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ABSTRACT 

 

 

CHARACTERIZATION OF THE CANINE IMMUNOGLOBULIN HEAVY CHAIN 

REPERTOIRE AND DESIGN OF AN IMPROVED MOLECULAR CLONALITY ASSAY 

FOR CANINE B CELL PROLIFERATIONS 

 

 

Mei-Hua Hwang    

University of Guelph, 2017 

Advisor:   

Dr. Stefan Keller 

 

Molecular clonality assays for canine B cell proliferations have low sensitivity, which 

can lead to false negative results. This study aimed to characterize the canine immunoglobulin 

heavy chain repertoire and to design a novel assay with improved sensitivity. The immune 

repertoires of 3 healthy dogs were assessed for V/J gene usage and pairing biases, isotype usage, 

CDR3 diversity, convergent recombination, and shared clonotypes. An in silico assessment of 

existing primer sets identified commonly rearranged genes that were not covered by the assays. 

Revised primer sets were designed to reduce primer-template mismatches. When tested against 

the original assay, revised primer sets generally showed improved sensitivity and specificity. The 

improved primer sets enable more reliable and accurate diagnoses, which allow for prompt 

treatment and higher quality patient care and life. In addition, this study for the first time 

compared the performance of all major assays allowing for evidence-based selection of primer 

sets. 
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CHAPTER 1. BACKGROUND AND OBJECTIVES 

 

1.1. Background and Review 

Canine lymphoma is the most common malignant blood cancer in dogs. Characterized by 

poorly controlled, neoplastic proliferation of lymphocytes, canine lymphoma causes a host of 

systemic complications. Untreated, patients diagnosed with lymphoma have a mean survival 

time of approximately 4-6 weeks (Ettinger and Ettinger, 2003). While there is currently no cure 

for canine lymphoma, prompt and case-appropriate treatment can extend survival time and even 

achieve full-remission (Daters et al., 2010; Ettinger and Ettinger, 2003; Rue et al., 2015). 

Therefore, accurate and timely diagnosis of lymphoma is crucial in the clinician’s ability to 

provide appropriate treatment for patients and improve the quality of life.  

Prevalence 

A number of studies have been conducted in the past decades on the prevalence of canine 

lymphoma (Backgren, 1965; Dorn et al., 1970; Teske, 1994). Early studies in Sweden (1964) and 

the United States (1970) estimated the annual incidence rate of canine lymphoma to be 13 cases 

per 100,000 dogs and 24 cases per 100,000 dogs respectively (Backgren, 1965; Dorn et al., 

1970). A later study using data collected by the Utrecht University Clinic for Companion 

Animals from 1985 to 1991 proposed a much higher incidence rate in the Netherlands of 33 

cases per 100,000 dogs, but had also suggested that this number may be a conservative estimate 

(Teske, 1994). The true incidence rate of canine lymphoma can be difficult to evaluate; there is a 

lack of recent, large-scale investigation on its prevalence. In addition to this, an issue remains in 

which the population characteristics of canine lymphoma may not yet be fully understood or 

documented (Teske, 1994). As a result, the data which are available are unlikely to be 

comprehensive records of every canine affected by lymphoma in a particular population, and can 

underestimate the true incidence rate (Teske, 1994). 

While the incidence rate of canine lymphoma is relatively high on its own, more recent 

surveys have also found that lymphoma make up a considerable proportion of canine neoplastic 

cases (Dobson et al., 2002; Gamlem et al., 2008). In a 9 year survey conducted by the Norwegian 

Canine Cancer Project, non-Hodgkin’s lymphoma was the most frequently found malignant 
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tumours in male dogs under the age of 2 (24% of malignant cases), and the second most frequent 

(17%) in female dogs of the same age group (Gamlem et al., 2008). Among older animals, 

neoplasia in organs associated with reproductive function were found more frequently, but 

lymphoma continued to be among the 4 most commonly found cancers in each age group 

(Gamlem et al., 2008). Though lymphomas were no longer the most common tumour, the 

frequency of lymphoma cases had been found to increase with age from 1.5/100,000 dogs under 

1 year of age to 80/100,000 dogs over 10 years of age (Dorn et al., 1967). 

When looking at comparable sites of tumorigenesis, the overall incidence rate of 

lymphoma as a proportion of all tumour types for humans and dogs were found to be similar 

with 3.1% and 3.4% respectively (Gamlem et al., 2008). In the United Kingdom, another study 

suggested that the incidence rate of lymphoma may be much lower at 0.5%, or 134 cases per 

100,000 dogs per year (Dobson et al., 2002). However, this survey considered primarily young, 

insured dogs of pedigree (Dobson et al., 2002). Though the incidence rates differed, both studies 

found 97-100% malignancy rates among canine lymphoma cases (Dobson et al., 2002; Gamlem 

et al., 2008). 

