results from chapter 2, showing tumor-

recognition patterns of TAL are diverse between patients and dynamic within patients, I hypothesized 

that new tumor-reactive T cell clones would emerge over time to contend with ITH in HGSC.
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3.3 Methods 

Generation of T Cell Mini-lines from Peripheral Blood 

 T cell clones reactive to cytomegalovirus, Epstein-Barr virus and influenza virus peptide 11 (CEF-

11), and melanoma antigen recognized by T cells peptide 1 (MART-1), were generously donated by Dr. 

David Kroeger. Cryopreserved PBMC from IROC 024 were thawed, washed, and resuspended in 3% fetal 

bovine serum (FBS; Gibco) in PBS. CD8+ T cells were purified by negative selection using a magnetic CD8+ 

T cell isolation kit (Miltenyi Cat. No. 130-096-495) according to the manufacturer’s protocol. Purity of 

the CD8+ T cell population was assessed by flow cytometry for CD8-FITC (BioLegend Cat. No. 300906) 

and CD4-PE (BioLegend Cat. No. 357404) on a FacsCalibur flow cytometer using FlowJo analysis software 

(Version 7.6.5). CD8+ T cells were washed again, counted using Viacount (EMD Millipore Cat. No. 4000-

0130) on a Guava cell counter (EMD Millipore), and resuspended at 2x105 cells/mL in complete media 

(RPMI 1640 (Gibco cat no. 22400-089), 10% fetal bovine serum (Gibco), 100 µg/mL penicillin-

streptomycin, and 50 µM β-mercaptoethanol) supplemented with human IL-2 (300 U/mL) and anti-CD3 

antibody (30 ng/mL). To each well of a 96-well round bottom tissue culture plate, 2000 cells were added 

with 2x105 irradiated (50 Gy) allogeneic healthy donor PBMC feeder cells. On day 5 and every two days 

following half the media was exchanged with fresh complete media supplemented with 300U/mL 

human IL-2. Once cell pellets reached 3mm diameter, cells were split into replicate 96-well round 

bottom plates. After two weeks of expansion, cultures were washed and resuspended in complete 

media supplemented with 1 U/mL of human IL-2 and 10 ng/mL of human IL-7 and distributed in 96-well 

flat-bottom tissue culture plates to rest prior to assessment for reactivity to CEF-11, and MART-1 

peptides by IFN-γ ELISPOT, as previously described (Chapter 2).   

 

Generation of CEF-11 and MART-1 Reactive T Cell Clones from T Cell Minilines 

 T cell minilines with reactivity to either CEF-11 peptide or MART-1 peptide were cloned by 

limited dilution. Briefly, T cell cultures from the miniline expansion with confirmed reactivity to either 

CEF-11 peptide or MART-1 peptide by IFN-γ ELISPOT were selected and serially diluted down to 1 cell 

per well of a 96-well round bottom tissue culture plate. Cells were REP-expanded in a “mini-REP”. 

Briefly, to stimulate T cells to proliferate, 2x105 irradiated (50 Gy) allogeneic PBMC feeder cells were 

added to each well of the 96-well culture plate. T cell cultures were initiated in complete media 

supplemented with 300 U/mL human IL-2 and 30 ng/mL anti-CD3 antibody (eBioscience eBioscience cat 

no. 16-0037). At day 5 and every two to three days after, half the media from each well was exchanged 
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with fresh media supplemented with 300 U/mL human IL-2. Following two weeks of expansion, T cells 

were rested as described above in media supplemented with 1U/mL human IL-2 and 10 ng/mL human 

IL-7. Following this rest period, to generate assessable numbers of T cell clones, T cell cultures from 

wells where the starting cell number was 1 cell/well were seeded into a second full-scale REP-expansion 

as previously described in Chapter 2. These final REP-expanded cultures were considered clonal and 

were cryopreserved for future use.  

 

Fluorescence-Activated Cell Sorting of Activated T cells 

 Following a 20-hour incubation at 37°C and 5% CO2, cells were harvested and stained for 

viability (Fixable Viability Dye V450 eBioscience cat no. 65-0863), CD3 (Biolegend cat no. 317332), CD8 

(Biolegend 300906), CD4 (Biolegend cat no. 357404), and CD137 (Biolegend 309810). Flow cytometry 

samples were run on a BD Influx Cell Sorter or BD FACSAriaII. Cells were stained in AIM-V serum free 

media (Gibco cat no. 12055-083) and collected directly into RLT lysis buffer containing 10 µL/mL 2-

mercaptoethanol (Qiagen Cat. No. 79216). Cells were frozen in RLT lysis buffer prior to extraction of 

RNA, which is outlined below.  

 

T Cell Receptor Sequencing by Cloning 

For all samples, RNA was extracted according to manufacturer’s instructions using either RNeasy 

mini kits (Qiagen cat. no. 74106) or AllPrep mini kits (Qiagen cat no. 80204) for extracting RNA and DNA 

from samples containing >5x106 cells and AllPrep micro kits (Qiagen cat no. 80284) for extracting RNA 

and DNA from samples containing <5x106 cells. cDNA synthesis and TCR-β sequence amplification was 

performed according to the Genome Sciences’ Centre (GSC) TCRseq protocol.274,275 Briefly, first strand 

cDNA was synthesis proceeded through a 5’-RACE protocol using previously published TCRB primer (5′-

CACGTGGTCGGGGAAGAAGC-3′)276 and a previously published template-switching oligo (5′-

AAGCAGTGGTAACAACGCAGAGTACGCGGG-3′).277 Primers were mixed at equimolar concentrations (1 

µM) with template to up to 9 µL final volume. The solution was incubated at 72°C for 2 minutes and 

placed on ice immediately. Next, 40 U of RNaseOUT (Invitrogen), 1 mM dNTPs, 2 mM DTT, 10 U 

SMARTScribe reverse transcriptase (Clontech), and 1X first-strand buffer (Clontech) were added to a 

final volume of 20 µL. First-strand cDNA synthesis conditions were as follows: 90 minutes at 42°C, 15 

minutes at 70°C, and 2 minutes at 4°C. Following first-strand cDNA synthesis, samples were immediately 

used in the second-strand cDNA synthesis/PCR.  
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Second-strand cDNA amplification primers are proprietary information of the GSC and can be 

requested directly from the sequencing core. Primers were added at between 0.2 and 1 µM with 1X HF 

Phusion Buffer (Invitrogen cat no. F-549S), 0.3 mM dNTPs, 3% DMSO, and 2 U Phusion polymerase 

(Invitrogen cat no. F-549S) to first-strand cDNA template up to a final volume of 50 µL. Cycling 

conditions were: 98°C for 30 seconds, 40 cycles of 98°C for 10 second, 72°C for 10 seconds, and 72°C for 

20 seconds, followed by a final extension at 72°C for 5 minutes. PCR products were visualized on a 2% 

low-melt agarose (ThermoFisher cat no. 16520-050) gel and the band at ~550bp was excised for agarose 

gel purification. Agarose gel purification was performed using agarase (ThermoFisher cat no. EO0461) 

according to the supplier’s protocol with the following exception: 3M sodium acetate was used instead 

of 2.5M ammonium acetate in step 7 of the protocol and isopropanol was used instead of ethanol in 

step 9. Purified PCR amplicons were resuspended in 20 µL dH2O.  

Finally, TCR PCR amplicons were further amplified and in a clean-up PCR reaction using 

additional nested primer-sets from the GSC. Primers were added at between 0.2 mM and 0.1 mM with 

1X Taq polymerase buffer, 2 mM MgCl2, 2 mM dNTPs, 10 U Taq polymerase, and cDNA template up to a 

final volume of 20 µL. Cycling conditions were: 95°C for 2 minutes followed by 40 cycles of 95°C for 30 

seconds, 59°C for 30 seconds, and 72°C for 45 seconds, and a final extension at 72°C for 10 minutes.  

T7 cloning. Products were visualized on a 2% agarose gel run at 120V for 30 minutes and samples with 

confirmed product were selected for TOPO® TA cloning (Invitrogen cat no. 450071).  

The final TCR PCR product was mixed at the maximum volume allowed (4 µL) with the kit’s salt 

solution and the topoisomerase I-activated pCR™4-TOPO® vector according to the manufacturer’s 

protocol. The ligation proceeded for 45 minutes at room temperature and was placed at 4°C for an 

additional 4 hours prior to transformation of chemically competent DH5α E. coli cells. Chemical 

transformation proceeded as follows: cells were thawed on ice and 5 µL of the ligation reaction was 

added and gently mixed. Cells and ligation were incubated for 15 minutes on ice. Next, cells were heat-

shocked for exactly 60 seconds in a 42°C water bath followed by cold-shock on ice for an additional 60 

seconds. Next, 500 µL Luria-Bertani (LB) broth was added gently and cells were incubated at 37°C with 

shaking for 60 minutes. Finally, 100 µL of cells were plated on LB-agar plates containing ampicillin.  

After 24-hours, colonies were picked directly into PCR reactions as followed: 1X Taq polymerase buffer, 

1 ng/µL each T7 and T3 primers, 2 U Taq polymerase, and 2 mM MgCl2, at a final volume of 20 µL. PCR 

reaction conditions were as follows: 95°C for 10 minutes followed by 35 cycles of 95°C for 1 minute, 

55°C for 1 minute, 72°C for 30 seconds, followed by a final extension at 72°C for 10 minutes. PCR 
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products were visualized on a 2% agarose gel run for 30 minutes at 120V. PCR products that were of the 

appropriate size were selected and sent for Sanger sequencing (Genscript). Sequences were analyzed 

using IMGT/V-QUEST278 and productive TCR-β sequences were used in further analysis of CDR3 

sequences of each T cell clone.  

