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Abstract 

Cancer is primarily a genetic disease that can be actuated by carcinogens, such as 
infectious agents, and attenuated by the body’s own immune response.  This thesis is a 
multifaceted study of cancer genomics, metagenomics and immunogenomics.  In our 
metagenomic study of colorectal cancer, we used RNA-seq followed by host sequence 
subtractions and found marked over-representation of Fusobacterium nucleatum 
sequences in tumours.  We verified the overabundance of Fusobacterium sequences by 
quantitative PCR analysis from a total of 99 subjects, and we observed a positive 
association with lymph node metastasis. 

In our cancer genomics study of ovarian cancer, the clonal structure and evolution of 
tumours were profiled by whole exome sequencing of serial tumour samples in three 
patients.  Tumours from all three patients harboured mutations associated with cell cycle 
checkpoint function and Golgi vesicle trafficking. There was convergence of germline 
and somatic variants within the DNA repair, ECM, cell cycle control and Golgi vesicle 
pathways. The vast majority of somatic variants found in recurrent tumours were present 
in primary tumours. Our findings highlight novel pathways that are mutated in ovarian 
cancer and shows that recurrent disease arises from multiple clones present in the 
primary tumour. 

In our immunogenomics study of ovarian cancer immunity, T and B cell clonality was 
surveyed by high-throughput sequencing of their antigen receptor.  First, we 
characterized the errors in receptor sequencing and developed filtering strategies to 
reduce the false discovery rate.  Errors were discovered in the form of substitutions and 
chimeras and additionally, sequence contamination and biases were observed between 
samples.  We applied our error filtering model to survey the T and B cells in serial 
ovarian tumour samples and found that the tumour-associated immune repertoires 
diverged over time.  Furthermore, we discovered that tumour-responsive lymphocytes 
can be recognized by in vitro expansions of T cells and by discovering B cells with highly 
mutated antigen receptor sequences.  In conclusion, genomics approaches were 
employed first to study colorectal cancer, which revealed a tumour-associated bacteria. 
Secondly, genomics was used to study ovarian cancer tumours, which showed tumour 
clonal evolution, alterations in novel biological pathways and a dynamic adaptive 
immune response.    
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Chapter 1.   Introduction 

1.1. Background 

1.1.1. Epidemiology of Ovarian and Colorectal Cancer 

There has been both a 13.7% decline in the death rate from all cancers and an 

increase in the 5-year relative survival rate from 48.7% to 67.6% during the years 1975 

to 2010 (http://seer.cancer.gov/statfacts/html/all.html).  The two cancer types that are the 

focus of study in this thesis are colorectal cancer and ovarian cancer. Colorectal cancer 

is more prevalent than ovarian cancer with 1,162,426 patients versus 188,867 patients in 

the United States.  Colorectal cancer has made better improvements in both increasing 

its 5-year relative survival rate and decreasing its death rate as compared to ovarian 

cancer.  This is largely due to improvements in early detection rather than treatment.  In 

fact, the 5-year relative survival in colorectal patients with metastatic tumours is only 

12.9% compared to 27.4% of ovarian cancer patients with metastatic tumours. 

1.1.2. Standard Cancer Treatments 

Conventional cancer treatment aims to reduce tumour cells using cytoreductive 

surgery, radiation and chemotherapy.  This overview of conventional chemotherapeutics 

is summarized from the book, “Cancer immunotherapy: immune suppression and tumor 

growth” (Prendergast & Jaffee, 2007).  Nitrogen mustard alkylating agents were the first 

small molecule agents to be used in cancer therapy in the 1940s and since then, many 

more small molecule chemotherapeutic agents have been developed that currently 

dominate the regimen for standard clinical treatment.  Alkylating agents are among a 

group of DNA-damaging agents that broadly fall into one of three general subclasses: 

alkylating agents, topoisomerase inhibitors and platinum compounds. Common to all 

three subclasses is their increased cytoxicity to rapidly dividing cells, such is the case 
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with most cancer cells but also susceptible are normal cells in the bone marrow, 

digestive tract and hair follicles.   

Alkylating agents act by forming covalent bonds with DNA strands via their alkyl 

group that leads to DNA strand crosslinking, then DNA strand breakage during 

replication and eventually to cell death.  Alkylating agents are effective throughout the 

cell cycle and are termed cell cycle-independent.  Topoisomerase inhibitors affect DNA 

replication by inhibiting Topoisomerase I and II, enzymes that cut the DNA backbone, 

which is essential in relieving the torsional stress from DNA supercoiling that occurs 

during DNA replication and transcription.  Widely used topoisomerase inhibitors include 

plant alkaloids and cytoxic antibiotics, although the mechanism of action for cytotoxic 

antibiotics can also include DNA intercalation.  Platinum compounds act similarly to 

alkylating agents in that they damage DNA by causing interstrand and intrastrand cross-

linking.  Intrastrand binding of cisplatin (cis-diamminedi-chloroplatinum(II), cis-DDP) to 

two adjacent guanosine nucleosides occurs more frequently in vitro and in vivo than any 

other type of binding (Sherman & Lippard, 1987).  The preferential binding of cisplatin to 

guanosine has been observed to create a mutagenic signature of base substitutions  

(Fourrier, Brooks, & Malinge, 2003).  Mutational signatures have been shown to be 

influenced by the nucleotides that are both opposite and beside the mutated residues 

(Alexandrov et al., 2013; Ellegren, Smith, & Webster, 2003). 

Commonly used chemotherapeutic agents that impair mitosis by mechanisms 

other than DNA damage include the antimetabolites and the antimitotics.  

Antimetabolites act as antagonists to naturally occurring metabolites because of their 

structural similarities.  Examples include methotrexate, an antagonist of folate, which are 

needed for de novo  synthesis of purines used in DNA replication; fludarabine, a purine 

analog that is incorporated into DNA during replication and will inhibit further DNA 

synthesis ; and 5-fluorouracil, a pyrimidine antagonist that is incorporated into DNA and 

RNA, which will alter RNA processing and DNA synthesis and transcription.  Antimitotics 

inhibit spindle formation by either disrupting microtubules, such as with Vinca 

compounds or by enhancing stabilization of mitotic spindles and thus preventing its 

ability to function normally during cell division.   
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Standard chemotherapeutics for epithelial ovarian cancer are often platinum-

based, such as cisplatin, carboplatin and oxaliplatin.   The mainstay of colorectal cancer 

chemotherapeutics is the antimetabolite, 5-fluorouracil, and it is frequently prescribed 

with leucovorin, also known as folinic acid, which enhances the effect of 5-fluorouarcil by 

inhibiting thymidylate synthase and hence, decreases thymidine incorporation into DNA 

(Cardinale et al., 2011; Wolpin & Mayer, 2008).  Other commonly administered drugs for 

colorectal cancer are capecitabine, which is enzymatically converted to 5-flourouracil, 

the topoisomerase inhibitor, irinotecan and oxaliplatin.   

1.1.3. Tumourigenesis 

Tumours typically arise from normal tissue that have been genetically 

transformed to become dysfunctional through a progressive series of somatic mutations.  

Somatic mutations can take the form of single nucleotide substitutions, insertions and 

deletions, structural variations, copy number changes and epigenetic changes (Hanahan 

& Weinberg, 2011). Germline genetic variation also contributes to the onset of cancer by 

determining how many mutational steps must be overcome in order for a normal cell to 

become neoplastic.  The transition from normal tissue to malignant tumour is dependent 

on the degree of gene deregulation, especially susceptible are tumour suppressor genes 

(such as RB1 and TP53) and oncogenes (e.g. K-ras).   

In the two-hit model for tumourigenesis, the number of mutational steps can be 

as few as a single somatic mutation (Knudson, 1971).  An example is retinoblastoma, 

which affects children who have inherited a mutant allele of the RB1 gene (ie. the first 

hit) and then lose the other functional allele by somatic mutation (ie. the second hit).  In 

non-hereditary cancers, it has been suggested that tumourigenesis requires at least four 

mutational steps to perturb critical cell signalling pathways such as phosphoinositide-3-

kinase (PI(3)K), TP53 or RB (Vogelstein & Kinzler, 2004).  It is doubtful that even a four-

hit model is sufficient to transform any given normal cell into a malignant neoplasm 

without further epigenetic or cell signalling deregulation. Instead, the four-hit model could 

describe a rate-limiting number of steps that are required for a tissue-specific terminal 

cell that has been subjected to a typical amount of genetic or environmental insults.  A 
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more plausible scenario for tumourigenesis is the continuum model for tumour 

suppression and oncogenesis offered by Berger, Knudson and Pandolfi (A. H. Berger, 

Knudson, & Pandolfi, 2011).  They propose that the degree of malignancy is dosage-

dependent on the activity levels of tumour suppressors and oncogenes that can be 

regulated by transcriptional, translational and post-translational mechanisms.  Their 

model could be expanded beyond tumour suppressors and oncogenes to include other 

factors that affect cancer progression such as metastasis, drug resistance and immune 

escape. 

1.1.4. Clonal Evolution 

 The concept of tumour clonal evolution was reported in a landmark paper by 

Peter Nowell in 1976 (Nowell, 1976). In his article, Nowell describes clonal evolution as 

the “sequential selection of mutant subpopulations derived from a common progenitor.”  

The evidence for clonal evolution in tumours has grown rapidly with the recent advent of 

massively parallel sequencing, which has allowed the study of personalized cancer 

genomes (Table 1.1).  Clonality in deep sequencing studies can be inferred using 

somatic mutations as biomarkers that label different tumour clones.  Without exception, 

tumour clonal evolution studies have shown somatic mutation sharing between some or 

all of the tumour samples that could only be due to a monoclonal growth from an 

ancestral clone.   

 Deep sequencing studies have reported substantial genetic variability between 

tumour samples and hence evidence for intertumour heterogeneity (Ding et al., 2012; 

Gerlinger et al., 2012; S. Shah & Burleigh, 2009).  Tumour heterogeneity arises from the 

progressive accumulation of genetic variation that leads to divergent evolution of tumour 

clones.  Intratumour heterogeneity has also been documented in deep sequencing 

experiments by single-cell sequencing (Hou et al., 2012; Navin & Kendall, 2010; Xu et 

al., 2012) and by inferring clonality from mutant allele frequencies (Carter et al., 2012; 

Ding et al., 2010; Ding et al., 2012; Durinck et al., 2011; Nik-Zainal et al., 2012).  Genetic 

variability between tumour clones has permitted estimations of major tumourigenic 

events such as tumour formation and malignancy.  Pancreatic cancer is estimated to 
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take on average about 18 years for a normal duct epithelial cell to transform into a 

metastatic cancer cell (Yachida et al., 2010).  In colorectal cancer, approximately 17 

years are needed for a benign tumour to evolve into an advanced tumour and only an 

additional 2 years are needed for the advanced tumour to gain the ability to metastasize 

(Jones & Beerenwinkel, 2008).  Chapter 3 is a published study of tumour genetic 

heterogeneity (Appendix D) and the subject of tumour genetic and phenotypic 

heterogeneity is discussed again in Chapter 6.2.   

An analysis of clonal evolution by deep sequencing of ovarian tumours is 

presented in Chapter 3.  Prior to that study, tumour heterogeneity in ovarian cancer was 

assessed on 16 patients and 110 multiregion tumour samples using microsatellite 

analysis and single nucleotide polymorphism (SNP) analysis (Khalique & Ramus, 2007).  

For each patient, they found that the tumours were derived from a single ancestral clone 

that diverged into multiple clones.  Two patients each had a pair of bilateral tumour 

samples that were determined to be clonally related and not two separate spontaneous 

neoplasms.  Another study by Cooke and colleagues used a combination of 

fluorescence in situ hybridization (FISH) and SNP array comparative genomic 

hybridization (aCGH) to study the clonality of three series of ovarian cancer cell lines 

that were collected from patients before and after the development of platinum sensitivity 

(Cooke et al., 2010).  Divergence from ancestral clones was seen in the karyotyping of 

the three matched cancer cell lines, which shared 6 of 28, 2 of 37 and 2 of 18 derivative 

chromosomes, respectively.  Furthermore, the aCGH data showed copy number 

differences between the platinum sensitive and resistant sub-clones, suggesting that the 

resistant clone had diverged from a common ancestral clone prior to treatment and did 

not evolve from the sensitive clone.  However, limitations in CGH prevented the study 

from providing a description of the number and portions of minor subclones.  Tumour 

clonal composition is expected to be dynamic during disease progression and treatment 

because of intrinsic (genetic) and extrinsic (microenvironment) factors.  Distinct tumour 

clones are exposed to differences in selective pressures during treatment, such as: 

chemotherapy exposure, surgical debulking, immune editing, and hypoxia.   
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1.1.5. Hallmarks of Cancer: Pathways and Targeted Therapeutics  

Cancer cells of various malignant diseases share common characteristics that 

have been summarized into ten broad functional categories and termed the hallmarks of 

cancer by Hanahan and Weinberg (Hanahan & Weinberg, 2011).  These biological 

cancer pathways have been the subject of much research, leading to the discovery of 

new targets for therapy.  The cancer hallmarks are described below as discrete 

biological functions although there is often overlap and interactions between them.   

Sustained Proliferative Signalling  

Sustained proliferative signalling can arise through somatic mutations that 

hyperactivate signalling circuitry such as Ras, SRC MAP and PI3-kinase (Holohan, Van 

Schaeybroeck, Longley, & Johnston, 2013).  These pathways are normally activated by 

the binding of growth factors, such as epidermal growth factor (EGF), to its receptor on 

the cell surface.  Concurrently, the negative-feedback mechanisms that dampen the 

growth and proliferation signals are often altered as is frequently observed in Ras 

GTPase, PTEN and mTOR.  The targeting of rapidly dividing tumour cells by 

conventional chemotherapeutics was discussed above, but new therapies are also being 

developed that target proliferating cells. For example, an emerging therapy in colorectal 

cancer are drugs that block tumour growth factors, such as the EGF receptor (EGFR), 

which sensitizes tumours to the effects of 5-FU and paclitaxel (Van Schaeybroeck et al., 

2005).  Two drugs that target the EGF pathway are the monoclonal antibodies, 

Cetuximab and Panitumumab, which inactivate EGF signalling by binding and blocking 

the EGF receptor.  Cetuximab has been shown to improve survival when administered 

with multi-agent chemotherapy but is only effective in tumours that lack a KRAS 

mutation (Lievre et al., 2006) and resistance can be gained by increased signalling of 

human epidermal growth factor 2 (HER2) (Wheeler et al., 2008).  The HER2 pathway 

promotes cell growth and proliferation and its overexpression is associated with certain 

types of breast cancer.  Trastuzumab  is an antibody therapy that binds to the 

extracellular portion of the HER2 receptor.  Known resistance mechanisms include 

HER2 truncation (Recupero et al., 2013) and activation of alternative signalling pathways 
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such as IGF1 (Lu, Zi, Zhao, Mascarenhas, & Pollak, 2001) and HER3 (Sergina et al., 

2007).   

Evasion of Growth Suppressors 

Another cancer hallmark is resistance to growth suppression, which is a role 

attributed to tumour suppressor and contact inhibition pathways (Hanahan & Weinberg, 

2011).  Normally, contact inhibition signals are transduced between cell-surface 

adhesion molecules and cell surface membrane receptors.  An example is the signalling 

between the adhesion molecule, E-cadherin and the transmembrane receptor tyrosine 

kinase, EGF receptor, which is controlled by the tumour suppressor NF2 (Curto, Cole, 

Lallemand, Liu, & McClatchey, 2007).  Two canonical tumour suppressor genes are tp53 

and rb, which have been associated with numerous cancer types (Weinberg, 2014).  

TP53 and RB inhibit cell cycle progression at the G1/S phase after becoming activated 

by various cellular stressors.  As a cell enters S phase, RB is inhibited by complexes of 

cyclin-dependent kinases (CDK) and cyclins.  Concurrently, TP53 is phosphorylated by 

ATR and ATM, which promotes expression of the cell cycle inhibitory genes such as the 

CDK inhibitor (CKI), p21 (Weinberg, 2014).  Another CKI, CDKN2A, undergoes 

homozygous deletions in about 15% of ovarian cancers (Schultz et al., 1995).  CDK 

inhibitors such as Flavopiridol and CY-202 have been tested in numerous phase II and 

III clinical trials but have only shown modest success (Malumbres, Pevarello, Barbacid, 

& Bischoff, 2008).  Loss of cell cycle control is common in cancers, which is apparent 

with TP53 being the most frequently mutated gene in cancer.  Several studies have tried 

to restore the lost tumour suppressive activities of TP53 by either replacing the wild-type 

variant using gene therapy (Pearson, Jia, & Kandachi, 2004) or by using small 

molecules that can reactivate function in specific TP53 mutations (Girardini, Marotta, & 

Del Sal, 2014).    

Resistance to Apoptosis 

Resistance to apoptosis or programmed cell death is another signature of many 

cancer cells (Hanahan & Weinberg, 2011).  Once again TP53 is recognized as a key 

participant in apoptosis via the DNA-damage sensory pathway. In addition to acquiring 

TP53 mutations, tumours may resist cell death by: (i) increasing expression of 
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antiapoptotic regulators (Bcl-2, Bcl-xL), (ii) increasing expression of survival signals 

(Igf1/2), (iii) downregulating proapoptotic factors (Bax, Bim, Puma), or (iv) by short-

circuiting the extrinsic ligand-induced death pathway.  Apoptosis can affect treatment 

outcomes as demonstrated by the overexpression of BCL-2, which can increase 

chemotherapy protection in cancer cells.  Another example is the ability of BIM to predict 

the clinical responsiveness of EGFR, HER2, and PI3K inhibitors to induce apoptosis in 

EGFR-mutant, HER2-amplified, and PIK3CA-mutant cancers, respectively (Faber et al., 

2011). 

Replicative Immortality  

Another trait acquired by cancer cells is the ability to undergo an infinite number 

of successive growth and division cycles (Hanahan & Weinberg, 2011).  Telomere length 

is a known determinant in limiting the number of cycles that a cell can divide and is 

regulated by the telomerase enzyme.  Impairing the activity of telomerase can promote 

tumour mutations, while telomerase hyperactivity can stabilize the mutant genome and 

confer replicative immortality in cancer cells.  The TP53 and DNA repair pathways are 

implicated in replicative immortality in addition to telomerase activity.  Members of the 

DNA repair pathway have recently become clinically approved targets for cancer 

screening and therapeutics.  BRCA1 and BRCA2 are involved in DNA double strand 

repair by the homologous recombinational repair pathway.  Mutations in these genes are 

more frequent in patients with breast or ovarian cancer such that genetic testing of the 

BRCA1 and BRCA2 genes is offered to women with these cancer types or to women 

with a familial predisposition to these diseases.  The poly(ADP-ribose) polymerase 

(PARP) enzyme is involved in single strand repair of DNA, which can develop into 

double strand breaks if they are left unrepaired.  Therefore, tumours with BRCA 

mutations can become even more susceptible to DNA double strand breaking by the use 

of PARP inhibitors, which are currently in late-stage clinical trial use (Rottenberg et al., 

2008), (http://clinicaltrials.gov/show/NCT01945775).   

Induction of Angiogenesis 

The induction of angiogenesis is a hallmark for many growing tumours as they 

require blood perfusion for oxygen, nutrition and the removal of metabolic waste 
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(Hanahan & Weinberg, 2011).  Pro-angiogenic proteins include VEGF while TSP-1, 

angiostatin and endostatin can act to inhibit angiogenesis.  Monoclonal antibodies that 

binds to the vascular endothelial growth factor (VEGF) receptor are being tested in 

clinical trials for patients with CRC and lung cancer (Jain, Duda, Clark, & Loeffler, 2006).  

One such antibody, Bevacizumab, binds to isoforms of VEGF-A and was shown to 

prolong progression-free survival in a phase III trial of patients with ovarian cancer 

(Perren et al., 2011). 

Tissue Invasion and Metastasis 

Another cancer hallmark is the ability of a tumour to metastasize and invade new 

tissue (Hanahan & Weinberg, 2011).  Malignancy is seen as a successive process that 

begins with local invasion by cancer cells, followed by their intravasation and travel 

through blood or lymph vessels, then extravastaion from the endothelium, which leads to 

the formation of micrometastases and finally growth of small neoplasms into 

macroscopic tumours.  Highly aggressive carcinomas tend to have altered genes that 

encode cell-to-cell and cell-to-ECM adhesion molecules.  Adhesion molecules that are 

associated with embryogenesis and inflammation are often upregulated while those 

associated with cytostasis are downregulated.  Volociximab is a monoclonal antibody 

that binds α5β1 integrins and can block the attachment of cancer cells to the 

mesothelium.  Early clinical trials of Volociximab in patients with advanced ovarian 

cancer or lung cancer have shown promising results (Besse et al., 2013). The epithelial 

to mesenchymal transition, or EMT, pathway is another feature of cancer cells that may 

contribute to the colonization of tumour cells and is being actively investigated.   

Genomic Instability and Acquired Genetic Damage 

Several cancer hallmarks have been termed by Hanahan and Weinberg as 

‘emerging hallmarks’ and ‘enabling characteristics’ (Hanahan & Weinberg, 2011).  

Genome instability is one such characteristic that enables tumours to clonally evolve as 

was described above in section 1.1.4 and will be discussed again in Chapter 3.  

Genomic instability involves the deregulation of tumour suppressors, namely TP53, 

hence it has been referred to as ‘‘the guardian of the genome’’.  Viruses, such as HPV, 

can cause genetic damage by inactivating RB and TP53 in cervical cancers, which is 
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discussed in detail in section 1.1.7.  Other processes that contribute to instability are 

defective repair mechanisms and increased proliferation that make cancer cells more 

prone to mutations.  Genomic instability and genetic damage as it relates to colorectal 

cancer and ovarian cancer will be discussed in more detail in section 1.1.6.     

Reprogrammed energy metabolism 

Cancer cells often undergo an increased metabolism and switch their energy 

production from oxidative phosphorylation to glycolytic ATP production, known as the 

Warburg effect (Jang, Kim, & Lee, 2013). As a consequence, cancer cells produce 

increased amounts of lactic acid, which has the additional detrimental effect of creating 

an acidic extracellular and intracellular environment that can neutralize basic 

chemotherapeutic agents (Young, Nolte, Lewis, Serkova, & Anderson, 2008).  

Intratumoural hypoxic conditions promote the overexpression of hypoxiainducible factor 

(HIF) 1, a transcription factor that activates enzymes necessary for the glycolytic switch 

(Semenza, 2003).  A number of drugs have been developed that target these enzymes, 

such as salts of dichloroacetate (DCA), which inhibit pyruvate dehydrogenase kinases 

(PDKs), an enzyme that inhibits cell apoptosis and increases resistance to cisplatin or 

paclitaxel (Zhao, Butler, & Tan, 2013).  Oxamate, a pyruvate analog, inhibits the 

conversion of pyruvate to lactate and promotes apoptosis in taxol-resistant cells. 

Inflammation  

Inflammation is considered an enabling characteristic of cancer because it 

contributes to many of the core hallmarks such as sustained proliferation, apoptotic 

resistance, angiogenesis and invasion and metastasis.  Inflammation is driven by soluble 

factors, cytokines and chemokines, that are produced from tumour cells and the 

surrounding stromal cells, including immune cells that are recruited to the tumour site.  

One of the most prominent proinflammatory cytokines is TNF-α, which is constitutively 

expressed by some tumour-associated stromal cells such as macrophages (Naylor, 

Stamp, Foulkes, Eccles, & Balkwill, 1993).  Other proinflammatory cytokines includes IL-

6, IL-8 and VEGF, which are routinely elevated in the serum of patients with colon 

cancer (Musrap & Diamandis, 2012).  Inflammation can occur regularly in the 

gastrointestinal tract because of exposure to external antigens in the form of microbes or 
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food allergens, which can promote cancer.  An example is seen in patients with 

inflammatory bowel disease (IBD), who are at a higher risk for developing colon cancer 

(Hanahan & Weinberg, 2011).  Anti-cancer drugs have been developed that target 

proinflammatory cytokines or the transcription factors that are required for cytokine 

signaling, such as NF-κB and STATs (Musrap & Diamandis, 2012).  In addition, the 

benefits of using non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, have 

been observed in patients with colorectal cancer and breast cancer (Roxburgh & McMillan, 

2014).   

Immune Evasion 

Immune cells can promote tumour progression in the setting of inflammation but 

they can also eliminate tumour cells through a process of immune surveillance.  Clinical 

benefits for tumour immunity is observed in patients that have lymphocyte infiltration in 

their tumours (Pages & Fridman, 2010).  Likewise, immunocompromised patients have a 

higher incidence of cancer than the immunocompetent population although this may 

largely be due to a viral etiology as is discussed in Section 1.1.7.  Immune cells that 

have a direct effect on tumour cytoxicity are CD8+ cytotoxic T lymphocytes (CTLs) and 

natural killer (NK) cells, which can have complementary functions.  The immune 

surveillance of tumour cells is discussed further in Section 1.1.8.  CTLs recognize 

tumour cells by the antigens presented to them on MHC class I molecules.  Tumour cells 

can evade CTLs by repressing MHC I expression (D. H. Moore, Fowler, & Olafsson, 

1990), however, the lack of MHC proteins on the cell surface will prompt cell killing from 

NK cells (Vivier, Ugolini, Blaise, Chabannon, & Brossay, 2012).  Other tumour escape 

mechanisms include the establishment of a metabolically hostile microenvironment 

(Calcinotto et al., 2012; Gatenby & Gillies, 2004), poor T cell costimulation by tumour 

cells leading to T cell anergy (Alexander et al., 1993), production of immune suppressive 

cytokines and enzymes (Rodriguez et al., 2005; Uyttenhove et al., 2003), recruitment of 

suppressive cells such as regulatory T cells (Tregs) (Zou, 2006), myeloid-derived 

suppressor cells (MDSC) (Gabrilovich & Nagaraj, 2009) and macrophages (Franklin et 

al., 2014) and the expression of surface molecules such as CTLA-4 (Leach, Krummel, & 

Allison, 1996; Peggs, Quezada, Chambers, Korman, & Allison, 2009) and PD-1 ligand 

(L. Zhang, Gajewski, & Kline, 2009) that inhibit effector T cell responses.  Cancer 
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immunotherapy has been touted as the latest breakthrough in cancer research since it 

has recently show efficacy in the clinic (Couzin-Frankel, 2013).  Two examples are the 

anti-CTLA-4 antibody, Ipilimumab, which blocks T cell inhibition (Prieto et al., 2012) and 

adoptive T cell therapy, which uses ex vivo expansion of tumour-responsive T cells to 

break immune tolerance (Rosenberg, Restifo, Yang, Morgan, & Dudley, 2008).  

1.1.6. Genetic Basis of Colorectal and Ovarian Cancers  

Colorectal Cancer 

Colorectal carcinomas (CRCs) most often arise from adenomatous polyps, or 

adenomas, in the colon.  Approximately 20-30% of CRCs may arise from an inherited 

predisposition, separate from the known hereditary cancers (Hegde et al., 2014).  

Inherited colon cancers make up 6% of cases and can be either of two types, familial 

adenomatous polyposis (FAP) or Lynch Syndrome/hereditary nonpolyposis colorectal 

cancer (HNPCC).  The progression of a normal colonic mucosa to become a neoplasm 

takes about 10-20 years and is linked with an accumulation of genetic alterations 

(Tanaka, 2009). The tumour suppressor, APC is the most common initial gene mutated 

in FAP and sporadic colon cancer (Armaghany, Wilson, Chu, & Mills, 2012).  APC 

mutations are found in approximately 30%–70% of sporadic adenomas and sporadic 

CRCs and take the form of either frameshift or nonsense mutations leading to an 

inactivated protein.  The wild-type APC protein degrades β-catenin and therefore 

functions as a negative regulator of the Wnt signaling pathway.  Accumulation of β-

catenin  in crypt stem cells results in the retention of a stem cell phenotype that prevents 

the cells from migrating to the surface to be sloughed off into the gastrointestinal tract.  

The undifferentiated cells can propagate to form a polyp that can progress into a 

carcinoma after the cells acquire subsequent mutations in genes such as K-RAS and 

TP53. 

This proposed adenoma to carcinoma model is supported by the results of a 

large-scale sequencing study, the Tumour Genome Cancer Atlas (TCGA) project 

(Cancer Genome Atlas Network, 2012).  This study reported 24 genes that are 

frequently mutated in CRC including: APC, TP53, KRAS, PIK3CA, FBXW7, SMAD4, 
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TCF7L2, CTNNB1, and SOX9.  The pathways that were most commonly altered by 

mutations include the RAS-RAF-MAPK, PI3K, WNT-APC-CTNNB1, TGFB1-SMAD, and 

the mismatch repair (MMR) pathways.  TCGA results from sequencing of colorectal 

adenocarcinoma lead to the recognition of colon and rectal cancers as belonging to the 

same cancer type.  They also found a substantially high rate of genetic mutations in a 

subset of CRC that were attributed to tumours with an impaired DNA repair pathway.    

Epithelial Ovarian Cancer 

More than 90% of ovarian cancers originate from epithelial cells that cover the 

ovarian surface or that line subsurface inclusion cysts (Feeley & Wells, 2001).  There are 

five types of epithelial ovarian cancer (EOC) that can be distinguished by their cell type, 

namely serous, mucinous, endometrioid, clear cell and Brenner (Cho & Shih, 2009).  

Brenner tumours are rare and they are the only histotype that produces the protein, p63, 

which can be useful as a marker (Stany & Hamilton, 2008).  Serous carcinoma is the 

most common type of EOC and it can be either Type 1 (low-grade) or Type 2 (high-

grade) (D. Bowtell, 2010).  In general, Type 1 tumours are confined to the ovaries at 

diagnosis and include low-grade serous, mucinous and most endometrioid and clear cell 

carcinomas.  They are characterized as genetically sTable and contain mutations in 

KRAS, BRAF, PTEN, CTNNB1, ARID1A and PPP2R1A.  Type 2 cancers are typically 

present at an advanced stage and are predominantly high-grade serous lesions, but also 

include high-grade endometrioid, carcinosarcoma and undifferentiated cancers.  This 

group of tumours has a high level of genetic instability with frequent chromosomal gains 

and losses. 

Most cases of ovarian cancer arise from sporadic somatic mutations (Kessler, 

Fotopoulou, & Meyer, 2013).  Exogenous carcinogens are not heavily implicated in 

generating the genetic alterations that lead to ovarian cancer but instead, the cellular 

mechanisms associated with ovulation, endometriosis or infection are suspected.  About 

10% of ovarian cancers have a strong hereditary component, most often with germline 

mutations of BRCA1 and BRCA2.  Other mutations that are common to EOC include 

KRAS, PIK3CA, TP53, FOXL2, and BRAF, and these are distributed unequally between 

histological subtypes (Bast, Hennessy, & Mills, 2009).  Oncogenic (activating) mutations 
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in BRAF and KRAS result in constitutive activation of growth signaling pathways that 

lead to neoplastic transformations (Peyssonnaux & Eychene, 2001).  BRAF and KRAS 

mutations tend to be mutually exclusive, suggesting that mutations that occur in either 

gene can cause similar effects (Bast et al., 2009).  These mutations tend to occur early 

in low-grade carcinomas and are not involved in the development of high-grade 

carcinoma.  The tumour suppressor gene, TP53, is the most common gene to be 

mutated in cancer (Brosh & Rotter, 2009).  The mechanism for its anti-cancer function 

includes the ability to activate DNA repair proteins, induce growth arrest and the ability to 

initiate apoptosis.  TP53 mutations are rare in low-grade EOC but common in high-grade 

EOC (Chan & Bell, 2000; Kupryianczyk & Bell, 1993; Reles & Kilian, 2001).  BRCA1 and 

BRCA2 are required for reliable repair of double strand breaks by homologous 

recombination (Moynahan & Jasin, 2001; Narod & Foulkes, 2004).  Low-grade EOC 

generally contains wild-type BRCA but the gene often becomes dysfunctional in high-

grade carcinomas (D. D. L. Bowtell, 2010).  PIK3CA is the catalytic subunit of 

phosphatidylinositol 3-kinase (PI3K), which is an important regulator of cellular growth, 

transformation, adhesion, apoptosis, survival and motility (Karakas, Bachman, & Park, 

2006).  A mutational analysis of high-grade serous ovarian cancer (HGSC) is presented 

in Chapter 3.  The most comprehensive mutational analysis of HGSC to date is reported 

in the TCGA study of 316 patients (Bell & Cramer, 2011).  The TCGA study found TP53 

mutations in 96% of the tumour samples, BRCA1 and BRCA2 were mutated in 22% of 

the samples and six other genes (CSMD3, NF1, CDK12, FAT3, GABRA6, RB1) that 

were also mutated but none higher than in 6% of the cases.  Clustering of differential 

gene expression patterns in tumours was used to create four expression subtypes that 

were termed ‘immunoreactive’, ‘differentiated’, ‘proliferative’ and ‘mesenchymal’. In 

addition, an analysis of biological pathways showed a high frequency of alterations in 

FOXM1, RB, PI3K/RAS and NOTCH signalling, which are pathways that regulate cell 

cycle progression, DNA repair and cell proliferation.  Lastly, about half of the cases were 

perturbed in their homologous recombination (HR) pathways and survival analysis 

showed better overall survival in patients with mutations in the HR genes, BRCA1 and 

BRCA2. 
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1.1.7. Infectious agents 

Since the beginning of the 1900s, infectious agents have been implicated in 

tumourigenesis (Rous, 1911) but the extent of their involvement in cancer was not fully 

appreciated until recently.  It has been estimated that 15% of the global cancer burden 

can be attributed to infection from either viruses, parasites or bacteria (Parkin, 2006).  

The incidence of infection-associated cancer is estimated at 25% in the developing world 

where infectious agents are generally more prevalent (K. Campbell, 2011). 