The current understanding of factors influencing the prevalence of canine lymphoma 

among certain groups of dogs is fairly superficial. Canine lymphoma is frequently diagnosed in 

middle-aged dogs over 6 years old (Modiano et al., 2005; Pastor et al., 2009; Teske, 1994). 

Among local populations, certain purebred breeds appeared to be predisposed to canine 

lymphoma, suggesting a hereditary factor as is the case with many disorders and diseases 

(Gamlem et al., 2008; Modiano et al., 2005; Pastor et al., 2009; Teske, 1994). Mixed results have 

been found regarding whether localized trends in canine lymphoma might be male-dominant, 

female-dominant, or if sex plays any significant role (Teske, 1994; Villamil et al., 2009). 

Numerous regional environmental factors have also been proposed, but canine lymphoma is still 

largely considered a spontaneous cancer (Bienzle and Vernau, 2011; Gavazza et al., 2001; Pastor 

et al., 2009).  

Classification, treatment, prognosis 

Lymphoma is the neoplastic proliferation of lymphocytes (Backgren, 1965). Within and 

between populations, canine lymphoma can be very heterogeneous; depending on the particular 
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presentation of the lymphoma, the clinical features, effective treatment, and prognosis can vary 

(Dorn et al., 1967; Fournel-Fleury et al., 1997; Ponce et al., 2010). As a spontaneous cancer, 

canine lymphoma is thought to closely resemble human Non-Hodgkin’s Lymphoma (NHL), and 

therefore, may be a promising animal model of human disease (Fournel-Fleury et al., 1997; Ito et 

al., 2014; Marconato et al., 2013; Shearin and Ostrander, 2010; Teske, 1994). As such, a number 

of efforts to establish standard systems for classifying canine lymphoma and to align them with 

classifications for NHL have been undertaken since the Rappaport system was developed in 

1966 (Teske, 1994).  

With increasing understanding of malignant canine lymphoma and modifications to 

existing human classification schemes, subsequent systems were developed to address different 

aspects of the disease with varying prognostic significance (Valli et al., 2013). While the Kiel 

and Luke-Collins classification systems involved immunologic and cellular features, the 

Working Formulation focused more on clinical outcome (Greenlee et al., 1990; Valli et al., 2013, 

2011). Each system had drawbacks and varying degrees of prognostic significance (Bienzle and 

Vernau, 2011; Ponce et al., 2010; Valli et al., 2011). In recent years, the Revised European-

American Lymphoma classification had been largely adopted as the WHO classification for 

human NHL, and has been shown to be a reliable and mostly reproducible means for classifying 

canine malignant lymphomas (Jaffe et al., 2008). However, in the existing body of literature, the 

Kiel classification appears to still be the most common. 

The majority of canine lymphomas (80%) present as enlarged peripheral lymph nodes 

found in multiple locations of the body which can be seen or felt by either the owner or a 

practitioner (Bienzle and Vernau, 2011; Ettinger and Ettinger, 2003; Ponce et al., 2010). While 

lymph node enlargement in this form of lymphoma is painless, it is often accompanied by 

generalized clinical signs of illness such as fatigue and loss of appetite (Bienzle and Vernau, 

2011; Ettinger and Ettinger, 2003; Ponce et al., 2010). It is not uncommon for patients with 

multicentric lymphoma to be otherwise asymptomatic aside from the enlarged lymph nodes 

(Ettinger and Ettinger, 2003). As the disease progresses, involvement of bone marrow and other 

organs may occur (Ettinger and Ettinger, 2003; Teske, 1994); correspondingly, more severe 

clinical signs involving the affected organs may manifest (Backgren, 1965; Ettinger and Ettinger, 

2003; McDonough and Moore, 2000; Teske, 1994). Using antibodies to establish the 
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immunophenotype, it was found that ‘multicentric’-type lymphoma are 60-70% B cell by lineage 

and T cell by lineage in the remaining 30-40% cases (Bienzle and Vernau, 2011; Ponce et al., 

2010; Ratcliffe et al., 2009). Other types of canine lymphoma (with varying B cell and T cell 

prevalence) can affect a broad range of organs and entire organ systems, resulting in varied 

symptoms which reflect the respective organs which are impacted (Bienzle and Vernau, 2011; 

McDonough and Moore, 2000; O’Brien et al., 2013; Ponce et al., 2010; Valli et al., 2006). The 

biological behaviour and prognoses of the types of canine lymphomas can also vary drastically, 

such as in indolent cases of marginal-zone lymphoma (Valli et al., 2006). 