 

T Cell Receptor Sequencing by Illumina 

RNA was extracted using either RNeasy mini kits (Qiagen cat. no. 74106) or AllPrep mini kits 

(Qiagen cat no. 80204) for extracting RNA and DNA from samples containing >5x106 cells and AllPrep 

micro kits (Qiagen cat no. 80284) for extracting RNA and DNA from samples containing <5x106 cells. RNA 

isolated from FACS-purified T cells or TAL were sent to the Michael Smith Genome Sciences’ Centre for 

TCRseq (Vancouver, BC). For the pilot experiment, first strand cDNA was synthesized from the RNA and 

subsequently an Illumina sequencing library was constructed. Patient samples underwent first strand 

cDNA synthesis and the resulting cDNA was split into two samples for sequencing library construction. 

Libraries were run on one lane of Illumina MiSeq and 250 bp paired-end reads were generated. Raw 

reads were analyzed using MiXCR,279 and VDJtools,280 and subsequent statistical analysis and data 

plotting on identified clonotypes was done using the R statistical computing application.281  
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3.4 Results 

 

3.4.1 CD137+ T cell purification by FACS followed by TCR sequencing can reveal the correct TCR sequence 

from a mixture of T cell clones 

 Although CD137 is well-described as a specific marker for recent activation on T cells and 

numerous studies have used CD137-selection as enrichment for antigen-specific T cells, it was unknown 

whether CD137 purification from non-monoclonal populations was sufficiently accurate for purifying T 

cells and identifying antigen-specific T cells by TCR sequencing (TCRseq). Therefore, I ran a pilot 

experiment to determine whether FACS-purification of CD137+ T cells from an antigen-stimulated 

mixture of T cell clones of known reactivity was sufficient to identify and profile TCR sequences from 

antigen-specific T cell populations. First, to identify the CDR3 sequences of each T cell clone, individual 

clones were stimulated with their cognate peptide. After 20 hours, CD137+ T cells were sorted, and TCRs 

were cloned and sent for Sanger sequencing. Both a MART-1 reactive T cell clone (D6) and the CEF-11 

reactive T cell clone (F2) from the same patient up-regulated CD137 following stimulation with their 

cognate peptide (Figure 19). Six identical TCR clones were generated from CD137+-purified clone D6 (N-

ASGAGFFTGELF-C; Figure 20A) and two identical TCR clones were generated from CD137+-purified clone 

F2 (N-ASSEGGMTYYNEQF-C; Figure 20F). Next, clones D6 and F2 were mixed at a 50:50 ratio and the 

mixture was stimulated with either MART-1 peptide or CEF-11 peptide. After 20 hours of stimulation, 

CD137+ T cells were FACS-purified, RNA was extracted, TCRs were sequenced. Following MART-1 

peptide stimulation, 16.5% of lymphocytes in the mixture were CD137+ and following CEF-11 peptide 

stim 7.6% were CD137+ (Figure 21). Each of three TCR sequences identified from the purified MART-1 

reactive population was identical to the TCR sequence identified from clone D6 (Figures 20A,D). 

Likewise, each of the 6 TCR sequences from the purified, CEF-11 reactive population were identical to 

the TCR sequence identified from unmixed clone F2 (Figure 20F,I). These results indicate that CD137+-

based FACS purification is sufficient for isolating the target T cells from a bi-clonal mixture, and 

subsequent TCRseq can identify the correct TCR sequence. 
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Figure 19. Flow cytometry analysis of T cell clones (A) D6 and (B) F2 stimulated with their cognate 

peptides MART-1 (clone D6) and CEF-11 (clone F2) or anti-CD3/CD28 coated Dynabeads compared to 

the unstimulated control. Cells were gated on singlets (Pulse Width by FSC) and lymphocytes (FSC vs 

SSC). The percentage of CD137+ cells are indicated inside upper right-hand quadrant of each plot. 
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Figure 20. CDR3 sequences of the CEF-11 (F2) and MART-1 (D6) reactive T cell clones from IROC 024 

following CD137+-mediated FACS purification from populations of mixed clones. (A) CDR3 sequence of 

cloned TCRs from an unmixed population of clone D6 stimulated with MART-1 peptide and sorted based 

on CD137 expression. (B) CDR3 sequence of cloned TCRs from 100 cells from a mixed population of 

clone D6 and clone F2 stimulated with MART-1 peptide and sorted based on CD137 expression. (C) CDR3 

sequence of cloned TCRs from 1,000 cells from a mixed population of clone D6 and clone F2 stimulated 

with MART-1 peptide and sorted based on CD137 expression. (D) CDR3 sequence of cloned TCRs from 

10,000 cells from a mixed population of clone D6 and clone F2 stimulated with MART-1 peptide and 

sorted based on CD137 expression. (E) CDR3 sequence of cloned TCRs from unstimulated, unsorted 

clone D6. (F) CDR3 sequence of cloned TCRs from an unmixed population of clone F2 stimulated with 

CEF-11 peptide and sorted based on CD137 expression. (G) CDR3 sequence of cloned TCRs from 100 

cells from a mixed population of clone D6 and clone F2 stimulated with CEF-11 peptide and sorted based 

on CD137 expression. (H) CDR3 sequence of cloned TCRs from 1,000 cells from a mixed population of 

clone D6 and clone F2 stimulated with CEF-11 peptide and sorted based on CD137 expression. (I) CDR3 

sequence of cloned TCRs from 10,000 cells from a mixed population of clone D6 and clone F2 stimulated 

with CEF-11 peptide and sorted based on CD137 expression. (J) CDR3 sequence of cloned TCRs from 

unstimulated, unsorted clone F2. Each colour represents a unique CDR3 amino acid sequence returned 

by sanger sequencing of cloned TCR-β sequences. The fraction of the dominant CDR3 sequence is 

represented as a fraction of the total productive TCR sequences returned by Sanger sequencing as 

identified by IMGT/V-QUEST278 in its representative fraction of the whole chart.  
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Figure 21. Flow cytometry analysis of bi-clonal mixtures of T cell clones (A) D6 and (B) F2 stimulated with 

MART-1 peptide, CEF-11 peptide, or anti-CD3/CD28 coated Dynabeads, compared to the unstimulated 

control. Cells were gated on singlets (pulse width by FSC) and lymphocytes (FSC vs SSC). The percentage 

of CD137+ cells are indicated inside upper right-hand quadrant of each plot. 
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3.4.2. FACS-purification of as few as 100 cells is sufficient to identify a TCR of interest from a mixture of T 

cell clones  

Tumor-reactive T cells were expected to be rare, particularly because the mutation burden in 

HGSC is moderate compared to other types of tumors such as melanoma and non-small cell lung 

carcinoma.228,244 If, for example, only 1% of TAL were tumor-reactive, under optimal conditions 

screening 1x106 live TAL would result in only 10,000 CD137+ cells isolated for subsequent TCRseq. To 

identify the minimum number of cells required to obtain accurate TCR sequencing data, I sorted 100 and 

1,000 CD137+ cells from the bi-clonal mixture stimulated with either MART-1 or CEF-11 peptides. From 

1,000 sorted CD137+ cells, 70% (7/10) of the TCR sequences identified from the purified MART-1 reactive 

population (Figure 20C) and 86% (6/7) of the TCR sequences from the purified CEF-11 reactive 

population (Figure 20H) matched the respective TCR sequences of each clone identified from the 

unmixed clonal populations (Figures 20A,F). Even as few as 100 CD137+ T cells yielded interpretable TCR 

sequence (Figures 20B,G). Again, these sequences had high overlap with the sequences identified in the 

unmixed, CD137+-sorted populations (Figures 20A,F). Together these results suggest FACS purification 

was highly successful for purifying antigen-specific T cell populations from a mixture, and subsequent 

TCRseq of biologically relevant cell numbers can identify the correct TCR sequence from purified T cell 

populations. 

 

3.4.3. Next-Generation TCRseq on low-input RNA samples yields productive and reliable profiling of 

abundant TCR sequences in a polyclonal population 

 

3.4.3.1 TCRseq with as little as 5ng of RNA is accurate and reproducible for high-abundance T cell clones 

 The GSC’s TCRseq pipeline typically requires 200ng of high-quality RNA for optimal sequencing 

results. However, tumor-reactive TAL were anticipated to be at low abundance. To determine whether 

low quantities of RNA were sufficient for TCRseq, an RNA titration was performed. Two RNA samples, 

TAL-1 and TAL-2, were extracted from two separate vials of one REP-expanded TAL line from IROC 034. 