Viral Carcinogens 

Viruses are more commonly suspected of being a carcinogen than either 

parasites or bacteria because of their prevalence, their ability to directly modulate host 

cell genetics, and because viral infections often become chronic.  Viral carcinogenesis 

can be delayed until many years after exposure and will usually affect only a small 

percentage of infected people.  Viruses can be carcinogenic by either a direct or indirect 

route (P. S. Moore & Chang, 2010).  Direct carcinogenesis can occur as a side-effect of 

viral oncogene expression, which the virus uses to gain access to the host’s cell growth 

and replication machinery.  Recurrent targets of viral oncogenes are the tumour 

repressor genes, RB and TP53 and pro-apoptotic proteins (Weinberg, 2014).  The 

continuous expression of the viral oncogenes is necessary to maintain the transformed 

phenotype of the tumour cell.  Viruses behave as indirect carcinogens by causing 

chronic infection and inflammation, which can lead to a tumour-promoting 

microenvironment as previously discussed.  Cancer causing viral infections tend to be 

latent in low turnover cells such as neurons or memory B cells.  During latency, viruses 

do not replicate and kill the host cell, or produce viral proteins that can provoke an 

immune response.  In latent infection, viral DNA is not usually integrated into the host 

chromosome but instead the viral genome persists as a plasmid or episome that relies 

on the cells apparatus for replication (Nonoyama & Pagano, 1972).     

The Epstein-Barr virus (EBV), a type of human herpes virus (HHV), was the first 

human tumour virus to be discovered and was originally associated with Burkitt’s 

lymphoma (BL) (K. Campbell, 2011).  EBV infection is pervasive and over 90% of the 

human population either are infected or have had EBV infections.  Obviously, BL does 
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not develop in most people with EBV infections but it can in those that are immune 

suppressed, such as people that are HIV positive, infected with malaria or children who 

are severely malnourished.  EBV is also associated with nasopharyngeal carcinoma, 

gastric carcinoma, and other types of lymphomas in addition to BL (Delecluse, Feederle, 

O'Sullivan, & Taniere, 2007).  Kaposi sarcoma-associated herpesvirus (KSHV) is also a 

human herpes virus, HHV-8, and has been shown to be associated with Kaposi sarcoma 

and primary effusion lymphoma and, as with EBV, it is more common in immune 

suppressed populations.  The herpes virus genome can integrate into the host cell at 

specific sites and cause DNA damage such as chromosomal breakage. EBV causes 

pooling of EBV-immortalized B cells that are continually activated by the EBV infection.  

This permits the occasional translocation of the myc proto-oncogene with the 

immunoglobulin heavy or light chain genes, which leads to aberrant myc expression. 

Carcinogenesis by EBV can also involve the targeted disruption of RB and TP53 by 

EBNA3C and EBNA-1, respectively.  Similarly in KSHV, k cyclin can target the disruption 

of  RB while LANA-2 can target TP53. 

Human papillomaviruses (HPV) infection is the most common sexually 

transmitted infection in the world with a prevalence of about 70-80% in sexually active 

people (K. Campbell, 2011).  HPV has been associated with various anogenital cancers 

and accounts for 70% of cervical cancer.  Two commercial vaccines, Cervarix and 

Gardasil are available that protect against the carcinogenic strains of HPV.  The HPV 

genome consists of small circular DNA that is found episomally in cervical epithelium but 

it can also be found integrated into the host cell DNA in malignant cervical lesions. The 

pathogenesis of cancer by HPV infection involves the disruption of RB and TP53 by the 

viral genes E7 and E6, respectively.  This is evident in the cervical cancer derived HeLa 

cells, which depend on HPV E7 and E6 expression for their proliferative ability and 

viability.  

An increased risk for cirrhosis and hepatocellular carcinoma (HCC) is associated 

with hepatitis B (HBV) and hepatitis C (HCV) (K. Campbell, 2011).  HBV is common 

worldwide with around 2 billion people infected and more than 400 million chronic 

carriers of the virus.  HBV is the principal causal factor in HCC and the virus causes 
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more deaths than any other carcinogen, next to tobacco.  Children are more susceptible 

to developing chronic HBV, which puts them at a significantly higher risk of getting HCC 

later in life.   HCV is less common than HBV but chronic infection will result in a majority 

of adult cases of infection.  The HBV genome does not contain oncogenes and while the 

HBV DNA can integrate in the host genome, it rarely leads to oncogene activation or 

tumour suppressor inactivation.  Chronic HBV infection depends on the competency of 

the host immune system.  If the immune response is substantially weak then it will 

damage infected liver cells but be insufficient to remove the infection.  Co-infection with 

HBV and HCV can accelerate development of HCC but HCC does not occur until 30 or 

more years after infection.  The life cycle of the hepatitis virus is unusual for a DNA virus 

in that the viral DNA is transcribed into single-stranded RNA not only for the manufacture 

of viral proteins but for genome replication.  Transcribing RNA into DNA requires that the 

hepatitis genome contain a reverse transcriptase enzyme, similar to retroviruses.  

Retroviruses are unique in that their genome is made up of RNA that must be 

transcribed into DNA using the virus’s own reverse transcriptase.  The viral DNA, or 

provirus, will then integrate randomly into the host cell’s genome using the viral enzyme, 

integrase, after which the integrated viral DNA can then be replicated using host RNA 

polymerase II.  Retroviral oncogenesis can occur through either a slow or acute 

transforming event (Uren, Kool, Berns, & van Lohuizen, 2005).  Acute transformation 

occurs within 2 to 3 weeks after infection and is caused by the expression of viral 

oncogenes.  In contrast, slow transforming retroviruses have a longer latency of 3–12 

months and oncogenesis is caused by insertion of the proviral retrovirus into the host 

genome that can either enhance or disrupt normal transcription and thus induce 

oncogenic mutations.  Human T cell lymphotropic virus 1 (HTLV-1) is a retrovirus that is 

associated with T cell malignancies, such as adult T cell lymphoma/leukaemia (ATLL).  

There are an estimated 15-20 million HTLV-1 carriers worldwide in limited endemic 

regions in Japan, Africa, the Caribbean islands and South America (Proietti, Carneiro-

Proietti, Catalan-Soares, & Murphy, 2005) and the incidence of ATLL in Japanese 

HTLV-1 carriers was reported to be 4.5% in males and 2.6% in females (K. Campbell, 

2011).  People who have contracted HTLV-1 are more likely to have ATLL 20 to 30 

years later. In ATL, the tax gene plays a central role in the proliferation and 
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transformation of HTLV-1-infected cells in vivo (Marriott & Semmes, 2005). The tax 

protein activates growth factors, IL-2 and GM-CSF and induces the synthesis of cyclin D, 

which binds and inactivates p16INK4A(Weinberg, 2014).  The HTLV-1 bZIP factor (HBZ) is 

another gene that is expressed in ATLL cells and may also have a functional role in 

cellular transformation and leukemogenesis (Matsuoka & Green, 2009). 

Merkel cell carcinoma (MCC) is a rare type of nonmelanoma skin cancer that is 

associated with Merkel cell polyomavirus (MCV).  The discovery of MCV RNA in MCC 

tumour sample was made using massively parallel sequencing (Feng, Shuda, Chang, & 

Moore, 2008).  Although MCV infections are found nearly ubiquitously in adults, MCV 

infections have been shown to form tumours in animal cells (Hollanderova, Raslova, 

Blangy, Forstova, & Berebbi, 2003) and the MCV oncoprotein, tumour (T) antigen, is 

found in most human MCC tumours (Shuda et al., 2008).  T antigens can target tumour 

suppressor and cell cycle regulatory proteins, including retinoblastoma tumour 

suppressor protein (RB), TP53, protein phosphatase 2A, and Bub1 (Shuda et al., 2008).  

The large T (LT) viral oncogene not only encodes tumour suppressor targeting domains 

but also sequences that are required for viral genome replication.  MCV integration in 

MCC tumour genomes is likely a rare biological accident in which the tumour cell is a 

dead-end host.  MCC tumour cells undergo selection for T antigens with truncating 

mutations, which prevent cell death due to DNA damage responses or immune 

recognition.  Thus MCV is not a benign “passenger virus” since these mutations render 

the virus replication-incompetent (Shuda et al., 2008).  Recently, MCV was found in 

~18% of non-small cell lung carcinoma (NSCLC) although there is some debate whether 

the samples contained the tumour-specific mutation or the LT gene, and thus the 

pathogenesis of NSCLC is uncertain in these cases (Shuda, Feng, Moore, & Chang, 

2013). 

Bacterial Carcinogens  

 The association between cancer and bacteria is not as well established as it is 

with viruses.  However, the World Health Organization has listed Helicobacter pylori as 

being a verified carcinogen in humans (www.cancer.org/cancer/cancercauses/ 

othercarcinogens/generalinformationaboutcarcinogens/known-and-probable-human-
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carcinogens).  H. pylori is a gram-negative, spiral-shaped, flagellated bacterium and it is 

the only known organism to colonize the hostile acidic environment of our stomach. It 

colonizes the stomachs in over half of the global population (Clyne, Dolan, & Reeves, 

2007) and an estimated 1-3% of H. pylori carriers will develop noncadiac gastric 

adenocarcinoma and another less than 0.1% of carriers will develop mucosa-associated 

lymphoid tissue (MALT) lymphoma (Fox & Wang, 2007; Parsonnet et al., 1991; 

Parsonnet et al., 1994).  Universal eradication of H. pylori is controversial because it 

could be classified as a “partial mutualist” and may reduce the risks of gastroesophageal 

reflux disease (GERD) (Nordenstedt, Nilsson, Johnsen, Lagergren, & Hveem, 2007), 

esophageal adenocarcinoma and cardia gastric adenocarcinoma (W. Ye et al., 2004).  

Its pathogenicity has been linked to the presence of the cytotoxin-associated antigen 

(cagA) gene (Parsonnet, Friedman, Orentreich, & Vogelman, 1997).  H. pylori can 

penetrate the stomach mucosa and into the epithelial layer, where it can inject virulence 

factors, such as CagA, into gastric cells (Odenbreit et al., 2000) or into B lymphocytes 

(Lin et al., 2010).  Other bacterial species that are associated with cancer but are not 

officially termed carcinogens include Salmonella typhi in gallbladder cancer (Lazcano-

Ponce et al., 2001) and Chlamydia pneumoniae in lung cancer (Laurila, Von Hertzen, & 

Saikku, 1997; Teig, Anders, Schmidt, Rieger, & Gatermann, 2005).  A metagenomic 

screen of infectious agents in colon cancer is presented in Chapter 2 and was previously 

published (Appendix C).  In addition to the results from our study, colon cancer had been 

associated with several bacteria that are described in the review by Sears and Garrett 

(Sears & Garrett, 2014).   An example is Streptococcus gallolyticus subspecies 

gallolyticus (formerly the S. bovis, biotype 1), which is screened in blood cultures as a 

prognostic factor for colon cancer.  It has been suggested that S. gallolyticus exhibits a 

growth advantage under metabolic conditions associated with colon tumours and 

enhances tumour growth through inflammatory signalling.  Another example includes 

strains of Enterococcus faecalis that produce superoxide anions and induce 

macrophage bystander effects, which in turn can cause DNA damage and genomic 

instability (X. Wang et al., 2012).  The results from Chapter 2 have prompted further 

study into the bacterial association with colorectal cancer and those subsequent studies 

are discussed in Chapter 6.1    
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1.1.8. Adaptive Immunity 

The human immune system can be separated into two major categories, the 

innate and adaptive immune systems.  Cells that are part of our innate immunity include:  

Natural killer cells, mast cells, eosinophils, basophils, macrophages, neutrophils, and 

dendritic cells.  These cells detect pathogens using a generic set of receptors that 

recognize pathogen-associated molecular patterns (PAMPs) that are germline encoded 

(Murphy, 2012).  They have no memory potential and respond with equal potency upon 

exposure to the same antigens.  The adaptive immune system is comprised of B cells, 

which are part of the humoral adaptive immune system and T cells, which are members 

of the cell-mediated adaptive immune system.  T and B cells use highly specific and 

somatically diversified antigen receptors to recognize pathogens.  The T and B cell 

response also has a memory potential that makes the response more potent with 

repeated exposure to pathogens and thus it is an “adaptive” response that is shaped by 

previous antigen exposure.   

B and T cells develop from a common lymphoid progenitor that is derived from 

haematopoietic stem cells in the bone marrow (Bhandoola & Sambandam, 2006).  

Development of B and T cells depends on successful antigen receptor production that is 

then tested against autoreactivity of self molecules within the healthy body, a process 

known as peripheral and central immunological tolerance.  Central immunological 

tolerance for B cells occurs in the bone marrow where mouse models have shown that 

high-affinity interactions result in deletion, whereas lower-affinity interactions result in 

either further BCR editing and the production of new BCRs or those B cells will become 

nonresponsive and short lived (anergic) (Hardy & Hayakawa, 2001).  Once a B cell 

passes central tolerance, it can then leave the bone marrow and complete development 

in the blood and secondary lymphoid tissue (namely the spleen) although mature B cells 

may still be removed during peripheral tolerance.   

Mature B cells can be categorized as either marginal zone B cells or either “B-1” 

B cells or “B-2” B cells based largely on cell surface expression of CD5, which is typically 

expressed on B-1 B cells.  Marginal zone B cells remain in the marginal sinus of the 

white pulp in the spleen where they patrol for pathogens that enter the bloodstream 
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(Murphy, 2012).  Marginal zone B cells have restricted antigen specificities that 

recognize common environmental and self antigens similar to B-1 B cells.  B-1 B cells 

comprise about 5% of B cells, reside mainly in the peritoneal and pleural cavities and 

have BCRs of a restricted repertoire that do not undergo further BCR diversification 

upon antigen exposure, a process known as somatic hypermutation (SHM) (Hardy & 

Hayakawa, 2001).  Because of their limited BCR repertoires, B-1 and marginal zone B 

cells function as innate immune cells that express polyreactive BCRs that bind to 

multiple microbial molecular patterns.  B-2 B cells are the conventional B cells that make 

up the core component of the adaptive humoral response.  B-2 B cells travel through the 

follicular centers of secondary lymphoid organs until they contact cognate antigen, at 

which point they will become activated and proliferate (McHeyzer-Williams & McHeyzer-

Williams, 2005).  Activated B cells in the germinal centers of secondary lymphoid organs 

can undergo SHM of their BCRs (Odegard & Schatz, 2006).  Activated B cells can also 

differentiate into short-lived plasma cells that secrete their BCRs in the form of 

antibodies (Shapiro-Shelef & Calame, 2005) or migrate to the bone marrow to become 

long-lived memory B lymphocytes (Paramithiosis & Cooper, 1997) or long-lived memory 

plasma cells (Yoshida et al., 2010).     

B cells are the humoral part of the adaptive immune system because of their 

ability to secrete soluble antibodies while T cells, are members of the cell-mediated 

adaptive.  Immature T cells exit the bone marrow and undergo maturation and central 

tolerance in the thymus.  As in B cells, T cell maturation is dependent on the production 

of a functional antigen receptor that is nonreactive to self.  Antigen recognition by TCRs 

is major histocompatibility complex (MHC) restricted, which is the requirement that 

peptide antigens be bound and presented on MHC prior to interacting with a TCR.  

During T cell development, the TCR undergoes rearrangement to produce either a αβ or 

γδ lineage.  The γδ T cells make up a minor portion of the T cell population and they 

contain a restricted antigen receptor repertoire similar to the marginal and B-1 B cells 

(Murphy, 2012).  The αβ T cells give rise to either CD4+ or CD8+ T cells molecules after 

passing central tolerance (Xing & Hogquist, 2012).  T cells with TCRs that bind to self-

peptide-MHC with inappropriate affinity are either clonally deleted, clonally diverted to 

become regulatory cells, become anergic or undergo receptor editing.  Although antigen-
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induced receptor editing is well-established in B cells, its role in T cells remains 

controversial. Support for T cell receptor editing has been shown in reports of 

autoreactive T cells that have exhibited TCR internalization and increased gene 

rearrangement of the TCRα locus (McGargill, Derbinski, & Hogquist, 2000; Wang, 

Huang, & Kanagawa, 1998).  However, opposing studies have shown that autoreactivity 

leads to clonal depletion rather than receptor editing (Holman, Walsh, & Hogquist, 2003; 

Kreslavsky et al., 2013).  In developing mouse thymocytes, clonal deletion has been 

shown to be regulated by schnurri-2 by dampening the TCR-induced death pathway for 

T cells that bind to peptide-MHC with appropriate affinity (Staton et al., 2011). 

Most of the T cells that exit the thymus are αβ T cells that express either CD4 or 

CD8 on their cell surface, while only 1-10% are CD4-CD8- γδ T cells (Girardi, 2006).  

Mature CD4+ and CD8+ T cells enter the periphery as naïve T cells that screen the 

surface of antigen presenting cells (APCs) in secondary lymphoid organs until they 

recognize their cognate antigen (Boyman, Krieg, Homann, & Sprent, 2012).  Once 

activated by APCs, naïve T cells become effector T cells that clonally expand and can 

kill target cells and release effector cytokines.  When the antigen is no longer present, as 

in the case of pathogen clearance, most of the effector cells are eliminated via apoptosis 

while some survive to become memory T cells that can respond more rapidly upon 

exposure to the same antigen.  Memory T cells can be classified as “central”  or 

“effector” memory T cells (Mackay, 1999).  Central memory T cells migrate to the T cell 

zones of lymph nodes and have a high proliferative potential and can differentiate into 

effector T cells.  Effector memory cells are found in peripheral tissues and have effector 

function but are not as proliferative as central memory T cells.  Effector function of the 

CD8+ T cell subset is cytotoxic cell killing while effector function of CD4+ T cell subsets 

can be described as either immune stimulatory, as with CD4+ T Helper (Th) cells or 

suppressive, as with CD4+ T regulatory (Tregs) cells.  Tregs are central in peripheral 

immune tolerance by suppressing the activity of autoreactive T cells that escaped 

elimination during central tolerance.     
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Antigen receptor genetics and diversification 

Immunity in vertebrates has evolved an adaptive immune system that is capable 

of aggressively eliminating any antigen that it recognizes as foreign.  T cells have a vast 

diversity in T cell antigen receptors (TCRs), allowing them to identify any foreign protein 

that is bound to a self-MHC molecule and presented on the cell surface.  Once a T cell 

has recognized a pathogenic antigen, it will undergo clonal expansion and produce an 

army of progeny T cells that are armed with about 1,000 - 50,000 identical TCRs on their 

surface (K. A. Davis, Abrams, Iyer, Hoffman, & Bishop, 1998; Schodin, Tsomides, & 

Kranz, 1996; Viola & Lanzavecchia, 1996).  In Chapters 4 and 5, a survey of αβ TCRs is 

performed by massively parallel sequencing.   

The mechanisms for generating αβ TCR diversity have been well characterized 

(Bassing, Swat, & Alt, 2002; M. M. Davis & Bjorkman, 1988) and the key points will 

briefly be reviewed.  The tra and trb genes are divided into arrays of interchangeable 

coding segments that span 931 kb on chromosome 14 and 576 kb on chromosme 7 

respectively (Giudicelli et al., 2006).  The genomic organization of the functional gene 

segments for the trb gene is shown in Figure 1.1.  The tra loci contains 70-80 variable 

(V) gene segments, 61 joining (J) gene segments and a constant (C) gene segment 

(Murphy, 2012).  The trb loci contains 52 variable (V) gene segments, 2 diversity (D) 

gene segments, 13 joining (J) gene segments and 2 constant (C) gene segments.  Each 

chain undergoes somatic rearrangement of their gene segments, which contributes to 

the combinatorial diversity of TCRs.  The α:β TCR combinatorial diversity amounts to 5.8 

x 106 different combinations.  In addition, nucleotides are randomly added or removed 

between the gene segments, which contributes to a junctional diversity of TCR.  The 

junctional diversity adds ~2 x 1011 possibilities for a total diversity of ~1018 distinct α:β 

TCRs.  The hypervariable V(D)J region of the TCR α and β chains, known as the 

complementarity-determining region 3 (CDR3) region, is the section of the TCR that 

binds and recognizes antigen.   

The B cell antigen receptor (BCR) is arranged similarly to the T cell antigen 

receptor.  BCRs are heterodimeric polypeptides that are composed of heavy and light 

chains that are analogous to the α and β chains in TCRs although the exact number of 
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gene segments differ (Tonegawa, 1983).  The heavy chain gene contains 40 V gene 

segments, 35 D gene segments and 6 J gene segments (Murphy, 2012).  The light chain 

genes contain 70 V gene segments, no D gene segments and 9 J gene segments 

(Murphy, 2012).  The total diversity that can be attributed to a combination of BCR gene 

segment recombination, heavy and light chain pairings and junctional diversity is ~5 x 

1013 unique BCR sequences.  Unlike TCRs, the antigen receptor in B cells can also 

undergo further diversification upon antigen encounter during a process of somatic 

hypermutation (SHM).   

The human adaptive immune system evolved from a system that arose in the 

jawed fish or gnathostomes (Boehm, 2011).  The antigen receptors from the first B-like 

and T-like cells gained combinatorial diversity by somatically rearrangements of their 

gene segments by a recombination activating gene (RAG) family protein.  The 

emergence of an error-prone non-homologous end joining of the gene segments would 

have led to junctional variability between the gene segments.  This process is carried out 

during T cell and B cell development and the complex of enzymes that carry out the 

somatic V(D)J recombination are termed the V(D)J recombinase (Murphy, 2012).  In 

humans, the V(D)J recombinase is comprised of the lymphoid-specific RAG-1 and RAG-

2 enzymes and the ubiquitous non-homologous end joining DNA repair proteins, which 

includes Ku70, Ku80, DNA-dependent protein kinase (DNA-PK), Artemis, DNA ligase IV 

and Terminal deoxynucleotidyl transferase (TdT).   

V(D)J recombination occurs between two recombination signal sequences 

(RSSs) that flank each gene segment.  The RSSs are composed of a conserved 

heptamer and nonamer that are separated by a nonconserved 12 or 23 base pair spacer 

(Murphy, 2012).  The recombinase reaction is regulated by the RSS order so that 

recombination will only occur between different RSSs (a restriction known as the 12/23 

rule).  The RAG-RSS complex in formed by RAG-1 binding to the nonamer followed by 

RAG-2 dependent binding of the heptamer (Arbuckle, Fauss, Simpson, Ptaszek, & 

Rodgers, 2001; Difilippantonio, McMahan, Eastman, Spanopoulou, & Schatz, 1996; Liu 

et al., 2003).  The ordering of the rearrangement occurs with D gene segment joining to 

J gene segment binding before V gene segment joining to the DJ segments (Khor & 
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Sleckman, 2005; Oettinger, 2004; Tillman et al., 2003).  In T cells, the order of DJb 

joining before Vb-DJb rearrangements has been explained by RAG interactions with c-

Fos (Wang et al., 2008).  The Dβ23 base pair RSS contains a specific AP-1 transcription 

factor binding site bound by AP-1 and its component c-Fos (Wang et al., 2008).  c-Fos 

functions by promoting RAG-2 recruitment to a RAG-1 that is bound to the RSS 

nonamer.  RAG-2 binding to RAG-1 alters the conformation of RAG-1 and promotes 

contact between RAG and the heptamer.  This produces the dual effect of augmenting 

Dβ-to-Jβ recombination, while inhibiting Vβ-to-Dβ recombination because RAG bound to 

the 23-RSS will sterically interfere with RAG access to the nearby 12-RSS.  

1.1.9. Cancer Immune Surveillance  

 Both the innate and adaptive immune systems are involved in cancer immune 

surveillance.  This is evident in chronically immune suppressed organ transplant 

patients, who have higher incidences of cancer (Morath & Zeier, 2004).  Mice that lack 

the innate immune cells, natural killer (NK) cells and δγ T cells, have been shown to 

develop tumours more quickly than mice with an intact innate immune system (M. Smyth 

& Taniguchi, 2000; Street & Jamieson, 2004).  In humans, NK cells are observed to 

affect the infiltration and survival of tumours in gastric (Ishigami & Miyazono, 2003), 

colorectal (Kondo & Ishizuka, 2003), and lung (Villegas & Jareno, 2002) cancers.  NK 

cells can help trigger adaptive immunity by destroying tumour cells and promoting 

dendritic cell maturation.  The release of tumour antigens from the destroyed tumour 

cells can then be engulfed by mature dendritic cells, which can then present the antigens 

to naive T cells.   

 The involvement of adaptive immune cells (T cells and B cells) in tumour 

immunity is evident in Rag-/- mice, which lack adaptive immunity and thus, will produce 

tumours sooner than wild-type mice (Shankaran & Old, 2001).  Also, there is clinical 

evidence that tumour infiltration of CD8+ cytotoxic T lymphocytes (CTLs) are correlated 

with improved prognosis in cancers of the colon, head and neck, esophagus, kidneys, 

breast, skin, prostate, bladder and ovaries (Pages & Fridman, 2010).  For example, the 

five year overall survival for ovarian cancer patients, was 38% in patients with tumour-
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infiltrating T cells versus 4.5% in those patients without intratumoral T cells (L. Zhang et 

al., 2003).  Moreover, a strong prognostic indicator for EOC patients is the balance 

between regulatory T (Treg) cells and CTLs (Sato et al., 2005).  In melanoma, T cells 

are enriched in tumours probably as a consequence of clonal expansion and 

accumulation at the tumour site (Sensi et al., 1993).  A correlation has also been 

observed between patient survival and evidence of a CD8+ T cell response, such as 

expression of interferon (IFN)-γ (Lambeck & Klip, 2007; Marth & Doppler, 2004; Woo & 

Coukos, 2001), and major histocompatibility complex (MHC) class I molecules (Vitale & 

Rezzani, 2005).  Evidence for poor patient outcomes has been associated with tumour 

infiltration of Tregs, which inhibit the activation of CTLs (Curiel & Mottram, 2004).     

1.1.10. Tumour Antigens 

Cancer cells can be identified by the immune system according to tumour 

antigens on the cell surface.  Thousands of tumour antigens in humans have been 

identified and their sequences are available in epitope databases such as the database 

of T cell-defined human tumour antigens (www.cancerimmunity.org/peptide), Tantigen 

(cvc.dfci.harvard.edu/tadb), IEDB (www.iedb.org), and SYFPEITHI (www.syfpeithi.de).  

Tumour antigens can be categorized as either tumour-associated, which are present on 

both tumour and some normal cells or tumour-specific, which are present only on 

tumours.  The only antigens that are truly tumour-specific are those that arise from 

somatic tumour mutations, in the form of nonsynonymous point mutations, deletions or 

translocations.  Few antigens of this type have been reported in humans.  Examples of 

mutated tumour antigens are cyclin-dependent kinase (CDK)4 (Wolfel et al., 1995), beta-

catenin (Robbins et al., 1996), surface immunoglobulin (Timmerman et al., 2009), and 

triosephosphate isomerase (TPI) (Pieper et al., 1999).  Two recent studies were the first 

to report the discovery of tumour-specific antigens by using exome sequencing of 

tumour genomes (Robbins et al., 2013; van Rooij et al., 2013).  Mining exomic data for 

the discovery of new tumour-specific epitopes in ovarian cancer is discussed in Chapter 

5.   
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Many tumour antigens are associated with tumour tissue but they can also be 

expressed on normal cells and include proteins from: (i) testes, (ii) oncofetal tissue, (iii) 

overexpressed genes, and (iv) infectious agents.  Testis associated tumour antigens are 

those that are normally found only in the testes, where MHC class I molecules are not 

expressed and therefore are not presented to the immune system.  Examples of such 

antigens include SSX2 (Abate-Daga et al., 2014), NY-ESO-1 (Milne et al., 2008; Odunsi 

et al., 2003) and proteins from the melanoma antigen gene (MAGE) family for which 

several epitopes are recognized by T cells (Boel et al., 1995; Coulie et al., 1993; Finn, 

2008; Odunsi et al., 2003; van der Bruggen et al., 1991).  Oncofetal antigens are 

transiently expressed during the early stages of embryonic development and disappear 

by the time the immune system is fully developed.  Examples of oncofetal antigens 

include alphafetoprotein (AFP) (Butterfield et al., 1999) and carcinoembryonic antigen 

(CEA) (Conry et al., 1994; Tsang et al., 1995).  Tumour-associated antigens could arise 

from antigens that are overexpressed in tumours, such as HER2 (Peoples & Eberlein, 

1995), CA125 (Yin & Lloyd, 2001), and tyrosinase (Brichard et al., 1993; Topalian et al., 

1994).  They can also come from antigens that are specific to the differentiated tissue of 

the tumour’s origin, which includes prostate-specific antigen (PSA) (Killian & Wang, 

1985), melanoma-associated antigen recognized by T cells (MART-1) (Kawakami et al., 

1994), and glycoprotein 100 (GP100) (Bakker et al., 1994).  Furthermore, tumour-

associated antigens can originate from pathogens that cause cancers such as human 

papillomavirus (Strang et al., 1990) and Epstein–Barr virus nuclear antigen (Gavioli et 

al., 1992).  Tumour-associated and tumour-specific antigens are currently being used in 

clinical trials for cancer treatment and prevention.  The ideal antigen for use with T cell 

immunotherapies would be: (i) tumour-specific to reduce off-target responses, (ii) 

common to all tumour clones, (iii) common to many patients, (iv) immunogenic in many 

patients, and (v) required for tumour viability, so that it cannot be suppressed by the 

tumour.    

1.1.11. Immune Stimulatory Effect of Chemotherapy 

Cancer cells, including those of EOC, are prone to accumulating genomic 

mutations.  As stated earlier, defects in DNA repair mechanisms (eg. P53, BRCA, etc.) 
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are common in cancers, and chemotherapy further promotes DNA damage.  The 

combined effect of dysfunctional DNA repair and DNA damage can lead to protein-

coding changes in the tumour genome and thus, the generation of tumour-specific 

antigens.  In addition to creating tumour antigens, chemotherapy can deplete tumour-

promoting Tregs (Litterman, Dudek, & Largaespada, 2013; Lutsiak & Sabzevari, 2005), 

which would allow new populations of tumour cytotoxic T cells to infiltrate the tumour.  T 

cell depletion using the alkylating agent, cyclophosphamide, prior to adoptive T cell 

therapy was first observed to enhance tumour rejection in mice (Rosenberg, Spiess, & 

Lafreniere, 1986).  T cell depletion has become a standard step in adoptive T cell 

therapy, by using chemotherapy alone or in combination with total-body irradiation, prior 

to transfer of tumour primed T cells (Dudley et al., 2002; Dudley et al., 2008).  In 

addition, chemotherapy promotes cross-presentation (Nowak & Lake, 2003), a process 

wherein proteins from dead or dying cells are engulfed, processed and presented to T 

cells by professional antigen presenting cells (APCs) on their MHC class I molecules.  It 

is suspected that this combination of chemotherapy effects on T cells would shape the 

repertoire of tumour-associated T cells over the course of treatment.     

1.1.12. T cell antigen receptor (TCR) sequencing 

Sequencing technology  

Sanger sequence is considered the first generation of sequencing and was used 

in sequencing the first two versions of the human genome (Lander et al., 2001; Venter et 

al., 2001).  The chemical basis for Sanger sequencing involves amplifying DNA template 

in a cycle sequencing reaction by using a DNA polymerase and a mixture of a single 

primer, deoxynucleotides triphosphates (dNTPs) and strand terminating 2’,3’-

dideoxynucleotide triphosphates (ddNTPs) (Sanger, Nicklen, & Coulson, 1977).  The 

ddNTPs are stochastically incorporated randomly into the amplified DNA leading to 

termination of the DNA chain extension due to a lack of a 3’hydroxyl group in the 

ddNTPs .  The mixture of DNA fragments of varying length are then resolved by gel 

electrophoresis.  This process was automated by the advent of fluorescently labelled 

ddNTPs that are detected by laser excitation during capillary electrophoresis (Shendure 

et al. 2008).  Sanger biochemistry can consistently achieve high quality read lengths of 
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up to ~1000 bp.  Sanger sequencing is still a commonly used sequencing method 

although most genomic scale sequencing is now performed using next generation 

sequencing, also known as massively parallel sequencing.  

There are several massively parallel sequencing platforms commercially 

available, such as the Illumina platform that was used to generate the sequencing data 

for Chapters 2-5 of this thesis.  The Illumina approach was one of the first commercially 

available platforms and it relies on cyclic reversible termination (CRT) chemistry 

(Metzker, 2010).  The first step of CRT is to anneal tens to hundreds of millions of single-

stranded DNA template on to a flowcell.  The DNA template is primed allowing a 

polymerase to add a single, chain-terminating, fluorescently labelled nucleotide. The 

four-colour terminators are then excited by lasers and the flowcell is photographed via 

microscopy and afterwards, the terminator nucleotides are cleaved so to allow further 

nucleotide extension.  The Illumina sequencing platform has been widely used because 

it has a favourable error rate compared to other sequencing platforms, it more accurately 

reads homopolymeric sequences and is less prone to indel errors. The Illumina HiSeq 

platform can generate 300 million reads of up to 150 bp in length, while the Illuina MiSeq 

platform can produce 25 million reads of up to 300 bp in length 

(http://systems.illumina.com/systems/ sequencing.ilmn). 

TCR sequencing methodology 

TCR recognition and binding of antigen occurs in the hypervariable V(D)J region 

of the TCR α and β chains, known as the CDR3 region.  For most practical purposes, 

any given T cell clonotype will have a distinct CDR3 region that can act as a genetic 

barcode or sequence tag.  Normally, the V(D)J portion of trb is sequenced since it is 

more variable than tra and because only a single allele of trb is expressed due to allelic 

exclusion, whereas both tra alleles are expressed (Khor & Sleckman, 2002).   

Current methods for TCR sequencing involve a PCR enrichment step prior to 

sequencing.  PCR enrichment can be performed in a highly multiplexed reaction using V 

segment and J segment specific primers (Robins et al., 2009a).  Alternatively, a 

template-switching 5’RACE (rapid amplification of cDNA ends) approach can be used 
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that uses a degenerate C-region reverse primer and a universal forward primer that 

anneals to an adapter at the 5’ end of the TCR transcript (J. Freeman, Warren, Webb, 

Nelson, & Holt, 2009a).  The decision to use either method depends on the source of 

starting material (Woodsworth et al. 2013).  RNA can be used with either method 

whereas genomic DNA (gDNA) can only be used with the multiplexed primer approach.  

This is because the use of the C-region reverse primer in the 5’RACE method requires 

that the intronic region between the J and C-regions be post-transcriptionally removed.  