Unlike in humans, most canine lymphomas are high-grade tumours with diffuse 

architecture (85%) (Bienzle and Vernau, 2011). Among canine B cell lymphomas, cases are most 

commonly diagnosed as ‘diffuse, large B cell lymphoma’ (DLBCLs; 64%) which is 

histologically characterized by large, rapidly-dividing cells with round nuclei and a prominent 

nucleolus (Bienzle and Vernau, 2011; Valli et al., 2011). DLBCL can impact multiple or even all 

lymph nodes, and most commonly affects dogs older than 5-years old (Ettinger and Ettinger, 

2003). Other forms of B cell lymphoma include marginal-zone lymphomas and a number of 

rarely-diagnosed subtypes such as follicular lymphomas (Bienzle and Vernau, 2011; Ponce et al., 

2010; Valli et al., 2011). 

The objective for treating canine lymphoma is to induce complete remission (CR)—a 

100% reduction in measurable features of disease—or to re-induce remission in case of relapses 

of the disease (Ettinger and Ettinger, 2003; Valli et al., 2013). For most canine lymphoma of 

either lymphocyte type, the current standard of care involves use of some or all of the drugs in 

the systemic ‘CHOP’ treatment—a first-line chemotherapy drug protocol which combines 

cyclophosphamide, vincristine, doxorubicin, and prednisone—or a modified CHOP treatment 

(Ettinger and Ettinger, 2003; Regan et al., 2013). Depending on the practitioner, the duration of 

the first course of treatment may vary (Regan et al., 2013). After the initial induction 

chemotherapy, less-intensive maintenance chemotherapy may be recommended to maintain 

remission (Daters et al., 2010; Ettinger and Ettinger, 2003; Valli et al., 2013). Unfortunately, 

there are currently no definitive cures for canine lymphoma, though some cases of long-term 

remission have been documented (Daters et al., 2010; Ettinger and Ettinger, 2003).  
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The responsiveness of canine lymphomas to CHOP treatment can be highly variable, 

possibly reflecting the differences in the treatment regime but also the diversity of the affected 

cell types and types of lymphomas (Bienzle and Vernau, 2011; Ettinger and Ettinger, 2003; 

Regan et al., 2013; Rue et al., 2015). However, in general, CHOP has a CR rate of 80-95% with 

a median survival time (MST) of 12 months (Daters et al., 2010; Ettinger and Ettinger, 2003). 

While this more complex mix of drugs offers a better CR rate and MST, it also comes with 

increased toxicity to the dog as well as greater time and financial commitments for the owners 

(Ettinger and Ettinger, 2003). Single agent doxorubicin has a comparable CR rate of 75-85% 

with an MST of 6-9 months (Ettinger and Ettinger, 2003); use of single agent prednisone or a 

subset of the CHOP protocol yield much lower CR rates and MSTs (Ettinger and Ettinger, 2003). 

With additional maintenance treatment administered after CR is induced, CHOP-mitoxantrone 

maintenance has been recorded to extend survival to upwards of 600 days in some cases (Daters 

et al., 2010). However, if untreated, the average survival time of a canine lymphoma patient is 

around 4-6 weeks (Ettinger and Ettinger, 2003). 

Once relapse has occurred, the neoplastic cells are commonly resistant to the combination 

of drugs that were used in the first round of chemotherapy. Some common treatments used to 

attempt to re-induce remission include MOPP (mustargen, vincristine, procarbazine, and 

predisone (Morrison-Collister et al., 2003; Rassnick et al., 2010, 2002)), CCNU (Lomustine 

(Heading et al., 2011; Rassnick et al., 2010, 1999)), or single-agent doxorubicin (Ettinger and 

Ettinger, 2003). The rate of re-induction of remission ranges from 65% using MOPP with a 

median response duration of 1 month to 28% with CCNU and nearly 3 months’ median response 

duration (Ettinger and Ettinger, 2003). 

Non-drug treatment options include surgery and radiation therapy. However, these 

treatment options directed at local tumour control and are therefore unsuitable for systemic 

diseases such as canine lymphoma (Ettinger and Ettinger, 2003). 