RNA was quantified for each sample and titrated from 200ng to 5ng template. From 200 ng of RNA, 

1282 unique T cell clonotypes were identified. Results show the sample was very polyclonal, as the top 

500 most abundant clones only accounted for 84% of the total sequencing reads. Both samples 

containing optimal amounts of RNA (200ng) from TAL-1 and TAL-2 were nearly identical for the top 15 

most abundant clonotypes (Figure 22). Although the clonotypes that fell below the top 15 most 
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abundant TCR clones did not have identical frequencies between each of the titrated samples, each 

clone that fell below the 15th most abundant clonotype represented a small fraction of the total number 

of sequencing reads. Therefore, small, stochastic differences may account for the differences seen in the 

relative abundances of TCR clonotypes beyond the top 15 most abundant clones. Further, when RNA 

was titrated to 75ng, 25ng, or 5ng input, the same 10 to 15 TCR clones were identified at relatively 

similar frequencies compared to the high-input samples (Figure 22). These results suggest that, even 

with as little as 5ng of input RNA, TCRseq can be used to accurately profile TCR clonotypes. However, for 

polyclonal samples, the measured frequencies of rare TCRs are subject to stochastic effects. Therefore, 

when comparing low-abundance T cell clones between samples, it is more reliable to compare the 

presence or absence of clones rather than ranked frequencies. 
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Figure 22. Top 20 most abundant T cell clonotypes from expanded patient T cell samples from ascites. 

RNA was prepared from two separate vials of the same REP-expanded patient T cells (TAL-1 and TAL-2). 

Each T cell clonotype is represented by the same shade of grey and the size of each bar represents the 

abundance of the TCR clonotype based on total number of sequencing reads. RNA was titrated from 

200ng to 5ng input for cDNA synthesis prior to library prep and sequencing on an Illumina MiSeq. 

Sequencing data was analyzed by MixCR and VDJtools. 
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3.4.3.2 TCRseq of low-input samples of less than 10,000 cells 

Although TCRseq from 5 ng of RNA was successful, it was unknown if TCRseq using RNA from 

very low numbers of cells (<10,000) would also be successful. To determine whether preparation of RNA 

from very few cells would be sufficient for RNA-based TCRseq, healthy donor PBMC were stimulated 

with either CEF peptide pool or anti-CD3 antibody and 4,000 and 100 CD137+ T cells, respectively, were 

FACS-purified from each sample. RNA was extracted from each of these samples and subjected to 

TCRseq to best mimic my anticipated small, tumor-reactive T cell populations. TCRseq of 100 CD137+ 

anti-CD3-stimulated T cells (c100) resulted in the identification of 10 abundant T cell clones. Further, 

these 10 clones made up 98.4% of the total sequencing reads (Figure 23A), while the remaining low-

abundance clonotypes made up only 1.6% of the total reads. TCRseq profiling of the 4,000 cells purified 

from CEF-peptide-pool-stimulated PBMC (c4000) yielded 125 unique TCR clones, and the top 11 most 

abundant clones made up 99.6% of the total sequencing reads (Figure 23B). Further, one of the top 10 

most abundant TCR clonotypes was shared between each sample (Figure 23, black slice). In theory, anti-

CD3 antibody should stimulate all T cells in a polyclonal population equally. Therefore, it is expected that 

any CEF-reactive T cells in the PBMC would also be activated by anti-CD3-antibody, sorted from the 

mixture, and identified by TCRseq. In summary, it is feasible to profile TCR sequences from very small T 

cell samples, suggesting profiling small populations of potentially rare, tumor-reactive TAL by TCRseq is 

feasible.  
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Figure 23. T cell clonotypes of FACS-purified CD137+ T cells from one healthy donor’s PBMC following 

anti-CD3 stimulation (A) or CEF peptide pool stimulation (B). (A) 100 CD137+ T cells or (B) 4000 CD137+ T 

cells were sorted directly into lysis buffer and RNA was extracted. cDNA was synthesized, next-

generation sequencing libraries were prepared, and samples were sequenced on an Illumina MiSeq. The 

total listed underneath each pie chart is the percentage of total sequencing reads generated that are 

represented by the top 10 (A) and top 11 (B) most abundant clonotypes. The black slice is the only 

shared clone between each sample.  

 

 3.4.4 TCRseq of FACS-purified CD137+-tumor-reactive TAL.  

 The aim of this study was to profile the tumor-reactive T cells from primary and recurrent 

disease to determine how these T cells change over time. To do so, TAL were cultured overnight in the 

presence or absence of autologous bulk ascites cells, CD45+, or CD45- ascites cells. As discussed in 

chapter 2, following co-culture of IROC 060 primary TAL with recurrent ascites, over 6% of CD3+ T cells 

were CD137+ (Figure 8A) while only 3% each of recurrent CD3+ TAL were CD137+ following culture with 

recurrent ascites (Figure 8C). For IROC 106, over 6% of CD3+ primary TAL were CD137+ following 

stimulation with autologous primary ascites while nearly 8% of CD3+ primary TAL were CD137+ in 

response to recurrent ascites (Figure 10A). For her recurrent TAL, over 6% of CD3+ T cells were CD137+ 

following stimulation with primary tumor while only 2% CD3+ recurrent TAL were CD137+ in response to 

recurrent tumor (Figure 10C). Tumor-reactive CD4+ and CD8+ CD137+ T cells were sorted into separate 

collection tubes and between 123 and 23,400 CD137+ cells were purified from these populations by 

FACS. For each sorted sample RNA was extracted and submitted to the GSC for TCRseq.  

 To determine the pattern of tumor-reactive T cell evolution in IROC 060 and IROC 106, I first 

assessed whether any tumor-reactive T cell clones were unique to primary or recurrent disease. In IROC 

060 there were two CD4+ and four CD8+ tumor-reactive clones that were uniquely present among 

primary TAL and 10 CD4+ and 11 CD8+ clones that were uniquely present among recurrent TAL (Figure 

24A). Likewise, in IROC 106, there were 25 CD4+ and 21 CD8+ tumor-reactive T cell clones uniquely 
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present in primary TAL and 32 CD4+ and 13 CD8+ clones uniquely present among recurrent TAL (Figure 

24B). Next, I assessed whether either patient had tumor-reactive T cell clones that were shared between 

primary and recurrent TAL. IROC 060 had no shared tumor-reactive T cell clones (Figure 24A), whereas 

IROC 106 had four CD4+ and 5 CD8+ tumor-reactive T cell clones that were shared by both primary and 

recurrent TAL (Figure 24B). Together, these results suggest IROC 060 and IROC 106 shared a mechanism 

of T cell evolution where tumor-reactive clones were lost over time, while other tumor-reactive clones 

emerged in the time between primary and recurrent disease. Moreover, IROC 106 had shared tumor-

reactive T cell clones, suggesting there may be recognition of a shared tumor antigen and maintenance 

of that T cell response over time. For more detailed results and further discussion of the data, see 

Appendix B. 

 

 

 

Figure 24. (A) IROC 060 and (B) IROC 106 tumor-reactive T cell evolution patterns. Red shading 

represents tumor-reactive T cell clones that were unique to primary TAL, blue shading represents 

tumor-reactive T cell clones that were unique to recurrent TAL, and green shading represents tumor-

reactive T cell clones that were shared by primary and recurrent TAL. Grey shading represents the 

population of low-frequency TCR clones (<1% abundance in the purified, tumor-reactive subsets). (A) 
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For IROC 060, T cell clones reacted only to recurrent tumor. (B) For IROC 106, the top row of pie charts 

represents T cell clones that responded to primary tumor, whereas the bottom row represents T cell 

clones that responded to recurrent tumor.  
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3.5  Discussion 

 

It is unclear how TIL respond to ITH in HGSC. Therefore, I aimed to profile tumor-reactive T cell 

clones over time in HGSC patients. Previous studies have shown HGSC tumors can have a large degree of 

ITH spatially and temporally.107,108 Further, recent studies in melanoma and HGSC have shown specific 

populations of neoantigen-reactive T cells are dynamic over time.48,49 However, the predominant 

mechanisms by which TIL respond to ITH are unknown. To determine this, I compared the clonal 

repertoire of FACS-purified CD137+ tumor-reactive T cells from primary and recurrent ascites using 

TCRseq. Results show very few T cells are sufficient for profiling oligoclonal populations by TCRseq and 

TCRseq results profiling tumor-reactive populations of T cells from primary and recurrent disease from 

both IROC 060 and IROC 106 are discussed in depth in Appendix B. 

Since ovarian cancer has a much lower mutation burden compared to highly immunoreactive 

tumor types such as melanoma and non-small cell lung carcinoma, few tumor-reactive T cells were 

expected in ascites of these patients.228 To overcome this issue, I aimed to expand purified CD137+ 

tumor-reactive T cells. Unfortunately, in my hands, these T cells would not expand in vitro, likely due to 

terminal differentiation induced by numerous rounds of expansion282 prior to FACS-purification. 

Therefore, measures had to be taken to ensure TCRseq of very few cell numbers would provide accurate 

data for profiling of tumor-reactive T cells. By use of TCR cloning and Sanger sequencing, I FACS-purified 

100 and 1000 CD137+ T cells from a bi-clonal mixture of T cell clones with known antigen-specificities 

(Figure 20). All but one TCR sequence identified from two samples of only 100 purified T cells was 

correct. Therefore, as few as 100 cells were sufficient to identify the correct CDR3 sequence using this 

method (Figures 18B,G), suggesting even rare populations of cells can be sorted and accurately profiled 

using TCRseq.  

Next, I evaluated whether the same approach would yield robust data in a more heterogeneous 

patient sample setting. TCRseq on as little as 2.5% (5 ng) of the optimal RNA input suggested for TCRseq 

(200 ng) identified thousands of unique CDR3 sequences from a polyclonal expanded TAL sample. 