The use of RNA has the additional advantage versus gDNA in that mRNA expression of 

TCR genes yield more template molecules so that rare T cell clonotypes can more easily 

be detected.  The use of gDNA as template has the advantage of being abundant, easy 

to isolate, is more stable than RNA and gDNA can more accurately reflect the T cell 

quantity since each cell will always contain exactly two chromosomal copies of the TCR 

locus.  The 5’RACE method was used for antigen receptor amplification in Chapters 4 

and 5 and an overview is shown in Figure 4.1 from Chapter 4.  The ~550bp PCR 

products were sequenced on an Illumina MiSeq, which currently generates tens of 

millions of paired, 250 base reads that can span the full length of the TCR amplicons.  

Ultra deep sequencing can capture even the most infrequent sequences in a pool of 

PCR amplicons.  A long-standing problem with TCR sequencing has been the inability to 

distinguish between TCRs that are from rare clonotypes and those that are from low-

frequency errors.  This is made more difficult by the almost limitless variability in the 

CDR3 region, which prevents the use a reference sequence.  Instead, strategies for 

removing errors have included applying high sequence quality filtering and a sequencing 

depth cutoff (J. Freeman et al., 2009a; Nguyen et al., 2011; R. L. Warren, Freeman, 

Zeng, Choe, Munro, Moore, Webb, & Holt, 2011a).  Quality filtering will not remove high 

sequence quality errors (eg. polymerase errors) and can substantially reduce the 

number of useable sequences (Bolotin et al., 2013).  Applying a depth cutoff can remove 

low-frequency errors but it will inadvertently remove sequences from low-abundance 

clonotypes, which can make up the majority of the T cell diversity (Robins et al., 2009a; 

R. L. Warren et al., 2011a).  Also, a low depth cutoff will not filter higher frequency 

errors, such as “hotspot” mutations from abundant clonotypes (Bolotin et al., 2012a; 

Nguyen et al., 2011).  Another strategy for error handling is to cluster TCR CDR3 

sequences that have a high percent identity to one another (Bolotin et al., 2013).  This 
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approach can remove high quality sequencing errors while still retaining low quality 

sequencing reads.  Sequence clustering was developed and performed to remove 

sequencing errors in Chapter 4 and then used again in Chapter 5.   

TCR sequencing of a healthy repertoire 

TCR sequencing has been used in several studies to assess the T cell repertoire 

in blood samples from healthy donors (Table 1.2).  A landmark paper by Arstila and 

colleagues sought to estimate the T cell repertoire experimentally by PCR amplifying 

and Sanger sequencing TCRs from patient peripheral blood mononuclear cells (PBMCs) 

(Arstila et al., 1999).  The Vβ18 and Jβ1.4 gene segments were PCR amplified from 1 x 

108 PBMCs that were collected from a male donor and resulted in 8 bands, differing by 3 

nucleotides (one codon) in length.  One band was purified, cloned and Sanger 

sequenced until no new sequences were found.  They found 17 distinct TCR sequences 

and used that number along with the PCR band intensity and the frequency of Vβ18 and 

Jβ1.4 to estimate that person’s number of distinct T cells.  They repeated the process on 

a female patient and combined their data to produce an estimate of 1 x 106 different 

TCRβ chains. They also estimated the number of Vα pairings to be 25 x 106 by finding 

the number of Vα sequences in Vα12+ sorted T cells.   

More recently several papers used massively parallel sequencing to deeply 

sequence all the amplified TCR sequences without the need for extrapolating from a 

small subset of a paired Vβ-Jβ PCR products.  One of the first studies to use massively 

parallel sequencing, measured the TCRβ repertoire from 2 donor PBMCs and performed 

an extended Fisher’s test to estimate the number of distinct T cells at 3 to 4 million 

(Robins et al., 2009a).  Another study soon followed that reported the TCRα and TCRβ 

sequences from a single individual (C. Wang, Sanders, Yang, Schroeder, Wang, 

Babrzadeh, Gharizadeh, Myers, Hudson, Davis, & Han, 2010a).  They produced 1.48 

million CDR3 reads and identified 169, 977 unique TCRα chains and 113,290 unique 

TCRβ chains.  They used a compound Poisson process model to estimate the diversity 

of TCRα chains to be 0.47 x 106 and that of TCRβ to be 0.35 x 106.  The most 

exhaustive TCRβ sequencing study to date, used blood from a single donor and 

generated 1.7 billion paired sequencing reads and directly measured 1,061,522 distinct 
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TCRB nucleotide sequences (R. L. Warren et al., 2011a).  Based on these three deep 

sequencing studies, the original spectratyping estimate by Arstila and colleagues was 

either 3-4 times too low, 3 times too high or just about right.  We may never be certain of 

the actual number of unique T cell clones in humans.  Even with more exhaustive 

sequencing, we can only provide an estimate of the human T cell repertoire since it 

would be impossible to harvest every rare clonotype from blood and tissue.  To 

compound the issue, the thymus constantly generates new T cells from infancy to late 

adulthood.    

TCR sequencing a tumour repertoire 

TCR sequencing is beginning to appear in reports in multiple disease settings, 

including hematological malignancy (van Heijst et al., 2013), post hematopoietic stem 

cell transplant (Grupp et al., 2012; Meyer et al., 2013), ankylosing spondylitis (Mamedov 

et al., 2011), rheumatoid arthritis (Klarenbeek, de Hair et al., 2012), CMV, EBV 

(Klarenbeek, Remmerswaal et al., 2012) and HSV infection (Zhu et al., 2013).  Cancer is 

also a disease involving the immune system (see sections 1.1.8 to 1.1.10) and a handful 

of deep sequencing TCR studies of cancer have emerged from Dr. Harlan Robin’s group 

at Adaptive Biotechnologies.  Prior to the deep sequencing studies, conventional cloning 

and Sanger sequencing of β-chain TCR transcripts was used to profile T cells in solid 

tumour and ascites samples from nine patients with ovarian cancer (Pappas & Fincke, 

2005).  They identified a total of 161 unique TCR sequences and found substantial 

proportions of multiple identical copies of TCR sequences within tumour samples from 

seven out of the nine patients.  The fraction of identical transcripts was as high as 25-

78% in these seven patients.  The authors concluded that the monoclonal dominance of 

some TCR sequences is the result of antigen-driven proliferation and T cell clonal 

expansion.   

Dr. Robins group performed a more extensive profiling of the T cell repertoire in 

ovarian tumours using deep sequencing of TCR (Emerson et al., 2013).  They examined 

a total of 79 tumour samples from 4 patients with high-grade serous ovarian cancer and 

an average of 13,000 unique CDR3 sequences were identified, suggestive of a 

polyclonal population of T cells.  They observed a TCR repertoire overlap within primary 
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tumours and between primary tumour and metastases that was higher than the overlap 

between tumour and blood.  This was exemplified in one patient who had a high amount 

of overlap between biopsies within the same metastatic tumour (63-75%) and 

considerable overlap between the metastatic and primary tumours (57%) but far less 

sequence sharing in blood (19%).  Although this study reports a uniform repertoire of T 

cells in tumour, it does not measure the change in repertoire over time, which is studied 

in Chapter 5.  

Another report that used Dr. Robin’s TCR sequencing approach, profiled T cells 

in primary tumour from four patients with renal cell carcinoma and they identified 

between 3,780 to 25,930 unique TCR sequences per tumour (Gerlinger et al., 2013).  

The median frequency of unique TCR sequences per tumour was in the range of 

0.0015–0.013% and the median highest frequency clone was 3.4%, suggesting that T 

cell clones were present at low frequencies.  A comparison of intratumour sampling 

showed sequence sharing within tumours ranged from 0.24% to 16.82%.  When only the 

100 most abundant TCR sequences were compared, the incidence-based sharing within 

tumours increased from 7% to 97% but the abundance of the top clones varied. The 

authors concluded that the tumour repertoire for renal cell carcinoma was polyclonal and 

heterogeneous.   

Another TCR sequencing study by Dr. Robins and colleagues examined the T 

cell repertoire in colorectal tumours and matched mucosal tissue from 14 patients 

(Sherwood et al., 2013).  The repertoire of the tumour samples was more oligoclonal 

than the mucosal sample although there was no significant difference between the 

frequencies of unique TCR clones identified in the two tissue types.  There was a 

significantly greater amount of variability in the tumour samples, which contained 

between 41 to 3,849 unique TCR sequences versus 667 to 1,844 unique sequences in 

the mucosa specimens.  The average diversity of both tissue types was about 100-fold 

lower than in peripheral blood.  The authors concluded that CRC tumours induce a 

specific T cell response that is highly variable between patients. 
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1.2. Overview and Aims of Chapters 2-5   

This thesis describes three genomics approaches for studying infectious agents, 

mutations and immune cells in cancer.  The aim of Chapter 2 was to identify infectious 

agents that are over-represented in colorectal tumour biopsies relative to matched 

normal tissue.  Chapter 2 was published in the journal, Genome Research, with some 

sections having been added and removed from my thesis so that it better reflects my 

own contributions to the co-authored paper.  Also, some supplemental Tables were 

omitted due to their length.  The chapter describes the novel association between a 

known oral commensal bacterium, Fusobacterium nucleatum, with colorectal cancers.  

The association was initially discovered in a metagenomic analysis of microbial RNA that 

were found in 11 colorectal cancer biopsies.  The abundance of F. nucleatum DNA in 

tumour tissue was then explored in a total of 99 patients using a quantitative PCR assay.  

Finally, an analysis of the patient metadata was used to uncover clinical correlates with 

F. nucleatum infections.    

Chapter 3 was published in, the Journal of Pathology, and it describes the 

changing mutational landscape of ovarian cancer during the course of standard 

treatment.  My objective was to describe the genetic and functional evolution of tumours 

by profiling somatic mutations and their associated biological pathways.  Serial samples 

of tumour cells from 3 patients were whole exome sequenced to identify point mutations 

and indels.  To reduce the false discovery rate of mutations, candidate mutations were 

called after agreement from two variant calling programs, a de novo micro-assembler 

and manual inspection.  Candidate mutations were validated at ultra high depth by 

targeted resequencing and provided precise mutant allele frequencies that were used to 

infer tumour clonality.  In this sense, the mutant allele frequencies were used as 

biomarkers.  The variant profile of each of these patients was also used to conduct 

pathway analysis using two different approaches.  First, pathway analysis was 

performed using the somatic mutations that were assigned to a distinct tumour clonal 

subpopulation.  Second, biological pathways were assessed collectively for all patients 

by using an integrated analysis of germline and somatic variants.    
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Clonal T cell populations can be identified by sequencing their highly specific and 

hypervariable T cell antigen receptors (TCR).  The aim of Chapter 4 was to characterize 

errors in TCR sequencing and offer strategies for error removal so to reduce the false 

discovery rate of T cell clones.  TCR sequencing libraries were constructed for 13 tissue 

samples and sequenced on an Illumina MiSeq sequencer.  An exogenous RNA control 

was spiked into each of the samples to assess biases between sequencing libraries and 

to determine the technical error rate.  Error handling focused on the removal of single 

base substitution errors that arise from high-quality sequencing errors and polymerase-

based errors, which cannot be eliminated by applying a sequencing quality filter.  A 

centroid-based error filtering strategy was employed to remove the artifactual diversity in 

the TCR sequencing dataset.  Furthermore, we analyzed our data for sequence 

contamination, bias and chimera sequencing errors that were generated during PCR 

amplification.  Finally, we describe a quantitative PCR assay that can be used to quantify 

and validate TCR sequencing data.   

The first objective for Chapter 5 was to identify antigen-experienced T and B cells 

that are associated with ovarian cancer tumours and thus recognize those immune cells 

that are more likely to be tumour responsive.  Selection of candidate tumour-responsive 

T and B cells clones was done on the basis of those clones that were: (i) persistent in 

the tumour, (ii) enriched in in vitro T cell expansions, and (iii) B cells that had undergone 

somatic hypermutation.  Our second objective was to survey the tumour-associated T 

and B cell repertoires over time to monitor the population stability.  Identification of T cell 

clones was performed by TCR sequencing using the method that was established in 

Chapter 4.  In addition, B cell clones were similarly identified by their BCR sequences 

using an adapted TCR sequencing protocol.  TCR and BCR immune profiling was 

conducted on the same patient samples as those that had been profiled for tumour 

mutations in Chapter 3.   

1.3. Author Contributions   

I wrote chapters 1, 4, 5 and 6 in their entirety.  The content of “An historical 

perspective on TCR sequencing” in Chapter 1 was taken from a review article written by 
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Daniel Woodsworth, Dr. Holt and me. Chapter 2 is a modified version of a published 

manuscript that was written by myself and Dr. Holt with contributions from the other 

authors.  Chapter 3 is a reprinted version of a published manuscript that was authored 

by myself, Brad Nelson and Robert Holt.  The experimental and data contributions for 

the results Chapters 2 to 5 are discussed below.  All laboratory work was conducted at 

the BCCA’s Michael Smith Genome Sciences Centre unless otherwise stated. 

In Chapter 2, the experiments were designed by Dr. Robert Holt, Dr. Richard 

Moore and Rene Warren.  Clinical specimens were obtained by Dr. Peter Watson via the 

BCCA Tumour Tissue Repository and clinical information was managed by Rebecca 

Barnes.  Nucleic acid extraction from the patient samples and construction of the 

Illumina sequencing libraries were performed by J. Douglas Freeman.  Illumina 

sequencing and primer walking were performed by Michael Mayo and the sequencing 

production group at the Genome Sciences Centre.  All bioinformatic analysis was 

performed by Rene Warren.  Gary Wilson and Lisa Dreolini designed the primers and 

probes for the Fusobacterium TaqMan assay.  Dr. Peter Watson performed the 

histopathological analysis.  I performed the quantitative PCR assays and the statistical 

analysis of the clinical data.  Table 1 and Figures 2 and 4 were made by me, Figure 1 

was made by Dr. Holt, Figure 3 was made by Martin Krzywinski and Rene Warren and 

all other Figures were made by Rene Warren.  

The general concept for Chapter 3 was conceived by Drs. Brad Nelson, Robert 

Holt, John Webb, and Peter Watson.  I conceptualized, designed and performed all the 

bioinformatic experiments including variant detection, clonal identification and pathway 

analysis.  Clinical specimens were obtained by Dr. Peter Watson via the BCCA Tumour 

Tissue Repository and clinical data was managed by Katy Milne.  Tumour cell 

enrichment was performed by Dr. John Webb.  Nucleic Acid extraction and Illumina 

library construction for exome sequencing was performed by myself.  Exon enrichment 

was performed by myself, Yongjun Zhao, Tina Thorne, Jennifer Asano and others in the 

Library Construction Core group.  PCR amplification and Illumina library construction for 

the targeted resequencing was performed by Thomas Zeng and Kane Tse. Illumina 

Sequencing was performed by the Sequencing Core Group at the GSC and sequence 
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alignment to the human reference genome was performed by the Bioinformatics Core 

group.  Figure 1 was made by Katy Milne and all other Figures and Tables were made 

by me. 

I conceptualized and performed all the experiments for Chapter 4.  Clinical 

specimens were obtained by Dr. Peter Watson via the BCCA Tumour Tissue Repository 

and the T cell lines were generated by Darin Wick at the BCCA’s Deeley Research 

Centre.  I performed the nucleic acid extractions from the patient samples and the T cell 

line.  The plasmid that contained the TCR control was constructed by myself and fellow 

student, Scott Brown.  I transcribed and quantified the TCR in vitro RNA that was spiked 

into the patient samples as exogenous controls.  The TCR MiSeq Illumina library 

construction protocol was designed by Doug Freeman and Dr. Holt and libraries were 

constructed by myself and the Library Construction Core group at the BCCA’s Genome 

Sciences Centre.  I cloned and Sanger sequenced the HSDL1-responsive TCR α and β 

chain.  The bioinformatic mining of TCR sequences was performed by me.  The error 

handling pipeline was designed by myself and I conducted the filtering and analysis of 

the data.  I conceptualized, designed and performed the CDR3 qPCR assays.  All 

Figures and Tables were made by me. 

The experimental design for Chapter 5 was conceived by myself and Drs. Brad 

Nelson, Robert Holt, John Webb, and Peter Watson.  TCR data was generated as it is 

described for Chapter 4.  The BCR MiSeq Illumina library construction protocol was 

designed by Doug Freeman and Dr. Holt.  I constructed one sequencing library per 

sample and a duplicate library was constructed by the Library Construction Core group 

at the BCCA’s Genome Sciences Centre.  The bioinformatic mining of TCR/BCR 

sequences was performed by me.  The error handling strategy was designed by myself 

and I conducted the filtering and analysis of the TCR/BCR dataset.  The BCR controls 

were constructed from plasmids that were obtained as a kind gift from Dave Krueger at 

the BCCA’s Deeley Research Centre.  All Figures and Tables were made by me.  
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Table  1.1.  Tumour clonality in deep sequencing studies. 

Disease Citation No. of 
Patients Tumour Sites No. of 

Variants* 
Evidence of 

Clonality 

Colorectal 
Cancer 

Jones et al. 
2008 PNAS 10 primary and 

metastatic 233 
226 primary variants 

seen in the 233 
metastatic variants 

Renal-cell 
carcinoma 

Gerlinger et 
al. 2012 2 

multiregional 
primary and 
metastatic 

252 

31% of variants 
present in all 

samples from a 
given patient 

Pancreatic 
adeno-

carcinoma 

Cambell et al. 
2010 Nature 10 primary and 

metastatic 206 

Between 96% 
(22/23) to 23% (3/13) 
of variants present in 

all samples from a 
given patient. 

 Yachida et al. 
2010 Nature 7 primary and 

metastatic 426 

64% of variants 
present in all 

samples from a 
given patient 

hapato-
cellular 

carcinoma 

YongTao et 
al. 2011 
PNAS 

1 primary and 
metastatic 214 

205/214 were 
observed at similar 
frequencies in all 3 

tumours 

Acute 
myeloid 

leukaemia 

Ding et al. 
2011 Nature 8 primary and 

metastatic 539 

Concordant variant 
allele frequency in 2 

- 5 clusters per 
patient 

 Walter et al. 
2012 NEJM 7 

myelo-dysplastic 
syndrome and 

secondary acute 
myeloid leukemia 

182-660 
per 

patient 

Concordant variant 
allele frequency in 2 

- 5 clusters per 
patient 

breast 
cancer 

(basal-like) 

Li Ding et al. 
2010 1 

primary and 
metastatic and 

xenograft 
50 48/50 detected in all 

tumour 

breast 
cancer 

(lobular) 

Shah et al. 
2009 1 

primary and 
metastatic 9 
years later 

32 non-
synonym

ous 

11/32 metastatic 
variants are also 
found in primary 

tumour 

breast 
cancer (triple 

negative) 

Shah et al. 
2012 104 primary and 

metastatic 2,414 

Concordant variant 
allele frequency 

used to infer clonal 
evolution 
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Figure 1.1.  Genomic organization of the TCR β  chain locus on chromosome 7q34. 

Functional gene segments are shown with 48 x Variable (V) segments in 
green, 2 x Diverse (D) segments in dark blue, 13 x Joining (J) segments 
in yellow,  and 2 x constant (C) regions in light blue. Figure is from 
IMGT®, the international ImMunoGeneTics information system, 
www.IMGT.org, with permission of Marie-Paule Lefranc. 
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Table  1.2.  T cell receptor sequencing of the healthy repertoire.  
 

Healthy 
Donors Sample Platform Sequencing 

Depth 
Diversity 

Metric Reference 

2 donors (male 
20-30 years of 
age, 26 female 
years of age) 

RNA from 
PBMC 

Sanger 
sequencing 

22 – 479 
colonies 

sequenced 
per sample 

Number of 
clones & Vβ 
gene usage 

(Arstila et 
al., 1999) 

2 donors 
(males 35 to 37 
years of age) 

DNA from 
PBMCs 

GA II 
(Illumina) 

> 106 TCRb 
CDR3 

sequences 

Extended 
Fisher’s test 

“unseen 
species 
model” 

(Robins et 
al., 2009a) 

1 donor (male 
48 years of 

age) 

RNA from 
PBMCs 

454 
technology 

platform 
(Roche) 

1.48 million 
CDR3 

sequences 

Poisson 
distribution 

(Wang et 
al., 2010b) 

Pool of 380 
donors (18-40 
years of age) 

RNA from 
PBMCs 

GA II 
(Illumina) 

40.5 million 
reads 

Frequency 
distribution 

(Freeman 
et al., 2009) 

1 male donor 
(21 years of 

age) 

RNA from 
PBMCs 

454 GS 
FLX 

(Roche) 

Exhaustive 
sequencing 

Poisson 
distribution 

(Klarenbeek 
et al., 2010) 

4 donors 
(males 25 to 51 
years of age) 

RNA from 
PBMCs 

454 GS 
Titanium 
Roche) 

>105 TCRb 
sequences 
per sample 

Frequency 
distribution 

(Venturi et 
al., 2011) 

3 donors (male 
donors 39 to 
33 years of 
age, female 

donor 33 years 
of age) 

RNA from 
PBMCs 

GA II 
(Illumina) 

1.7 billion 
paired end 

reads 

Direct 
measurement 

(Warren et 
al., 2011b) 
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Chapter 2.    
 
Fusobacterium nucleatum infection is prevalent in 
human colorectal carcinoma* 

* Data presented in this chapter have previously been published.  Castellarin, M., Warren, R. L., 
Freeman, J. D., Dreolini, L., Krzywinski, M., Strauss, J., Barnes, R., Watson, P., Allen-
Vercoe, E., Moore, R. A., Holt, R. A. (2012). Genome Research, 22(2), 299-306.  (Appendix 
C) 

2.1. Abstract 

An estimated 15% or more of the cancer burden worldwide is attributable to 

known infectious agents.  We screened colorectal carcinoma and matched normal tissue 

specimens using RNA-seq followed by host sequence subtractions and found marked 

over-representation of Fusobacterium nucleatum sequences in tumours relative to 

control specimens. Fusobacterium nucleatum is an invasive anaerobe that has been 

linked previously to periodontitis and appendicitis, but not to cancer.  Fusobacteria are 

rare constituents of the fecal microbiota, but have been cultured previously from biopsies 

of inflamed gut mucosa.  We obtained Fusobacterium isolate from a frozen tumour 

specimen and this showed highest sequence similarity to a known gut mucosa isolate 

and was confirmed to be invasive. We verified overabundance of Fusobacterium 

sequences in tumour versus matched normal control tissue by quantitative PCR analysis 

from a total of 99 subjects (p=2.5E-6) and we observed a positive association with lymph 

node metastasis. 
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2.2. Introduction 

Few infectious agents have been unequivocally linked to cancer. Those that 

have, such as Human Papilloma Virus, Hepatitis B and C virus, and Helicobacter pylori, 

alone are responsible for an estimated 15% of the global cancer burden, based on 

strength of the association and prevalence of infection (Parkin, 2006). Metagenomics 

methods developed over the past decade (R. A. Moore et al., 2011; Weber & Meyerson, 

2002) provide a useful approach to identifying microbial sequence signatures in 

diseases that have a possible or suspected infectious etiology. There are variations on 

the method, but the basic approach involves shotgun sequencing bulk DNA or RNA 

isolated from disease tissue, computational subtraction of all sequence reads recognized 

as human, and comparison of the residual reads to databases of known microbial 

sequences in order to identify microbial species present in the initial specimen. The 

method is complementary to traditional culture and histolology–based protocols, and 

new massively parallel sequencing technologies impart high sensitivity. At present the 

power of the method remains restricted by the content of microbial sequence databases, 

but with our increasing reach into microbial sequence space, the comprehensiveness of 

these data resources continues to improve. In oncology, the identification of a novel 

polyomavirus in Merkel Cell carcinoma (Feng et al., 2008) is a recent demonstration of 

the utility of a metagenomics approach. 

Colorectal carcinoma (CRC) is the fourth leading cause of cancer deaths, 

responsible for approximately 610,000 deaths per year worldwide (World Health 

Organization, 2011). It is also one of the first and best genetically characterized cancers, 

and specific somatic mutations in oncogenes and tumour suppressor genes have been 

found that are associated with progression from adenomatous lesions (polyps) to 

invasive carcinoma (Vogelstein & Leppert, 1988). The root cause of CRC is unclear, but 

inflammation is a well-recognized risk factor (McLean & Hold, 2011; S. Wu & Yen, 2009). 
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Given the link between H. pylori–mediated inflammation and gastric cancer (Marshall & 

Warren, 1984), we asked if inflammatory microorganisms are associated with other 

gastrointestinal (GI) cancers. We began to address this question by undertaking a 

metagenomic survey of colorectal carcinoma. 

2.3. Materials and Methods 

2.3.1. Clinical specimens 

For all cases, fresh CRC samples were obtained with informed consent by the 

BC Cancer Agency Tumour Tissue Repository (BCCA-TTR) (Watson, 2010), which 

operates as a dedicated biobank with approval from the University of British Columbia–

British Columbia Cancer Agency Research Ethics Board (BCCA REB). The BCCA-TTR 

platform is governed by Standard Operating Procedures (SOPs) that meet or exceed the 

recommendations of international best practice guidelines for repositories (NCI Office of 

Biorepositories and Biospecmen Research, NCI Best Practices for Biospecimen 

Resources). Specimens are handled with very close attention to maintaining integrity 

and isolation. Overall average collection time (time from removal from surgical field to 

cryopreservation in liquid nitrogen) for all colorectal cases in the BCCA-TTR is 31 min. 

For this study, bio-specimens were held briefly at !20°C during frozen sectioning, using 

100% ethanol to clean the blade between all samples. Clinical-pathological and 

outcomes data were obtained from the BC Cancer Agency clinical chart including tumour 

features reported according to the American College of Pathologists criteria and the 

‘‘Protocol for Examination of Specimens from Patients with Primary Carcinoma of the 

Colon and Rectum.’’ This included histological features indicative of inflammatory and 

immune response (lymphoid and myeloid cell infiltrates), which were assessed as none, 

mild–moderate, or marked using semiquantitative scoring as well as the percent area of 

tumour involved by necrosis, by a pathologist in a representative tumour cross-section. 
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2.3.2. Metagenomic library construction and sequencing 

Eleven colorectal tumour samples and 11 matched normal samples were 

processed, as detailed previously (R. A. Moore et al., 2011), using an RNeasy Plus mini 

kit (QIAGEN) to purify total RNA or an AllPrep DNA/RNA mini kit (QIAGEN) to purify 

both DNA and RNA. RNA quality and concentration were assessed using Agilent 

Bioanalyzer 2000 RNA Nanochips. Ribosomal RNAs were depleted from 1 mg of total 

RNA using the manufacturer’s protocol for the RiboMinus Eukaryote Kit for RNA-seq 

(Invitrogen). Depletion was assessed using Agilent Bioanalyzer 2000 RNA Nanochips. 

All samples were found to have ~10% residual ribosomal RNA contamination and were 

processed as described previously (Morin et al., 2010; S. P. Shah et al., 2009) for the 

construction of Illumina libraries, with the following modifications: Each paired-end library 

was PCR amplified for 15 cycles using the standard Illumina PE1 PCR primer plus one 

of 12 modified PE2 primers, each including a unique 6-base insertion as an index 

sequence. Libraries prepared using indexed primers were then combined in pools of 11 

each (one tumour pool, one control pool), gel-purified, and then sequenced on the 

Illumina GAIIx platform. One lane of 75-bp paired-end sequence was obtained for each 

of the two pools. 

2.3.3. Bioinformatics analysis 

Paired-end sequence reads from indexed tumour and adjacent normal sample 

libraries were processed as described (R. A. Moore et al., 2011). Briefly, corresponding 

human RNA-seq libraries were aligned with BWA (version 0.5.4 [sample -o 1000, default 

options]) (H. Li & Durbin, 2010) sequentially against human rRNA, cDNA, and genome 

reference sequences (Flicek et al., 2011). Pairs aligning logically or containing reads 

having either an average base quality below phred 20 (Ewing, Hillier, Wendl, & Green, 

1998), and/or more than 20 consecutive homo- polymeric bases were subtracted from 

the original data. Read pairs that remained unaligned to any of the human sequence 

databases were used to interrogate a custom-built sequence collection of well-

characterized bacterial and viral genes and genomes using novoalign 

(http://www.novocraft.com) (version 2.05.20 [-o SAM -r A -R 0, default options]). 

Alignments were run on a single 3-GHz 8-CPU Intel Xeon 64-bit 61- GB RAM computer 
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running CentOS release 5.4. Multiplexed reads from the tumour and normal libraries 

were deconvoluted according to sequence tags (i.e., barcodes), and the number of read-

pairs that mapped unambiguously to a single location were tallied for each indexed 

sample and normalized against the sample read count. Ultimately, read-pair count was 

reported for each GenBank accession in our microbial genome database, sorted in 

decreasing order by the sum of unambiguous pairs, and Perl scripts were developed to 

mine these data. Read counts were graphically visualized first by clustering common 

accession reads using UPGMA (Sokal & Michener, 1958) and then displayed as a heat 

map (log10 scale) using the Mayday package (http://www-ps.informatik.uni-

tuebingen.de/mayday/wp/). 

2.3.4. Relative abundance of Fusobacterium DNA using qPCR 

A custom TaqMan primer/probe set was designed to amplify F. nucleatum DNA 

that matched the contiguous sequence from the WTSS experiment. The cycle threshold 

(Ct) values for Fusobacterium were normalized to the amount of human biopsy gDNA in 

each reaction by using a primer/probe set for the reference gene, prosta- glandin 

transporter (PGT), as previously described (Wilson et al., 2006). The reaction efficiency 

for the Fusobacterium assay and the PGT assay were found to be 97% and 98%, 

respectively. The fold difference (2ΔΔCt) in Fusobacterium abundance in tumour versus 

normal tissue was calculated by subtracting ΔCttumour from ΔCtnormal, where ΔCt is the 

difference in threshold cycle number for the test and reference assay. Isolated biopsy 

DNA was quantified by PicoGreen Assay (Invitrogen) on a Wallac Victor spectropho- 

tometer (Perkin Elmer). Each reaction contained 5 ng of DNA and was assayed in 

duplicate in 20 µL reactions containing 13 final concentration TaqMan Universal Master 

Mix (ABI part number 4304437), 18 µM each primer, and 5 µM probe and took place in a 

384-well optical PCR plate. Amplification and detection of DNA was performed with the 

ABI 7900HT Sequence Detection System (Applied Biosystems) using the following 

reaction conditions: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 sec at 95°C and 

1 min at 60°C. Cycle thresholding was calculated using the auto- mated settings for SDS 

2.2 (Applied Biosystems). The primer and probe sequences for each assay were as 
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follows: Fusobacteria forward primer, 5’-CAACCATTACTTTAACTCTACCATGTTCA-3’; 

Fusobacteria reverse primer, 5’-GTTGACTTTACAGAAGGAGATTATGTAAAAATC-3’; 

Fusobacteria FAM probe, 5’-TCAGCAACTTGTCCTTCTTGATCTTTAAATGAACC-3’; 

PGT forward primer, 5’-ATCCCCAAAGCACCTGGTTT-3’; PGT reverse primer, 5’-

AGAGGCCAAGATAGTCCTGGTAA-3’; PGT FAM probe, 5’-CCATCCATGTCCTCATC 

TC-3’. The entire qPCR experiment was performed a second time using the same 

samples and methods as outlined above, for the purpose of replication, and very similar 

results were obtained. 

2.3.5. Primer walking 

PCR primers were designed using primer 3.0 and the F. nucleatum types strain 

(ATCC 25586) genome as reference. For PCR, 1 ng of extracted gDNA was used as 

template, and Phusion polymerase (NEB) and buffers were used for the PCR. Cycling 

conditions were as follows: 2 min at 94°C, then 30 sec at 94°C, 30 sec at 67°C, and 30 

sec at 72°C for 30 cycles. PCR products were purified using Ampure magnetic beads. 

Sequencing reactions were done using BigDye 3.1, and reaction products were run on 

AB 3730xl. Phred quality 30 trimmed sequences were used in a BLASTN alignment 

against the HMP reference genome data, keeping the hit with the highest sequence 

identity. 

2.3.6. Whole-genome sequencing of a representative strain 

Fusobacterium genomic DNA was sonicated, and size fractions between 175 and 

200 bp and between 400 and 450 bp were isolated following PAGE. WGSS paired end 

Illumina libraries were prepared from each size fraction as described previously with the 

following modifications: The final PCR amplification was increased to 15 cycles and 

contained the standard Illumina PE1 PCR primer and an indexed PE2 primer as detailed 

above for RNA-seq library construction. A total of 92.0 million paired 100-nt reads were 

obtained from a single lane of the Illumina HiSeq instrument. After quality filtering, 

keeping only pairs with an average base quality of Q30 or higher, 64.8 million paired 

reads were aligned with novoalign (http://www.novocraft.com) (-o SAM -r A -R 0) onto 
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the F. nucleatum subsp. nucleatum ATCC 25586 (GenBank accession NC_003454.1) 

and Fusobacterium sp. 3_1_36A2 genome sequences (HMP accessions GG698790-

GG698801), respectively. Paired read alignments were processed using custom Perl 

scripts that tracked genome sequence coverage, depth of coverage, and average 

sequence identity of mapped pairs. Annotation of strain sp. 3_1_36A2 regions devoid of 

read alignments was performed by extracting the coordinates of alignment gaps 1 kb or 

larger and mining the HMP GenBank-format file for existing gene annotations 

(http://www.hmpdacc.org/data_genomes.php). Reads that did not align onto the sp. 

3_1_36A2 genome assembly were quality-trimmed to only include those having 70 or 

more consecutive Q30 bases and assembled with SSAKE (v3.7 [-p 1 -m 20 -o 2 -r 0.7]) 

in 67 contigs (mean size = 1225 bp; max size = 6018 bp; total bases = 82,076 bp; N50 = 

1359 bp). The contigs were annotated using BLASTX (v2.2.25), reporting the best hit for 

each high-scoring pair and manually inspecting each alignment. 