Diagnostic methods 

Traditionally, canine lymphomas are diagnosed and classified through a combination of 

clinical, morphological, and immunophenotypic features of cytological or tissue samples 

(Fournel-Fleury et al., 1997; McDonough and Moore, 2000; Teske, 1994; Valli et al., 2011, 



6 

 

2006). In clinical use, samples for diagnosis are typically blood samples or fine-needle 

aspirations, and most cases can be diagnosed by cytology and histology (Avery and Avery, 2004; 

Fournel-Fleury et al., 1997; Jaffe et al., 2008; Teske and van Heerde, 1996). However, in some 

instances, the diagnosis can be difficult due to a similar presentation of lymphoma and reactive 

or inflammatory conditions. (Valli et al., 2011). For example, inflammation, swelling, fever, and 

elevated lymphocyte count may be features present in canine lymphoma, but these features may 

also be indicative of a non-neoplastic condition such as a local infection; even with 

histopathology, difficult cases arise (Avery and Avery, 2004; Keller et al., 2016; Keller and 

Moore, 2012a). Furthermore, the diverse features encountered in different forms of lymphoma 

can also complicate the diagnosis, especially in cases of indolent lymphoma (Valli et al., 2006). 

Given the fast progression of most canine lymphomas, any delays in diagnosis and treatment can 

impact outcome. 

Flow cytometry, the quantification of cells based on detection of particular surface 

proteins is typically used to establish the immunophenotype of lymphocytes after a diagnosis has 

been made through cytology and histopathology to further characterize the type of lymphoma 

(Reggeti and Bienzle, 2011; Thalheim et al., 2013; Yagihara et al., 2009). The antigens present 

are identified by fluorochrome-tagged antibodies bound to membrane proteins which are then 

funnelled single-file, detected and enumerated (Reggeti and Bienzle, 2011). Through a 

combination of fluorescent and other optical signals, the number and properties of cells in a 

sample can be assessed (Reggeti and Bienzle, 2011). The particular combinations of surface 

proteins and the associated types of lymphomas are well characterized, allowing the lineage of 

neoplastic cells to be approximated (McDonough and Moore, 2000; Vernau and Moore, 1999; 

Williams et al., 2008). While flow cytometry has been used by some as a diagnostic tool, it is 

generally considered inadvisable to use flow cytometry as a primary diagnostic tool (Reggeti and 

Bienzle, 2011).  For flow cytometry to be able to distinguish a neoplastic sample, a large number 

of intact cells must be available in the sample, and a large majority of those cells need to have 

uniformly abnormal light scatter and immunophenotype (Reggeti and Bienzle, 2011). 

Furthermore, while several monoclonal antibodies are available for small animal diagnostics, the 

number of antibodies which can be applied to canine lymphoma is still limited (Reggeti and 

Bienzle, 2011). Additionally, many of these antibodies are not usable with fixed tissues, such as 

formalin-fixed tissues which may experience protein crosslinking (Kaneko et al., 2009; Maes et 
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al., 2013; Reggeti and Bienzle, 2011).  Given the importance for timely and accurate diagnosis, 

the relatively insensitive detection of neoplastic proliferation and ineffective coverage of 

antibodies means that flow cytometry is best reserved for characterization of diagnosed cases, 

and not the diagnosis itself. Though unsuitable for diagnostics, immunophenotypic 

characterization can have great prognostic importance (Greenlee et al., 1990; McDonough and 

Moore, 2000; Thalheim et al., 2013; Williams et al., 2008). 

In cases where traditional diagnostic techniques yield equivocal results, molecular 

clonality testing might be of benefit. (Burnett et al., 2003; Keller et al., 2016; Valli et al., 2006; 

van Dongen et al., 2003). In this method, genomic DNA (gDNA) is extracted from the sample 

and a portion of the lymphocyte antigen receptor gene is amplified by PCR (van Dongen et al., 

2003). The resulting amplicons are sorted by size using gel or capillary electrophoresis to 

determine the genetic diversity of the sample (van Dongen et al., 2003). As lymphocytes are part 

of the adaptive immune system and must respond to a varied and changing range of antigens, the 

diversity of antigen receptors is expected to be high in normal, non-neoplastic lymphocytes (van 

Dongen et al., 2003). Samples with low levels of diversity are suspected of having undergone 

clonal proliferation (Avery and Avery, 2004; van Dongen et al., 2003). Clonality testing is not 

intended to be used as the sole or primary means of diagnosis, but as an ancillary method (Avery, 

2009; Avery and Avery, 2004; Keller et al., 2016). Clonality testing can also be used to monitor 

and assess the effects of treatment on clonal proliferation and minimal residual disease (Calzolari 

et al., 2006; Langner et al., 2014; Spagnolo et al., 2004).  