Moreover, the top 10 most abundant clonotypes overlapped almost perfectly with clonotypes identified 

using 200 ng of the same RNA sample (Figure 20). Further, two separate vials of the same expanded TAL, 

TAL-1 and TAL-2, appeared nearly identical down to the 10th most abundant clonotype in each titration 

sample (200 ng, 75 ng, 25 ng, and 5 ng; Figure 20). To further confirm that TCRseq could be performed 

on low-RNA samples, I tested RNA samples from either 4000 (c4000) or 100 (c100) FACS-purified CD137+ 
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T cells from healthy donor PBMC to more precisely mimic the anticipated small, tumor-reactive T cell 

populations. Remarkably, despite exceptionally small amounts of RNA extracted from each population 

(<1 ng RNA, data not shown), multiple TCR sequences were identified in both samples. Further, one of 

the top 10 most abundant TCR clonotypes was shared between each sample, lending further confidence 

that TCR clonotype profiling by TCRseq was accurate. Therefore, I feel confident that using this method I 

will be able to analyze small, potentially heterogeneous, tumor-reactive TAL samples. 

Although the technology for single-cell RNA sequencing as well as RNA sequencing from low-

abundance samples was developed years ago,283 challenges, such as RNA transcript loss and 

contamination, remain. First, loss of RNA transcripts through RNA isolation and library preparation is a 

significant challenge in single-cell or low-cell RNAseq.284 This is particularly the case when assessing low-

frequency TCR clones from polyclonal populations, as loss of one TCR transcript may significantly impact 

the relative abundance of that specific T cell clone. This may explain why there was a high-degree of 

overlap in clonotype abundance only within the top 10 most abundant T cell clones identified in samples 

of less than 200ng input RNA (Figure 22). Therefore, for sequences that do not fall within the top 10 

most abundant clonotypes, frequencies may not be informative. Thus, for low-abundance samples in 

this study, it may be most accurate to assess only the presence or absence of specific T cell clones when 

comparing populations of tumor-reactive TAL from primary and recurrent disease.  

Second, contamination is a major issue in genomic analyses of single-cell or low-cell input 

samples.285 In our study, there were two probable sources of contamination: (a) FACS purification and 

(b) PCR error. First, even though FACS purification is highly accurate, contamination from debris (e.g. 

dead cells) can be high.285 For example, when sorting only 100 cells, even if 95% purity was obtained, 5 

of the 100 total cells may be non-specific T cells. In a population of very few cells, transcripts of each 

clonotype are at a low abundance and therefore, it is possible that contaminants may appear as 

legitimate clonotypes. Indeed, Illumina-based TCRseq of only 100 T cells resulted in 163 unique TCRs 

identified. Even though sorting was capped at 100 cells, additional dead cells and debris that may 

contain RNA could have been co-purified with the CD137+ T cells. Second, the high number of PCR cycles 

required to amplify the TCR sequences prior to sequencing may lead to contamination from PCR error. 

Incorrect CDR3 sequences identified in samples of FACS-purified cells from the bi-clonal mixture share 

high sequence homology with the correct CDR3 sequence identified (Figure 20), suggesting these 

differences are due to PCR error. Therefore, when analyzing small samples, contamination from both 

FACS-purification and PCR error are factors to be considered.  
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Given the pilot experiments showed TCRseq is possible on samples with low cell numbers, I 

FACS-purified tumor-reactive CD4+ and CD8+ T cell samples from primary and recurrent disease from 

both IROC 060 and IROC 106 and submitted the samples for TCRseq. Using the results, I compared 

tumor-reactive repertoires between primary and recurrent disease to elucidate potential mechanisms of 

T cell evolution for contending with ITH in HGSC. Further discussion of the data can be found in 

Appendix B. 

Previous studies investigating anti-tumor T cell responses by TCRseq have focused on T cells 

with known reactivity to tumor antigens. A recent study by Stevanović et al47 interrogated TIL for 

reactivity to either Human Papilloma Virus (HPV)-specific proteins, patient-specific neoantigens, and 

cancer testis (CT) antigens. Similar to my study, they purified CD137+ T cell subsets from polyclonal 

populations. However, these CD137+ T cells were activated by tumor-specific antigens, rather than bulk 

tumor. Further, to track these tumor-reactive T cells in patients, they first identified TCR sequences 

using RT-PCR of single antigen-specific cells, followed by engineering autologous peripheral T cells to 

express these TCRs to validate specificity against tumor antigens. Finally, they performed TCR deep 

sequencing on both bulk TIL and peripheral blood following ACT to determine the relative frequencies of 

the identified tumor antigen-specific T cell clones within the polyclonal populations.47 Ultimately, the 

authors determined that complete responses to ACT in cases of HPV+ cervical cancer were largely due to 

the presence of neoantigen- or cancer-specific T cell reactivity, rather than reactivity to HPV viral 

antigens, shedding light on the heterogeneity of anti-tumor T cell responses.  

Another recent study investigated the dynamics of the anti-tumor T cell response in 

melanoma.48 Like my study, they investigated changes in T cell populations over time in two melanoma 

patients. However, the authors only looked in depth at neoantigen-reactive T cell subsets, as they found 

limited reactivity to shared cancer antigens. Despite the finding that strong neoantigen-specific 

responses contributed the most to the tumor-reactivity of TIL, the results suggested the presence of 

additional T cells that recognized other tumor-specific antigens.48 Therefore, the method of analysis 

used in this study limited the analysis of T cell temporal dynamics to neoantigen-specific T cells and 

failed to elucidate temporal differences in other tumor-reactive T cell populations. 

The pipeline I have developed can be used to improve methods and overcome challenges 

identified in earlier studies. Results from this study show that TCRseq on polyclonal populations of 

undefined antigen-specificity can be performed with good accuracy. For example, CD137+-purification of 

oligoclonal populations of activated T cells from PBMC identified numerous TCR clones (Figure 21). In 
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the context of tumor-reactive T cells, these TCR sequences could be used to engineer T cells and 

interrogate tumor-specific antigens, eliminating an entire step of current protocols that require up-front 

determination of antigen-specificity through stimulation using autologous DC’s transfected with RNA 

expressing specific antigens, such as the study outlined above,47 or screening of T cell reactivity over 

multiple peptide libraries.48,49 Further, the pipeline described allows for discovery of tumor-reactive T 

cell clones for which the cognate antigen is unknown. Using this method, the study described above48 

could have developed an extensive list of tumor-reactive TCR clones for cross-referencing against TCRs 

identified from neoantigen-specific T cells, thus determining how many additional tumor-reactive T cell 

clones were not reactive to neoantigens and providing direction for future study.  

As I developed this pipeline, I was faced with a few limitations. First, as mentioned before, there 

were very low sample numbers. For example, one RNA sample sent for sequencing was isolated from 

only 123 CD137+ cells. In this context, single cell RT-PCR may have yielded more accurate results, 

however it is not possible to predict the number of tumor-reactive T cells prior to FACS-purification and 

to reduce the chance of loss of any CD137+ cells, sorting was done directly into lysis buffer for 

subsequent RNA extraction. Second, technical replicate sequencing libraries were created from cDNA, 

rather than sampling two populations of CD137+ T cells from two different TAL lines from the same time 

point. This is not ideal, however it given the limited sample, it was the best way to ensure data were 

robust. Last, it is unknown whether the CD137+ purified T cells are highly enriched for tumor-reactivity. 

Therefore, validation of tumor-reactivity must be done on T cell clones identified by TCRseq. 

To overcome some of these limitations, it would have been ideal to expand the purified CD137+ 

TAL and directly assess them for tumor reactivity. However, as mentioned previously, this was not 

possible in my hands likely due to a terminally differentiated T cell state induced by the T cell expansion 

methods used.282 Nonetheless, CD137+ TAL populations are expected to be highly enriched for ascites-

reactivity, as numerous studies have shown successful purification of antigen-specific T cells using 

CD137+-based selection.40,41,48,159,160,286 However, these studies either purified CD137+ cells directly from 

tumor or ascites without the need for up-front T cell expansion or used engineered T cells that 

expressed TCRs identified from T cell clones of known antigen-specificity. Therefore, alternative 

methods are required for validating the tumor-specificity of CD137+ purified T cell subsets. 

In conclusion, I have developed a pipeline for the rapid profiling of the T cell repertoire of 

purified ascites- or tumor-reactive T cell populations using CD137+-FACS purification followed by TCRseq. 

This pipeline ultimately provides a resource of tumor-reactive TCR sequences for interrogating tumor-
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reactive T cells directly ex vivo without the need for a priori identification or characterization of tumor 

antigens. Further, results from TCRseq identified mechanisms of T cell evolution that allow anti-tumor T 

cell responses to contend with ITH between primary and recurrent HGSC. 
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Chapter 4. Concluding Remarks and Future Directions 

 

4.1 Summary and Perspectives 

 The aim of this study was to determine how anti-tumor T cells respond to ITH in HGSC. First, by 

identifying differences in tumor-recognition patterns between primary and recurrent disease, I 

determined that anti-tumor T cell responses are both diverse between patients and dynamic within 

patients. Second, by comparing the tumor-reactive T cell repertoire between primary and recurrent 

disease, I could more precisely define the mechanisms by which anti-tumor T cells contend with ITH in 

HGSC. Results from this study could be used to inform the design of optimized ACT protocols for treating 

recurrent HGSC. 