In a separate analysis, the 64.8 million paired quality control (QC) reads were 

filtered further, leaving only sequences having 99 or 100 consecutive Q30 bases. This 

aggressive filter yielded ;32 million total reads, including 4.5 million paired and 22.9 

million unpaired reads, and assembled with SSAKE (v3.7 -p 1 -m 20 -o 2 -r 0.7) into 379 

contigs (mean size = 5460 bp; max size = 31,878 bp; total bases = 2,069,558 bp; N50 = 

8680 bp). The Fusobacterium sp. 3_1_36A2 genome assembly was aligned onto the 

type strain using cross_match (http://www.phrap.org [-minmatch 29 -minscore 59 -

masklevel 101]) and ordered/oriented based on the latter. Fusobacterium tumour isolate 

contigs were, in turn, aligned onto the reordered Fusobacterium sp. 3_1_36A2 HMP 

genome assembly and ordered/oriented according to that genome sequence, using the 

same cross_match parameters. Three-way cross_match alignments between the 

ordered Fusobacterium genomes were performed and plotted using hive plots 

(http://www.hiveplot.com). 
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2.4. Results 

2.4.1. Relative abundance of microbial genomes in tumour and 
control specimens 

Total RNA was isolated from frozen sections of 11 matched pairs of colorectal 

carcinoma and adjacent normal tissue specimens. RNA was purified by host ribosomal 

sequence depletion, rather than poly(A) selection, in order to retain non-polyadenylated 

sequences of potential microbial origin. In our screen, we analyzed RNA rather than 

DNA in order to detect active, transcribing microorganisms and to allow for the detection 

of RNA viruses that may be present. Illumina RNA-seq libraries were constructed, 

barcoded, and pooled, and two lanes of paired-end sequencing data were obtained 

using the Illumina GAIIx platform. Reads were filtered for base quality and low 

complexity, then aligned pairwise to human rRNA and cDNA (Flicek et al., 2011) and 

genome (hg18) reference sequences using Burrows-Wheeler Aligner (BWA) (H. Li & 

Durbin, 2010), as previously described (R. A. Moore et al., 2011). Aligned reads were 

removed from the data set, leaving 34.9 million pairs (Supplemental Table S2.1). These 

residual read-pairs were then used to search a custom database containing accessions 

for all RefSeq bacterial and viral genomes, using Novoalign (http://novocraft.com), which 

is a slower but more permissive aligner than BWA. Our analysis was alignment-based, 

because the abundance of candidate organisms can be inferred more directly from 

alignments than from de novo assemblies. For accuracy, we tallied only unambiguous 

alignments where the best match to both the forward and reverse mate pair was to the 

same genome accession. These alignments identified a total of 670 distinct genome 

accessions, representing 415 species (Supplemental Table S2.1). These were 

predominantly (97%) bacterial, although several herpes virus sequences were 

detecTable at low levels, and one tumour showed over-abundance (142 raw read-pairs) 

of human papilloma- virus type 107 (GenBank accession EF422221.1). A wide 

distribution of bacterial species abundance was apparent, with 30 species representing 

95% of the sequence data (Supplemental Figure S2.1). Of the 670 distinct genome 

accessions hit, 63% were found in both tumour and normal specimens. Alignments 

specific to only tumour or only control specimens were due to rare sequences, and, 
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therefore, the representation in one group or the other may simply reflect sampling bias. 

The only alignments we obtained that were markedly disproportionate between tumour 

and control were to the genome of Fusobacterium nucleatum subsp. nucleatum 

(American Type Culture Collection [ATCC] 25586), a Gram-negative anaerobe. F. 

nucleatum was the organism with the highest number of hits overall (21% of all 

alignments), and nine of the 11 subjects showed at least twofold higher read counts in 

tumour relative to corresponding control tissue (Figure 2.1). Differential abundance 

ranged from 0.1-fold to 256-fold, with a mean over-abundance of 79-fold. The majority of 

the hits were to highly abundant F. nucleatum ribosomal transcripts, but other non-

ribosomal F. nucleatum gene products were also detected (Supplemental Figure S2.2). 

To explore further the observation of disparate F. nucleatum read counts 

between tumour and matched normal samples in our RNA- seq data set, we developed 

a targeted quantitative real-time polymerase chain reaction (qPCR) assay to interrogate 

additional samples. To design the qPCR primers and probe, we gathered the 51,677 

read- pairs from tumour sample 1 that matched F. nucleatum and performed a local de 

novo assembly using SSAKE (R. Warren & Holt, 2007) to obtain 861 total contigs, 

ranging in length from 100 to 1433 bp. The majority of these contigs matched genes 

encoding F. nucleatum ribosomal RNAs and proteins, but we also obtained 82 contigs 

that gave BLASTN (Basic Local Alignment Search Tool) alignments of 80% or greater 

sequence identity to other F. nucleatum protein-coding genes. A 161-bp contig that 

returned a high-quality BLAST match (95% identity) to the nusG gene (GenBank 

accession AAL94126.1) of F. nucleatum and no match to any gene of any other species, 

was used as the target for designing a qPCR (Taqman, ABI) primer/probe set. The initial 

metagenomics screen described above involved interrogation of expressed genes; 

however, once we established F. nucleatum as a candidate pathogen, we switched to 

analysis of gDNA because a larger amount of high-quality DNA than RNA was 

obtainable from the frozen tissue sections. We conducted qPCR on gDNA isolated from 

an additional 88 colorectal carcinomas and matched normal specimens and confirmed 

an over-representation of F. nucleatum in tumour versus matched normal specimens (p 

= 2.5 3 10!6, two- tailed ratio t-test) (Figure. 2.2). The Fusobacterium abundance 

measured by qPCR correlated with that measured from the RNA-seq data (Pearson’s r = 
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0.97) (Table 1). The mean overall abundance of Fusobacterium was found to be 415 

times greater in the tumour samples (n = 99) than in the matched normal samples (n = 

99) (Figure 2.2). 

2.4.2. Genomic comparisons between Fusobacterium strains 

We attempted to culture Fusobacteria anaerobically, directly from 12 of the 

frozen tumour sections that showed high abundance by qPCR, and we obtained a single 

isolate (CC53). We purified high-molecular-weight (HMW) gDNA from this culture, 

constructed and sequenced a WGS (whole-genome shotgun) library using the Illumina 

HiSeq platform, and obtained an excessive number (64,819,156) of quality filtered, 

paired 100-nt reads. These reads were aligned to the F. nucleatum type strain ATCC 

25586 (GenBank accession NC_003454.1) sequence, covering 76% of this reference 

genome with 2661-fold mean depth and 95.6% ± 2.0% (mean ± SD) identity. 

Furthermore, we aligned reads from CC53 to 483 additional draft genome sequences 

available from the Human Microbiome Project (HMP) (Nelson et al. 2010) including 16 

as-of-yet incomplete Fusobacterium genomes. CC53 aligned with highest identity to 

Fusobacterium sp. 3_1_36A2, covering 91.6% of the 12- supercontig draft assembly 

with 99.5 ± 1.2% (mean ± SD) sequence identity. Three-way analysis among these 

strains using cross_match Smith-Waterman alignments confirmed that CC53 is closest 

to Fusobacterium sp. 3_1_36A2 (Figure 2.3). Some noTable differences were apparent, 

however. We observed 19 segments from strain 3_1_36A2 that were missing from 

CC53. The majority (156/206) of the predicted coding sequences (CDS) on these 

segments from strain 3_1_36A2 had unknown function, but there were numerous 

sequences indicative of prophage content, including genes encoding putative helicase, 

integrase, recombinase, terminase, and topoisomerase activity (Supplemental Table S2 

in (Castellarin et al., 2012)).  De novo assembly of unmapped CC53 reads yielded 82 kb 

of sequence in 67 contigs ≥500 nt. These contigs aligned with variable sequence identity 

to one of the 16 Fusobacterium genome assemblies or the ATCC type strain. BLASTX 

(Altschul et al., 1997) searches of GenBank-nr identified 99 coding sequences 

(Supplemental Table S3 in (Castellarin et al., 2012)), the most recurrent of which was 

hemolysin, a bacterial endotoxin. Most, however, had no predicted function 
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(Supplemental Table S3 in (Castellarin et al., 2012)). Although we were able to culture 

Fusobacterium from only a single tumour section, we used primer walking to interrogate 

an additional four samples where qPCR-predicted levels of Fusobacterium were high. 

Sanger sequences from these amplicons comprised 68,694 total base pairs and each 

aligned with highest sequence similarity (93%–100%) to one of the various 

Fusobacterium draft genomes, although we could not assign unambiguously a specific 

best matching strain to any of these samples, due perhaps to within-sample strain 

heterogeneity. 

2.4.3. Clinical revelance of Fusobacterium infection in CRC 

We were interested to determine if CC53 would demonstrate invasiveness in 

human colonic epithelial cells. These experiments were conducted by Dr. Allen-Vercoe’s 

group at the University of Guelph.  They used immunofluorescence and an antibody-

based differential staining method, described previously (Strauss et al., 2011), to 

measure invasion of cultured colonic adenocarcinoma-2 (Caco-2) cells by the 

Fusobacterium tumour isolate. They identified two previous Fusobacterium polyclonal 

antibodies, one rabbit (EAV_AS1) and one rat (EAV_AS2), which reacted positively to 

CC53. Caco-2 cells were grown on glass coverslips, infected with CC53 culture (at a 

multiplicity of infection of 100:1), and then differentially stained with anti-Fusobacterium 

antibodies conjugated to different fluorophores before and after Caco-2 cell 

permeabilization. They confirmed the invasiveness of CC53 in this model system 

(Castellarin et al., 2012). 

We explored clinical correlates of Fusobacterium overabundance but did not 

observe any association with tumour stage, tumour site, history of treatment, patient 

age, or survival. To explore histopathological correlates, a hematoxylin-and-eosin (H&E) 

stained section from a representative cross-section clinical block from each tumour was 

scored for lymphocytic infiltrates, myeloid/neutrophil infiltrates, circumferential 

involvement, and luminal or geographic necrosis, and these scores were compared to 

Fusobacterium relative abundance (tumour vs. control). Fusobacterium showed higher 

relative abundance in tumours with >50% circumferential involvement (unpaired, two-
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tailed t-test, p = 0.0023). In addition, we found that subjects with high-relative-

abundance Fusobacterium in tumour relative to matched control tissue were significantly 

more likely to have regional lymph node metastases, as determined by their TNM 

(tumour, node, metastases) scores (one-tailed Fisher’s exact test, p = 0.0035) (Fig. 4). 

Specifically, lymph node metastases were present in 29/39 patients in the high-

abundance Fusobacterium group versus 26/58 in the low-abundance group. 

2.5. Discussion 

2.5.1. Pathogenicity of Fusobacterium  

F. nucleatum is an invasive (X. Han et al., 2003; Swidsinski & Ismail, 2011), 

adherent (Weiss & Metzger, 2000), and pro-inflammatory (Krisanaprakornkit & Dale, 

2000; Peyret-Lacombe, Brunel, Watts, Charveron, & Duplan, 2009) anaerobic 

bacterium. It is common in dental plaque (Bolstad, Jensen, & Bakken, 1996; Ximenez-

Fyvie & Socransky, 2000), and there is a well-established association between F. 

nucleatum and periodontitis (Signat & Duffaut, 2011). Anecdotally, F. nucleatum has 

been found to cause cerebral abscesses (Kai & Sule, 2008) and pericarditis (X. Han et 

al., 2003), and it is one of the Fusobacterium species responsible for Lemierre’s syn- 

drome, a rare form of thrombophlebitis (Weeks, Katz, Saxon, & Kubal, 2010). More 

recently, various Fusobacteria including F. nucleatum have been implicated in acute 

appendicitis, where they have been found by immunohistochemistry (IHC) as epithelial 

and submucosal infiltrates that correlate positively with severity of disease (Swidsinski & 

Ismail, 2011). Furthermore, when isolated from human intestinal biopsy material, 

F.nucleatum has been found to be more readily culturable from patients with GI disease 

than healthy controls, and the strains grown from inflamed biopsy tissue tend to display 

a more invasive phenotype (Strauss et al., 2011; Strauss, White, Ambrose, McDonald, & 

Allen-Vercoe, 2008). 
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2.5.2. Fusobacterium infections in CRC 

Our observation of a highly significant over-representation of F. nucleatum in 

colorectal tumour specimens was largely unexpected, given that it is generally regarded 

as an oral pathogen—it is not an abundant constituent of the normal gut microbiota (Qin 

et al., 2010).  A new report of rRNA sequences from a small number of colorectal tumour 

and control samples (Marchesi & Roelofs, 2011) highlighted a trend toward elevated 

Coriobacteria in tumours, but the data were also suggestive of an abundance of 

Fusobacteria. We are also aware of an independent report of Fusobacterium in 

colorectal cancer co-published in this issue (Kostic et al., 2012). Thus, there is 

increasing evidence that Fusobacterium infection is common in colorectal carcinoma, but 

it remains to be determined if there is any involvement of Fusobacterium in 

tumourogenesis. The presence of this bacterium may simply represent an opportunistic 

infection at an immuno-compromised site, but the possibility of a role in tumour etiology, 

perhaps through pro-inflammatory mechanisms, deserves further scrutiny.  Analysis of 

colorectal carcinomas arising in association with chronic inflammatory bowel disease 

would be of interest. Furthermore, since colorectal carcinoma typically arises from 

earlier-stage adenomatous lesions (polyps), it would also be useful to screen early-stage 

lesions for the presence of this bacteria in a prospective study. In the present study, 

three of the 99 tumour sections were composed entirely of the adenomatous component 

of adenocarcinoma specimens. By qPCR, two out of these three had very high 

Fusobacterium content, and, in fact, one of these gave the highest tumour to normal 

ratio of all samples. This supports the notion that a comprehensive study of early-stage 

lesions may help determine whether Fusobacterium infection is related to the early 

stages of tumour progression. If so, it may be an appropriate target for vaccination 

and/or antimicrobial therapy. Finally, should an etiological link prove to be absent, the 

highly significant association of F. nucleatum with colorectal carcinoma may still be of 

clinical utility. For example, it may be possible to exploit this association for screening 

purposes. Although we did not find F. nucleatum tumour abundance to be elevated in all 

subjects in the present study, we did not characterize the fecal microbiota in these 

patients, and we have not yet obtained data from healthy subjects to compare to our 

findings from CRC patients. Further work of this nature may reveal F. nucleatum–related 
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biomarkers that are informative with respect to CRC presence or CRC risk, although this 

remains entirely speculative at the present time. There is also renewed interest in the 

potential utility of bacterial cancer therapy (N. Forbes, 2010), an approach that relies 

fundamentally on the availability of microbes with natural tumour specificity. 
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Figure 2.1.  Relative abundance of microbial genomes in tumour and control 
specimens. Numbers of read pairs that matched known microbial 
sequences were normalized according to sequencing depth for both 
tumour and matched normal samples.  The abundance of bacterial read 
pairs ranged from zero to a maximum of 46,795 represented by a 
transition from white to red on a log10 scale.  Fusobacterium nucleatum 
sequences were present in the tumour samples at levels 2-fold or greater 
than in normal samples in 9 out of the 11 subjects.  The mean over 
abundance across all subjects was 7986-fold.  
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Table  2.1.  Comparison of RNA-seq and qPCR assays used to measure F. 

nucleatum abundance  

 Fold Difference 

 2ΔΔCT
  

(Tumour vs. Normal) 

Sample 
Sequencing Reads 
(Tumour vs. Normal) 

cDNA gDNA 

1 256 (66896/261) 247 146.2 

2 123 (123/1) 0.18 0.02 

3 n/a (61/0) n/a 0.91 

4 0.11 (98/918) 0.01 0.63 

5 3.84 (699/182) n/a 6.8 

6 64 (64/1) n/a 15.92 

7 3318 (57419/17) 3158 1523.61 

8 3.38 (54/16) n/a 1.00 

9 9.40 (47/5) n/a 29.08 

10 242.4 (1455/6) n/a 2929.62 

11 108.3 (6389/59) n/a 1.00 

12 0.29 (259/905) 0.16 1.45 
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Figure 2.2  Relative Abundance of Fusobacterium in Tumour versus Normal 
Colorectal Carcinoma Biopsies. Relative amounts of Fusobacterium DNA 
were determined between tumour and matched normal biopsies in 99 
subjects, using quantitative real-time PCR (qPCR).  The cycle threshold 
(Ct) values for the normal samples had a Ct range of 25.5 to 40 and the Ct 
range for the tumour samples was between 21.4 to 40.  Data shown are 
mean values from two independent experiments.  Fusobacterium load, as 
determined by qPCR was found to be significantly higher in the tumour 
samples versus the matched control samples (two-tailed ratio t-test (p = 
2.52 x 10-6)).  
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Figure 2.3  Hive plots showing alignment of three Fusobacterium genomes.  
Approximately 32M high-quality WGS Illumina HiSeq reads (>= 99 
consecutive Q30 bases) from Fusobacterium tumour isolate CC53 were 
assembled with SSAKE (v3.7, default options) into 379 contigs.  The 
contigs were aligned using cross_match (-minmatch 29 -minscore 59 -
masklevel 101) to the complete F.nucleatum susb. nucleatum ATCC 
25586 genome and, independently to the 12-contig HMP Fusobacterium 
sp. 3_1_36A2 assembly, respectively and ordered/oriented based on the 
highest identity to the latter sequence.  Three-way cross_match 
(www.phrap.org) alignments between each Fusobacterium genomes were 
performed and represented visually using hive plots (www.hiveplot.com).  
For each, the top, left and right axes are proportional to genome size and 
represent the Fusobacterium tumour isolate CC53 (2.07 Mbp), the HMP 
sp. 3_1_36A2 (2.25 Mbp) and the ATCC 25586 type strain (2.17 Mbp), in 
that order.  Synteny between the isolates is depicted by green and red 
links that show normal and inverted alignments, respectively.  Sequence 
similarity and synteny is highest between CC53 and sp. 3_1_36A2, 
compared to ATCC 25586. Three regions of sequences present in sp. 
3_1_36A2 but absent from CC53 are apparent as conspicuous gaps on 
the sp. 3_1_36A2 axis. Sequence segments unique to CC53 are not 
visible at this scale. 
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Figure 2.4  Frequency of metastasis increases with higher Fusobacterium 
abundance in tumour biopsies.  Patients with 5X or greater 
Fusobacterium in their tumour biopsies versus matched normal tissue 
were compared to those patients with less than 5X relative amounts of 
Fusobacterium.  A significantly higher number of patients from the high 
Fusobacterium group (A) had more tumour spreading in their lymph nodes 
as measured by their surgical TNM scores than the low Fusobacterium 
group (B) (one-tailed Fisher’s exact test p-value = 0.0035). 
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Chapter 3.    
 
Clonal evolution of high-grade serous ovarian 
carcinoma from primary to recurrent disease*  

* Data presented in this chapter have previously been published.  Castellarin, M., Milne, 
K., Zeng, T., Tse, K., Mayo, M., Zhao, Y., Webb, J. R., Watson, P. H. , Nelson, B. H., 
Holt, R. A. (2013). The Journal of Pathology, 229(4), 515-524. (Appendix D) 

3.1. Abstract 

High-grade serous carcinoma (HGSC) is the most common and fatal form of 

ovarian cancer. While most tumours are highly sensitive to cytoreductive surgery and 

platinum- and taxane-based chemotherapy, the majority of patients experience 

recurrence of treatment-resistant tumours. The clonal origin and mutational adaptations 

associated with recurrent disease are poorly understood. We performed whole exome 

sequencing on tumour cells harvested from ascites at three time points (primary, first 

recurrence and second recurrence) for three HGSC patients receiving standard 

treatment. Somatic point mutations and small insertions and deletions were identified by 

comparison to constitutional DNA. The clonal structure and evolution of tumours were 

inferred from patterns of mutant allele frequencies. TP53 mutations were predominant in 

all patients at all time points, consistent with the known founder role of this gene. 

Tumours from all three patients also harboured mutations associated with cell cycle 

checkpoint function and Golgi vesicle trafficking. There was convergence of germline 

and somatic variants within the DNA repair, ECM, cell cycle control and Golgi vesicle 

pathways. The vast majority of somatic variants found in recurrent tumours were present 

in primary tumours. Our findings highlight both known and novel pathways that are 

commonly mutated in HGSC. Moreover, they provide the first evidence at single 



 

102 

 

nucleotide resolution that recurrent HGSC arises from multiple clones present in the 

primary tumour with negligible accumulation of new mutations during standard 

treatment. 

3.2. Introduction 

Each year, over 220, 000 women are diagnosed with ovarian cancer and 140, 

000 die of the disease (Ferlay et al., 2008). Of the four major histological subtypes of 

epithelial ovarian cancer, high-grade serous carcinoma (HGSC) is the most common 

and fatal (D. Bowtell, 2010; Cho & Shih, 2009). HGSC tumours are thought to arise from 

the ovarian surface epithelium and the fimbrial region of the fallopian tubes (Levanon & 

Drapkin, 2008).  

Our knowledge of the mutational landscape of HGSC is improving. 

Approximately 13-15% of HGSC cases are associated with germline mutations in 

BRCA1 and BRCA2 (Bristow & Armstrong, 2010; Pal et al., 2005) additional 

susceptibility genes are known to alter the BRCA1/2 DNA repair pathway (eg. RAD51C, 

RAD51D, BRIP1, BARD1, CHEK2, MRE11A, NBN, PALB2, RAD50 (Pennington & 

Swisher, 2012). Moreover, at least one-third of sporadic HGSC cases show inactivation 

of the BRCA1 or BRCA2 pathways through acquired mutations or gene silencing by 

DNA methylation (Weberpals, Koti, & Squire, 2011) such that altogether, homologous 

recombination based DNA repair is defective in about half of HGSC cases (Bell & 

Cramer, 2011).  In addition, the tumour suppressor gene TP53 is mutated in over 96% of 

HGSCs (Ahmed et al., 2010; Bell & Cramer, 2011).  Other commonly mutated genes in 

HGSC include FAT3, CSMD3, NF1, RB1, GABRA6 and CDK12 (Bell & Cramer, 2011). 

Finally, a common gene fusion involving ESRRA and C11orf20 is found in 10-15% of 

HGSCs (Salzman et al., 2011).  

Treatment of HGSC typically comprises platinum-based chemotherapeutic 

agents including cisplatin, carboplatin and oxaliplatin. These compounds exert an anti-

tumour effect by inducing intrastrand and interstrand crosslinks in genomic DNA and are 

cell cycle non-specific in action. Ovarian cancer cells with inactivating mutations in the 
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BRCA1 or BRCA2 genes are more prone to the DNA-damaging effects of platinum 

compounds. However, platinum chemoresistance can arise through a variety of 

mechanisms in HGSC, including acquired mutations that restore the BRCA1 and BRCA2 

open reading frames (Dhillon, Swisher, & Taniguchi, 2011; Edwards & Levine, 2008; 

Norquist et al., 2011; Sakai & Friedman, 2008; Swisher et al., 2008). Additionally, drug 

resistance in relapsed tumours can result from genetic alterations that affect drug efflux, 

drug metabolism, intracellular signaling, membrane receptors, apoptotic signaling and 

interference with cell replication (Fodale & Petricoin, 2011).   

There is increasing appreciation for the genetic heterogeneity of epithelial 

cancers within individual patients (P. J. Campbell et al., 2010; Gerlinger et al., 2012; Ley 

& McLellan, 2008; Navin et al., 2011; S. P. Shah et al., 2012; Yachida et al., 2010). The 

presence of multiple tumour clones in a patient creates the opportunity for evolutionary 

selection during treatment. Indeed, a previous study of recurrent HGSC using FISH, 

SNP arrays, and array CGH concluded that chemotherapy-resistant clones arise from 

minor clones present in primary tumours (Cooke et al., 2010). However, the extent to 

which recurrent tumours further evolve by accumulating additional mutations has yet to 

be systematically addressed in HGSC. Here, we performed whole exome sequencing of 

genomic DNA from tumour cells obtained from ascites of three HGSC patients at 

multiple time points (primary treatment, first recurrence, and second recurrence). We 

inferred tumour clonality and relapse-associated mutations by analyzing trends in mutant 

allele frequencies. The possible functional consequences of mutations were assessed 

by pathway analysis. Further, to gain a more comprehensive view of HGSC genetic 

susceptibility for these patients, we investigated the coincidence of germline and somatic 

variants within gene interaction networks. 

3.3. Materials and Methods 

3.3.1. Clinical specimens 

Biospecimens and clinical data were collected with informed patient consent 

through a prospective study entitled BC Cancer Agency’s Tumour Tissue 
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Repository/Immune Response to Ovarian Cancer (IROC), which was approved by the 

Research Ethics Board of the BC Cancer Agency and the University of British Columbia. 

Inclusion criteria included a diagnosis of HGSC; standard treatment with surgery 

followed by platinum-based chemotherapy (with or without taxanes); and biospecimen 

availability. Peripheral blood mononuclear cells (PBMCs) and primary ascites specimens 

were collected at the time of surgery. Recurrent ascites specimens were collected during 

palliative paracentesis. Ascites cells were pelleted by centrifugation, cryopreserved 

immediately, and stored in liquid nitrogen.  In addition, these specimens were used in 

subsequent experiments as described in Chapters 4 and 5. 

3.3.2. Tumour cell enrichment 

Bulk ascites cells were thawed and resuspended in complete RPMI medium 

(cRPMI; RPMI 1640, 10% FBS, HEPES, L-glutamine, β-mercaptoethanol) at a 

concentration of 107 cells per 80 µl. To remove hematopoietic cells, 20 µl of anti-human 

CD45 microbeads (Miltenyi) was added per 107 total cells and the mixture was incubated 

at 4oC for 15 min. Cells were washed twice with 10 ml of cRPMI and then passed over 

an LS column (Miltenyi) that had been pre-wetted with 0.5 ml of cRPMI. CD45- cells 

passing through the column were collected, pelleted and snap frozen at -80oC for 

subsequent DNA preparation.  

3.3.3. Exome library construction and sequencing 

Genomic DNA (gDNA) was isolated, acoustically sheared, size selected by 

polyacrylamide gel electrophoresis (PAGE) and end polished. gDNA fragments were 

ligated with Illumina library adapters and amplified with Illumina sequencing primers. The 

library was then enriched for exon sequences using the Agilent Sureselect Human All 

Exon 50Mb kit (Tewhey et al., 2009) according to the manufacturer’s instructions. The 

exome fraction was subjected to massively parallel sequencing on the Illumina platform. 

Between 50 and 90 million paired 100 bp raw reads were obtained from each sample. 
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3.3.4. Bioinformatic analysis 

The short Illumina sequence reads were aligned to the human genome (hg18) 

using the Burrows-Wheeler Aligner (BWA) (H. Li & Durbin, 2010). Single nucleotide 

variant (SNV) detection was performed using Samtools varfilter (H. Li et al., 2009) and 

SNVMix1 (Goya et al., 2010) software to identify high quality, novel, protein-coding 

variants between the sample sequence and the human reference sequences. Insertions 

and deletions were detected using Samtools varfilter and then selected as protein-

coding variants as delineated in the Hg18 reference sequence. Somatic mutations were 

determined by subtracting variants found in matched normal samples. The false 

negative rate for SNVs was reduced by selecting those that were found by both 

Samtools and SNVMix1 and by reducing mapping errors using a targeted de novo 

assembler, TASR (R. Warren & Holt, 2011).  All somatic variants were manually curated 

using the Integrative Genome Viewer (IGV) (Robinson et al., 2011).  Germline SNVs 

were identified from the exome data and were considered homozygous if they had a 

greater than 80% probability of being homozygous as determined by SNVMix1.  

Genomic coordinates for the germline and somatic variants were converted from the 

Hg18 reference genome to the Hg19 reference genome using the UCSC Lift Genome 

Annotations tool (Fujita et al., 2011).   

Biological pathway analysis was performed using both the GeneMania plugin 

(Montojo et al., 2010) in Cytoscape v2.8.3 (Smoot, Ono, Ruscheinski, Wang, & Ideker, 

2011) and Ingenuity Pathways Analysis (Ingenuity Systems, www.ingenuity.com) on 

genes with homozygous germline SNVs that were found to be shared in all sequencing 

libraries (tumour and matched normal) from all three patients. Gene identifiers that 

contained shared, homozygous, germline SNVs were mapped to their corresponding 

objects based on direct interactions and overlaid onto a global molecular network that 

was developed from the Ingenuity Knowledge Base or the GeneMania human 

interaction database version 2012-01-06, which contains 102,821,535 interactions. The 

functional interaction analysis of a network identified the biological functions and/or 

diseases that were most significant to the molecules in the network. The network 

molecules associated with biological functions and/or diseases in the Ingenuity 
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Knowledge Base or GeneMania database were analyzed. The Fisher’s exact test, as 

implemented in the Ingenuity Knowledge Base, was used to calculate the probability 

that each biological function and/or disease assigned to that network was due to chance 

alone. Gene clustering was performed with JMP8 statistical software (JMP, version 8. 

SAS institute inc., cary, NC, 1989-2012.) using a hierarchical Ward clustering algorithm 

based on somatic SNV allelic frequencies.  Gene Ontology (GO) (Ashburner et al., 2000) 

annotated functions of gene clusters were predicted based on physical interactions and 

pathway data sources using GeneMania (Warde-Farley et al., 2010). GeneMania 

estimates the false discovery rate (FDR), the proportion of positives that are expected to 

be false positives, as q-values by using the Benjamini-Hochberg procedure, and it is this 

number that we report. Nodes were partitioned according to network modules using the 

Reactome FI Cytoscape plugin (G. Wu & Stein, 2010) and network diagrams were 

depicted using the circular layout in Cytoscape.  

3.3.5. Sequence Validation 

Sequence validation was performed by PCR amplification of targeted mutant loci 

followed by Illumina sequencing of indexed products on a single cell lane of 100 bp 

paired-end reads on an Illumina HiSeq platform. The short Illumina sequence reads 

were then aligned to the human genome (hg18) using the Burrows-Wheeler Aligner 

(BWA) (H. Li & Durbin, 2010).  Variant detection was performed using Samtools mpileup 

(H. Li et al., 2009) and validated somatic variants were visually curated using IGV 

(Robinson et al., 2011). 

3.4. Results 

3.4.1. Patient selection and clinical course 

We selected three HGSC patients for whom matched ascites tumour specimens 

were available from the time of primary surgery and two subsequent recurrences. As 

fluid, ascites had the advantage of providing serial samples unrestricted to any specific 

tumour region. As shown in Figure 3.1, Patient 1 received adjuvant chemotherapy with 5 
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cycles of carboplatin and paclitaxel. In response to recurrence of disease 8 months after 

completion of the first round of therapy, she received 6 cycles of carboplatin with 

gemcitabine, which slowed tumour progression for several months. Upon further 

progression, she received 2 courses of etoposide, to which she failed to respond. Patient 

2 received adjuvant chemotherapy with 6 cycles of carboplatin. In response to 

progressive disease, she was treated with 7 cycles of paclitaxel, which stabilized her 

disease for about 2 months. Upon further progression, she received 1 cycle of 

gemcitabine, to which she failed to respond. Finally, Patient 3 received adjuvant 

chemotherapy with 6 cycles of carboplatin and paclitaxel, which lead to complete 

remission. Upon disease recurrence at 9 months, she received 6 cycles of carboplatin 

with gemcitabine, which lead to a second complete remission. Upon disease recurrence, 

she received 3 cycles of pegylated liposomal doxorubicin, to which she failed to respond. 

3.4.2. Identification of somatic mutations by whole exome 
sequencing 

Whole exome sequencing was performed to profile somatic mutations in ascites 

tumour samples. Single nucleotide variants and insertions/deletions (indels) were 

validated by targeted resequencing at a depth of >50,000 reads using germline DNA for 

comparison. We identified a total of 22 to 40 somatic variants (somatic point mutations 

plus somatic indels) per patient (Tables 3.1 and 3.2). Table 1 lists all somatic point 

mutations, their allelic frequencies, and their predicted effects on protein function 

according to the SIFT program (P. Kumar, Henikoff, & Ng, 2009). Of the 88 somatic 

point mutations we found, only two have been previously reported, one in BRCA1 and 

the other in CSMD3 (Database  of single nucleotide polymorphisms (dbSNP). bethesda 

(MD): National center for  biotechnology information, national library of medicine. dbSNP 

accession:  rs4986852:T, rs1592624:G, (dbSNP build ID: 135). available from: 

Http://Www.ncbi.nlm.nih.gov/SNP/.). Of the remaining 86 somatic point mutations, 69 

were within genes previously found to be mutated in ovarian serous carcinoma 

according to the Catalogue of Somatic Mutations in Cancer (COSMIC) database (S. A. 

Forbes et al., 2011). By SIFT analysis, 28% of somatic point mutations were predicted at 

high confidence to impair protein function. In addition to somatic point mutations, we 
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found five somatic indels, which involved the genes TP53 (Patient 1), MACF1 (Patient 2) 

and CAPN7, DMD and OR5A1 (Patient 3) (Table 3.2). The only gene found to contain a 

somatic point mutation or indel in all three patients was TP53.  

3.4.3. Clonal structure and evolution of tumours  

Somatic variants were subjected to high-depth targeted re-sequencing using 

tumour samples from all three time points. This allowed quantification of allele 

frequencies over time, even for mutations that fell below the limit of detection in the 

original exome sequencing libraries. We found that the vast majority of mutations that 

were present in relapse samples were present in primary samples (Table 3.1). Likewise, 

the majority of mutations that were present in primary samples persisted in relapse 

samples (Table 3.1).  

We used a hierarchical clustering model to infer tumour clonality based on 

concordant changes in mutant allele frequencies (Figure 3.2). Mutations from Patient 1 

formed three distinct clusters, which may reflect three distinct clonal populations. Cluster 

1 was markedly more abundant than the other two clusters and contained a 

heterozygous p53 mutation. The relapse tumours from Patient 1 showed a doubling in 

allelic frequency of the p53 mutation, suggesting a loss of heterozygosity at the p53 

locus (Table 3.1). The relative proportions of the three clusters did not change 

significantly across the three time points. One exception was the PLXB2 mutation in 

Cluster 1, which occurred at a frequency of 25% in the primary tumour sample but close 

to 100% in relapse samples. This suggests that the PLXB2 mutation occurred after the 

other Cluster 1 mutations, and that a subclone expressing this mutation increased in 

frequency at relapse compared to primary tissue. Patient 2 showed four major clusters of 

mutations. As with Patient 1, the cluster containing mutant p53 was dominant at all time 

points. Patient 3 showed five clusters of mutations and much more complex dynamics, 

possibly reflecting the dramatic changes in tumour burden seen with this patient during 

chemotherapy (Figure 3.1). Again, the cluster containing mutant p53 (Cluster 1) was 

dominant at all time points. Cluster 3 increased in prevalence at first relapse and 
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remained prominent at second relapse. Cluster 5 showed the opposite pattern, being 

prevalent in the primary tumour but absent at relapse.  