Clonality testing also permits the use of poorer quality starting material. The PCR-based 

test tolerates some degree of degradation in gDNA as it only requires that the antigen receptor 

locus remains sufficiently intact to amplify approximately 100 -300 base-pairs (bp) (Vernau and 

Moore, 1999). This is especially useful for tissues that have undergone fixation to preserve 

morphological for conventional diagnostic methods (Kaneko et al., 2009; Maes et al., 2013). In 

general, gDNA of sufficient quality can still be extracted from fixed samples, allowing clonality 

assays to be run in conjunction with conventional assessments (Davis et al., 1993; Kaneko et al., 

2009; Langner et al., 2014).  
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The better tolerance for poorer quality starting material in clonality testing can be useful 

when sample quality is insufficient for other diagnostic tests. Ideally, non-formalin fixed tissue 

would be used for DNA extraction but may not always be available. Especially in retrospective 

studies, fixed or frozen samples may be more readily accessible and can even be all that is 

available for analysis. With frozen samples, the preservation and freezing process compromises 

tissue morphology, which hinders microscopic assessment (Roe, 2010). Furthermore, smaller or 

low cellularity samples such as fine-needle aspirates, which may not always contain enough cells 

for immunocytochemistry or flow cytometry, may still be used in clonality assays and have been 

used in PCR-based detection of human non-Hodgkin’s lymphoma (Fournel-Fleury et al., 1997; 

Grosso and Collins, 1999; Teske and van Heerde, 1996). Conversely, it may be that clonality 

testing cannot be done reliably if extended fixation in formalin has reduced the integrity of DNA 

(Kaneko et al., 2009). 

B cell antigen receptor and immunoglobulin structure 

Lymphocytes are a subset of leukocytes with extensive immune function: B cell 

lymphocytes, along with T cell lymphocytes, recognize antigens belonging to pathogens and 

initiate a series of general and local immune responses (Murphy, 2014). Additionally, free, 

soluble antigen receptors may be dispersed by further-differentiated B cells, known as plasma 

cells, in the form of secreted immunoglobulins (Murphy, 2014). The recognition of pathogen is 

accomplished through complementary binding between antigens on potential pathogens and 

either surface antigen receptors presented on the lymphocyte or secreted antibodies (Murphy, 

2014).  While similarities exist in the antigen-recognition pathways for leukocytes of the 

adaptive and innate immune systems, the lymphocytes of the adaptive immune system target and 

respond to a broad and dynamic range of antigens unlike the leukocytes of the innate immune 

system that have more limited antigen recognition (Murphy, 2014). Correspondingly, adaptive 

immune lymphocytes generate a much higher level of antigen receptor diversity with variability 

between individuals, different sites in an individual, and across points in time (Murphy, 2014). 

Both the surface B cell antigen receptor (BCR) and secreted antibody are made up of a 

pair of identical heterodimers which each consist of a light chain and a heavy chain polypeptide 

(Kim et al., 1981; Tonegawa, 1983; Vettermann and Schlissel, 2010). In mammals, the light 
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chain can be a κ- (IGK) or λ- (IGL) chain, with the IGL light chain being predominant in canines 

(Arun et al., 1996). The immunoglobulin heavy chain (IGH) has 5 major isotypes which vary by 

the non-binding region of the polypeptide (Chaudhuri et al., 2007; Jäck et al., 1988). The chains 

can be roughly divided into a highly-variable, N-terminal ‘V-region’ where complementary 

antibody binding occurs, and a C-terminal ‘C-region’ where many effector processes are 

mediated (Early et al., 1980; Kim et al., 1981; Tonegawa, 1983). 

The V-region can be further subdivided into alternating complementarity-determining 

regions (CDR) and non-complementary framework regions (FR). Overall, 3 CDR and 4 FR have 

been characterized (Tonegawa, 1983). In the assembled receptor, both the light chain and heavy 

chain regions contribute to the antigen-binding region of the receptor through the 3 CDR 

sequences (Maki et al., 1980; Tonegawa, 1983). The associated gene sequences which code for 

CDR3 amino acid sequences are commonly targeted by clonality testing when determining if a 

patient exhibits B cell lymphoma (Steiniger et al., 2014; van Dongen et al., 2003). 

Generating diversity in CDR3 

Due to the diverse assortment of pathogens and associated antigens that may be 

encountered over a life-time, the CDR3 repertoire needs to be sufficiently diverse for the 

immune system to bind and identify foreign antigens (Murphy, 2014). Rather than encoding for a 

multitude of pre-determined IGH genes, the IGH and light chain loci are newly rearranged in 

every lymphocyte from the multitude of germline genes in the germline loci (Murphy, 2014). 