 In Chapter 2, I assessed how anti-tumor T cell responses change over time in three HGSC 

patients. Given two previous studies showed tumor-reactive T cell clones emerged over time with their 

cognate antigens,48,49 I hypothesized patients would share a common mechanism of T cell evolution 

between primary and recurrent disease. However, results showed this may not be the case. Each of the 

three patients in the study cohort exhibited diverse patterns of tumor reactivity. IROC 060 tumor 

changed from poorly immunogenic to highly immunogenic between primary and recurrent disease. 

IROC 106 tumor remained highly immunogenic from primary to recurrent disease. Finally, tumor from 

IROC 034 remained poorly immunogenic from primary to recurrent disease time points. Nonetheless, in 

both patients who had anti-tumor reactivity (IROC 060 and 106), primary TAL recognized recurrent 

tumor. Indeed, primary TAL had more robust responses to recurrent tumor compared to recurrent TAL. 

Together, these results suggest ACT using primary TIL to treat recurrent tumors may be a feasible and 

clinically effective option.   

A reduction in the overall frequency of tumor-reactive TAL over time in both IROC 060 and 106 

suggests that progressive T cell loss/impairment may be a significant challenge in HGSC. In the context 

of chronic antigen stimulation, such as in cancer,148 T cells may enter a state of terminal exhaustion and 

ultimately become deleted from the patient repertoire.287,288 In HGSC, PD-L1+ is expressed in nearly 60% 

of cases.88  This raises the possibility that PD-1+ T cells are functionally exhausted and, over time, could 

become terminally exhausted and deleted from the patient repertoire. Further, in 40% of HGSC cases, 

PD-L1 was expressed on tumor-infiltrating macrophages. Tumor infiltrating macrophages have been 

shown to induce apoptosis in activated T cells.289 Perhaps a common mechanism of immune resistance 
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in HGSC is terminal exhaustion and deletion of T cells, which would contribute to the overall reduction 

of tumor-reactive T cells over time. 

 In Chapter 3, I aimed to examine at the level of individual T cell clones the mechanisms by which 

tumor-reactive T cells contend with ITH in HGSC. Given two previous studies showed neoantigen-specific 

T cell clones emerged together with their cognate antigens,48,49 I hypothesized that new tumor-reactive 

T cell clones would emerge over time to contend with ITH in HGSC. I showed that accurate profiling of T 

cell clones by deep sequencing of TCRβ chains is technically feasible even from samples consisting of 

very few cells. TCRseq results in Appendix B outline the changes in the tumor-reactive T cell populations 

over time from IROC 060 and IROC 106.  

 

4.2 Future directions 

Results from this study have implications for both studying the immune response to tumors and 

treating tumors using ACT and other T cell-based forms of immunotherapy. Given that each of the three 

patients had different patterns of tumor recognition, in the near future these findings will be expanded 

to a larger patient cohort to identify the predominant mechanisms underlying T cell evolution in HGSC. 

Additionally, to study T cell evolution patterns in a variety of immunological settings within cancers, 

these methods could be applied to other cancer types described to have either higher or lower mutation 

burden compared to HGSC, such as melanoma, lung cancers, pancreatic cancers, and glioblastomas.244 If 

patterns of T cell evolution were shared among numerous tumor types or unique to tumors with high or 

low mutation burden, it would allow development of general theories about T cell evolution in the 

context of the immune response to cancer.  

TCR sequences could be used to assess tumor-reactive T cells directly ex vivo, without the need 

for identifying and characterizing tumor antigens. In situ PCR is a novel technique that allows for specific 

amplification and visualization of both DNA and RNA targets on tissue sections.290,291 This visualization of 

specific nucleic acid targets can be done concurrently with IHC detection of cellular antigens, which 

makes it possible to look at co-localization of specific target sequences with various cell types based on 

cellular markers.290 Using TCR sequences identified from purified tumor-reactive T cells, in situ PCR 

protocols could be developed that allow for visualization of these T cells directly within the patient’s 

tumor tissue. This could identify the precise locations of tumor-reactive T cells within the tumor 

microenvironment. Further, it could help to identify cell surface markers that are expressed 
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predominantly on tumor-reactive T cells. Together, this will allow the study of specific tumor-reactive T 

cells within the TME and provide more information about the immune response to tumors in situ. 

Identification of tumor-reactive TCR sequences gives rise to the possibility of engineering a 

polyclonal population of tumor-reactive T cells for ACT. One of the biggest challenges in ACT is 

persistence of the T cell product post-infusion.292 Several studies have shown that TIL with less-

differentiated phenotypes persist longer and lead to better clinical responses compared to ACT using 

more terminally differentiated T cells.12,216,218,293,293,294 By expanding the tumor-reactive TCR sequences 

generated using the pipeline developed in this study to include sequencing of both TCRα and TCRβ 

sequences, it may be possible to engineer less differentiated T cells that may lead to improved clinical 

responses in HGSC. 

Findings from this study support the general notion that immunological checkpoints play a 

critical role in tumor immune evasion. In particular, tumor cells from ascites expressed high levels of PD-

L1, and interestingly, a study in HGSC found PD-L1 expression in tumors was primarily limited to CD68+ 

macrophages, rather than epithelial tumor cells.88 This suggests ascites tumor cells be may even more 

immunosuppressive compared to those from solid tumor. Further, TAL expressed PD-1 and its 

expression was associated with the subpopulation of TAL that mediated anti-tumor responses. 

Together, this suggests combining ACT with checkpoint blockade therapy may yield improved clinical 

responses compared to either therapy alone. In a mouse model of melanoma, combination treatment of 

anti-PD-1 and ACT with tumor-specific T cells improved both recruitment of T cells into the tumor and 

tumor regression compared to ACT or anti-PD-1 alone.295 Indeed, there are 5 clinical trials currently 

listed in the clincialtrials.gov database that combine ACT with checkpoint blockade to treat ovarian, 

gastrointestinal, and melanoma cancers, highlighting the promise of this novel therapeutic strategy. 

Last, this pipeline can rapidly identify T cell clones of interest for immune monitoring following 

ACT. Post-infusion, tumor-reactive T cells can be tracked in patient’s peripheral blood by determining 

the presence or absence of specific TCR sequences determined by TCRseq. By assessing the expansion or 

contraction of specific tumor-reactive T cell populations, it will provide insight into the behaviour of 

tumor-reactive T cell populations post-ACT. Further, by profiling tumor-reactive T cells in patient blood 

following ACT and correlating the prevalence of these cells with the size and duration of clinical 

responses, this pipeline could ultimately be used to predict patient outcomes to ACT.  
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4.3 Conclusion 

 A significant challenge in the treatment of recurrent tumors is ITH. Tumor clonal evolution can 

mediate dramatic changes to the subclonal architecture of recurrent tumors. These differences over 

time may impact the ability of tumor-reactive T cells to recognize recurrent disease. Therefore, it was 

important to elucidate the mechanisms used by tumor-reactive T cells to contend with ITH over time to 

develop improved strategies for ACT of recurrent HGSC. 

This was the first study to systematically assess both patterns of tumor-recognition and the 

tumor-reactive T cell repertoire between primary and recurrent disease in HGSC. Results indicate anti-

tumor T cell responses from ascites are diverse between patients and dynamic within a patient, 

suggesting various mechanisms of T cell evolution to respond to ITH in HGSC. Further, I developed a 

pipeline for the identification of tumor-reactive TCR sequences without the need for a priori knowledge 

of specific antigens. Results profiling the tumor-reactive repertoire over time in HGSC revealed precise 

mechanisms through which T cells evolve to respond to ITH. Ultimately, this study will be used to inform 

the best approach to ACT for recurrent HGSC. 
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Appendix A: Gating Strategies 

 

 

Figure A1. Gating strategy for analyzing MHC class I and II on ascites ex vivo as well as ascites cells post-

IFNy-treatment of primary ascites tumor cells. 
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Figure A2. IROC 060 Tumor vs TAL gating strategy for analyzing CD137 on TAL (A) and representative dot 

plots showing CD137 on CD8+ TAL (B) and CD4+ TAL (C). 



A3 
 

 

Figure A3. IROC 106 Tumor vs TAL gating strategy for analyzing CD137 on TAL (A) and representative dot 

plots showing CD137 on CD8+ TAL (B) and CD4+ TAL (C). 

 



A4 
 

 

Figure A4. IROC 034 Tumor vs TAL gating strategy for analyzing CD137 on TAL (A) and representative dot 

plots showing CD137 on CD8+ TAL (B) and CD4+ TAL (C). 
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Figure A5. Ascites EpCAM+ Ex Vivo Gating Strategy. Events were first gated on singlets by FSC-width and 

FSC. The unstained control (second plot) was used to draw the gate for EpCAM+ cells.  
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Figure A6. Gating Strategy for analyzing ex vivo TAL phenotypes from (A) IROC 060, (B) IROC 106 and 034 

 

 

 

 

Figure A7. Gating strategy for analyzing phenotypes of TAL following high-dose IL-2 expansions of bulk 

ascites.  
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Figure A8. Gating strategy for analyzing phenotypes of TAL following a conventional REP of IL-2-

expanded TAL. 