3.4.4. Functional annotation of mutant genes  

Mutant genes from each cluster were functionally annotated using the Gene 

Ontology (GO) (Ashburner et al., 2000). Despite the lack of shared mutations among 

patients, the mutations fell into several shared functional categories. The predominant 

cluster from all three patients had cell cycle checkpoint function. In addition, statistically 

significant functional annotations that involved Golgi vesicles were found in Cluster 3 

from Patient 1 (FDR = 9.3 x 10-14), Cluster 4 from Patient 2 (FDR = 1.47 x 10-2) and 

Cluster 2 from Patient 3 (FDR = 1.38 x 10-8). 

3.4.5. Analysis of shared pathways among somatic mutations and 
germline variants  

Germline mutations can increase the risk of developing cancer but further 

somatic mutations are needed to cause the actual onset of the disease.  In HGSC, the 

BRCA1, BRCA2 and p53 genes frequently harbour somatic mutations, and germline 

mutations can contribute to a familial predisposition.  In general, tumourigenesis and 

disease progression requires multiple, parallel pathways that can be altered by either 

germline or somatic genetic lesions (Hanahan & Weinberg, 2011).  SNPs that are 

shared among these patients may constitute a common predisposition to perturbed 

pathways that can become altered further by somatic mutations. We asked whether in 

these patients, somatically mutated genes were related to genes carrying germline 

coding variation. We identified 972 high confidence homozygous, nonsynonymous SNPs 

that were common to all three patients. These SNPs were contained within 804 distinct 

genes (Supplemental Table S1 in (Castellarin et al., 2013). Of the germline SNPs that 

resulted in SIFT scores, 3% were predicted at high confidence to impair protein function. 

Using the Cytoscape GeneMania plugin (Montojo et al., 2010) and the Reactome FI 

plugin (G. Wu & Stein, 2010), we performed network analysis on both the shared 

homozygous germline variants and the somatic variants (Figure 3.3). The network 

revealed connectivity among somatic and germline variants that defined highly 
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connected modules. The top two interacting nodes that were represented as network 

hubs were TP53 and fibronectin1. The sets of mutated genes within each module were 

then assessed for functional annotation based on GO terms. The module with the largest 

number of nodes (57) had a GO annotation of “DNA repair” with a q-value of 2.8 x 10-8. 

The other functionally categorized modules were “extracellular matrix” (40 nodes, q-

value = 1.0 x 10-20), “G2/M transition of mitotic cell cycle” (22 nodes, q-value = 3.3 x 10-

7), “trans-Golgi network” (13 nodes, 5.6 x 10-3) and “Golgi vesicle targeting/membrane 

budding” (12 nodes, q-value = 1.1 x 10-7). Within the modules characterized as “DNA 

repair” and “Golgi vesicle targeting/membrane budding” there was enrichment of somatic 

mutations relative to germline variants (11/57 (19.3%) and 2/7 (28.6%) respectively), 

when compared to the total number of somatic versus germline variants 93/804 (11.6%). 

The modules for “extracellular matrix” and “G2/M transition of mitotic cell cycle” also 

contained both somatic mutations and germline variants. These results suggest possible 

interplay between SNPs that may impart a hereditary predisposition to HGSC and 

subsequently acquired somatic mutations.  

3.5. Discussion 

3.5.1. Tumour heterogeneity in HGSC 

Epithelial ovarian cancer is highly responsive to frontline treatment, but relapse 

with chemotherapy-resistant disease occurs in the majority of cases. To assess disease 

progression, we used CD45- sorted ascites cells as a surrogate for solid tumour biopsies 

since recurrent samples are not surgically resected and ascites is the only available 

source of tumour in most cases. We sequenced the exomes of primary, first and second 

relapse tumours and discovered mutations affecting multiple cellular processes and 

structures, including cell cycle control, Golgi vesicles, DNA repair, and extracellular 

matrix. Remarkably, 89% of mutations found in relapse tumours were present in 

matched primary tumours, indicating that recurrent HGSC arises from the selective 

persistence or outgrowth of pre-existing tumour clones, with relatively little accumulation 

of new mutations. Our results raise the encouraging possibility that improved targeting of 
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mutated pathways in primary tumours could potentially prevent the development of 

recurrent disease. 

Our finding that the majority of mutations in recurrent disease were present in the 

primary tumour sample is consistent with a prior study of HGSC that used FISH, SNP 

arrays and array CGH (Cooke et al., 2010). Given the genotoxic effects of platinum-

based chemotherapy, it is surprising that so few new mutations were found in relapse 

tumours. Rather, our data indicates that chemotherapy failed to destroy the major clones 

present in the primary tumour, as indicated by the fact that fewer than 10% of mutations 

were lost after treatment. An exception was Patient 3, who responded dramatically to her 

first round of treatment based on decreased CA125 levels (Figure 3.1) and complete 

disappearance of a mutational cluster (Cluster 5 in Figure 3.2). Patient 3 also showed 

the greatest number of new mutations in relapse samples. Relapse-specific mutations 

observed in Patients 1 and 2 included Prex2, which has recently been reported in 

metastatic melanomas (M. F. Berger & Lawrence, 2012), and AP1b1, which is 

associated with vesicle formation in the trans-Golgi network (Kirchhausen, 2000).  It is 

unknown whether these mutations were due to the DNA damaging effects of 

chemotherapy or the expansion of a minor tumour clone from the primary tumour.   

3.5.2. Biological pathways are altered in HGSC  

In all three patients, GO annotated somatic mutation clusters were seen that 

involved either the Golgi vesicle or Golgi transport (Figure 3.2). Similarly, network 

analysis of somatic mutations and germline SNPs revealed two modules that were 

annotated for the trans-Golgi network and Golgi vesicle targeting (Figure 3.3). The Golgi 

apparatus has been previously implicated in cancer processes such as drug efflux, 

apoptosis and proliferation. Cisplatin is sequestered by the Golgi in ovarian carcinoma 

cells, which may be necessary for platinum efflux (Safaei & Holzer, 2005). The Golgi has 

also been implicated in apoptosis by such means as compartmentalizing caspase 2, 

triggering mitochondrial membrane permeability, releasing death receptors to the cell 

surface, and sensing misfolded proteins (Wlodkowic & Darzynkiewicz, 2009). 

Additionally, anti-cancer drugs such as 2-phenyl benzimidazole (2-PB) disrupt the Golgi 
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apparatus, which leads to reduced cell proliferation and tumour growth (Lio & Millis, 

2008).  

Germline SNPs and somatic mutations were also found in the extracellular matrix 

(ECM) pathway, including collagens, laminins, integrins, syndecan 1 and fibronectin 1. 

These proteins are involved in cell adhesion, cell signaling and cytoskeletal organization, 

and alterations to ECM pathways have been found during the evolution of other cancers 

(Walter et al., 2012) but not previously in HGSC.    

Germline and somatic variants were found in pathways such as p53, cell cycle 

progression and DNA repair (Figure 3.3), which are known HGSC susceptibility 

pathways (Pennington & Swisher, 2012). TP53 was the only gene found to harbor a 

somatic mutation in all three patients, while BRCA1 was somatically mutated in Patient 1 

and all three patients shared the same germline SNPs in BRCA2 and ATM (Table 1 and 

Supplementary Tables 1 and 2 in (Castellarin et al., 2013). An apparent chemotherapy-

susceptible clone, cluster 5 from Patient 3, contained a highly abundant RGS6 mutation, 

which is a gene that has been shown to be associated with cancer risk (Berman et al., 

2004). More recently, RGS6 has been reported to activate the intrinsic pathway of 

apoptosis in a p53 independent manner and affected doxorubicin susceptibility in breast 

cancer cells (Maity et al., 2013).  

Cancer pathogenesis can occur through the loss of both alleles in a tumour 

suppressor gene in the classical ‘two-hit’ hypothesis of tumour suppression or through a 

more subtle, titrated loss of tumour suppressor gene function as described by a 

continuum model of tumour suppression (A. H. Berger et al., 2011). Consistent with the 

continuum model, tumourigenesis can be initiated by p53 haploinsufficiency, as seen in 

patients with Li-Fraumeni syndrome and, it appears, with Patient 1 (Table 3.1). The 

continuum model of disease progression may extend beyond tumour suppressor genes, 

since we observed several examples of pathways that were altered by germline variants 

and became further perturbed by somatic mutations (Figure 3.3).  
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3.5.3. Conclusion  

We have shown here that HGSC tumours are heterogeneous, with multiple, 

genetically distinct clones present prior to treatment. Most of the mutations in primary 

tumours persist despite treatment, suggesting that most clones are able to evade current 

chemotherapy treatments. Furthermore, there is little accumulation of new mutations in 

recurrent tumours, even after two rounds of chemotherapy. Encouragingly, we found 

novel mutations in the Golgi and ECM pathways, which may offer new therapeutic 

targets for HGSC. Moreover, the relatively sTable nature of the HGSC genome over time 

provides hope that improved therapeutic targeting of the genetic lesions present in 

primary tumours will ultimately be effective for preventing tumour recurrence.  
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Figure 3.1.  Clinical course for the three HGSC patients from this study. Black 
squares indicate CA-125 levels (kU/l) over time. Arrows indicate collection of ascites 
tumour specimens. Black bars indicate chemotherapy. Stars indicate time of death. 
CATX, carboplatin with paclitaxel; CA, carboplatin; TX, taxol; CAG, carboplatin with 
gemcitabine; ETO, etoposide; GM, gemcitabine; DX, pegylated liposomal doxorubicin. 
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Table  3.1.  Validated non-synonymous somatic mutations ranked by allelic 

frequencies for each of the three HGSC patients. 
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chr17:38497955 BRCA1 NS C>T S744N 52.9 65.1 97.5 96.7 0.08 T rs4986- 
852:T yes 

chr17:35808624 TOP2A NS T>C Y1163C 0.1 50.2 97.1 95.4 0 D novel yes 

chr8:113310264 CSMD3 NS T>G N3621H 49.7 59.2 93.0 94.3 0.56 T rs1592- 
624:G 

yes 

chr22:49070711 PLXNB2 NS C>T V144M 0.3 27.8 92.8 85.2 0.01 D novel yes 
chr15:46367984 SLC12A1 NS G>A R951H 0.1 25.4 56.3 64.1 N/A NS novel yes 
chr2:136589859 CXCR4 US T>A N41Y 0.1 15.2 47.9 56.2 N/A NS novel no 
chr10:92972714 PCGF5 NS C>A H36N 0.1 23.8 40.4 53.2 0 D novel no 
chr19:61061829 NLRP4 NS C>T R420W 0.2 25.9 57.7 47.2 0 D novel yes 
chr8:141637781 EIF2C2 NS G>T P288H 0.1 29.7 37.1 44.7 0 D novel no 
chr15:31659551 RYR3 NS C>T Q451* 0.2 18.4 25.1 35.4 N/A N/A novel yes 
chr19:6616095 TNFSF14 NS G>A R189W 0.1 17.7 30.1 30.5 0 DLC novel yes 
chr14:19834390 TTC5 NS G>A T232M 0.4 12.9 40.5 29.7 0.14 T novel yes 
chr8:69119340 PREX2 NS A>C T302P 0.0 0.0 19.1 28.6 0 DLC novel yes 
chr14:41430594 LRFN5 NS G>T A593S 0.1 15.8 16.5 28.2 0.23 T novel yes 
chr20:4798604 SLC23A2 NS C>T A400T 0.1 22.3 41.6 27.7 0.24 T novel yes 
chr17:5374631 NLRP1 NS C>G E1142D 0.2 15.7 17.6 26.7 0.3 T novel yes 
chr3:123608886 FAM162A NS C>T T111M 0.1 9.1 20.3 26.2 0 D novel yes 
chr3:174157167 SPATA16 NS A>G Y359H 0.1 4.8 28.8 23.1 0 DLC novel yes 
chr9:140135932 CACNA1B NS G>A G2165S 0.1 20.4 28.1 22.6 0.76 T novel yes 
chr14:94023488 SERPINA12 NS C>T V384I 0.0 9.7 12.4 21.8 0.95 T novel yes 
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chr3:140576092 COPB2 NS C>T G227E 0.0 12.3 27.3 17.9 0 D novel yes 
"              

chr8:94815372 RBM12B US G>A P815S 50.0 68.0 97.9 99.9 N/A NS novel yes 
chr17:7518901 TP53 PSS C>T N/A 0.4 99.7 99.1 99.8 N/A N/A novel yes 
chr19:3498535 C19orf28 NS A>C L283R 47.4 99.8 99.8 99.8 0 DLC novel no 
chrX:125513552 DCAF12L1 NS C>G V241L 0.2 99.1 91.7 98.9 0.15 T novel yes 
chr21:46811715 DIP2A US G>T V1447L 0.7 66.4 66.4 78.1 N/A NS novel yes 
chr10:12079184
0 

EIF3A NS C>T R1061H 0.4 39.5 62.6 62.2 0.02 DLC novel no 
chr19:47483139 CIC NS G>C G120A 0.5 51.3 59.5 55.4 0.65 T novel yes 
chr11:14810942 PDE3B NS T>A Y731* 0.6 52.4 45.0 53.8 N/A N/A novel no 
chr2:235069395 ARL4C NS C>G R192P 0.2 38.2 36.0 53.3 0 DLC novel yes 
chr9:130385899 SPTAN1 NS C>T R675C 0.2 41.7 56.7 51.6 0.01 DLC novel yes 
chr4:187779522 FAT1 US G>A Q1741* 0.3 29.8 47.0 51.1 N/A NS novel yes 
chr9:130061400 GOLGA2 NS T>C Q616R 0.5 46.7 42.6 50.5 0.4 T novel yes 
chr5:71775527 ZNF366 NS G>T L683I 0.9 45.1 54.2 49.3 0.32 T novel no 
chr9:91198306 SEMA4D NS C>T V167I 0.3 64.6 57.6 47.7 0.23 T novel yes 
chr11:51268538 OR4A5 NS A>G V145A 0.1 30.7 41.1 40.2 0.33 T novel yes 
chr17:33738996 GPR179 US G>C R1328G 0.5 21.4 48.1 37.5 N/A NS novel yes 
chr7:147545382 CNTNAP2 NS G>A R1027K 0.1 15.9 34.5 37.3 1 T novel yes 
chrX:22005541 PHEX NS C>G P155A 0.0 0.0 0.1 35.5 0 D novel yes 
chr1:31923029 COL16A1 NS G>A R677C 0.3 47.9 35.3 34.2 0.01 D novel yes 
chr10:10481846
6 

CNNM2 NS C>A P723T 0.4 27.2 31.5 34.1 0.52 T novel yes 
chr2:21085858 APOB NS C>A A2463S 0.6 56.9 31.1 27.6 0.09 T novel yes 
chr16:20556245 ACSM1 NS C>T M1I 0.1 0.1 0.1 21.5 0.02 DLC novel no 
chr1:32034882 SPOCD1 NS G>A Q216* 0.1 0.1 0.0 19.7 N/A N/A novel yes 
chr22:28075220 AP1B1 NS T>C D475G 0.0 0.0 0.0 19.3 0.02 D novel yes 
chr1:148124765 HIST2H2BE NS T>C K17R 0.3 22.3 21.3 18.3 0.05 DLC novel yes 
chr20:32934365 ACSS2 NS A>T M96L 0.4 16.6 24.6 11.0 0 D novel no 
chr3:13345395 NUP210 NS G>C Q1388E 0.1 39.8 39.2 9.3 N/A NS novel yes 
chr10:95921058 PLCE1 NS C>T Q542* 0.0 0.0 0.1 8.4 N/A N/A novel yes 
chr16:28816828 ATP2A1 NS C>A R476S 0.1 4.5 19.9 1.4 0.4 T novel yes 
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chr8:88954771 DCAF4L2 NS A>G I182T 0.3 24.1 0.1 0.0 0.01 DLC novel yes 
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Table 3.1. (Continued) 
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chr6:146761919 GRM1 NS G>T R684L 0.1 83.9 65.3 96.7 0 D novel yes 
chr18:75996662 ADNP2 NS G>C R792T 0.0 86.2 43.6 96.1 0.48 T novel yes 
chr14:73894317 C14orf115 NS T>A C360S 0.0 93.9 65.6 94.2 0.95 T novel no 
chr17:7519015 TP53 PSS C>T N/A 0.0 92.5 74.6 93.5 N/A N/A novel yes 
chrX:47200359 ZNF41 NS C>T G67E 0.1 56.4 54.1 69.6 0 D novel yes 
chrX:135254619 GPR112 NS A>G E300G 0.1 46.9 54.6 67.0 0 DLC novel yes 
chr16:11839419 RSL1D1 US C>G S400T 0.0 58.0 46.5 64.8 N/A NS novel no 
chr4:120170760 SYNPO2 NS A>C N461T 0.0 45.7 52.8 62.9 0.31 T novel yes 
chr16:82722355 HSDL1 NS G>C L25V 0.0 3.5 55.0 60.2 0 D novel no 
chr17:16553073 CCDC144A NS G>C R326T 0.0 0.0 35.2 60.0 0 DLC novel no 
chr11:88794758 NOX4 NS A>T F197I 0.0 20.5 45.0 56.5 0 D novel yes 
chr3:130452227 COPG NS A>G N17S 0.0 50.1 38.3 55.0 0.32 T novel yes 
chr12:48141063 SPATS2 NS A>G M1V 0.0 51.3 51.2 52.9 0.29 T novel no 
chr9:108728098 ZNF462 NS G>A R695K 0.0 44.1 37.6 52.2 0 DLC novel yes 
chr12:10380431
0 

SLC41A2 NS C>G K223N 0.1 22.8 23.1 45.8 0.06 T novel yes 
chr9:73549906 TMEM2 NS G>T S294R 0.0 31.3 24.1 40.1 0 D novel yes 
chr19:45234235 ZNF780B US T>C Y168C 0.0 2.1 26.1 40.0 N/A NS novel yes 
chr11:55127965 OR4C11 NS G>T S154Y 0.0 0.5 26.2 35.5 0 D novel yes 
chr10:12562980
3 

CPXM2 NS T>C N106S 0.1 47.1 28.8 33.2 0.14 T novel yes 
chr2:197302318 CCDC150 NS G>C A392P 0.0 27.2 31.3 32.9 0.16 T novel no 
chr12:69256442 PTPRB US G>C S725R 0.1 2.0 26.2 31.9 N/A NS novel no 
chr10:10267381
8 

FAM178A NS G>T R357I 0.0 23.6 32.9 30.0 0.01 DLC novel no 
chr1:152190704 CRTC2 NS C>A A34S 0.0 34.3 23.9 29.7 0 DLC novel yes 
chr1:165933526 RCSD1 NS G>C E347D 0.0 24.8 19.0 23.4 0 DLC novel yes 
chr12:64990591 HELB NS C>G P539R 0.0 0.1 25.9 22.0 0 D novel no 
chr3:9966618 PRRT3 NS A>T F61Y 0.1 39.9 19.0 20.9 0 DLC novel no 
chr6:57120371 ZNF451 NS C>G S510* 0.0 0.6 19.6 20.8 N/A N/A novel yes 
chr1:6627704 DNAJC11 NS C>G V322L 0.0 2.6 24.0 20.1 1 T novel yes 
chr1:184381645 HMCN1 NS C>G Q4859E 0.0 19.8 18.1 16.8 0 DLC novel yes 
chr15:19884381 OR4N4 NS G>A R182Q 0.1 1.8 12.9 16.0 0.28 T novel yes 
chr12:877064 WNK1 NS C>G S1889C 0.0 9.4 0.0 0.0 0 DLC novel yes 
chr5:124010504 ZNF608 NS A>T S1158T 0.1 18.1 0.1 0.0 0.16 T novel yes 
chr12:13099988 KIAA1467 NS C>G Q92E 0.0 27.2 0.0 0.0 1 T novel yes 
chr11:63419288 MARK2 NS G>A E13K 0.0 28.9 0.0 0.0 0.08 T novel yes 
chr14:72072653 RGS6 NS A>C I429L 0.0 44.4 0.0 0.0 0 D novel no 
chr17:57022774 NACA2 NS C>G V184L 0.1 26.6 0.1 0.0 0 D novel yes 

5
"*
3%
+
*&
6
"

chr12:38234148 ABCD2 NS C>G E686Q 0.0 16.9 0.0 0.0 0.44 T novel yes 

* Stop codon 
† NS - nonsynonymous substitution, US - unknown substitution, PSS- possible splice site  
‡ D - damaging, DLC - damaging (low confidence), T - tolerated, NS - not scored, N/A - not available 

"
* stop codon"
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Table  3.2.  Validated indels identified in the three HGSC patients. 
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Figure 3.2. (previous page)  Mutant allele frequency trend and inference of tumour 
clonality. Mutant allele frequencies (0–100%) are represented by the 
green–red heat map, according to the indicated scale. Clonality was 
inferred using a hierarchical Ward clustering algorithm based on temporal 
changes in non-synonymous mutant allele frequencies. Gene Ontology 
(GO) annotation of function was performed on the genes specified by 
each cluster using the Cytoscape Genemania plugin. (A) Patient 1; (B) 
Patient 2; (C) Patient 3. 
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Figure 3.3.  Functional interactions network analysis of germline and somatic non-
synonymous coding variants. Direct interactions are illustrated by 
connecting edges and node size is relative to the number of interactions. 
Genes that contained shared, homozygous, germline variants (circular 
nodes) in all three patients and somatic mutations (diamond nodes) were 
analysed by the network analysis tool Cytoscape Genemania plugin. 
Genes predicted by GeneMania are shown as hexagonally shaped 
nodes. Data sources used for the predictions included ‘pathway’ data, 
which describe two genes that share a reaction, or ‘physical’ data, which 
describe protein–protein interactions. Node colours denote genes that 
belong to network modules with annotated GO terms. 
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Chapter 4.    
 
The characterization and handling of errors and 
biases in T cell antigen receptor sequencing  

4.1. Abstract 

Profiling the T cell repertoire at a clonal resolution is made possible by high-

throughput sequencing of the T cell receptor (TCR).  TCR sequencing requires several 

amplification steps that can introduce polymerase-based errors, which can result in 

artifactual TCR sequences.  Amplification errors can occur during different stages of 

library construction and sequencing including reverse transcription, PCR and 

sequencing cluster generation.  These errors can be observed in sequencing datasets in 

the form of base pair substitutions, insertions and deletions, chimeras and sequence 

contamination.  Our aim was to identify and characterize the types and rates of errors 

and biases that are generated by TCR sequencing.  Twelve biospecimens of either 

ascites cells, peripheral blood cells or in vitro expanded T cells were each doped with an 

exogenous TCR control and sequenced.  We employed a sophisticated error filtering 

strategy to identify and characterize each type of amplification error.  Substitution errors 

were found to be the most common type of amplification error, occurring in about 10% of 

our sequencing reads.  Chimeric errors were identified at a rate of 3% and contributed to 

the miscalling of V gene segments.  Sequence contamination was shown to occur at a 

rate of 2% or less by the spreading of high abundant TCR sequences into the sequence 

space of other samples.  Finally, biases were found in the read counts of our control 

sequence that affected the total library size and had a negative correlation with TCR 

diversity.  We propose strategies to lessen each type of error in TCR sequencing to 

reduce the false discovery rate and provide a more accurate identification of T cell 

clones.    
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4.2. Introduction 

The ability of the adaptive immune system to distinguish foreign antigens from 

self antigens is attributed to the vast diversity of the antigen receptor repertoire.  There 

are theoretically 1018 different sequences of T cell antigen receptors (TCR) and each 

species has the potential to recognize a different epitope (Murphy, 2012).  Each unique 

antigen receptor sequence can be used as a biomarker or “tag” to identify distinct T cell 

clonotypes.  The CDR3 region of the TCRβ chain locus (TRB) is commonly targeted for 

sequencing because it is the most hypervariable portion of the TCR.  Only recently has 

the advent of massively parallel sequencing technology allowed us to sequence clonal 

“tags” at the depth required to meaningfully assess the T cell repertoire (Figure 4.1).  

TCR sequencing requires PCR amplification for TRB enrichment, which can introduce 

sequencing errors.  The number of erroneous sequences generated from high-

throughput sequencing of TCRβ CDR3 can be substantial, having been reported at 5-6% 

of the total number of reads (Nguyen et al., 2011).   

Modelling and characterizing errors in TCR sequencing has been a necessary 

step for developing appropriate error correction strategies and methodologies (Bolotin et 

al., 2012a; Nguyen et al., 2011; R. Warren, Nelson, & Holt, 2009).  The majority of 

sequencer-based errors can be eliminated by increasing sequence quality thresholds 

and depth cutoffs.  In contrast, PCR errors occur prior to sequencing and thus have high 

sequence quality scores that elude quality filtering.  Applying a sufficiently high depth 

cutoff to remove PCR errors has the adverse effect of removing a substantial portion of 

the sequencing data (Bolotin et al., 2013).  Improved strategies for error removal have 

been suggested in studies that have characterized PCR errors in amplicon sequencing.  

Amplification and sequencing of 16s ribosomal DNA/RNA (16S rDNA/RNA) has been in 

use since the 1980s to identify different organisms in microbial communities.  During 

these years, numerous PCR-based approaches for organism detection have been 

studied to determine the extent of errors and biases in sequencing data (Aird et al., 

2011; Bokulich et al., 2013; Brodin et al., 2013; Chen, Collins, Wang, & Gaeta, 2010; 

Gonzalez, Zimmermann, & Saiz-Jimenez, 2005; Huse, Welch, Morrison, & Sogin, 2010; 

C. K. Lee et al., 2012; Reeder & Knight, 2010; Schloss, Gevers, & Westcott, 2011; Smith 
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& Modrich, 1997; R. P. Smyth et al., 2010; G. C. Wang & Wang, 1996; Zagordi, Klein, 

Daeumer, & Beerenwinkel, 2010).  Sequence errors can occur as single base 

substitutions, insertions, deletions and chimeric PCR products, all of which can create 

artifactual sequences that can lead to misidentification of non-existent organisms and 

hence, an overestimation of microbial diversity.    

In addition, PCR-based sequencing approaches are susceptible to sample 

contamination because of their ability to amplify even extremely rare templates.  High-

throughput sample processing is more prone to contamination since many samples are 

prepared in close proximity.  Furthermore, sample-specific barcoding and pooling can 

increase the risk of contamination through a process of barcode switching that can occur 

via (i) an exchange of barcoded sequences between templates (eg. primer 

contamination or PCR chimeras), or (ii) barcode sequence duplications from either 

sequencing errors or primer production errors.   

In metagenomic studies, distinguishing between sequencing errors and true 

variants in  microbial genomes can be problematic due to the diversity of closely related 

species and strains of microbes.  This is especially true for viruses, where high mutation 

rates can produce closely related but distinct viral quasispecies (Domingo et al., 2006).  

Two strategies are commonly employed to remove errors and extract microbial reads 

from sequencing datasets: (i) a taxonomy-dependent method where microbial reads are 

matched to a reference database or (ii) a taxonomy-independent method that clusters 

the reads by sequence similarity and reports the clusters as a distinct operational 

taxonomic unit (OTU).  An advantage to using a clustering-based method to identify 

OTUs is that a database of annotated reference sequences is not needed.  A number of 

quality filtering approaches (Quince, Lanzen, Davenport, & Turnbaugh, 2011; Reeder & 

Knight, 2010; Rosen, Callahan, Fisher, & Holmes, 2012) and clustering tools 

(USEARCH (Edgar, 2010), mothur (Schloss et al., 2011), QIIME (Caporaso et al., 2010), 

CD-HIT (W. Li & Godzik, 2006), GramCluster (Russell, Way, Benson, & Sayood, 2010), 

DNAClust (Ghodsi, Liu, & Pop, 2011), TBC (J. H. Lee, Yi, Jeon, Won, & Chun, 2012), 

ESPRIT-tree (Cai & Sun, 2011), CLOTU (S. Kumar et al., 2011), and CROP (Hao, Jiang, 

& Chen, 2011) have been created to assign microbial reads to the appropriate OTUs.  
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The conventional threshold for assigning sequences to the same OTU is 97% similarity 

in rRNA genes, although the results can differ depending on the alignment and 

clustering programs used (Huse et al., 2010). 

Removing substitution errors in TCR sequencing by using a reference sequence 

is not feasible because of the huge diversity in the hypervariable CDR3 portions of the 

antigen receptors. Several reports have proposed removing errors in TCR and BCR 

sequencing datasets by using de novo clustering-based algorithms, which do not require 

a database of reference sequences (Bolotin et al., 2012b; Chen et al., 2010; Robins et 

al., 2009a).  Currently, MiTCR is the only bioinformatic tool available that uses a 

clustering-based approach for removing errors specifically in TCR sequencing data sets 

(Bolotin et al., 2013).  This tool was released while we were developing our own 

clustering-based approach that uses Usearch (Edgar, 2010), so both methods were 

used for different aspects of this study. 

As many as 30% of PCR products can be composed of chimeric PCR products 

(also known as chimeras)  (Cronn, Cedroni, Haselkorn, Grover, & Wendel, 2002; Lahr & 

Katz, 2009; Lenz & Becker, 2008; G. C. Wang & Wang, 1996).  Chimeras can be formed 

by the premature termination of a PCR polymerase during the extension cycle (Figure 

4.1).  This produces an incomplete PCR product that can anneal to a different but 

homologous DNA template and prime the extension of the remaining portion of the 

incomplete PCR product. Although clustering algorithms have been shown to effectively 

remove substitution errors, they are ineffective at removing the large number of errors 

that can be found in a chimera.  Bioinformatic tools have been developed to identify 

chimeras in sequencing data by aligning the reads to a set of known reference 

sequences (eg. Uchime (Edgar, Haas, Clemente, Quince, & Knight, 2011) and Chimera 

Slayer (Haas et al., 2011).  These have largely been used to remove chimeras from 16s 

rRNA targeted sequencing datasets, but to the best of our knowledge, there have been 

no studies that have characterized the presence of chimeras in TCR sequencing 

datasets.   

 It has been well documented that PCR can introduce bias when amplifying 

mixed templates using universal primers (Gonzalez, Portillo, Belda-Ferre, & Mira, 2012; 
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Kanagawa, 2003; Kuczynski et al., 2012; Polz & Cavanaugh, 1998; Suzuki & 

Giovannoni, 1996; von Wintzingerode, Gobel, & Stackebrandt, 1997).  Each template 

must be amplified at the same efficiency (ideally at one hundred percent) to produce 

PCR products at the same relative proportions as their starting amounts.  Factors that 

can bias the PCR amplification rates of mixed templates include guanine-cytosine (GC) 

template content, amplicon lengths, primer design, selection of polymerases, template 

concentration and PCR conditions.  Since PCR amplification of mixed templates using 

universal primers will inevitably create a degree of bias, it is important to have some a 

priori knowledge of the sequence quantities.  The vast diversity of T cell repertoires in 

patient samples prevents the use of an endogenous T cell control, thus exogenous 

controls are preferable.   

In this study, it was our aim to characterize the different types of amplification 

errors in TCR amplicon sequencing.  To this end, we used a known exogenous TCR 

control that was spiked into RNA samples at the same concentration, prior to 

sequencing library construction.  The control sequence allowed us to unequivocally 

identify and characterize the types and rates of errors and biases that are generated by 

TCR sequencing.  Furthermore, we evaluated for the first time the formation of chimeras 

and sample contamination in TCR sequencing.   

4.3. Materials and Methods 

4.3.1. Clinical samples and in vitro T cell line generation  

Clinical data and a description of the samples used for TCR sequencing are 

described in Chapter 3.3.1.  Briefly, biospecimens from three patients with high-grade 

serous ovarian cancer (HGSC) included peripheral blood mononuclear cells (PBMCs) 

and ascites collected at the time of primary surgery and recurrent ascites specimens that 

were collected during palliative paracentesis.  The in vitro T cell line was derived from 

Patient 3 first recurrent ascites as described previously (Wick et al., 2014) (Appendix E).  

Briefly, bulk ascites were thawed and incubated in complete media at a concentration of 

1 x 106 cells/ml in the presence of anti-CD3/anti-CD28 coated beads (Dynabeads 
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Human T-Activator CD3/CD28, Life Technologies) plus low dose IL-2 (300 IU/ml).  

Cultures were expanded using the rapid expansion protocol (Dudley, Wunderlich, 

Shelton, Even, & Rosenberg, 2003) and split every few days with the addition of fresh 

cytokines.  A responsive (hydroxysteroid dehydrogenase like 1) HSDL1L25V-specific T 

cell line was generated by limiting dilution cloning as described previously (Wick et al., 

2014).  Briefly, an IL-2 expanded cell line that exhibited HSDL1L25V reactivity was 

enriched for CD8+ T cells by labelling with PE-conjugated anti-human CD8 antibody (BD 

Bioscinces), and magnetically separated with anti-PE Microbeads (Miltenye Biotec).  

CD8+ T cells were serially diluted down to one cell per well and expanded by adding 

irradiated feeder cells (allogeneic human PBMC), 30 ng/ml anti-human CD3 

(eBioscience), and IL-2 (300 IU/ml).  

4.3.2. TCR library construction and sequencing 

RNA isolation and cDNA synthesis 

T and B cell clones were identified from either bulk ascites cells or PBMCs by 

deep sequencing  of the T cell antigen receptor beta (TCRβ) chain or B cell receptor 

heavy chain (BCRh).  We used a modified version of a 5’RACE approach for TCR 

sequencing as described previously (Freeman et al., 2009).    Total RNA was isolated 

using an AllPrep DNA/RNA isolation kit (Qiagen) and RNA integrity was assessed on a 

RNA Nano 6000 bioanalyzer (Agilent).  A template-switching cDNA synthesis reaction 

was performed on 200ng of RNA for each sample in 20 µl of a Smartscribe reverse 

transcription (RT) kit (Ambion) as per the manufacture’s instructions.  The RT reaction 

contained a 0.5 µM [final] universal template switching primer, 5’-

AAGCAGTGGTAACAACGCAGAGTACGCGGG-3’, along with a 2.5 µM [final] TCRβ c-

region primer, 5’-CACGTGGTCGGGGWAGAAGC-3’.  The RT mix was incubated for 90 

minutes at 42oC, followed by 15 minutes at 72oC to inactivate the reverse transcriptase.  