Concurrent with the rearrangement of germline genes, B cell lymphoblasts can also achieve 

genetic diversity at the CDR3 through the random insertion and deletion of nucleotides at the 

junction between two rearranged genes (Chaudhuri et al., 2007; Maki et al., 1980; Tonegawa, 

1983). Furthermore, after encountering antigens, additional diversification of the CDR3 may 

occur through somatic hypermutation, in which nucleotide sustitutions are introduced at various 

locations across the rearranged locus (Kim et al., 1981; Tonegawa, 1983). 

The germline IGH locus consists of a number of V genes, D genes, J genes, and C genes 

previously referred to as gene segments (Early et al., 1980). During rearrangement, most of these 

genes are excised from the locus: one of each type of gene is retained in the locus and juxtaposed 

to give a particular VDJ combination in the mature lymphocyte in a process known as somatic 
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recombination or antigen receptor rearrangement (Early et al., 1980; Maki et al., 1980). In 

theory, there can be as many unique VDJ rearrangements as there are combinations of the genes; 

for canines with a single cassette of at 80 V genes and 3 J genes, 240 unique combinations are 

possible without considering the recombination of D genes (Bao et al., 2010; Steiniger et al., 

2014).  An even larger number of rearrangements may be possible if there are yet unidentified 

germline genes (Bao et al., 2010; Keller et al., 2016). However, in reality, it has been observed 

that certain genes are used more frequently than others and certain pairings of V and J genes 

occur more frequently than others (Butler et al., 2011; Choi et al., 2013; Malynn et al., 1990; Rao 

et al., 1999; Rettig et al., 1996). 

The process of somatic recombination generates diversity not only through the selection 

of V, D, and J genes, but also through the random insertion and selection of nucleotides at the 

junctions where the genes are joined.  At the junction site, the cutting and re-ligating of strands is 

imprecise, allowing nucleotides to be deleted or inserted and creating random variation at the 

junctions (Maki et al., 1980; Tonegawa, 1983). Hypothetically, two rearranged loci which used 

the same germline genes may still differ in junctional insertions and deletions. However, IGH is 

only translated into a functional protein in one reading frame (Tonegawa, 1983). As a result of 

reading frame shifts downstream of the CDR3, two thirds of the rearrangements are unproductive 

(Daly et al., 2007; Tonegawa, 1983). 

Somatic recombination is mediated by specific signalling sequences which are found 

flanking the genes known as ‘recombination signal’ (RS) sequences (Tonegawa, 1983). The RS 

sequence consists of a conserved heptamer, followed by a spacer of either 12 or 23 nucleotides, 

then a conserved nonamer (Tonegawa, 1983). The RS sequences denote the ends which are to be 

annealed, and are located at the downstream 3’-end of the V gene, on both ends of the D gene, 

and the upstream 5’-end of the J gene (Maki et al., 1980; Tonegawa, 1983). The recombinase 

complex involved in recombination recognizes the RS sequence, and is only capable of joining 

two genes if the respective RSS contain spacers of different length—i.e. one gene with a 12 bp 

spacer, and the other with a 23 bp spacer (Ramsden et al., 1994; Tonegawa, 1983). It was 

proposed that the recombinase may contain two DNA-binding proteins which recognize the 

different spacers and thus promotes the formation of a functionally meaningful product 

(Ramsden et al., 1994; Tonegawa, 1983). This ‘12/23 rule’ ensures that a D gene must be 
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recombined the J gene, and that the V gene must be recombined with a D gene (Ramsden et al., 

1994); the RSS flanking D genes contain 12 bp spacers, and the RS sequences of the V gene and 

the J gene contain 23 bp spacers (Ramsden et al., 1994). Similarly, in light chains and T cell 

receptor CDR where there are no D genes, V gene and J gene RS sequences have different sized 

spacers (Tonegawa, 1983). It is suspected that the RS sequences are at least partially involved in 

the biased usage of the V gene and J gene in rearrangement (Choi et al., 2013). 

After rearrangement, diversity can also be introduced to the CDR3 of mature 

lymphocytes through somatic hypermutation (Kim et al., 1981; Neuberger et al., 1998). In a 

process unique to B cells, point mutations can occur in the IGH gene of a mature B cell (Kim et 

al., 1981; Neuberger et al., 1998). The mechanism, locations and frequency of somatic 

hypermutation are still poorly characterized, especially in canines (Di Noia and Neuberger, 2007; 

Teng and Papavasiliou, 2007; Wang et al., 2013). However, it is known that these mutations 

occur more frequently in CDR sequences than in the surrounding FR sequences or untranslated 

regions—though mutations in the latter two have been found (Kim et al., 1981; Odegard and 

Schatz, 2006). Additionally, some locations having been identified as ‘hotspots’ for mutations 

(Kim et al., 1981; Tonegawa, 1983). With both the insertions and deletions at the junctions as 

well as somatic hypermutation, the overall diversity of possible CDR3 sequences presented in 

differentiated lymphocytes greatly exceeds the number of sequences in the aforementioned re-

combinatorial repertoire. 