 

 

 

 

Figure A9. Gating strategy for analyzing activation of bi-clonal mixtures of clone D6 and clone F2 prior to 

FACS-purification. 
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Appendix B – TCRseq of Tumor-Reactive T Cell Clones from Primary and Recurrent Disease 

 

B1. Introduction 

  

 High-grade serous carcinoma (HGSC) tumors can have high intratumoral heterogeneity (ITH).1,2 

To successfully contend with recurrent, heterogeneous tumor, anti-tumor T cells may utilize certain 

approaches to deal with the diversity of tumor subclones. One possible approach could be to recognize 

several tumor-specific antigens, which may result in the emergence of new tumor-reactive T cell clones 

over time. For example, in renal cell carcinoma, deep sequencing of tumor sites showed a 

heterogeneous population of T cells that were diverse between each tumor site, suggesting a diversity 

of tumor-reactive T cell clones contributing to tumor control.3 In contrast, the tumor-reactive T cells may 

recognize antigens that are maintained by the tumor over time. In line with this, HGSC tumor sites 

revealed a more homogeneous T cell infiltrate, suggesting recognition of a homogeneous set of tumor 

antigens.4 However, these studies did not assess tumor-reactivity of TIL nor did they provide insight on 

how TIL populations change over time within a patient’s tumor.  

 Two recent studies provided some insight on how tumor-reactive TAL contend with ITH in 

recurrent tumors. Both studies, one in melanoma and the other in HGSC, found new tumor-reactive T 

cell clones emerged while other tumor-reactive T cell clones were subsequently lost between primary 

and recurrent disease.5,6 However, these studies investigated T cells that were reactive to specific 

neoantigens or cancer testis antigens, rather than the polyclonal repertoire of tumor-reactive T cells. In 

my study, I assessed the reactivity of polyclonal populations of TAL expanded from ascites for reactivity 

to tumor, rather than tumor-specific antigens. In chapter 2, it was determined that both patients’ 

tumor-reactive recurrent TAL had a lower frequency of tumor-reactive TAL compared to primary TAL 

and became equal mixtures of both CD4+ and CD8+ T cells. To elucidate whether a common mechanism 

resulted in both patients’ TAL to both have a reduced frequency of tumor-reactive T cells and to become 

comprised of equal numbers of CD4+ and CD8+ T cells, I subjected tumor-reactive T cell populations to 

deep sequencing of the TCR-β chain (TCRseq). Based on the two previous studies, I hypothesized that 

new tumor-reactive T cell clones would emerge over time to contend with ITH. Therefore, I expected to 

see new TCR clonotypes identified in populations of tumor-reactive recurrent TAL that were distinct 

from tumor-reactive primary TAL. 
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B2. Results 

The aim of this study was to discover predominant mechanisms used by T cells to control 

recurrent tumors. To do so, TAL were cultured overnight in the presence or absence of autologous bulk 

ascites cells, CD45+ ascites cells, or CD45- ascites cells and evaluated for reactivity by interferon-γ 

ELISPOT and flow cytometry for CD137. CD137+ tumor-reactive T cells were FACS-purified for TCRseq. 

Each patients’ tumor-reactive T cell repertoires were profiled and tracked from primary to recurrent 

disease. As discussed in chapter 2, IROC 060 TAL only reacted to recurrent ascites cells (Figure 8). IROC 

060 tumor-reactive primary TAL were predominantly CD8+ (Figure 8A), while responsive recurrent TAL 

were an equal mixture of both CD4+ and CD8+ T cells (Figure 8C). Additionally, 8% of primary TAL were 

tumor-reactive compared to just over 2% of recurrent TAL (Figures 8A, C).  In contrast to IROC 060, IROC 

106 TAL were reactive to both primary and recurrent ascites cells (Figure 10). Responsive primary TAL 

were predominantly CD4+ (Figure 10A), while responsive recurrent TAL were an equal mixture of both 

CD4+ and CD8+ T cells (Figure 10C). Up to 10% of primary TAL and up to 6% of recurrent TAL recognized 

ascites (Figures 10A, C), indicating primary TAL had a higher frequency of tumor-reactive T cells 

compared to recurrent TAL. CD4+CD137+ and CD8+CD137+ T cells were sorted into separate collection 

tubes and RNA was extracted. Between 129 and 23,400 tumor-reactive CD137+ cells were obtained for 

each purified, tumor-reactive sample. RNA samples were submitted for TCRseq at the Michael Smith 

Genome Sciences Centre (GSC).  

 

B2.1 IROC 060 Tumor-Reactive T Cell Evolution from Primary to Recurrent Disease  

 To determine the pattern of tumor-reactive T cell evolution in IROC 060, I first assessed whether 

any tumor-reactive T cell clones were shared between primary and recurrent TAL. No tumor-reactive T 

cell clones were shared between primary and recurrent TAL. Six unique T cell clones were highly 

abundant in the purified, tumor-reactive primary TAL subset. Two CD4+ clones comprised 41% and 51% 

of the total tumor-reactive CD4+ primary T cells (Figure B1A). Four CD8+ clones were identified at 

between 4% and 50% of the total tumor-reactive CD8+ primary clones (Figure B1C). In contrast, tumor-

reactive recurrent TAL were more polyclonal than tumor-reactive primary TAL, with 10 CD4+ and 11 

CD8+ tumor-reactive T cell clones that ranged in frequency from 1-25% of the purified, tumor-reactive 

subset (Figures B1B,D). Most tumor-reactive T cell clones were identified at very low frequencies directly 

ex vivo or post-IL-2-expansion (Figure B1). Additionally, some tumor-reactive clones were not identified 

either directly ex vivo or post-IL-2-expansion (Figure B1). Together, the results suggest the evolution of 
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tumor-reactive T cell clones in IROC 060 was highly dynamic, with multiple clones being lost over time 

while many others emerged between primary and recurrent disease.  

  

B2.2 IROC 106 Tumor-Reactive T Cell Evolution from Primary to Recurrent Disease  

 To determine whether IROC 106 shared common mechanisms of tumor-reactive T cell evolution 

with IROC 060, I first assessed whether tumor-reactive T cells were lost over time. Indeed, there were 

numerous tumor-reactive clones that were uniquely present among primary TAL (Figures B2A,C-D, 

B3A,C-D). Of these, 6 CD4+ and 7 CD8+ primary T cell clones responded to both primary and recurrent 

tumor (Figures B2A, B3A), and 19 CD4+ and 14 CD8+ clones that responded to either primary or recurrent 

tumor but not both (Figures B2C-D, B3C-D). The unique primary CD4+ clones were all found at >6% 

abundance (Figures B2A,C-D), while the unique CD8+ clones were found at up to 24% abundance (Figure 

B3A). Further, there were several tumor-reactive T cell clones that were uniquely present among 

recurrent TAL (Figures B2B,E-F, B3B,E-F). Of these, 5 CD4+ and 6 CD8+ T cell clones recognized both 

primary and recurrent tumor (Figures B2B, B3B), and 27 CD4+ and 7 CD8+ clones responded to either 

primary or recurrent tumor but not both (Figures B2E-F, B3E-F). Further, these unique CD4+ clones were 

again found at >6% abundance (Figure B2B,E-F), while unique CD8+ T cell clones were found at up to 

45% abundance (Figure B3B).  

 To determine if IROC 106 exhibited any additional mechanisms of T cell evolution, I looked for 

tumor-reactive T cell clones that were shared between primary and recurrent TAL. Indeed, there were 

numerous shared tumor-reactive T cell clones identified in IROC 106 TAL. One highly abundant CD4+ T 

cell clone was identified at over 38% of the primary tumor-reactive subset of primary TAL (Figure B2G). 

By the time of recurrent disease, this CD4+ clone had decreased in frequency to around 16-17% (Figure 

B2G). There were an additional 2 CD4+ (Figure B2G) and 4 CD8+ T cell clones (Figure B3G) that were 

shared by both primary and recurrent TAL and recognized both primary and recurrent tumor. In 

addition, there was one CD4+ T cell clone that was shared by both primary and recurrent TAL yet only 

recognized recurrent tumor (Figure B2H) and one CD8+ clone shared by both primary and recurrent TAL 

that only recognized primary tumor (Figure B3H). All tumor-reactive T cell clones were identified at 

frequencies between 0 and 9% of TAL directly ex vivo and post-IL-2-expansion (Figures B2, B3), except 

for two shared CD4+ clones, which were identified at up to 10% abundance directly ex vivo (Figure B2G). 

Indeed, most tumor-reactive clones that were under 5% of the tumor-reactive T cell subsets were found 

at between 0% and 1% abundance directly ex vivo and post-IL-2-expansion (Figures B2, B3).  
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Due to the low abundance of RNA in IROC 060 tumor-reactive T cell samples, TCRseq results 

showed some level of contamination from high-abundance TCR clonotypes from IROC 106. Likewise, 

some high-abundance IROC 060 clones were identified in IROC 106 samples. Further, low levels of 

contamination were evident between CD4+ and CD8+ clonotypes. For example, high-abundance CD8+ 

clones were occasionally found at low abundance (<1%) in the CD4+ samples. Because the contaminating 

clone was found at such high abundance in its native sample and such low abundance in its non-native 

sample, it was straightforward to distinguish the clone from the native clones within each sample and 

exclude it from the analysis. However, for clones identified at low-abundance in both patients’ samples 

or both CD4+ and CD8+ samples, it was impossible to determine the true origin of these clonotypes. 