5’ Rapid amplification of cDNA ends (5’RACE) 

Three rounds of PCR were used to amplify the TCRβ cDNA transcripts, which 

were performed in a 25 µl reaction volume using a Phusion Master Mix (Finnzyme) 
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consisting of: 5 µl of 5X PhusionHF buffer, 0.5 µl of 10 mM dNTPs, 0.75 µl  of 100% 

DMSO, 0.5 µl Phusion DNA polymerase (1.0 U), and RNAse-free water q.s.  The first 

round of PCR was performed with 0.5 µl cDNA and the primers used included two 

universal primers that annealed to the 5’ end of the cDNA: 5’-

CTAATACGACTCACTATAGGGC-3’ at 0.25 µM [final] and 5’-

CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3’ at 0.05 µM 

[final]  in addition to a nested TCRβ c-region primer, 5’-TCTCTGCTTCTGATGGCTCAAAC-

3’ at  0.25 µM [final].  The thermal cycling conditions were 30 seconds of denaturation at 

98°C, followed by 30 cycles of 10 seconds at 98°C, 10 seconds at 55°C, and 20 

seconds at 72°C, and a final extension time of 5 minutes at 72°C.  The first round PCR 

products were run on an 1.2% agarose E-gel (Invitrogen), and a 550bp TCR product 

was gel extracted using a QIAquick gel extraction kit (Qiagen).  A second round of 

nested PCR was performed using: 0.5 µl of the gel eluted first round PCR product at 50 

ng/µl, 2X Phusion Master Mix (Finnzyme), a universal primer with a Illumina adapter 

stem, 5’-CGCTCTTCCGATCTCTGGCAGTGGTAACAACGCAGAGTACG-3’ at 0.25 µM 

[final], and a TCR gene specific primer, 5’-TGCTCTTCCGATCTGACAGCGA 

CCTCGGGTGGGAACA-3’ at 0.25 µM [final].  The thermal cycling conditions were 30 

seconds of denaturation at 98°C, followed by 15 cycles of 10 seconds at 98°C, 10 

seconds at 65°C, and 20 seconds at 72°C, and a final extension time of 5 minutes at 

72°C.  The second round PCR products were run on an 1.2% agarose E-gel (Invitrogen), 

and a 550bp product was gel extracted using a QIAquick gel extraction kit (Qiagen) for 

the TCR amplicon products.  The third round of PCR was performed to add indexed 

primers with Illumina adapter sequences that would allow pooling and sequencing of the 

amplicons.  This reaction used 0.5 µl of the gel eluted second round PCR product at 50 

ng/µl and the forward primer, 5’-AATGATACGGCGACCACCGAGATCTACACTCT 

TTCCCTACACGACGCTCTTCCGATCTCTG-3’ at 0.25 µM [final] and sample-specific 

indexed reverse primer 5’-CAAGCAGAAGACGGCATACGAGATNNNNNNGTGA 

CTGGAGTTCAGACGTGTGCTCTTCCGATCTGAC-3’ at 0.25 µM [final].  The thermal 

cycling conditions were 30 seconds of denaturation at 98°C, followed by 10 cycles of 10 

seconds at 98°C, 10 seconds at 68°C, and 20 seconds at 72°C, and a final extension 

time of 5 minutes at 72°C.   
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Illumina MiSeq Sequencing 

5’RACE products were run on a 8% polyacrylamide gel and a 650bp band was 

excised.  The DNA was extracted by shearing the excised gel, incubating in Tris-EDTA 

buffer overnight at 4oC, and then ethanol precipitated.  The amplicons were then 

quantified using a Nanodrop spectrophotomer (Thermo Fisher) and pooled in equal 

proportions.  The pooled samples were paired-end sequenced on an Illumina MiSeq 

sequencer at the BCCA’s Genome Sciences Centre. 

4.3.3. Construction of the In vitro RNA exogenous control 

The antigen receptor from a Jurkat cell line was used as template to construct 

the TCRβ control sequence.  Jurkat total RNA was extracted using the AllPrep 

DNA/RNA isolation kit (Qiagen), and the TCRβ sequence was cloned into the pCR4 

TOPO vector (Invitrogen).  Control plasmids were transformed into DH10B E. coli cells 

and cultured, and then plasmid DNA was isolated using a QIAquick Miniprep kit 

(Qiagen).  The plasmid DNA was used as template for in vitro RNA transcription with a 

MAXIscript T7 In Vitro Transcription Kit (Ambion) and Dnase treated using Turbo Dnase 

(Ambion) according to the manufacture’s instructions.  The IVT-RNA was size selected 

on an 1.2% agarose E-gel (Invitrogen), gel extracted using a QIAquick gel extraction kit 

(Qiagen) and quantified by a CDR3 qPCR assay described below. 

4.3.4. CDR3 qPCR assay 

The absolute abundance of the TCR control was measured using a CDR3 qPCR 

assay with a standard dilution of the control plasmid DNA.  The control plasmids were 

isolated using a QIAquick miniprep kit (Qiagen) and quantified using a PicoGreen assay 

(Invitrogen) on a Wallac 1420 Victor2 spectrophotometer (PerkinElmer).  The number of 

plasmids was calculated according to the concentration and nucleotide length of each 

plasmid. The control IVT-RNA was reverse transcribed into cDNA using the High 

Capacity RT kit (Applied Biosystems) and serially diluted for the CDR3 qPCR assay. 

Each cDNA dilution was assayed in triplicate in 20 µL reactions containing a 1X final 

concentration of SYBR Green PCR Master Mix (Applied Biosystems), 18 µM TRVB12-3 
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specific forward primer, 5’-CCAATTTCAGGCCACAACTCC-3’ and CDR3 clone-specific 

reverse primer, 5’-AACAGGTCGAGAAACTGCTG-3’.   

4.3.5. Bioinformatic analysis 

TCR sequence extraction and error handling 

Patient sample sequences were binned according to their assigned indexed 

primer sequence by the Bioinformatics group at the BCCA’s Genome Science Centre.  

 IMGT/Usearch Clustering: Fastq files were quality filtered at Q20 and trimmed 

from the error prone, 3’end of the using the program Sickle (Joshi NA, 2011).  The fastq 

files were then converted into fasta files and before being submitted to the 

IMGT/HighVquest (Alamyar, Giudicelli, Li, Duroux, & Lefranc, 2012) for annotation.  The 

nucleotide sequences of the CDR3 junction from productive receptor sequences were 

extracted and prepared for clustering.  CDR3 sequences were sorted according to CDR3 

length and duplicate sequences were removed while the number of replicates was tallied 

for each unique CDR3 sequence.  The fasta file with prepared CDR3 sequences were 

clustered using the program, Usearch (Edgar, 2010), at a percent identity of 95% and 

then again at 75%.   

MiTCR Clustering: Fastq files of reverse reads that span the CDR3 region were 

used with the MiTCR program (Bolotin et al., 2013).  MiTCR extracted the CDR3 portion 

of the read, filtered the sequence quality of the CDR3 region at Q25 and clustered the 

CDR3 sequences using the default settings.   

Consensus sequences that were generated during clustering by either MiTCR or 

Usearch were required to have a cluster depth of 3 or more reads as this is the minimum 

number needed for consensus.  We identified and removed 2 base errors and indel 

errors using Seqmap (Jiang & Wong, 2008). Unique sequences that were shared 

between patients were assessed for possible sample contamination by relative 

abundance.  Interpatient contamination was defined as any given sequence that was 

shared in two or more patients, where the shared sequence was 50 times more frequent 

in only one of the patients. The 50:1 contamination threshold was determined by a 
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Bayesian inference that used sequencing results from the no template control and the 

frequency of sequence sharing across all three patients, which is expected to be a rare 

event.  

Identification of chimeric sequences 

 Paired-end TCR sequencing reads from an in vitro expanded T cell line 

(described above) were joined using Cope (Liu et al., 2012).  A list of all functional TRBV 

reference sequences was downloaded from the IMGT website (Giudicelli et al., 2006) 

and used to create a database file of parent sequences.  Computer analysis of the 

contiguous TCR reads was queried against the parent TRBV sequences using Uchime 

(Edgar et al., 2011) at a score cutoff of 0.10.  Uchime identifies chimeras by performing 

a 3-way alignment of a query sequence with two parent sequences such that one parent 

is more similar to one segment of the query and the other parent is similar over another 

segment.   

4.4. Results 

4.4.1. Validation of TCR sequencing using CDR3 qPCR  

Distinct T cell clones were identified from tissue samples by high-throughput, 

Illumina sequencing of the CDR3 region of the T cell antigen receptor (TCR).  TCR 

sequencing involves amplification reverse transcription and multiple rounds of PCR to 

enrich for TCR template prior to sequencing.  Further amplification occurs during 

sequencing preparation when template DNA is immobilized and amplified during cluster 

generation.  Polymerase-based errors in sequencing data can take the form of base 

substitutions, insertions and deletions (indels), and chimeras.  Also, sequence 

contamination can be a common problem because of the logarithmic amplification of 

template by PCR.  We developed a SYBR green-based quantitative PCR (qPCR) assay 

that is T cell clonotype-specific and can be used for TCR validation.  The qPCR assay 

gains its high specificity from (i) a forward primer that is specific for a given TCRβ chain 

gene (TRBV) (ii) a reverse primer that spans the hypervariable CDR3 region (Figure 
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4.2A).  To test our assay, we designed  Jurkat-specific TRVB primers to detect a cloned 

Jurkat TRBV sequence that was ten-fold serially diluted ten times (Figure 4.2B).  The 

assay showed template specificity and a PCR amplification efficiency of nearly 100 

percent.  The assay was repeated with the addition of PBMC cDNA from a pooled 

sample of subjects to test for specificity in a high  background of  T cell cDNA. (Figure 

4.2C).  The specificity of the qPCR assay was maintained even in the presence of a 

diverse repertoire of TCR sequences.      

4.4.2. Base substitution errors in the exogenous controls 

Base substitutions and indels can be introduced during TCR sequencing library 

construction by either DNA polymerases or reverse transcription polymerases.  

Exogeneous controls of in vitro transcribed RNA (IVT-RNA) from known TCR sequences 

were spiked into the total RNA of each sample prior to constructing the sequencing 

libraries.  The control sequences can be distinguished from T cell clones according to 

their unique CDR3 sequence.  We examined the performance of CDR3 sequence 

clustering in removing substitution and indel errors from CDR3 sequences, using either 

MiTCR (Bolotin et al., 2013) or Usearch (Edgar, 2010).  A polyclonal T cell line with over 

200 hundred unique TCR sequences was sequenced and used as our test dataset.   

Usearch is a sequence clustering tool that is commonly used with 16s rRNA 

amplicon sequencing and therefore, is not designed to extract CDR3 sequences prior to 

clustering.  Instead, IMGT/HighVquest (Giudicelli et al., 2006) was used to annotate the 

TCR reads, and the CDR3 sequences were then clustered by Usearch.  This yielded 

327 consensus sequences from 146,970 TCR reads.  The control TCR sequence cluster 

contained 191 unique sequences from 69,301 reads (Figure 4.3A).  There were 62,647 

exact matches to the control sequence and the following mismatches: 6684 reads with 1 

mismatch, 225 reads with 2 mismatches, 7 reads with 3 mismatches, 1 read with 4 

mismatches and none with 5 mismatches. The most abundant variant in the control 

cluster had a frequency of about 4%, which we attribute to polymerase “hot spot” 

mutations that were generated during sequencing library construction (Figure 4.3A).  We 

measured the variant frequency in clustered TCRs from T cell clones as a comparison to 
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our control and found similar rates (Figure 34.B).  This suggests that the variants in our 

control did not arise during the in vitro transcription of RNA but instead occurred during 

reverse transcription and PCR.  During our development of the IMGT/Usearch clustering 

approach, another sequence clustering tool became available, called MiTCR, which was 

developed specifically for TCR sequences (Bolotin et al., 2013).  MiTCR is a 

multifunctional program that performs CDR3 sequence extraction, quality filtering and 

clustering to produce a final set of consensus TCR sequences.  Each unique consensus 

CDR3 sequence can be considered a distinct T cell clone.  TCR sequencing from the T 

cell line yielded 272 unique CDR3 sequences from a total of 211,309 TCR reads, of 

which 79,598 were attributed to the TCR control.  The MiTCR method resulted in more 

TCR reads and fewer unique consensus sequences than the Usearch method method.  

Better concordance between the two methods was achieved when Usearch clustering 

was repeated a second time.  A comparison of the two clustering methods is shown in 

Chapter 5 where the Usearch method was used to analyze B cell antigen receptor 

(BCR) sequencing data.     

4.4.3. Chimeric PCR errors in TCR sequencing 

Chimeric PCR products can affect diversity in two ways. First, break points that 

occur in the CDR3 region can create artifactual CDR3s.  Second, break points that occur 

outside of the CDR3 region can cause mismatched V and J genes to be associated with 

the wrong CDR3 sequence (Figure 4.4).  Identifying chimeras in TCR amplicons is 

difficult because of the gene structure of a normal TCR.  TCR gene segments undergo 

somatic recombination of the highly polymorphic V(D)J genes to create an almost 

limitless combination of sequences.  Thus, reference sequences cannot be used for 

alignment to full length TCR sequences.  However, individual V, D and J gene segments 

can be computationally extracted and aligned individually to a reference V, D or J gene 

segment.  To find chimeras within a TRVB sequencing read, the full complement of 

functional TRVB genes was used as parental sequences.  Paired-end sequencing reads 

from the T cell line were joined into a contig for 39,595 TCR sequences and then 

annotated by IMGT/HighVquest (Figure 4.5).  These TCR sequences were then 

separated into 2 groups according to the presence or absence of chimeras in their TRVB 
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gene segment, which was determined by the program, Uchime (Edgar et al., 2011).  

There were 1,032 (2.6%) TRVB sequences in the chimeric group and 38,563 (97.4%) 

TRVB sequences in the non-chimeric group.  Since chimeras are produced by the fusion 

of 2 different TRVB gene segments, then the chimeric group was expected to contain 

more CDR3 sequence that had more than one TRVB gene segment.  The number of 

unique CDR3 sequences that were annotated with more than one TRVB gene segments 

was compared between the chimeric and non-chimeric groups  The group of non-

chimeric sequences contained 2604 unique CDR3 sequences and 161 (6.2%) of those 

CDR3 sequences contained more than one TRVB gene segment.  The chimeric group of 

sequences comprised 181 unique CDR3 sequences with 82 (45.3%) CDR3 sequences 

that contained more than one TRVB gene segments.  Next, we plotted the location of the 

chimeric breakpoints along the TCR amplicon to determine if the breakpoint position 

affected the annotation of the TRVB gene segment (Figure 4.6).  The 82 CDR3 

sequences that had multiple TRVB gene segments contained breakpoints closer to the 

CDR3 region, and thus each sequence contained a high proportion of an incorrect TRVB 

gene segment.   

4.4.4. Sequence contamination in pooled samples 

The high sensitivity of PCR makes it prone to sample contamination.  

Additionally, sample contamination will occur more readily when many samples are 

processed at once or pooled.  The theoretical diversity of TCR sequences is 1018, 

therefore sequence sharing between two individuals is expected to be a rare event.  

Twelve samples of either blood, ascites or in vitro expanded T cells from three patients 

and one ‘no template control’ were constructed, pooled and sequenced in parallel.  A 

thirteenth library was constructed but was unproductive and not included in our analysis.  

The thirteen libraries are discussed in more detail in Chapter 5 (Chapter 5, Table 5.1).  

One case of physical sample mixing was evident by the large amount of sequence 

sharing between three sample datasets and the ‘no template control’ dataset.  

Consequently, sequences from the one ‘contaminating’ sample were discarded from the 

two ‘contaminated’ samples.  We also observed a much more subtle and widespread 

form of contamination that affected all the samples.  Sequences with high read counts 
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appeared frequently in other patient samples (Figure 4.7).  For example, four of the top 

20 TCR sequences from the expanded T cell line were found at low depth in the 

datasets from other patient samples.   In comparison, none of the 20 least abundant 

TCR sequences were found in the TCR datasets from other patients.  We found that 

interpatient TCR sequence sharing tended to occur between abundant sequences that 

“spilled over” into other patient samples at a frequency of less than 2%.  This rate of 

sequence contamination is considered to be inherent to our sequencing method and it 

was used as the cutoff value for our final step of sequence filtering. 

4.4.5. Control sequence bias between samples 

As discussed above, twelve samples of either blood, ascites or in vitro expanded 

T cells from three patients were processed and sequenced identically.  The amount of 

RNA was the same for each sample, as was the amount of exogenous control RNA 

added to each sample.  However, the sequencing datasets differed in the total number 

of TCR reads and control reads.  The total and control read counts were markedly 

different between different sample sources (Figure 4.8).  The ascites samples had the 

highest total read counts and the highest proportion of control reads versus T cell reads.  

The T cell line had the next highest total read count with fewer control reads and more T 

cell reads.  The PBMC samples had the lowest total read counts with the lowest 

proportion of control reads versus T cell reads.  This trend negatively correlated with the 

TCR diversity, which was lowest in the ascites sample, followed by the T cell line and 

then the PBMCs with the highest diversity. 

4.5. Discussion 

4.5.1. Substitution errors in TCR sequencing 

Adaptive immune cells are capable of recognizing a vast number of foreign 

antigens because of the vast diversity of their antigen receptors.  T cell clonal diversity 

can be measured using the hypervariable region (CDR3) of the antigen receptor as a 

clonal biomarker or “tag”.  It is only recently that massively parallel sequencing 
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technology has permitted the deep profiling of the T cell repertoire.  Advances in 

sequencing technology, library construction and computational analysis continue to 

emerge and provide a clearer depiction of the immune repertoire.  We have 

characterized the errors and biases associated with TCR sequencing to aid in the further 

development of this relatively new technique.      

Error filtering is necessary in TCR sequencing to reduce an overestimation of 

the repertoire diversity.  The MiSeq Illumina platform was chosen for TCR sequencing 

because it has read lengths that can span the entire CDR3 region and it has a relatively 

low error rate in homopolymeric sequences compared to other platforms (Luo, 

Tsementzi, Kyrpides, Read, & Konstantinidis, 2012).  Errors that arise during sequencing 

can effectively be reduced by increasing the sequence quality scores.  In a report on 

TCR sequencing, increasing the phred qualtity scores (q) from 0 – 30, reduced the 

number of errors by 47-80% (Nguyen et al., 2011).  However, increasing the quality 

score threshold can substantially increase the number of discarded reads and it would 

still not remove errors that were incorporated prior to sequencing. Clustering based 

approaches that rely on sequence similarity for error filtering can remove errors that 

appear prior to sequencing, while retaining most of the reads (Bolotin et al., 2013).   

Sequence clustering was used to characterize single nucleotide errors in our 

control sequences.  The control sequence clusters contained nearly 10% erroneous 

reads, which is higher than the 5-6% errors that were previously identified in unfiltered 

TCR datasets (Nguyen et al., 2011).  More than 99% of the single nucleotide errors were 

substitution errors, while the remainder were indels, similar to previous reports (Nguyen 

et al., 2011). We identified sequences that had 1-5 base mismatches in our control reads 

and found that using MiTCR at the default settings was very effective at removing 1 base 

mismatches but additional 2 base mismatched reads were discovered and removed.  

We would recommend using the advanced settings for MiTCR that allow for 2 base 

filtering.  There was an uneven distribution of errors with areas of “hotspot” mutations 

that occurred at a frequency of 1 out of 1287 nucleotides.  Nguyen and colleagues had 

observed an uneven distribution of errors that occurred as high as 1 out of 2500 

nucleotides, which they attributed to solid phase amplification and sequencing (Nguyen 
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et al., 2011).  We suspect that these “hotspots” could also result from either the PCR or 

reverse transcriptase polymerases.  Reverse transcriptases are derived from 

retroviruses, which have “hotspot” mutations in their genomes.  For example, HIV has 

mutational hotspots as high as 1 out of 70 nucleotides, which has been attributed to its 

error-prone reverse transcriptase (Roberts, Bebenek, & Kunkel, 1988).   

4.5.2. Chimeras in TCR sequencing 

Identifying chimeras in TCR sequencing datasets is challenging because of the 

somatic recombination of gene segments in the TCR loci.  To our knowledge, this report 

is the first  known characterization of chimeras in TCR sequencing datasets.  We used 

computational analysis and qPCR assays to confirm the presence of chimeras in our 

data.  Chimeras have been well documented in the sequencing datasets of microbial 

communities (Cronn et al., 2002; Lahr & Katz, 2009; Lenz & Becker, 2008; G. C. Wang 

& Wang, 1996).  There, the rate of chimera formation is influenced by PCR conditions 

and by the abundance and diversity of the 16s rRNA amplicons.  Chimera rates have 

been reported to be as high as 70% in less abundant species (Haas et al., 2011).  This 

trend was also observed in our data, where the relative abundance of chimeras was 

higher for less abundant TCR sequences (data not shown).  This can be attributed to the 

stoichiometry of incomplete PCR products annealing to the incorrect template.  Chimeric 

breakpoints in the TRVB gene segment can lead to the misidentification of TRVB gene 

segments and an overestimation of TCR repertoire size.  Identifying chimera breakpoints 

in the TRVB gene segment of an amplicon is possible because the reference sequences 

for these segments are known.  Discovering chimeras with breakpoints that occur in the 

hypervariable CDR3 region may be impossible for a diverse TCR repertoire, since a full-

length TCR reference sequence would be unknowable.   

4.5.3. Contamination in TCR sequencing 

Sequence contamination can occur from the physical mixing of samples but it 

can also come about in pooled indexed samples by the conversion of one barcoded 

sequence into another barcoded sequence, thus assigning the read to a different 
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sample.  This can happen due to base substitution errors or sequencing errors, albeit at 

a low rate since indexed primers are designed with optimized hamming distances (ie. 

multiple errors are required before two primers become identical).  It can also occur 

through the formation of chimeras in pooled samples, where indexed barcodes are 

transferred between similar amplicon sequences.  We found that contamination of 

sequences between samples occurred more frequently with sequences that had high 

read counts.  Contamination in TCR sequencing is evident when two unrelated samples 

share many of the same sequences.  In these cases, the contaminating sample 

sequence can be distinguished from the contaminated sample sequence by the 

proportion of shared sequence reads.  This allows the removal of contaminating 

sequence from the contaminated dataset.  The inherent technical contamination we 

observed among our indexed and pooled samples was more subtle, but it had the 

tendency to originate from high depth sequences.  This highlights the care needed when 

processing samples in parallel, and we recommend that no further rounds of PCR be 

performed after pooling indexed samples to reduce the spreading of barcodes via 

chimeras. 

4.5.4. Bias in TCR sequencing 

In our study we used an in vitro transcribed (IVT) RNA receptor sequence as an 

exogenous control that was spiked into our RNA samples.  We chose IVT-RNA controls 

over whole T cells since cells vary in transcript expression and immortalized cells can 

express aberrant transcripts.  Our data showed a bias in the abundance of the IVT-RNA 

control reads between the samples.  In our data, the abundance of the control reads was 

observed to be inversely correlated with the number of endogenous TCR reads.  A 

landmark study by Suzuki and Giovannoni had shown that the amplification of 16s rRNA 

genes can be dependent on the number of template DNA in the PCR mixture (Suzuki & 

Giovannoni, 1996).  They reported a strong bias towards 1:1 ratios among the final 

products of amplicons, regardless of the initial proportions of the DNA template.  This 

effect was strongly dependent on the primer pair being tested and on the number of 

amplification cycles.  An explanation given by Suzuki and Giovannoni for the 

discrepancies in the end-product ratios is that reannealing of gene products 
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progressively inhibits the formation of template-primer hybrids.  Presumably, the 

concentration of a given DNA template within a mixture must be sufficient to contribute 

to the bias.  Hence, the tendency towards a 1:1 amplification bias is negligible in the 

ascites samples, which had low T cell content.   

Further bias was apparent in the sequencing library from a negative control that 

contained only control IVT-RNA (data not shown).  Data from that sample had a very low 

number of TCR control sequences, which we attributed to the low overall RNA content.  

Sample RNA may offer protection to the control RNA from RNAses that are present in 

the reagents and it may also reduce the amount of RNA adherence to the reaction tube.  

The effects from RNases and tube adherence could be lessened by using carrier RNA 

along with the control RNA.  This would be preferable than using larger quantities of 

control RNA as that would overwhelm the endogenous receptor sequences in the 

sample.   

4.5.5. Standardization and validation of TCR sequencing 

Exogenous controls are especially useful in studies where no internal control 

can be used, which is often the case for TCR sequencing of patient samples.  

Exogenous controls can be used to evaluate sequencing efficiencies, biases and errors.  

This information can be used to better inform error filtering steps and can be used to 

normalize sequencing libraries.  Validation of TCR sequencing data is rarely reported 

and when it is, it usually involves the repetition of the same sequencing method.  We 

show that TCR sequences can be validated using a CDR3 qPCR assay, which is a low 

cost, robust, quantitative, high fidelity and medium throughput method.  The CDR3 

qPCR assay can be applied to both mRNA or gDNA to detect rare TCR sequences in a 

sample.  Validation by gDNA is generally preferred since it would reflect the cellular 

abundance of a T cell clone versus its TCR expression and does not require an added 

reverse transcription step.  Another benefit of the CDR3 qPCR assay is its ability to 

detect T cells that are functionally inactive.  This is in contrast to ELISPOT assays or 

MHC tetramer flow cytometry, which require both TCR expression and knowledge of the 

TCR epitope.  The use of control sequences and a qPCR validation assay will allow for 
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better comparisons to be made between studies, regardless of the sequencing method 

used.   

4.5.6. Conclusion 

Profiling T cell repertoires by TCR deep sequencing is likely to become more 

common  in immunological studies.  The tools and methodology for TCR sequencing will 

continue to improve and become more standardized, thus making the technique easier, 

less expensive and more accessible.  Profiles of TCR repertoires will become more 

comprehensive as methods for data collection improve.  Their accuracy is also expected 

to improve as better error filtering tools are developed.  Lastly, we recommend the use of 

control sequences and a qPCR validation step as the new gold standard for TCR 

sequencing studies.   
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Figure 4.1.  T cell clonal diversity  can be determined by sequencing the antigen 
receptor. T cell antigen receptor diversity is due to: 1) Combinatorial 
Diversity, via rearrangements of V(D)J segments 2) Junctional Diversity 
via P/N-nucleotide additions or subtractions between segments and 3) 
Heterodimer Diversity via pairing of α:β chains in T cells. The total 
hypothetical diversity is ~1018 for T cells.  The CDR3 diversity is greater in 
the β chain than in the α chains, thus it is often used as sequence “tags” 
to identify distinct T cell clones.  The diagram depicts the PCR 
amplification of the CDR3 region that is sequenced on a massively 
parallel sequencer and then the CDR3 sequences are computationally 
extracted according to conserved flanking residues.  
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Figure 4.2.  CDR3 qPCR assay maintains specificity even in samples that contain a 
high background of diverse TCR sequences. A quantitative real-time 
PCR (qPCR) assay was designed to be specific for Jurkat TCRβ DNA. 
(A) The clonotype-specific qPCR assay uses a TRBV allele specific 
forward primer and a reverse primer that spans the hypervariable CDR3 
region. (B) Plasmid DNA that contained a cloned Jurkat TRVB gene was 
made into 10-fold serial dilutions that were used as a positive control for 
the Jurkat qPCR assay.  The reactions were done in duplicate and the 
threshold cycle (Ct) values ranged from 6.9 to 39.7.  (C) The specificity of 
the assay was tested against a background of 500 pg of poly(A) purified 
PBMC cDNA.  The number of plasmid molecules was calculated 
according to the DNA concentration and nucleotide length of the plasmid.   
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Figure 4.3.  (previous page) Clustering of base substitution errors in receptor 
sequencing. A T  cell line was prepared by in vitro expansion of ascites 
from Patient 3.  An IVT-RNA control of Jurkat TCRβ was spiked into the T 
cell line RNA and TCR sequencing was performed on a MiSeq 
sequencer.  The CDR3 sequences were extracted from the sequencing 
reads using IMGT/HighV-quest and centroid-based clustering of the 
CDR3 sequence was performed using Usearch to identify substitution 
errors (highlighted in yellow).  Clusters were generated from sequences 
that had percent identities similar to either the control sequence (A) or the 
top two TCR sequences from the T cell line, labelled as clone 1 and 2 (B). 
A cluster of highly similar sequences (1 or 2 mismatches) is compressed 
into a consensus sequence that matches the “core clonotype” sequence. 
Multiple sequence alignments of cluster variants for the control and clone 
consensus TCR sequences are represented graphically as sequence 
logos. A cluster from our control sequence contained over 800 distinct 
mismatches.  The mismatches occur at higher frequencies in “hotspot” 
locations (black arrows).  The rate of mismatches were consistent among 
the control sequence and the TCR sequences from the T cell line.  
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Figure 4.4.  Formation of chimeric  products.  TCR sequence diversity is increased 
by different combinations of VJ gene segments. Chimeric PCR products, 
or chimeras, are formed when an incomplete PCR product is joined to a 
different DNA template. The presence of chimeras makes it difficult to 
discern between real and false V segment replacements that belong to a 
given CDR3 sequence. 
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Figure 4.5.  Filtering chimeras in TCR sequencing.  TCR sequencing was performed 
on a T cell line derived from a patient sample.  The contiguous paired-end 
reads were analysed for chimeras using Uchime, which compared the 
reads to known TRVB reference sequences.  Chimeras in the TRVB gene 
segments will appear as a hybrid of different segments.  TCR reads with 
chimeras were 19X more likely to be annotated with multiple V genes 
than were non-chimeric reads when annotated by IMGT/Vquest (1 in 12.6 
chimeric reads had multiple V genes versus 1 in 239.5 non-chimeric 
reads).  Filtering 3% of the total reads was effective at removing ~1/3 of 
the V gene miscalls. 
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Figure 4.6.  TRVB segment miscalls depend on breakpoint locations. Contiguous 
paired-end TCR reads were obtained from a T cell line derived from a 
patient sample.  The sequences were analysed using Uchime for the 
presence of TRVB chimeras and the location of the breakpoints within the 
sequencing reads.  Breakpoints that are proximal to the CDR3 are more 
likely to be miscalled by IMGT/V-quest.  The miscalls occur because 
TRVB chimeric segments with breakpoints close to the CDR3 contain 
more erroneous TRVB sequence than correct TRVB sequence.   
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Figure 4.7.  Sequence contamination between patient samples.  TCR sequencing 
was performed on a ‘no template control’ plus samples from three 
patients that included peripheral blood, ascites and a patient-derived T 
cell line.  The sequencing libraries were constructed, pooled and 
sequenced in parallel.  Identical CDR3 sequences were observed in the 
datasets from different patients.  Sequences that had a high read count 
were more likely to appear in the sequencing data of other patients.  The 
distribution of sequences from the PBMC samples for Patient 2 (A) and 
Patient 3 (B) that were found in other patient samples are shown ranked 
according to the abundance of their reads.  The number of shared 
sequences for each interval is shown above each bar.   
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Figure 4.8.  Bias in TCR sequencing libraries. TCR sequencing was performed on 
biospecimens of peripheral blood, ascites or a patient-derived T cell line 
from three patients.  In vitro transcribed RNA of the Jurkat TCRβ 
transcript was used as an exogenous control and spiked into each 
sample at equal concentrations prior to sequencing library construction.  
The bars are colour coded according to the number of reads from either 
the control or from endogenous T cells.  The total number of sequencing 
reads and the number of control sequence reads differed between 
libraries.  The diversity of unique TCR sequences for each sample is 
shown as diamonds and inversely correlates with library size.    
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Chapter 5.    
 
The identification of antigen experienced B and T 
cells in ovarian cancer using high-throughput 
antigen receptor sequencing  

5.1. Abstract 

Tumour-responsive B cells and T cells dynamics are shaped according to B- and 

T-cell receptor (BCR and TCR) recognition of tumour antigen. We surveyed B cells and 

T cells using high-throughput antigen receptor sequencing from serial samples of 

ovarian cancer peritoneal effusions to identify persistent clones.  There was more 

intrapatient, TCR sequence sharing between tumour samples than there was between 

tumour and blood samples at 4.5% and 1.2% sequence overlap, respectively. The 

overlap in the TCR repertoire between serial tumour samples decreased as time 

between sampling increased: primary vs. first recurrence (8.2%), first recurrence vs. 

second recurrence (5.3%) and primary vs. second recurrence (0%).  The overall degree 

of BCR sequence sharing was 10.5% and the overlap in the BCR repertoire between 

serial tumour samples also decreased with an increase between sampling time: primary 

vs. first recurrence (16.3%),  first recurrence vs. second recurrence (11.6%), primary vs. 

second recurrence (6.2%).  We also demonstrated that a mutation-specific T cell can be 

enriched by in vitro expansion of T cells and that antigen experienced B cells can be 

detected via somatic hypermutation in their receptor sequences.  In conclusion, we have 

shown that tumour-associated B and T cell repertoires diverge over time and that 

clonally distinct B and T cells can be detected by high-throughput sequencing of 

unfractionated tissue. 
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5.2. Introduction 

Tumour infiltrating lymphocytes (TILs) have been correlated with better patient 

outcome in a variety of cancers.  Among the TIL, cytolytic T cells have received much of 

the attention because of their role in tumour surveillance (Schreiber, Old, & Smyth, 

2011).  Cancer immunotherapies that have been developed to promote antitumour 

immunity include: immune checkpoint blockades using antibodies that block the function 

of CTLA4 and PD-1 (Postow, Harding, & Wolchok, 2012), cytokine activation of T cells 

(Rosenberg et al., 1988), priming of T cells with cancer vaccines (Slingluff et al., 2013), 

and adoptive T cell therapy (Grupp & June, 2011; Palmer et al., 2009; Rosenberg et al., 

2008).  In addition to T cells, favourable patient outcomes have been correlated with 

tumour-infiltrating B cells (Nelson, 2010).  It is suspected that these B cells may enhance 

the response of cytotoxic T cells (Linnebacher & Maletzki, 2012; Nielsen & Nelson, 

2012).  Measurements of TIL at clonal resolution is useful as a prognostic indicator and 

to assess therapeutic efficacy.   