It should be noted that the degree and frequency to which these major mechanisms 

contribute to diversity in mature canine lymphocytes can be difficult to ascertain because of the 

lack of a definitive annotation for the canine IGH germline genes. Some work has been done to 

identify germline genes (Bao et al., 2010; Steiniger et al., 2014), but the International 

Immunogenetics Information system (IMGT (Lefranc, 2008; M.-P. Lefranc et al., 2009)) has yet 

to adopt an annotation.  

Clonality testing 

Somatic recombination, nucleotide insertion and deletion at junctions, and somatic 

hypermutation of the antigen receptor gene renders a unique CDR3, which may be used as a 

barcode for a particular lymphocyte and all its downstream daughter cells. Through size 
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separation or next-generation sequencing of CDR3 amplicons, clonality testing utilizes the 

CDR3 to assess the genetic diversity in a sample and to determine whether or not a clonal 

proliferation may have occurred (Burnett et al., 2003; Spagnolo et al., 2004; Valli et al., 2006; 

van Dongen et al., 2003). The technique was developed for diagnosing human lymphoma and 

lymphoid leukemia (van Dongen et al., 2003). 

Clonality testing consists of PCR amplification to enrich the genomic DNA extracted 

from a sample with CDR3 and surrounding regions using forward primers which target V genes 

and reverse primers that target J genes (Keller et al., 2016; van Dongen et al., 2003). Designing 

primers for the amplification of CDR3 can be difficult because, in theory, every possible 

permutation of the germline V, D, and J genes may potentially be represented in the sample, and 

each rearranged V and J gene must be recognized by the primer set for the amplified products to 

be representative of the sample (van Dongen et al., 2003). If primers cannot adequately capture a 

particular rearrangement, some lymphocytes will not be represented in the analysis (Keller et al., 

2016; Keller and Moore, 2012b; van Dongen et al., 2003). In some cases, the neoplastic 

population may not be detected, resulting in a false negative diagnosis (Keller et al., 2016). 

While many genes need to be accounted for in the primer set, there is a finite number of primers 

that can be multiplexed in a single reaction, and for practical and economic considerations, there 

also may be limitations on the number of reactions that could be run for a single sample. In 2003, 

van Dongen and colleagues produced a comprehensive assay of PCR primers for human T cell 

lymphoma and B cell lymphoma with consideration for high frequency somatic hypermutations 

(van Dongen et al., 2003). This was accomplished through identification of regions of high 

sequence identity found between V genes and J genes in the respective loci while focusing on the 

rearrangements that contributed most frequently to the working repertoire of receptors (van 

Dongen et al., 2003). By targeting sequences which are similar between multiple genes, the 

number of primers required to cover the rearranged germline genes could be reduced, and 

representative amplification of CDR3 could be achieved within the technical constraints of PCR.  

Once amplified, the CDR3 amplicons are size separated through gel electrophoresis in 

conventional clonality testing (van Dongen et al., 2003). In a non-neoplastic samples, one would 

expect to find a normal distribution of amplicon sizes which is typically a smear when visualized 

on a gel (van Dongen et al., 2003). In neoplastic samples, where one lymphocyte clone 
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undergoes accelerated proliferation, a single rearrangement would become over-represented and 

reduce the overall diversity (van Dongen et al., 2003). The differentiation between a polyclonal 

‘smear’ and clonal ‘band’ can be hard to establish with gel electrophoresis, and alternative 

methods of visualizing have been pursued (Gentilini et al., 2009; Goto-Koshino et al., 2015; 

Langner et al., 2014). With the increasing refinement of technology, capillary electrophoresis has 

become a popular visualization technique for size separation. With capillary electrophoresis, 

results are output as histograms of amplicon sizes, in which a smear is seen as a normally 

distributed curve, and a clonal band is seen as a peak (Keller and Moore, 2012b; van Dongen et 

al., 2003). 