Therefore, shared clonotypes found at low abundance were excluded from the analysis. Further, to 

improve the validity of TCRseq on such low-abundance samples, replicate libraries were created from 

the cDNA synthesized from RNA extracted from the tumor-reactive T cell samples from each patient. 

Unfortunately, in one library 5 of the top 20 clones identified for IROC 060 were highly abundant in IROC 

106 T cell samples. Further, the top 3 clones identified for IROC 060 were highly abundant in IROC 106 

samples, suggesting there was widespread contamination in one replicate library, making interpretation 

of this library unreliable. Therefore, the TCRseq data was analysed in singlicate using the less 

contaminated library.    
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B3. Discussion 

 I successfully profiled the repertoire of tumor-reactive CD8+ and CD4+ T cell clones from primary 

to recurrent disease in two HGSC patients. Results from both patients indicate there are common 

mechanisms of T-cell mediated control of ITH in HGSC. IROC 060 had no shared tumor-reactive clones 

between primary and recurrent TAL, suggesting some tumor-reactive T cells are lost over time while 

others emerge by recurrent disease. Likewise, IROC 106 also had tumor-reactive T cell clones that were 

unique to either primary or recurrent TAL. However, IROC 106 also had tumor-reactive T cell clones that 

were shared between primary and recurrent TAL, suggesting TAL used additional mechanisms to control 

ITH in HGSC. These findings provide insight into the dynamics of tumor-reactive T cells over time in 

HGSC. 

Previous studies in HGSC and in melanoma showed tumor-reactive T cells share common 

evolutionary mechanisms to contend with ITH where tumor-reactive T cell clones emerged over time to 

contend with new tumor antigens.5,6 Further, the study in HGSC showed tumor-antigen-specific T cells 

were lost at later time points.6 In agreement with these previous studies, IROC 060 and IROC 106 had 

several T cell clones that were unique to their primary TAL. This suggests in both patients, there were 

numerous tumor-reactive T cell clones that were lost between primary and recurrent disease. 

Additionally, there were numerous tumor-reactive T cell clones that were unique to recurrent TAL, 

suggesting emergence of new tumor-reactive T cell clones by recurrent disease. Although it is possible 

that numerous T cell clones may recognize the same antigen,7 it is likely that tumor-reactive TAL 

recognize numerous antigens. This suggests that new, tumor-reactive T cell clones that recognize new 

tumor antigens emerge over time to control ITH. 

Although some IROC 106 tumor-reactive T cells evolved through mechanisms identified in IROC 

060 and patients in previous studies,5,6 there was evidence of additional mechanisms of T cell evolution. 

Indeed, there were numerous tumor-reactive T cells shared by both primary and recurrent TAL (Figures 

B2G-H, B3G-H). In fact, the most abundant CD4+ tumor-reactive clone was shared by both primary and 

recurrent TAL and was found at up to 38% in tumor-reactive primary TAL (Figure B2G). These results 

indicate T cells can utilize several mechanisms to contend with ITH over time in HGSC. These findings are 

similar to those from Verdegaal et al, who found that despite T cell and tumor antigen loss, T cells from 

all disease time points were able to recognize tumor from all disease time points. This suggested tumor-

reactive T cells may recognize a shared antigen or shared groups of antigens, although the authors did 

not follow-up on this finding in their study.5 Together, results from both HGSC patients in the current 

study suggest tumor-reactive TAL can utilize several mechanisms to contend with ITH over time in HGSC.  
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In IROC 060, tumor-reactive primary TAL were predominantly CD8+ while her tumor-reactive 

recurrent TAL were comprised of equal amounts of CD4+ and CD8+ T cells (Figures 8A,C). Indeed, tumor-

reactive primary TAL had two times more CD8+ T cell clones compared to CD4+ clones, while recurrent 

TAL had nearly equal numbers of tumor-reactive CD4+ and CD8+ T cell clones (10 and 11 clones, 

respectively). However, despite the lack of common tumor-reactive T cell clones, both primary and 

recurrent TAL only recognized recurrent ascites (Figure 8). Nonetheless, because both primary and 

recurrent TAL recognize recurrent tumor, results suggest tumor antigens were maintained over time and 

tumor-reactive T cell clones form primary disease are lost from the patient repertoire over time.  

For IROC 106, tumor-reactive primary TAL were predominantly CD4+ while her tumor-reactive 

recurrent TAL were equally both CD4+ and CD8+ (Figures 10A,C). In line with this, tumor-reactive primary 

TAL were dominated by one CD4+ clone that was found at between 30 and 40% of the purified, tumor-

reactive populations (Figure B2G). In contrast, this CD4+ clone was found at lower abundance in 

recurrent TAL (between 15% and 17% of tumor-reactive T cell clones; Figure B2G).  At the same time, a 

new CD8+ T cell clone emerged was found at a frequency between 41% and 45% of the purified, tumor-

reactive CD8+ T cell clones (Figure B3C). Together this suggests that the reduced frequency of tumor-

reactive CD4+ T cells at recurrent disease could be due to loss of a shared, high-abundance CD4+ T cell 

clone and the simultaneous emergence of a high-abundance CD8+ T cell clone at recurrent disease. 

Both IROC 060 and IROC 106 had a lower frequency of tumor-reactive T cells in their recurrent 

TAL compared to primary TAL. By TCRseq, IROC 106 primary TAL had 109 different TCR clonotypes that 

were found above 1% abundance in the purified, tumor-reactive subset. In contrast, recurrent TAL had 

only 54 different TCR clonotypes found at greater than 1% abundance in the purified, tumor-reactive 

subset. However, IROC 060 had only 6 tumor-reactive T cell clones that were above 1% abundance in 

the purified, tumor-reactive population and 21 clones identified in recurrent TAL. Therefore, this 

reduction in frequency of tumor-reactive T cells over time is unlikely due to a reduction in the diversity 

of tumor-reactive T cell clones at recurrent disease. Although PD-1 wasn’t expressed at higher levels on 

recurrent TAL compared to primary TAL, it is possible that other immunosuppressive molecules, such as 

TIGIT8, VISTA9, TIM-310, or LAG-310 are expressed at higher levels on recurrent TAL, which would 

contribute to the observed reduction in tumor-reactivity, although these markers were not analyzed in 

this study. 

The TCRseq of samples with low RNA abundance was technically challenging. Low-level 

contamination from each patient was seen, despite efforts to minimize contamination through separate 

sample preparation for each patient and the use of dedicated spaces for RNA sequencing at the GSC. 
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Nonetheless, at some point during RNA extraction, cDNA synthesis, or library preparation, low levels of 

T cell clones from IROC 106 contaminated IROC 060 samples. Additionally, low levels of high abundance 

CD8+ T cell clones contaminated CD4+ T cell samples and vice versa. These contaminating sequences 

were relatively straightforward to exclude, because they were found at very high abundance in the 

native sample and at very low abundance in the non-native (contaminated) sample. Nonetheless, for 

TCR clonotypes found at low abundance in both patients, it was not possible to determine which clone 

was native to which patient or whether the TCR was from a CD4+ or CD8+ T cell. Therefore, these shared, 

low-abundance TCR clonotypes were excluded from analysis. 

To increase confidence in the identified frequencies of tumor-reactive T cells, each sample’s 

cDNA was split into two and replicate libraries were prepared for sequencing. Unfortunately, one library 

had widespread contamination where 5 of the top 20 clones identified for IROC 060 were highly 

abundant in IROC 106 T cell samples. Further, the top 3 clones identified for IROC 060 were highly 

abundant in IROC 106 samples. Because of this, it made the replicate library uninterpretable and 

consequently, all TCRseq data was analyzed in singlicate. Because of the small sample sizes, particularly 

from IROC 060, replicate libraries would have indicated whether the variety of TCR sequences identified 

was simply due to sampling error. However, at least for IROC 106, the TCR-Vβ of the most abundant 

CD4+ and CD8+ T cell clones matched perfectly with Vβ-spectratyping data from IROC 106 primary TAL 

directly ex vivo and primary TAL post-IL-2 expansion (data not shown). Future TCRseq analysis will be 

performed using additional T cells when specimen is available. Alternatively, when specimen is limiting, 

efforts will be made to investigate methods that generate less terminally differentiated T cells that may 

allow for tumor-reactive T cell expansion post-sorting. Nonetheless, my results show that profiling of 

these TCR clonotypes was accurate, despite such a small number of tumor-reactive T cells.  

Several clones identified in tumor-reactive T cell populations were not identified in either ex vivo 

or IL-2 expanded TAL populations. For example, one IROC 060 tumor-reactive clone was identified at 

18% abundance in tumor-reactive recurrent TAL, despite not being found directly ex vivo or in IL-2 

expanded T cell populations (Figures B1B). One interpretation is some tumor-reactive clones identified 

by TCRseq were simply contaminants found at high abundance, particularly because of the overall low-

abundance of RNA from the T cells of interest given such few cells. However, a recent study highlighted 

the challenges of identifying clinically relevant T cells prior to expansion in vitro.11 The authors found 

most T cells that were identified at high abundance in a T cell infusion product and shown to have 

tumor-reactivity were found at very low levels directly ex vivo.11 Further, ex vivo frequencies of these T 

cell clones often fell below the limit of detection of TCRseq, 0.001%.11–14 Indeed, the inability to detect 
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tumor-reactive T cell clones directly ex vivo in my study may be due to ex vivo and post-IL-2 expansion T 

cell frequencies below 0.001%. Further, the MiXCR analysis package used to analyze the TCR deep 

sequencing results excludes sequencing reads only mapped once. Therefore, it is possible that low-

abundance T cell clones were present and only had one sequencing read, and were subsequently 

excluded from the in silico TCRseq analysis. 