Clonal expansion of T and B cells can occur either in response to a specific 

antigen or in response to non-specific stimulatory agents, such as chemokines, mitogens 

or superantigens (Pappas et al., 2005).  Expansion of T and B cells via non-specific 

agents will produce a diverse population of lymphocytes, while antigen-specific 

activation and proliferation will create a more oligoclonal population.  T and B cell 

oligoclonal populations have been reported in ovarian cancer, although the antigen 

specificity of these cells is largely unknown (Hayashi et al., 1999; Nielsen et al., 2012; 

Pappas et al., 2005).   Lymphocyte antigen receptors are highly diverse due to somatic 

rearrangements that occur during T and B cell development (Murphy, 2012).    Thus, T 

and B cell clonality can be assessed by high-throughput sequencing of antigen 

receptors.  BCR diversity can increase further through the process of somatic 

hypermutation, which occurs after B cells bind their cognate antigen (Odegard & Schatz, 

2006).   

Previous attempts to profile the degree of clonality in tumour-associated 

lymphocytes (TAL) largely consisted of spectratyping the V gene portion of the antigen 

receptor (Halapi, 1998).  Spectratyping on the protein level uses flow cytometry with V 
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gene specific antibodies, while DNA based spectratyping uses V gene specific primers 

and PCR.  Both of these methods measure T cell diversity based solely on V gene 

usage but cannot resolve T cell populations based on the much larger diversity attributed 

to distinct CDR3 regions.  Recent advances in massively parallel sequencing allow T 

and B cell repertoires to be profiled by their distinct BCR and TCR nucleotide sequences 

(DeKosky et al., 2013; J. Freeman, Warren, Webb, Nelson, & Holt, 2009b; Robins et al., 

2009b).   

A diverse T cell repertoire has been reported by high-throughput sequencing of 

ovarian tumour samples (Emerson et al., 2013).  They report that the repertoire of TCR 

sequences is spatially homogenous between tumour samples and that the T cell 

compartment is distinct from that of peripheral blood.  However, their study did not 

measure the TIL repertoire in tumour samples taken at different time points.  Only a 

portion of the T and B cells that infiltrate a tumour or site of infection recognize site 

specific antigens (Andersen et al., 2012; Coronella-Wood & Hersh, 2003; Kvistborg et 

al., 2012; Q. Ye, Song, & Powell Jr, 2013).  Tumour-specific T cells are known to occur 

at a higher frequency in both solid tumours and in tumour-associated ascites compared 

to peripheral blood (Qunrui Ye and Powell Jr. 2014).  We recently explored whether 

tumour antigens that arise from protein-coding mutations could be recognized by 

autologous T cells (Wick et al., 2014) (Appendix E).  Using the same HGSC samples as 

in Chapter 3, autologous T cells from ascites were screened against patient-specific 

mutant peptides.  This lead to the discovery of a tumour-responsive T cell that 

recognized the mutant epitope, HSDL1L25V. The HSLD1 mutation belonged to an 

aggressive tumour clone that expanded quickly after primary treatment and remained 

abundant during relapse.  

Here, we applied the TCR sequencing method that was developed in Chapter 4  

to identify tumour-associated T cells in patients with high-grade serous ovarian 

carcinoma (HGSC).  Furthermore, we adapted the method to include BCR sequencing to 

identify tumour-associated B cells in the same patient samples.  We sought to uncover 

candidate B and T cells that are likely to recognize tumour antigens by finding those 

clones that persisted in the tumours.  Furthermore, we tested in vitro expansion as a 
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method for enriching antigen experienced T cells and examined whether antigen 

experienced B cell clones could be recognized by the frequency of mutations in their 

BCR sequences.   

5.3. Materials and Methods 

5.3.1. Clinical samples and in vitro T cell line generation  

Clinical data and a description of the samples used for TCR sequencing are 

described in Chapter 3.3.1.  Briefly, biospecimens from three patients with high-grade 

serous ovarian cancer (HGSC) included peripheral blood mononuclear cells (PBMCs) 

and ascites collected at the time of primary surgery and recurrent ascites specimens that 

were collected during palliative paracentesis.  The T cell line and the responsive 

HSDL1L25V-specific T cell clone were derived from Patient 3, 1st recurrent ascites cells  

as described in Chapter 4.3.1.   

5.3.2. TCR/BCR library construction and sequencing 

RNA isolation and cDNA synthesis 

To identify T cell and B cell clones associated with HGSC tumour tissue, we 

performed deep sequencing of the T cell antigen receptor beta (TCRβ) chain or the B 

cell antigen receptor heavy (BCRh) on ascites cells from primary, first recurrence and 

second recurrence time points.  RNA isolation and cDNA synthesis of TCRβ transcripts 

were performed as described in Chapter 4.3.2.  First strand synthesis of BCRh transcript 

was the same as with TCRβ except a c-region primer, 5’-

GGTCACCACGCTGCTGAGGGAGTAGA-3’ was used for BCR libraries was used.   

5’ Rapid amplification of cDNA ends (5’RACE) 

Amplification of the TCRβ transcripts was performed as described in Chapter 

4.3.2. as was amplification of the BCRh cDNA transcripts with the following exceptions.  

The first round of PCR was performed with 0.5 µl cDNA and the primers used included 
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two universal primers that annealed to the 5’ end of the cDNA: 5’-

CTAATACGACTCACTATAGGGC-3’ at 0.25 µM [final] and 5’-

CTAATACGACTCACTATAGGGCAAGCAGTGGTAACAACGCAGAGT-3’ at 0.05 µM 

[final]  in addition to a nested BCRh c-region primer, 5’-ACACCGTCACCGGTTCGG-3’ at  

0.25 µM [final].  The first round PCR products were run on an 1.2% agarose E-gel 

(Invitrogen), and a 650 BCR product was gel extracted using a QIAquick gel extraction 

kit (Qiagen).  A second round of nested PCR was performed using: 0.5 µl of the gel 

eluted first round PCR product at 50 ng/µl, 2X Phusion Master Mix (Finnzyme), a 

universal primer with a Illumina adapter stem, 5’-CGCTCTTCCGATCTCTGGCAGTGGT 

AACAACGCAGAGTACG-3’ at 0.25 µM [final], and a BCR gene specific primer, 5’-

TGCTCTTCCGATCTGACAAGACSGATGGGCCCTTGGT-3’ at 0.25 µM [final].   

Illumina MiSeq Sequencing 

Pooled samples of either TCR or BCR amplicons were paired-end sequenced on 

an Illumina MiSeq sequencer as described in section 4.3.2. 

5.3.3. Molecular cloning and Sanger sequencing of the TCRα  and 
TCRβ  chain 

The TCR alpha and beta chain genes were sequenced for the HSDL1-

responsive T cell line and the TCRβ sequence was used to design a clonotype-specific 

CDR3 qPCR assay. TCRα/β sequencing was performed with the same PCR reagents 

and cycling conditions as described for PCR rounds one and two in section 5.3.2 with 

the exception of the primers.  TCRβ sequencing used the first round reverse primer, 5’-

TCTCTGCTTCTGATGGCTCAAAC-3’ and the second round reverse primer, 5’-

TGCTCTTCCGATCTGACAGCGACCTCGGGTGGGAACA-3’.  TCRα sequencing used 

the first round reverse primer, 5’-AGGCAGACAGACTTGTCACTGGATT-3’ and the 

second round reverse primer, 5’-CACTGGATTTAGAGTCTCTCAGCTGGT-3’.  The gel 

extracted PCR products from the second round of PCR were d(A)-tailed with an exo 

minus Klenow fragment polymerase (Thermo Fisher) and cloned into the PCR4 vector 

using a TOPO TA cloning kit (Invitrogen).  The PCR4 vector was transformed into 
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DH10B E. coli cells, which were then plated, the colonies were picked and grown in 2-YT 

media+AMP and the plasmid DNA was isolated by alkaline lysis and Sanger sequenced. 

5.3.4. Construction of the in vitro RNA exogenous controls 

Plasmids that contained the BCRh control sequences were obtained as a gift 

from the Deeley Research Center and then subcloned into a pCR4 TOPO vector 

(Invitrogen).  Control plasmids were transformed into DH10B E. coli cells, cultured and 

then plasmid DNA was isolated using a QIAquick Miniprep kit (Qiagen).  The plasmid 

DNA was used as template for in vitro RNA transcription with a MAXIscript T7 In Vitro 

Transcription Kit (Ambion) and DNase treated using Turbo DNase (Ambion) according to 

the manufacture’s instructions.  The IVT-RNA was size selected on an 1.2% agarose E-

gel (Invitrogen), gel extracted using a QIAquick gel extraction kit (Qiagen) and quantified 

as described below. 

5.3.5. CDR3 qPCR assay 

The relative abundance of the HSDL1L25V–responsive T cell clone was measured 

by quantifying the genomic CDR3 portion of the TCRβ chain gene using quantitative 

PCR (CDR3 qPCR).   Genomic DNA was isolated from ascites cells and the T cell lines 

using the AllPrep DNA/RNA isolation kit (Qiagen).  A TRVB6-6-specific forward primer, 

5’-TCACTGATAAAGGAGAAGTCCCG-3’ and CDR3 clone-specific primer, 5’-

AGTACTGGGTCTCTACGGCC-3’ were used to amplify a 150bp region of the TCRβ of 

the HSDL1L25V–responsive T cell clone.  Each reaction contained 5 ng of DNA and was 

assayed in triplicate in 20 µL reactions containing a 1X final concentration of SYBR 

Green PCR Master Mix (Applied Biosystems), 18 µM each primer and took place in a 

384-well optical PCR plate.  The amount of genomic DNA was normalized using a PGT 

forward primer, 5’-ATCCCCAAAGCACCTGGTTT-3’; PGT reverse primer, 5’-

AGAGGCCAAGATAGTCCTGGTAA-3’; and a PGT FAM probe, 5’-

CCATCCATGTCCTCATC TC-3’. Each reaction contained 5 ng of DNA and was 

assayed in triplicate in 20 µL reactions containing 1X final concentration TaqMan 

Universal Master Mix (Applied Biosystems), 18 µM each primer, and 5 µM probe and 
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took place in a 384-well optical PCR plate. Amplification and detection of DNA was 

performed with the ABI 7900HT Sequence Detection System (Applied Biosystems) using 

the following reaction conditions: 2 min at 50°C, 10 min at 95°C, and 40 cycles of 15 sec 

at 95°C and 1 min at 60°C. Cycle thresholding was calculated using the automated 

settings for SDS 2.2 (Applied Biosystems).  

The absolute abundance of the BCR control #1 and #2 IVT-RNA was measured 

using a CDR3 qPCR assay with a standard dilution of the control plasmids, respective of 

the control.  The control plasmids were isolated using a QIAquick miniprep kit (Qiagen) 

and quantified using a PicoGreen assay (Invitrogen) on a Wallac 1420 Victor2 

spectrophotometer (PerkinElmer).  The number of plasmids was calculated according to 

the concentration and nucleotide length of each plasmid. The control IVT-RNA was 

reverse transcribed into cDNA using the High Capacity RT kit (Applied Biosystems) and 

serially diluted for the CDR3 qPCR assay. Each cDNA dilution was assayed in triplicate 

in 20 µL reactions containing a 1X final concentration of SYBR Green PCR Master Mix 

(Applied Biosystems), 18 µM each primer and took place in a 384-well optical PCR plate.  

For BCR control #1, a IGHV3-23-specific forward primer, 5’-

CTATTAGTGGTAGTGGTGGTGGCA-3’ and CDR3 clone-specific primer, 5’-

GTCGTAATTCGGGCCAGTCA-3’ and BCR control #2, a IGHV3-15-specific forward 

primer, 5’-TGAACAGCCTGGAGAACGAC-3’ and CDR3 clone-specific primer, 5’-

TTCCCTGGCCCCAGAAGT-3’ was used in the CDR3-qPCR assay.   

5.3.6. HSDL1 genotyping assay 

We used a qPCR genotyping assay to assess expression of the HSDL1 mutant 

allele using primers and probes (Biosearch Inc.) corresponding to the following 

sequences:   forward primer, 5’-CAGGGAAATCGCCAGGTCTT-3’; reverse primer, 5’-

GCCGTATACCAGGCTCCAA-3’; wild-type probe 5’-CAL-Fluor-Orange-560 

CUAUAUGGAAGCUGUAGCU-BHQ-1-plus-3’; mutant probe, 5’-FAM 

CUAUAUGGAAGCUCUAGCU-BHQ-1-plus-3’. Each reaction contained 5 ng of DNA 

and was assayed in triplicate in 20 µL reactions containing 1X final concentration 

TaqMan Universal Master Mix (Applied Biosystems), 18 µM each primer, and 5 µM each 



 

166 

 

probe and took place in a 384-well optical PCR plate.  The PCR conditions were the 

same as those described in the CDR3 qPCR assay. 

5.3.7. Bioinformatic analysis 

TCR and BCR sequence extraction and error handling 

TCR and BCR sequence extraction and error filtering was performed as 

described in Chapter 4.3.  Briefly, TCR sequences were quality filtered, annotated and 

CDR3 clustered using MiTCR (Bolotin et al., 2013) and BCR sequences were quality 

filtered using Sickle (Joshi NA, 2011), annotated using IMGT/HighVquest (Alamyar et al., 

2012) and CDR3 clustered using Usearch (Edgar, 2010).  The resulting sequences were 

further filtered for indels, 2 nucleotide errors and sample contamination. 

Identifying Somatic Hypermutation in BCR sequencing 

Each of the consensus BCR sequences that made it through the sequence filters 

was considered to be from a distinct B cell clone.  However, there is the potential of 

over-clustering of BCR sequences in B cells that have undergone somatic hypermutation 

(SHM).  The number of mismatches for each BCR consensus sequence was assessed 

using Seqmap (Jiang & Wong, 2008), where the BCR consensus sequences were used 

as “flags” in the fasta files.  BCR consensus sequences that had a higher ratio of 

mismatches to exact matches, compared to background levels observed in control 

sequences, were considered to have undergone SHM. 

5.3.8. Statistical analysis 

Percentage similarity of TCR and BCR repertoires was calculated using a 

Sorensen index (ranges 0 to 1) multiplied by 100%.  The overlap index was calculated 

using a Jaccard index and transformed into a distance metric by using the formula: 

(1/Jaccard index) -1.  The formulas for both the Sorensen and Jaccard indices are 

shown below (Chao, Chazdon, Colwell, & Shen, 2006).  The values for the overlap 

distance are higher for less-related repertoires and range from zero to infinity. This 

calculation is a rough estimate of the number of clones that would need to be identified 
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in order to observe a shared clone.  The pairwise comparison of overlap distances 

between samples was performed by single linkage clustering using the statistical 

program JMP10 (SAS).  The significance of TCR repertoire overlap between normal and 

tumour tissue was calculated using an unpaired two-tailed t-test. 

The Sorensen and Jaccard indices use incidence counts of the number of shared 

species (A) and the number of species that are unique to each of the two assemblages 

(B and C).  The formulas are written as: 

  and   

 

5.4. Results 

5.4.1. Patient selection and clinical course 

The patient samples used for TCR and BCR sequencing were described 

previously in Chapter 3.  Briefly, specimens of peritoneal effusions were collected from 

three patients with HGSC for whom serial samples were available from the time of 

primary surgery and two subsequent recurrences. Peripheral blood mononuclear cells 

(PMBCs) were collected from the three patients at the time of primary surgery.  The 

clinical course for these patients is shown in Figure 3.1 in Chapter 3. 

5.4.2. Error filtering and summary of TCR and BCR sequencing 

A survey of T cells and B cells in serial HGSC tumour samples was performed 

using BCR and TCR sequencing to examine the degree of similarity between tumour-

associated lymphocytes across different time points.  BCR and TCR sequencing in this 

study involved amplifying the mRNA for either the B cell receptor heavy chain or the T 

cell receptor β chain, respectively, then extracting the sequence for the CDR3 portion of 

the gene, which was used as a sequence tag for distinct B or T cell clones.  From this 

! 

Sorensen =
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2A + B +C
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Jaccard =
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point on, we will simply use the terms TCR or BCR sequence to refer to the CDR3 

portion of either the TCRβ chain or BCR heavy chain genes.  Our filtering strategy 

included: sequence quality filtering, CDR3 sequence clustering of single base 

substitutions, a depth cutoff of 3 reads, sequence analysis of indels and 2 base 

mismatches and an examination of contamination between samples. The total number of 

unique TCR sequences from the three patients was 2,444 and the number of unique 

BCR sequences totalled 5,536 after applying all our sequencing steps (Tables 5.1 and 

5.2).  The TCR sequences were identified using the program MiTCR (Bolotin et al., 

2013), which performs all the steps for sequence quality filtering, TCR sequence 

extraction and clustering.  BCR sequences were identified using separate programs to 

perform each of those steps.  BCR reads were first quality filtered using the program, 

Sickle (Joshi NA, 2011), then annotated using IMGT/high-Vquest (Alamyar et al., 2012) 

and then clustered using Usearch (Edgar, 2010).  A comparison of the MiTCR and the 

IMGT/Usearch clustering methods was performed using the TCR sequencing dataset 

from the T cell line from Patient 3 at a cluster cutoff depth of 3 reads, since this is the 

minimum number needed for consensus (Figure 5.1).  There were 186 unique 

sequences obtained by using IMGT/Usearch of which 20 sequences were absent from 

the MiTCR results.  MiTCR resulted in 227 unique sequences including 61 sequences 

that were not in the IMGT/Usearch dataset.  The concordance between the two methods 

was calculated at 0.8077 using a Spearman’s rank correlation (ρ).  This correlation was 

considerably higher than between the MiTCR sequences and the unclustered IMGT 

sequences, which had a ρ of 0.3716.  The high correlation between the IMGT/Usearch 

and MiTCR methods reaffirmed our use of the IMGT/Usearch approach to analyze our 

BCR sequencing data.    

In Chapter 4, we observed bias in the TCR sequencing library sizes between 

samples (Chapter 4, Figure 4.8).  There was a striking difference in the number of 

control reads, which was inversely correlated with the TCR sequence diversity for each 

sample.  To determine if a similar bias existed in our BCR libraries, we compared the 

total BCR read counts and the number of control reads for each of our ascites samples 

(Figure 5.2).  The two BCR controls (1 and 2) were derived from the cloned antigen 

receptors of two separate B cell lines.  RNA from the BCR control plasmids were in vitro 
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transcribed and spiked into RNA samples prior to BCR sequencing library construction.  

Once again, we observed a marked decrease in the number of control reads for both 

control 1 and 2 that corresponded with an increase in BCR sequence diversity.      

   

5.4.3. TCR and BCR Sequence sharing 

To examine the change in the tumour-associated B cell and T cell repertoire over 

time we surveyed the TCR and BCR sequences from ascites collected prior to primary 

treatment, and after a first and second round of treatment for 3 patients with HGSC.  

Patient 1 TCR and BCR data was excluded from the overlap analysis because of 

peripheral blood contamination that was noted during sample collection.   A summary of 

TCR sequence sharing within patient samples is shown in Figure 5.3A.  The TCR data 

for the primary sample from Patient 1 is not shown in Figure 5.3A because of low 

sequence coverage and the recurrent samples for Patient 2 were also omitted from 

Figure 5.3A due to an insufficient number (<10) of unique sequences (Table 5.1).  This is 

likely the result of a low number of T cells in the ascites samples and/or sample 

degradation.   A peripheral blood sample for each patient was drawn at the time of 

primary surgery and used for TCR sequencing as a matched repertoire.  For each of the 

three patients, TCR diversity was higher in the peripheral blood samples relative to the 

ascites samples, with an average ± standard deviation of 568±132 and 54±56 unique 

TCR sequences respectively (Figure 5.3A).  An analysis of TCR sequence sharing 

between patients revealed that none of the 2057 unique sequences were shared by all 

three patients but a single sequence was shared between the primary tumour sample of 

Patient 2 and the second recurrent sample from Patient 3.        

Unique TCR sequences from Patients 2 and 3 were combined according to 

tumour sample time point or PBMC sample and the overlap in the TCR repertoire was 

assessed using the Sorensen index, which is expressed as a percentage similarity (see 

Material and Methods section).  As shown in Figure 5.3B, there was a greater amount of 

TCR sequence sharing between intratumour samples than between tumour and 

peripheral blood samples at 4.5% and 1.2% respectively although the difference was not 
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significant (two-tailed t-test, p = 0.17).  A pairwise comparison of sharing between TCR 

sequences for each sample was performed using a sequence overlap distance metric 

(see the Materials and Methods section) and shown as a heatmap after single linkage 

clustering (Figure 5.3C).  The amount of unique TCR sequence sharing between 

matched peripheral blood and tumour was higher in the primary tumour sample at 2.0% 

than either of the recurrent tumour samples, which was 0.55% for first recurrence and 

0.28% for second recurrence.  Although this result lacks the power to be statistically 

significant, it is not unexpected since the primary ascites cells and PBMCs were 

collected at the same time point.  The change in the tumour-associated T cell repertoire 

over time was also assessed by the pairwise comparison of sequence sharing.  The 

amount of TCR sequence overlap in the serial tumour samples decreased as time 

between samples increased: primary vs. first recurrent (8.2%), first recurrent vs. second 

recurrent (5.3%) and primary vs. second recurrent (0%).  A similar degree of overlap 

between the first and second recurrent samples is observed but from a different subset 

of TCRs than those that are shared in the primary sample.   

A survey of B cell clones by BCR sequencing was performed on the same patient 

samples as in the TCR sequencing.  However, the BCR sequencing libraries were 

constructed after the TCR sequencing libraries and a paucity of tissue precluded an 

examination of the peripheral blood samples for the three patients and the primary 

ascites sample from Patient 1.  As in our TCR sequencing survey, there were no BCR 

sequences found to be common among all three patients but a small number of 

sequences were shared between pairs of patients: 1 sequence was shared between 

Patients 1 and 2, 3 sequences were shared between Patients 1 and 3, and 4 sequences 

were shared between Patients 2 and 3.  The same filtering strategy was used in the 

BCR and TCR sequencing datasets to remove contaminating sequences between 

samples and therefore the greater incidence of sharing between BCR samples is likely 

real.  The number of unique sequences and incidences of sharing between ascites 

samples for each of the three patients is shown in Figure 5.4A.  The B cell repertoire 

from ascites was substantially more diverse for Patient 1 than it was for either of the 

other two patients.  This was not due to a greater amount of sequence coverage as 

indicated by the read counts for Patient 1 (Table 5.2) but is the result of peripheral blood 
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contamination.  As with the TCR data, the Patient 1 BCR data was excluded from our 

analysis.  An average (+/- standard deviation) of 70 ±67 unique BCR sequences were 

identified and the overall amount of sequence sharing was 10.5% as determined by 

applying the Sorensen index (see Materials and Methods section) to the compiled 

patient data.  As with the TCR sequencing data, the overlap between consecutive serial 

samples was higher at shorter time intervals (Figure 5.4B).  The percentage overlap was 

16.3% for the primary versus the first relapse tumour sample, 11.6% for the first versus 

second recurrent tumour samples but only 6.2% for the primary versus second recurrent 

tumour samples .        

5.4.4. Discovery and quantitative analysis of a mutation-specific T 
cell clone  

We had previously identified a tumour-responsive T cell that recognized a 

somatic mutation in the HSDL1 gene from the tumour cells of Patient 3 (Wick et al., 

2014).  A T cell line that responded to the mutant epitope, HSDL1L25V, was generated by 

dilution cloning and the TCR α and β chain cDNA was PCR amplified and sequenced by 

conventional cloning and Sanger sequencing (Table 5.3).  A single distinct TCRβ 

sequence was discovered in 16 out of 17 bacterial colonies indicating that the T cell line 

was monoclonal.  This was supported by the TCRα sequencing, which resulted in the 

identity of only one functional sequence.  There was also a noncoding, and therefore 

nonfunctional, TCRα sequence detected at equal numbers to the functional sequence 

indicating that one allele of the TCRα chain gene had undergone an unproductive 

rearrangement.  The cloned sequences for the TCR α and β chain genes are shown in 

Supplemental Figure S5.1.  The TCRβ sequence of the HSDL1L25V responsive clone was 

not observed in the TCR sequencing dataset from any of the bulk ascites samples in 

Patient 3.  A T cell expansion from the first recurrent ascites from Patient 3 was 

sequenced, and the TCR sequence from the HSDL1L25V responsive T cell was detected 

as the 6th most abundant out of 205 unique sequences (Figure 5.5). 

We previously reported the presence of the HSDL1L25V responsive T cell clone in 

Patient 3 by ELISPOT assay (Wick et al., 2014) (Appendix E).  It was only detected in 
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the first recurrent ascites sample and even then the T cell response required an in vitro 

expansion.  To verify that the HSDL1L25V responsive T cell clone was a rare clone rather 

than an abundant but anergic one, we designed a clonotypic CDR3 qPCR assay for the 

TCRβ sequence (Supplemental Figure S5.1).  To quantify the cellular abundance of the 

T cell clone, the CDR3 qPCR assay was performed on ascites from each of the time 

points using gDNA (Figure 5.6).  The clone was not detected in any of the bulk ascites 

but it was detected at high abundance in the in vitro expanded 1st recurrent sample, 

which supports our ELISPOT and TCR sequencing findings.  

The mutant allele was previously found at a high frequency in the recurrent 

tumour genome (Chapter 3, Figure 3.2) but the expression of the mutant allele had not 

been confirmed.  To determine whether the scarcity of the HSDL1L25V responsive T cell 

clone was due to a loss of tumour antigen expression, we tested for the expression of 

the HSDL1L25V mutant transcript using an allelic discrimination (AD) assay (Figure 5.7).  

The AD assay was performed by multiplexing two allele-specific probes that differed by a 

single nucleotide, one for the wild-type sequence and one for the mutant variant. The AD 

assay revealed that both the mutant and wild-type alleles for HSDL1 were expressed in 

the recurrent tumour samples.  In the primary sample, the HSDL1 mutant allele was 

determined to have little or no expression, which agrees with the sequencing results 

from Chapter 3.   

5.4.5. Identification of antigen experienced B cells  

Recognition of cognate antigen can trigger B cells to proliferate and undergo 

somatic hypermutation.  Thus, evidence of antigen experienced B cells can be found by 

the mutation frequency in the BCR sequences.  Hypermutated BCR sequences can be 

identified in the same manner as was used to identify single base errors.  We clustered 

the CDR3 sequences from our TCR and BCR controls and determined that the ratio of 

exact to single mismatch sequences was around 10 to 1 (Figure 5.8A).  This ratio was 

considered to be our level of background “noise” that occurs due to sequencing errors.  

Next, consensus BCR sequences were tested to find those that had a high proportion of 

mismatched sequences versus exact matches.  We used a ratio of single mismatches to 
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exact matches of 0.6 to 1 as our cutoff for hypermutation.  This was determined to be 

higher than the background rate of mismatches that were seen in any of our control 

sequences and above any of the TCR sequences.  The 20 most abundant BCR 

sequences for each sample were examined and 16 were determined to have undergone 

somatic hypermutation (SHM) according to our criteria, including one sequence from 

Patient 2 that had a ratio of mismatches to exact matches of 40 to 1 (Figure 5.8B).  In all 

cases, the SHM clones also contained a higher frequency of 2 or more mismatches in 

their BCR sequences compared to the control sequences (data not shown).  The 

mismatches were identified as point mutations, which are reported as the predominant 

type of mutations that are generated during SHM (Goossens, Klein, & Kuppers, 1998). 

 

5.5. Discussion 

A positive correlation between good clinical outcomes and abundant tumour 

infiltrating lymphocytes (TIL) has been well established (Milne et al., 2009; Pages & 

Fridman, 2010; Sato et al., 2005), however, the antigen specificity of TIL is largely 

unknown.  In this study, we used high-throughput TCR and BCR sequencing to survey T 

and B cells that are associated with HGSC tumour tissue from primary, first recurrent 

and second recurrent ascites samples.  Our aim was to discover antigen-experienced, 

tumour-associated lymphocytes without knowledge of antigen specificity by identifying: 

(i) persistent B and T cells, (ii) enriched T cells after in vitro expansion and (iii) somatic 

hypermutation in B cells. 

5.5.1. Tumour-associated T cell and B cell repertoires are dynamic 

Our method for surveying the B and T cell repertoire is based upon a modified 

version of antigen receptor sequencing described previously (J. Freeman et al., 2009b) 

and using a clustering-based error handling approach (Bolotin et al., 2013; Edgar, 2010).  

A total of 992 tumour-associated T cell clones and 5536 tumour-associated B cell clones 

were identified from the three patients with HGSC.  There was a notable difference in the 
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amount of interpatient sequence sharing between the TCR and BCR datasets.  A single 

TCR sequence was found to be shared by two of the patients while there were a total of 

8 BCR sequences that were common among different pairs of patients.  The difference 

in sharing may be due to an HLA restriction of the T cell repertoire, which would not 

influence the B cell repertoire.  The two patients that shared a TCR sequence also 

shared an HLA A*02:01P allele (Wick et al., 2014).  However, it is not possible to 

determine whether the T cells from the different patients recognized the same epitope 

unless the cognate antigen is also known.   

The chronological pattern of sequence sharing within patient tumour samples 

was similar for both the BCR and TCR data sets.  There was less sequence overlap as 

more time passed between samples (Figures 5.3A, 5.3C and 5.4A, 5.4B).  This suggests 

that some of the T and B cell clones appeared in the primary tumour and persisted only 

until first recurrence, and that new clones infiltrated the tumour during first recurrence 

and persisted until second recurrence.  The difference in TCR repertoires between 

samples could also be due to sampling bias, although one would expect that the most 

abundant clones would be recaptured by sampling at multiple time points if the 

population were static.  The turnover in the T cell repertoire was also evident in the 

transient appearance of the HSDL1L25V responsive T cells as we had previously reported 

(Wick et al., 2014).  The dynamic nature of the HGSC tumour repertoire for both B and T 

cells is in contrast to a reported spatial stability in the T cell repertoire in HGSC tumours 

(Emerson et al., 2013).  In the study by Emerson and colleagues, TCR sequencing was 

performed on multiple biopsies from the same tumour and on different metastatic 

tumours from four patients.  They reported that the T cell repertoire had considerable 

overlap between intratumoural samples and even between different metastatic tumour 

sites.  In order for a T cell repertoire to be both homogenous through space and dynamic 

over time would require that the cellular turnover occur by a large, rapid and 

synchronous process.  To fit this model, the majority of the tumour-infiltrating T cell 

repertoire would most likely be from tumour non-specific T cells that are part of an extra-

tumour immune response.  The amount of BCR sequence overlap between tumour 

samples was overall higher than in TCR sequencing, as was the number of BCRs that 
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were found at all time points (5 versus 1), suggesting greater stability of the B cell 

repertoire (Figure 5.4A and 5.4B).         

Our study included a comparison of the T cell repertoire between tumour and 

peripheral blood samples, which showed the T cell repertoire to be more restricted in the 

tumour samples than it was in the blood samples (Figure 5.3A).  It also showed that the 

T cell repertoire in the blood was more distinctive than the tumour repertoire although 

intratumour sharing was highly variable (Figure 5.3B).  This result agrees with a previous 

study of the TCR repertoire in ovarian cancer, which reported that the overlap in the 

TCR repertoire between tumour biopsies was higher, at more than 50%, compared to 

the overlap between blood and tumour TCR repertoires, at less than 20% (Emerson et 

al., 2013).  The temporal trend observed in intratumoural samples was also seen in the 

TCR sequence similarity between tumour and blood samples.  The peripheral blood 

repertoire was most similar to that of the ascites sample taken at the same time (ie. 

primary surgery) (Figure 5.3C).  

5.5.2. Enriching for tumour-responsive T and B cells has 
therapeutic utility  

We had originally envisioned a system for matching TIL with mutant epitopes by 

correlating the frequencies of tumour clones (discussed in Chapter 3) with the frequency 

of B cell and T cell clones.  It became apparent from our previous discovery of a 

mutation-specific T cell and its cognate epitope, HSDL1L25V, that a correlation may not 

exist (Wick et al., 2014).  The HSDL1L25V T cell response was rare and only observed at 

the time of first recurrence (Wick et al., 2014) while the frequency of the HSDL1L25V 

mutation was high in both the first and second recurrent tumour samples (Chapter 3, 

Figure 3.2).  The transient nature of the responsive clone was not due to lack of 

expression of the HSDL1 mutation, which was confirmed by a genotyping assay (Figure 

5.7).  The lack of detection of the HSDL1L25V T cell by TCR sequencing and CDR3 

qPCR, suggests that the clone was rare rather than abundant but inactive.  The 

HSDL1L25V T cell could have responded to the tumour mutation soon after primary 

treatment but was then subject to an immune suppressive tumour environment brought 

about by immune suppressive cytokines and enzymes (Rodriguez et al., 2005; 
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Uyttenhove et al., 2003), recruitment of suppressive cells such as regulatory T cells 

(Tregs) (Zou, 2006), myeloid-derived suppressor cells (MDSC) (Gabrilovich & Nagaraj, 

2009) and macrophages (Franklin et al., 2014) and the expression of surface molecules 

such as CTLA-4 (Leach et al., 1996; Peggs et al., 2009) and PD-1 ligand (L. Zhang et 

al., 2009).  The deletion of the HSDL1L25V T cell clone could have occurred due to 

chronic antigen exposure, which can lead to a gradual loss of T cell function and 

eventually result in apoptosis (Yi, Cox, & Zajac, 2010). 

Many tumour-infiltrating lymphocytes have been identified that are likely tumour 

non-specific cells that are recruited by inflammatory signals.  Examples include tumour-

infiltrating CD8+ T cells that recognize viral antigens (Andersen et al., 2012; Kvistborg et 

al., 2012), and naïve T cells (Thompson, Enriquez, Fu, & Engelhard, 2010).   In fact, the 

portion of the tumour-infiltrating T cell repertoire that is tumour antigen-specific has been 

suggested to be fewer than 5% (Savage, Leventhal, & Malchow, 2014).  This highlights 

the need for enrichment or selection of tumour-specific TIL prior to adoptive cell therapy.  