In conclusion, I identified several mechanisms that allow T cell-mediated control of recurrent 

HGSC tumors. Both IROC 060 and IROC 106 showed evidence that tumor-reactive T cell clones are lost 

over time, as indicated by the presence of tumor-reactive T cell clones that were unique to primary TAL. 

However, both patients also showed evidence of tumor-reactive T cell clones that emerged over time, as 

both patients had tumor-reactive T cell clones that were unique to recurrent TAL. While this was the 

only mechanism identified in IROC 060, IROC 106 TAL exhibited additional mechanisms of T cell 

evolution, including tumor-reactive T cell clones shared by both primary and recurrent disease as well as 

T cell clones that uniquely recognize either primary or recurrent disease. Together, results from this 

study suggest anti-tumor T cells may utilize several mechanisms of evolution to control ITH in HGSC. 
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B4. Conclusions 

 In this study, I elucidated mechanisms used by tumor-reactive T cells to contend with ITH in 

HGSC. In line with previous research, both IROC 060 and IROC 106 TAL had new tumor-reactive clones 

that emerged over time, which may recognize new tumor antigens present at recurrent disease. The 

results of TCRseq, together with the observation that the frequency of tumor-reactive T cells decreases 

over time, suggests T cell loss is a significant challenge in HGSC. Nonetheless, in each patient, both 

primary and recurrent TAL recognized recurrent tumor. Subsequent TCRseq identified new tumor-

reactive T cell clones that emerged over time in both patients, supporting my hypothesis. However, in 

IROC 106, there was also evidence of both T cell and antigen maintenance from primary and recurrent 

disease. Specifically, certain tumor-reactive clones were identified at high abundance in both primary 

and recurrent TAL and these T cell clones reacted to both primary and recurrent tumor. IROC 106 was 

the only patient whose primary tumor lacked T cell infiltrate (Figures 15A-B). Perhaps, due to the lack of 

T cell infiltration compared to that of IROC 060 (Figures 14A-B), IROC 106 tumor was subjected to less 

immune-mediated pressure, therefore there was no immunological pressure to mediate 

immunoediting15, therefore maintaining tumor-specific antigens over time. In contrast, results for IROC 

060 suggest antigens may have been lost over time, perhaps due to the presence of immune infiltrate 

and high expression of MHC class I and class II (Figure 14). 

 This study was ultimately designed to inform clinical trial protocols for ACT of recurrent HGSC 

tumors. Based on the results from these two patients, both primary and recurrent TAL are equally 

capable of recognizing recurrent tumor. However, primary TAL had a higher frequency of tumor-reactive 

T cells compared to recurrent TAL. Results from both patients suggest this was not due to an overall loss 

of tumor-reactive T cell clones over time. While this was indeed the case for IROC 106, with half the 

number of abundant tumor-reactive T cell clones identified at recurrent disease compared to at primary 

disease, IROC 060 had a greater number of tumor-reactive T cell clones at recurrent disease. Although 

the data suggests recurrent TAL do not express PD-1 at higher levels than primary TAL, there are 

numerous other T cell exhaustion pathways and mechanisms that are utilized by tumors to suppress the 

anti-tumor immune response.8–10 Therefore, the overall reduction in tumor-reactivity at recurrent 

disease could be due to the expression of other immunosuppressive markers not profiled in this study. 

This supports study of checkpoint blockade therapies in HGSC patients and suggests combining ACT with 

checkpoint blockade may yield better clinical responses than ACT alone.  Nonetheless, the results of this 

study suggest it may be best to use primary T cells to yield the best possible clinical responses for the 

treatment of recurrent HGSC. 
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This was the first systematic assessment of the dynamics of tumor-recognition and the tumor-

reactive T cell repertoire between primary and recurrent disease in HGSC. Results suggest anti-tumor T 

cell responses from ascites are both diverse between patients and dynamic within a patient, indicating 

diverse mechanisms of T cell evolution are utilized to contend with ITH in HGSC. Nonetheless, in both 

patients there was evidence that tumor-reactive T cell clones were lost over time while other clones 

emerged to contend with possibly new tumor-specific antigens at recurrence. This suggests a shared 

mechanism of T cell control of ITH is through the emergence of new, tumor-reactive T cells over time. 

However, IROC 106 had evidence of antigens, shared by both primary and recurrent tumor, that were 

recognized by highly abundant T cell clones identified in both primary and recurrent TAL. Together, 

these results show there are numerous mechanisms utilized by tumor-reactive T cells to contend with 

tumors over time in HGSC patients. Further, results show that primary T cells may be the best 

population to create a therapeutic T cell product for mediating strong clinical responses following ACT of 

recurrent HGSC.   
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B5. Figures 

 

Figure B1. Patterns of tumor-reactive T cell clones from primary to recurrent disease in IROC 060. The T cell clones included in each graph 

constituted ≥ 1% of the total number of reads in at least one purified tumor-reactive TAL sample and exhibited the same pattern of T cell 

recognition. On each graph, each TCR clonotype has a unique CDR3 sequence that is noted in the graph legend. Clonotype abundance was 

determined by dividing the total number of sequencing reads corresponding to one specific clone by the total number of sequencing reads in the 

whole sample. The abundance of each TCR clonotype within each population: primary or recurrent TAL directly ex vivo, primary or recurrent IL-2 
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expanded TAL, and CD137+ primary or recurrent TAL that reacted to recurrent ascites, is plotted. (A,C) The yellow points represent groups of (C) 

CD4+ and (B) CD8+ TCRs that were unique to primary TAL (TCR group A). (B,D) The lilac points represent groups of (B) CD4+ and (D) CD8+ TCRs that 

were unique to recurrent TAL (TCR group B).  
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Figure B2. IROC 106 CD4+ tumor-reactive T cell clone patterns from primary to recurrent disease. The T cell clones included in each graph 

constituted ≥ 1% of the total number of reads in at least one purified tumor-reactive TAL sample and exhibited the same pattern of T cell 

recognition. On each graph, each TCR clonotype has a unique CDR3 sequence that is noted in the graph legend. Clonotype abundance was 

determined by dividing the total number of sequencing reads corresponding to one specific clone by the total number of sequencing reads in the 

whole sample. The abundance of each TCR clonotype within each population: primary or recurrent TAL directly ex vivo, primary or recurrent IL-2 

expanded TAL, and CD137+ primary or recurrent TAL that reacted to recurrent ascites, is plotted. (A) The yellow points represent CD4+ TAL that 

were unique to primary TAL and responded to both primary and recurrent tumor (TCR group A). (B) The lilac points represent CD4+ TAL that 

were unique to recurrent TAL and responded to both primary and recurrent tumor (TCR group B). (C) The purple points represent CD4+ TAL that 

were unique to primary TAL and responded to only primary tumor (TCR group C). (D) The blue points represent CD4+ TAL that were unique to 

primary TAL and responded to only recurrent tumor (TCR group D). (E) The orange points represent CD4+ TAL that were unique to recurrent 

tumor and responded to only primary tumor (TCR group E). (F) The pink points represent CD4+ TAL that were unique to recurrent TAL and 
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responded to only recurrent tumor (TCR group F). (G) The red points represent CD4+ TAL that were shared by both primary and recurrent TAL 

and responded to both primary and recurrent tumor (TCR group G). (H) The navy points represent a CD4+ T cell clone that was shared by both 

primary and recurrent TAL but only recognized recurrent tumor (TCR group H).  
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Figure B3. IROC 106 CD8+ tumor-reactive T cell clone patterns from primary to recurrent disease. The T cell clones included in each graph 

constituted ≥ 1% of the total number of reads in at least one purified tumor-reactive TAL sample and exhibited the same pattern of T cell 

recognition. On each graph, each TCR clonotype has a unique CDR3 sequence that is noted in the graph legend. Clonotype abundance was 

determined by dividing the total number of sequencing reads corresponding to one specific clone by the total number of sequencing reads in the 

whole sample. The abundance of each TCR clonotype within each population: primary or recurrent TAL directly ex vivo, primary or recurrent IL-2 

expanded TAL, and CD137+ primary or recurrent TAL that reacted to recurrent ascites, is plotted. (A) The yellow points represent CD8+ TAL that 

were unique to primary TAL and responded to both primary and recurrent tumor (TCR group A). (B) The lilac points represent CD8+ TAL that 

were unique to recurrent TAL and responded to both primary and recurrent tumor (TCR group B). (C) The purple points represent CD8+ TAL that 

were unique to primary TAL and responded to only primary tumor (TCR group C). (D) The blue points represent CD8+ TAL that were unique to 

primary TAL and responded to only recurrent tumor (TCR group D). (E) The orange points represent CD8+ TAL that were unique to recurrent 

tumor and responded to only primary tumor (TCR group E). (F) The pink points represent CD8+ TAL that were unique to recurrent TAL and 
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responded to only recurrent tumor (TCR group F). (G) The red points represent CD8+ TAL that were shared by both primary and recurrent TAL 

and responded to both primary and recurrent tumor (TCR group G). (H) The green points represent a CD8+ T cell clone that was shared by both 

primary and recurrent TAL but only recognized primary tumor (TCR group I).  
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