In vitro expansion of T cells can be performed using either IL-2 (Rosenberg et al., 1988), 

anti-CD28/CD3 beads (June, Ledbetter, Gillespie, Lindsten, & Thompson, 1987) or IL-7 

and IL-15 (Q. Ye et al., 2014).  The process of expansion creates bias in the repertoire 

that can benefit enrichment of tumour-responsive T cells, such as 4-IBB positive cells 

(Q. Ye et al., 2014).  TCR sequencing and a CDR3 qPCR assay of in vitro expanded T 

cells was used to identify the HSDL1L25V T cell at high abundance (Figures 5.5 and 5.6).  

Compared to conventional methods for screening T cell responses, the combined use of 

TCR sequencing and the clonotype-specific qPCR assay would allow candidate tumour-

reactive T cell clones to be selected more efficiently by removing T cells that are likely to 

be tumour nonspecific (Figure 5.9).  First, comparative TCR sequencing would be 

performed on in vitro T cell cultures from tumour versus peripheral blood to select 

candidate clones that are both enriched in the tumour and preferentially expanded in the 

presence of costimulatory molecules or cytokines.  Next, candidate clones would be 

identified by qPCR from tumour-associated T cell clones that were generated by limited 

dilution cloning.  Finally, the candidate clones would be screened for reactivity to 

autologous tumour cells prior to infusion into the patient.  Preselecting T cell clones prior 

to adoptive T cell therapy would allow infusion of a known population of T cells and 
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reduce the amount of tumour-nonspecific T cells.  The benefits of using a concentrated 

set of known tumour-responsive T cells in adoptive T cell therapy of cancer has recently 

been shown (Tran et al., 2014).  In the study by Tran and colleagues, tumour regression 

was observed in a patient with metastatic cholangiocarcinoma who received an infusion 

of autologous TIL containing about 25% of a mutation-specific T cell (Tran et al., 2014).  

Upon progression of the disease, the adoptive cell therapy was repeated with a more 

than 95% pure population of mutation-reactive T cells, which also resulted in tumour 

regression.  Selection of tumour-association B cells by BCR hypermutation may also 

have clinical utility.  B cell autoantibodies have been shown to recognize tumour 

antigens (Coronella et al., 2002) and B cell infiltrates in tumour have been proposed as 

tumour antigen presenting cells (Linnebacher & Maletzki, 2012; Nielsen & Nelson, 

2012).  A tumour antigen presenting B cell may be used in immunotherapy in much the 

same way that dendritic cells are (Coosemans, Vergote, & Van Gool, 2013; Coosemans 

et al., 2014; Svane et al., 2004).  In addition, BCRs from tumour-specific B cells can be 

engineered into T cells to create T cells with chimeric antigen receptors (CARs).  CAR T 

cells carrying BCRs that recognize CD19 (Grupp et al., 2013) and NY-ESO-1 

(McCormack et al., 2013; Schuberth et al., 2013) are currently being used in clinical 

cancer trials.   

In conclusion, we have shown that high-throughput sequencing of TCRs and 

BCRs can be used to identify tumour-associated lymphocytes from unfractionated, bulk 

tissue.  We applied this approach to select antigen-experienced B cells from tumour by 

identifying somatic hypermutation in BCR sequences.  Antigen receptor sequencing was 

also performed on tumour-associated T cells to show that in vitro expansion had 

substantially enriched a mutation-specific T cell clone.  An advantage to both of these 

strategies is that they do not require a priori knowledge of tumour antigens.  In addition, 

our results show that tumour-associated T cell and B cell repertoires are dynamic and 

distinct from the blood.  The turnover in the T cell repertoire has immediate implications 

for adoptive T cell therapy, where the standard practice is to expand T cells from a single 

tumour time point.   
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    Table  5.1. TCR sequencing and filtering summary  
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  Table  5.2. BCR sequencing and filtering summary  

 
 
 
 



 

186 

 

 

Figure 5.1.  Comparison of MiTCR versus Usearch.  CDR3 sequence clustering is 
used to remove sequencing errors. Two different sequence clustering 
tools were tested using the TCR sequences from the same dataset.  
MiTCR is an all-in-one tool that performs sequence quality filtering, TCR 
annotation and CDR3 clustering.  Usearch was run on TCR sequences 
that were previously quality filtered and then annotated by IMGT/High-
Vquest.  The Spearman rank correlation for the two methods is 0.8077. 
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Figure 5.2.  Bias in BCR sequencing libraries. BCR sequencing was performed on 
ascites from three patients.  In vitro transcribed RNA of the B cell receptor 
heavy chain from two different B cells were used as exogenous controls 
and spiked into each sample at equal concentrations prior to sequencing 
library construction.  The bars are colour coded according to the number 
of reads from the two controls and from endogenous B cells.  The total 
number of sequencing reads and the number of control sequence reads 
differed between libraries.  The diversity of unique BCR sequences for 
each sample is shown as diamonds and inversely correlates with library 
size.  
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Figure 5.3. (previous page)  Survey and overlap of TCR sequences. (A) An average 
of 234 unique TCR sequences were identified in each patient sample.  
The PBMC samples contained greater CDR3 diversity than the tumour 
samples. (B)  The amount of TCR sequence sharing between intratumour 
samples is greater than between tumour and peripheral blood samples at 
4.5% and 1.2% respectively but was not significantly different (two-tailed, 
unpaired t-test, p = 0.17).  The plotted TCR repertoire overlap is 
measured by the Jaccard index. (C) Pairwise comparison of TCR 
repertoire overlap between samples.  There was more sequence sharing 
between the PBMC and primary samples than the other time points.  This 
is expected since the PBMC and primary sample were taken on the same 
day.  Tumour-only sequence sharing between any two tumour samples 
was between 0-8%. The heatmap shows the single linkage clustering 
distance between samples as green to red, which represents most to 
least similarity. All comparisons have an n = 1 biological replicates except 
for primary vs. PBMC, which has an n = 2.    
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Figure 5.4.  Survey and overlap of BCR sequences. (A) An average of 70 unique 
BCR sequences were identified in each patient sample. (B) Pairwise 
comparison of BCR repertoire overlap between samples.  The overall 
amount of sequence sharing was 10.5%.  The heatmap shows the single 
linkage clustering distance between samples as green to red, which 
represents most to least similarity. All comparisons have an n = 2 
biological replicates.  
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Table  5.3.  Identity of the TCRα /β  sequence of the HSDL1L25V responsive T cell 

clone. Sanger sequencing of the TCR α and β chains was performed on 
the tumour-responsive T cell line.  The cell line was determined to be a 
monclonal population by the identity of a single distinct TCRβ sequence.  
The clone expresses both a productive and nonproductive TCRα gene. 

 V Gene Identity D Gene J Gene Identity CDR3 protein sequence Frequency

TRAV26-2*01 100% 
(264/264 nt) n/a TRAJ42*01 94%     

(62/66 nt) CILYYYGGSQGNLIF 12/24 colonies

TRAV21*01 100% 
(270/270 nt)

n/a TRAJ57*01 100%   
(63/63 nt)

CA##TQGGSEKLVF 12/24 colonies

TRBV6-6*01 100% 
(273/273 nt)

TRBD2*02 TRBJ2-5*01 94%     
(45/48 nt)

CASSWGGRAVETQYF 16/17 colonies

TRBV27*01 100% 
(272/273 nt)

n/a n/a n/a no rearrangements 1/17 colonies

TCR alpha

TCR beta
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Figure 5.5.  Detection of the HSDL1L25V responsive T cell after in vitro expansion.  
The CDR3 sequence of the HSDL1L25V responsive clone was detected at 
high abundance (6th out of more than 200 sequences) after anti-
CD3/CD28 T cell expansion of first recurrence ascites from Patient 3. 
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Figure 5.6.  Cellular abundance of the HSDL1-responsive T cell clone. A CDR3 

qPCR assay specific to the HSDL1-responive T cell clone was performed 
using gDNA from Patient 3 tissues samples.  The HSLD1 clone is not 
detected in any of the bulk ascites samples and is only detected in the 
first relapse tumour sample after in vitro expansion.  The TCRβ gene is 
normalized to the PGT gene and ascites from another patient was used 
as a negative control and calibrator.  
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Figure 5.7.  mRNA expression of the HSDL1 mutation in tumour.  An allelic 
discrimination (AD) assay was performed by multiplexing two allele-
specific probes that differed by a single nucleotide, one for the wild-type 
sequence and one for the mutant variant. The normalized reporter signal 
(delta Rn) for the two probes was plotted for each sample.  Sample 
markers shown in red are heterozygous and sample markers shown in 
blue are homozygous for the wild-type allele.  Sample markers shown in 
green are equivalent to background noise.  The AD assay was performed 
on reverse transcription minus (RT-) samples to rule out genomic 
contamination.  HEK293 T cells were used as a negative control for the 
mutant-specific probe. 
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Figure 5.8.  B cells undergoing somatic hypermutation are identified by the 
proportion of BCR sequence mismatches. Somatic hypermutation can 
be distinguished from sequencing errors by comparing the number of 
exact matches to a consensus CDR3 sequence versus the number of 
mismatches. (A) Erroneous sequences created during template 
amplification and sequencing will create background “noise” that contain 
a high number of exact matches and relatively few mismatches. (B) B 
cells that have undergone somatic hypermutation will contain a relatively 
high number of mismatches in their BCR sequences versus exact 
matches to the consensus sequence. 
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Figure 5.9.  Flowchart for proposed pre-selection of tumour-specific T cells prior 
to adoptive cell therapy. 
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Chapter 6.    
 
Concluding remarks and future directions 

6.1. Fusobacterium and cancer 

This thesis describes three different genomic approaches used to study the 

association of infectious agents, mutations, and immune cells in cancer.  In Chapter 3, 

we described the first association between cancer and the oral commensal, 

Fusobacterium nucleatum.  Our article was published in the journal Genome Research 

(Castellarin et al., 2012) (Appendix C) along with an article by Dr. Mattew Myerson’s 

group at the Broad Institute (Kostic et al., 2012).  Their findings were similar to ours as 

discussed in the following comparison of the two studies.  First, both studies used a 

metagenomics approach to identify infectious agents that are over-represented in 

tumour biopsies versus matched normal tissue.  Dr. Myerson’s group extracted microbial 

sequences using DNA from tumour and normal samples from nine patients with CRC, 

and found that the tumour samples were enriched for F. nucleatum.  Our study used 

RNA sequencing to search for microbial content in the tumour and matched normal 

samples of 11 patients with CRC and  F. nucleatum was found to be the most over-

represented infectious agent in the tumour samples.  Dr. Myerson and his colleagues 

expanded their cohort to include 95 patients with CRC and used quantitative PCR 

(qPCR) and 16s rDNA sequence analysis to confirm F. nucleatum prevalence in tumour 

tissue.  We expanded our cohort patients with CRC to 99 and performed qPCR on the 

DNA from their tumour and matched normal sample, which reaffirmed the relative over 

abundance of F. nucleatum in the CRC tumour samples.   

Further evidence for the presence of F. nucleatum in CRC tumours was 

supported in the two studies by in situ experiments.  Dr. Myerson’s group performed 
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fluorescence in situ hybridization (FISH) to detect enrichment of Fusobacteria within the 

colonic mucosa of colorectal tumours and they were able to visualize the bacteria within 

tumour cells.  Our study also used microscopy to visualize F. nucleatum in tumour 

samples, which was performed by our collaborators at the University of Guelph.  They 

first cultured the bacteria from tumour biopsies and then used the F. nucleatum cultures 

to perform an invasion assay to show that F. nucleatum can invade epithelial cells.  

Finally, both our study and Dr. Meyerson’s study found evidence of F. nucleatum 

involvement in CRC metastasis.  They saw F. nucleatum in metastatic samples while we 

discovered a statistical association between patients with a high abundance of F. 

nucleatum and metastases in their lymph node.  Together, these studies provide strong 

evidence for an association of F. nucleatum and CRC from two geographically distinct 

cohorts of patients.  However, neither study provided causative evidence for CRC 

carcinogenesis by F. nucleatum. 

To address the question of whether there is a causal basis for tumourigenesis in 

CRC by F. nucleatum, a study by Drs. Myerson and Garrett’s group looked at 

precancerous lesions and stool microbiota in humans (Kostic et al., 2013).  Detection of 

F. nucleatum using a qPCR assay was performed in adenomas versus surrounding 

tissue, which found that nearly half of the adenomas were enriched for F. nucleatum 

compared to the normal tissue.  They then looked at the overall abundance of F. 

nucleatum in the fecal microbiota of CRC patients and subjects with adenomas versus 

healthy controls.  Fusobacterium spp. were enriched in the fecal samples from both the 

subjects with adenomas and CRC patients suggesting that Fusobacterium infects 

tumour tissue prior to tumourigenesis.   

In addition, they introduced human isolates of F. nucleatum into two strains of 

mice that are known to develop intestinal tumours.  One mouse strain is a model for 

CRC and it contains a mutation in a copy of the tumour suppressor gene Apc (C57BL/6 

APCMin/+) The other mouse strain that was used is a model for chronic intestinal 

inflammation (BALB/c Il10-/- and BALB/c T-bet-/- x Rag2-/-).  APCMin/+mice that were fed 

F. nucleatum developed more colonic tumours, the tumours were enriched with F. 

nucleatum and they had a higher count of small aberrant crypt foci (ACF), adenomas 
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and adenocarcinomas.  In addition, F. nucleatum promoted infiltration of myeloid-derived 

immune cells but not lymphoid immune cells.  Myeloid-derived suppressor cells 

(MDSCs) can promote tumour progression and angiogenesis and can suppress the anti-

tumour actions of cytotoxic lymphocytes and NK cells (Hanahan & Weinberg, 2011).  In 

contrast, (BALB/c Il10-/- and BALB/c T-bet-/- x Rag2-/-) mice with colitis that were fed F. 

nucleatum did not show signs of accelerated tumourigenesis.  This suggests that the 

method of intestinal tumourigenesis differs for F. nucleatum than other bacteria since it 

can promote tumourigenesis in the absence of colitis.  It also suggests that genetic 

defects, such as the loss of APC, are required first in order for Fusobacteria to promote 

tumourigenesis. 

Another group lead by Dr. Han at Case Western Reserve University examined 

the causative relationship between CRC and F. nucleatum by studying its mechanism for 

CRC cell adherence and invasion (Rubinstein et al., 2013).  Dr. Han’s group had 

previously shown that F. nucleatum contains a virulence factor called Fusobacterium 

adhesin A (FadA) that is expressed on the surface of Fusobacterium and facilitates 

eukaryotic and prokaryotic cell adherence (Y. W. Han et al., 2005).  Dr. Han and 

colleagues showed that only those F. nucleatum that contained a functional FadA could 

stimulate human colon cell lines to proliferate.  Using coimmunoprecipitation 

experiments, they showed that FadA bound to E-cadherin on CRC cells and that FadA 

binding to E-cadherin was necessary for F. nucleatum to attach and invade eukaryotic 

cells.  FadA adhesion promotes tumour growth by activating the beta-catenin pathway, 

which leads to increased expression of the oncogenes Myc and cyclin D1 and the Wnt 

signalling pathway.  Endocytosis of  F. nucleatum resulted in activation of NF-kB and a 

pro-inflammatory pathway, which was a pathway also found to be altered by Kostic and 

colleagues.  The study by Drs. Myerson and Garrett and the study by Dr. Han provide 

evidence of a causal role for F. nucleatum in CRC tumourigenesis. 

The clinical implications that arose from Chapter 2 was the discovery of a new 

link between CRC and a common oral pathogen, Fusobacterium nucleatum, which could 

lead to new preventative therapies and screening tests for CRC.  Screening faecal 

samples for an overabundance of F. nucleatum DNA may allow for a noninvasive test 
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that could be more sensitive than current faecal occult blood tests used to detect CRC.  

Detection of F. nucleatum as a diagnostic and prognostic tool for CRC has shown 

promise in several recent studies.  A study of 122 European patients showed that F. 

nucleatum is elevated in stool samples from CRC patients compared with adenomas or 

controls and they reported longer overall survival in patients with low F. nucleatum levels 

compared to those with high levels of the bacteria (Flanagan et al., 2014).  A Chinese 

study compared the faecal microbiota of 19 patients with CRC and 20 normal control 

subjects and observed a significant increase in the relative abundance of F. nucleatum 

in the CRC group (Wu et al., 2013).  They also reported dysbiosis of 15 bacterial genera 

in addition to Fusobacteria.  A microbial signature was also seen in a RNA-seq study by 

our group that examined 65 subjects with CRC and found an over-representation of 

Fusobacterium that co-occurred with Leptotrichia and Campylobacter species within 

individual tumours (Warren et al., 2013).  Preclinical studies using drugs, such as 

antibodies or antibiotics, that target F. nucleatum will be necessary to test whether 

inhibiting the bacteria can delay disease progression in patients with CRC or 

precancerous lesions.  In addition, long term incidences of CRC will need to be studied 

on healthy individuals that have had F. nucleatum reduced in their gut or oral 

microbiome by drugs, probiotics, or diet. 

6.2. Tumour clonality and functional pathways in EOC. 

In Chapter 3, I profiled the mutational landscape of serial tumour samples from 

three patients with HGSC.  Mutant allele frequencies were used to show clonal evolution 

in tumours during standard treatment.  I also examined the functional pathways that are 

implicated by somatic mutations and germline polymorphisms that were discovered in 

these patients.  The three patients had heterogeneous tumours with the majority of 

clones exhibiting some degree of resistance to treatment.  Mutational frequencies 

fluctuated at different time points and we can speculate that some of this variability can 

be attributed to different clonal responses to the selective pressures of chemotherapy.  

Our results from Chapter 3 show that the number of mutations in tumour genomes can 

be relatively static over time as seen in Patients 1 and 2 or they can be more dynamic as 
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seen in Patient 3.  Genetic similarity between primary tumours and metastases have 

been previously reported in breast (Ding et al., 2010) and pancreatic cancer (Yachida et 

al., 2010) while genetic instability has been reported in other cancer studies (P. J. 

Campbell et al., 2010; Kloosterman et al., 2011; Miranda et al., 2013; S. Shah & 

Burleigh, 2009; Stephens et al., 2011; Vermaat et al., 2012).       

 Subsequent exome sequencing studies of HGSC tumours have reported cases 

of mutational stability between primary tumours and metastases that are similar to our 

comparison of primary versus relapse tumour for Patients 1 and 2 in Chapter 3.  Zhang 

and colleagues performed exome sequencing on primary and metastatic tumours from a 

patient with ovarian cancer (J. Zhang et al., 2013).  They identified 24 somatic mutations 

but no new mutations in the metastatic lesion and they found an increase in the 

frequency of a BRCA1 mutation.  This case resembles the mutational profile of Patient 1 

in Chapter 4.  They concluded that the mutations needed for metastases and 

chemotherapy resistance are already present in the primary tumour.  In another study, 

Bashashati and colleagues performed genetic analysis on spatially separated tumour 

samples from 6 patients with HGSC and used this data to construct evolutionary 

trajectories (Bashashati et al., 2013).  They concluded that the tumour diversity was 

established in the early stages of tumourigenesis and often prior to therapy.  They 

compared the mutation patterns in two tumour samples from the same patient, one 

before and another after treatment.  They found that the number of mutations were 

highly conserved at 91%, which is similar to the overall number of conserved mutations 

from our three patients at 89%.  Also similar to our report, they found that there were 

substantial differences in the mutational frequencies after chemotherapy.  These three 

genomic studies on HGSC highlight the limited efficacy of standard treatment.  

Chemotherapy does contribute to the selective pressures that act on tumour subclonal 

populations but the treatment is largely incapable of eliminating all of the tumour clones.    

Recent studies have provided more insight on the subject of tumour 

heterogeneity during chemotherapy.  Almendro et al. described a single-cell-based 

analysis of intratumour genetics (measured by 8q24 copy number) and phenotype 

(CD24 and CD44 expression and proliferation state) in breast tumour before and after 
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neoadjuvant (ie. preoperative) chemotherapy (Almendro et al., 2014).  They report that 

genetic diversity did not change after chemotherapy, but there was significant changes 

in phenotypic diversity after therapy, as the tumour cells shifted from a differentiated 

phenotype (CD24+/CD44-) to a mesenchymal phenotype (CD24-/CD44+).  The lack of 

change in genetic diversity before and after treatment is consistent with our results 

presented in Chapter 3 but is inconsistent with the study by Ding et al. 2012, which 

showed a decreasing genetic diversity after treatment in acute myeloid leukemia, and 

the emergence of minor clones with new resistance mutations (Ding et al., 2012).  The 

disparity between genetic and phenotypic or functional diversity in tumour clonal 

populations has also been reported by Kreso et al. (Kreso et al. 2014).  They used DNA 

copy number alteration (CNA) profiling, sequencing, and lentiviral lineage tagging to 

track single cell-derived clones from 10 human colorectal cancers through serial 

xenograft passages in mice.  Tumour clones remained genetically stable upon serial 

transplantation but there was functional variability (evaluated by proliferation, 

persistence and chemotherapy tolerance) within each clone.  Tumour phenotypic 

heterogeneity in spite of genetic homogeneity highlights the importance of epigenetic 

changes in the tumour genome and the influence of the tumour microenvironment. 

Another facet of Chapter 3 is the identification of novel biological pathways that 

are genetically altered in HGSC tumour genomes.  Two pathways that were identified, 

‘mitotic cell cycle’ and ‘DNA repair’, had been previously implicated in ovarian cancer 

and are both well known to be activated by DNA damage.  We observed a patient, 

Patient 1, with an increase in BRCA1 mutant frequency in their tumour genome.  This 

patient may have been a good candidate for treatment with PARP inhibitors, which act 

by further impairing an already dysfunctional DNA repair pathway.  Two other pathways, 

‘extracellular matrix (ECM)’ and ‘Golgi vesicle trafficking’ were discovered as novel 

pathways in HGSC that may be relevant to disease progression.  In Chapter 3, we 

discussed the role of the Golgi apparatus in cancer processes such as drug efflux, 

apoptosis and proliferation and that anti-cancer drugs can disrupt the Golgi apparatus.  

A recent report has shown that reorganization of the Golgi is triggered by DNA damage 

and thus is involved in the cellular response to chemotherapeutics (Farber-Katz et al., 

2014). The ECM pathway is well known to be critically important in the progression of 
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cancer by regulating cell proliferation, differentiation, survival, migration and invasion 

(van Dijk, Goransson, & Stromblad, 2013).  The involvement of the ECM in HGSC was 

shown in a report that reanalyzed the ovarian TCGA data and found that there are 

mutations in the cell adhesion pathway genes in more than 89% of serous epithelial 

ovarian cancer patients (Rafii, Halabi, & Malek, 2012).  Integrin-mediated adhesion to 

the ECM can modulate many signalling pathways, including the PI3K–AKT, ERK and 

NF-κB pathways, which can modify responses to chemotherapeutic agents by various 

mechanisms, including protection against cell death (Danen, 2005).  

A recent report from Dr. Li Ding’s group at Washington University used the same 

pathway analysis approach as we had, in which they applied an integrated analysis of 

germline and somatic mutations (Kanchi et al., 2014).  They found deregulation of the 

Fanconi, MAPK and MLL pathways in the ovarian TCGA dataset that had not previously 

been reported.  They state that “only through the combined analysis of both types of 

variants across many genes that the alteration of these pathways becomes apparent.”  

Lastly, a noTable mutation in Chapter 3 was in the regulator of G protein signalling 6 

(RGS6) gene.  It was the dominant mutation in clone 5 from Patient 3, the only clone in 

any of the patients that could be classified as eliminated by the treatment.  As we stated 

in Chapter 3, RGS6 was shown to affect doxorubicin susceptibility in breast cancer cells 

(Maity & Bera, 2011).  Additional evidence for the role of RGS6 in chemotherapy 

susceptibility is provided in a more recent report from Maity and colleagues, where they 

showed that RGS6 can counter chemotherapy-induced stress by activating the DNA 

damage response in mammary epithelial cells (Maity et al., 2013).   

Chapter 3 provides some intriguing links between HGSC tumours and genetic 

variation in specific genes and biological pathways.  However, functional studies are 

necessary to establish a causative role for these mutations in the pathogenesis of 

HGSC.  In addition, further studies on clonal evolution during treatment for a larger 

cohort of patients and for those with different treatment regimens will yield more 

confident associations between genes and drug resistance.     
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6.3. Technical improvements for T cell antigen receptor 
sequencing 

Chapter 4 characterized the errors and biases that resulted from the amplification 

and sequencing of T cell antigen receptors.  Procedural guidelines that arose from this 

work can be applied to both the construction of sequencing libraries and to the computer 

analysis of TCR datasets.  Recommendations for constructing sequencing libraries 

include the use of multiple spiked-in exogenous TCR controls, restricting PCR 

amplification to the exponential phase and omitting amplification steps after samples are 

indexed and pooled.     

The recommended bioinformatic filtering of sequencing errors includes clustering 

CDR3 sequences to produce consensus sequences, removing sequence contamination 

between samples, and the identification of PCR chimeras.  In my dataset, the number of 

unique sequences that were removed greatly outnumbered the ones that were retained.  

Sequence clustering of single nucleotide mismatches was responsible for removing most 

of the unique sequences.  Chimera errors had not been previously characterized in TCR 

sequencing, and I showed that they caused an overestimation of TCR sequence 

diversity during V gene segment annotation.  Tools that annotate V(D)J gene segments 

by parsing and aligning sequences, such as IMGT Vquest, are prone to this type of 

error.  Sequencing bias between samples was also observed, especially among samples 

of different diversities.  Overall, sequence filtering had the effect of lowering the 

perceived repertoire size while increasing the proportion of sequence sharing between 

samples.   

In addition to making technical improvements to TCR sequencing, I show that a 

clonotype-specific, CDR3 qPCR assay can be used to validate and quantify antigen 

receptor sequences.  The CDR3 qPCR assay is robust and reproducible, inexpensive, 

highly specific and highly sensitive.  It can be used with either gDNA or RNA, and does 

not rely on T cells being functional.  For future experiments, I recommend that CDR3 

qPCR assays become the new gold standard for validating TCR sequencing results.  

Future improvements to TCR sequencing analysis could also include an integrated 

bioinformatic tool that can handle single substitution errors, chimeras and sequence 



 

205 

 

contamination.  Further studies that use a variety of methods and tissue sources to 

characterize technical errors in TCR sequencing will help reduce the false discovery rate 

and allow for better data standardization between samples. 

6.4. T and B cell antigen receptor sequencing and the 
adaptive immune response in EOC 

 

Chapter 5 is a survey of T and B cells that are associated with tumour tissue in 

HGSC.  TCR sequencing data was collected and analyzed according to the protocol that 

was outlined in Chapter 4, and a similar BCR sequencing method was developed to 

identify B cells.  TCR and BCR sequencing data was collected from the same ascites 

samples that had previously been used in variant discovery in Chapter 3.  The variability 

in the T cell and B cell profiling contrasted with the relative stability of the mutational 

landscape, which could be explained by the differences in sequencing depth between 

the two methods.  The variant discovery data had a high depth of coverage from the 

exome sequencing and targeted resequencing.  The depth of TCR and BCR sequencing 

was not exhaustive and the entire T cell and B cell repertoire was not captured.  Instead, 

my intent was to capture the most dominant clonotype sequences as they are the ones 

most likely to have been activated by their cognate antigen and to have undergone 

clonal expansion.  I found that very few shared TCR or BCR sequences were found in 

serial samples from the same patients.  This is in contrast to a study by Emerson and 

colleagues who used TCR sequencing to profile T cells in spatially distributed HGSC 

tumours and reported a high overlap of TCR sequences between intrapatient samples 

(Emerson et al., 2013).  The difference between profiles could be explained by our other 

observation that T and B cell repertoires diverge over time.      

A study by Dr. Nelson’s group at the BCCA’s Deeley Research Centre tested 

whether tumour mutations are a source for tumour-specific antigens (Wick et al., 2014) 

(Appendix E). They used autologous T cells from the same patients described in 

Chapters 3 and 5, and stimulated them with mutant peptides that were designed from 
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the variants discovered in Chapter 4.  Among the 79 mutations tested between the three 

patients, a single responsive T cell was identified that recognized the HSDL1L25V tumour-

specific epitope.  Interestingly, the T cell response was only observed from the first 

recurrent samples and not from either the primary surgery sample or from the second 

recurrent sample.  Also of note, the HSDL1L25V response was only observed after in vitro 

expansion of T cells and not from T cells taken directly from bulk ascites.  This is in 

agreement with the TCR sequencing data, which did not detect the HSDL1L25V 

responsive T cell in any of the bulk ascites samples but it did appear prominently after in 

vitro expansion.  In this instance, the antigen experienced T cells that recognized the 

HSDL1L25V epitope, did not expand sufficiently in vivo to be easily identified by TCR 

sequencing.  From first to second recurrence, the HSDL1L25V mutation increased in 

frequency while the HSDL1L25V responsive T cell became less frequent, hence a 

correlation between their frequencies could not be used to match the responsive T cell to 

its cognate tumour antigen.  

The results from chapter 5 and from the study by Dr. Nelson’s group, suggests 

that T cells are dynamic over time and that only a small portion of T cells that infiltrate a 

tumour are indeed tumour-specific.  The implications for current practices in adoptive T 

cell therapy are to include T cells from multiple time points.  Furthermore, Chapter 5 

describes the identification of antigen experienced B cells and a mutation-specific T cell 

in tumour-associated tissue by TCR and BCR sequencing.  Enrichment of the mutation-

specific TCR was observed after in vitro expansion of a tumour sample.  I propose that 

the discovery of antigen experienced T cells may be improved by using a variety of in 

vitro protocols in conjunction with TCR sequencing.  BCRs from antigen experienced B 

cells were identified by the mutation rates in their receptor sequences.  Next, we will 

need to determine the proportion of tumour-associated B cells that can recognize 

tumours.  Identifying tumour-reactive T or B cells could be applied toward 

immunotherapy, such as adoptive T cell therapies that use autologous T cells to target 

and destroy tumour cells.  In addition, the identity of tumour-specific T or B cells could 

offer a wider range of antigen receptor sequences that could be used for chimeric 

antigen receptor (CAR) T cell therapy.  Tumour-specific T cells would make an ideal 
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candidate as recipients for CARs since the endogenous receptor would enhance T cell 

avidity for tumour cells.    
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Appendix A.  
 
Supplementary Material to Chapter 2 
   

 

 

 

Supplementary Figure S2.1.  Number of sequencing read pairs that match known 
microbial genomes are shown for the 25 most abundant genomes.  
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Supplementary Figure S2.2.  Distribution of hits from colorectal carcinoma RNA-
Seq data to the annotated F.nucleatum subsp. nucleatum ATCC 
25586 genome. The total number of read pair hits was 80,118.  
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       Supplementary Table S2.1.  Host sequence subtraction RNA-seq data from 
eleven colorectal carcinoma and matched normal specimens.  

 Control  
(mean +/- SD) 

Tumour 
(mean +/- SD) 

Raw read pairs 2,222,539 +/- 355,530 2,175,063 +/- 439,279 

Filtered read pairs1 349,354 +/- 212,209 339,935 +/- 182,207 

Read pairs matching 
bacterial or viral 

genomes2 
17,154 +/- 22,837 15,681 +/- 29,568 

Distinct bacterial or viral 
genome matches 546 544 

1. Read pairs remaining after removal of low quality reads and reads matching human 
rRNA, transcriptome or genome reference sequences.  

2. Unambiguous alignments where the best match for each mate pair is to the same 
accession. 
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Appendix B.  
Supplementary Material to Chapter 5 

 
 

Supplementary Figure S5.1  Nucleotide sequence of the antigen receptor from the 
HSDL1L25V responsive T cell. (A) The productive TCRα sequence was 
annotated using IMGT Vquest.  (B) The productive TCRβ sequence was 
annotated using IMGT Vquest and is shown with the primers that were 
used to measure clonal abundance.  

A B 

Forward primer 

Reverse primer 
c cgg cat ctc  tgg  gtc atg  a 
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Appendix C.  
 
Published work from Chapter 2 
 
Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., Strauss, J., 
Barnes, R., Watson, P., Allen-Vercoe, E., Moore, R. A., Holt, R. A. (2012). Genome 
Research, 22(2), 299-306.   
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recurrent ovarian cancer. Clinical Cancer Research , 20(5), 1125-1134. 



 

238 

 

 



 

239 

 

 



 

240 

 

 



 

241 

 

 



 

242 

 

 



 

243 

 

 



 

244 

 

 



 

245 

 

 



 

246 

 

 



 

247 

 

 



 

248 

 

Appendix F.  
 
Copyright Permissions for Chapters 2 and 3 and 
Appendices C, D, E 



 

249 

 

 

 



 

250 

 

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Jul 25, 2013

This is a License Agreement between Mauro Castellarin ("You") and John Wiley and Sons
("John Wiley and Sons") provided by Copyright Clearance Center ("CCC"). The license
consists of your order details, the terms and conditions provided by John Wiley and Sons,
and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number 3196050276316

License date Jul 25, 2013

Licensed content publisher John Wiley and Sons

Licensed content publication Journal of Pathology

Licensed content title Clonal evolution of high-grade serous ovarian carcinoma from
primary to recurrent disease

Licensed copyright line Copyright © 2012 Pathological Society of Great Britain and Ireland.
Published by John Wiley & Sons, Ltd.

Licensed content author Mauro Castellarin,Katy Milne,Thomas Zeng,Kane Tse,Michael
Mayo,Yongjun Zhao,John R Webb,Peter H Watson,Brad H
Nelson,Robert A Holt

Licensed content date Nov 29, 2012

Start page 515

End page 524

Type of use Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion Full article

Will you be translating? No

Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a "Wiley Company") or a society for whom a Wiley
Company has exclusive publishing rights in relation to a particular journal (collectively
"WILEY"). By clicking "accept" in connection with completing this licensing transaction,
you agree that the following terms and conditions apply to this transaction (along with the
billing and payment terms and conditions established by the Copyright Clearance Center
Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your
RightsLink account (these are available at any time at http://myaccount.copyright.com).



 

251 

 

 