Results other than a clear, single clonal peak or broad polyclonal curve can be obtained 

and may require further consultation of clinician’s findings and the results of other diagnostic 

tests. A clonal result may occasionally result in CDR3 amplicon size distributions consisting of 

multiple clonal peaks. Electrophoresis profiles with multiple, reproducible peaks are known as 

‘oligoclonal’ and are thought to result from either multiple neoplastic tumor cells in a given 

sample, or multiple rearrangements in a single cell in animals that have multiple V(D)J cassettes 

(Keller et al., 2016). Conversely, in some reactive cases, a small number of lymphocytes may 

disproportionately respond to a particular antigen, resulting in a benign clonal expansion and a 

decrease in repertoire diversity (Böer et al., 2008). Furthermore, depending on the composition 

of the tumour and the tissue sampling method, non-neoplastic cells may be included in a sample 

alongside neoplastic cells, giving a result which consists of a clonal peak overlapping a 

polyclonal curve (Keller et al., 2016; Keller and Moore, 2012a). The relative height of the clonal 

peak can vary with respect to the remainder of the detected rearrangements, ranging from a sharp 

spike with minimal background (in which most rearrangements resulted from neoplastic 

proliferation) to a much smaller spike within an apparent normal curve (in which a sample may 

contain substantial reactive lymphocytes, giving rise to a polyclonal background) (Keller and 

Moore, 2012; van Dongen et al., 2003). The capability of a particular assay to detect clonal 

rearrangements that may be diluted in polyclonal backgrounds is part of the sensitivity of the 

clonality assay. 

Additional tests may need to be run in conjunction with clonality testing if 

electrophoresis is used to visualize CDR3 diversity to validate clonal peaks. The shortcoming of 
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electrophoresis is that different sequences that yield the same amplicon length cannot be 

resolved, underestimating the actual diversity of a sample (Hoeve et al., 2000; Kaneko et al., 

2009; Keller et al., 2016; Takanosu et al., 2010). In those cases, additional analyses may be 

required to determine if a clonal peak consists of amplicons from one or more sequences, such as 

using single-strand conformation polymorphism analysis (Nataraj et al., 1999), or heteroduplex 

analysis (Kaneko et al., 2009; Takanosu et al., 2010). However, for clinical applications, 

performing additional tests can be time-consuming, costly and impractical. Alternative methods 

of detecting clonal rearrangement have been developed in an attempt to increase specificity. One 

method is the assessment of amplicon melting-points, which takes into consideration the base 

composition of the product (Keller et al., 2004; Langner et al., 2014). Another method includes 

incorporating fluorescent probes to differentiate products by primer (Gentilini et al., 2009; Goto-

Koshino et al., 2015). Amplicon sequencing has also become increasingly feasible with the lower 

costs of next-generation sequencing. However, in each case, practical or economic limitations 

have kept gel electrophoresis common in routine diagnostic clonality testing. 

Regardless of how specific or advanced visualization techniques for clonality testing will 

become, some degree of interpretation by the user would still be required to determine the result. 

For instance, a negative molecular clonality result may be overridden by a skilled interpreter and 

called neoplastic if an abundance of lesional B cells were accompanied with case history and 

other positive diagnostic indications. With both ambiguous and clear-cut clonality results, 

integrating the clinician findings and the results of other diagnostic tests, such as 

cytology/histology or imunophenotyping, is critical to arriving at a diagnosis (Keller et al., 2016; 

Reggeti and Bienzle, 2011). This emphasizes the fact that clonality testing should not be used as 

a primary or sole method for diagnosing lymphoma but it is intended to be used in conjunction 

with other methods. 

Dependency of diagnostic clonality assays on primer binding 

Aside from the quality of the DNA, the specificity and sensitivity of a clonality assay 

depends on the coverage of germline genes and annealing capability of the primers used during 

PCR. Amplifications performed with primers that do not sufficiently cover all used V/J genes 

can result in false negative results. This shortcoming has been observed with a clonality assay for 
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canine T cell proliferation (Keller and Moore, 2012a, 2012b). Primers that bind poorly to 

germline genes used in clonal rearrangements can also result in a false negative result in samples 

with high polyclonal background where other genes which better bind to the primers are more 

readily amplified (Keller et al., 2016; Keller and Moore, 2012a; Maes et al., 2013).  

To cover as many V and J genes with as few primers as possible, primer development for 

both human and canine assays relied heavily on targeting sequences of high shared identity 

between multiple V or J genes (Keller and Moore, 2012a; van Dongen et al., 2003). However, 

primers targeting regions of high shared sequence identity may still have some primer-template 

mismatches, and do not always anneal to all genes equally efficiently (Spagnolo et al., 2004). 

Depending on the desired stringency during assay development, this may be due to the small, 

permissible number of mismatches between the consensus primer and the sequence of the gene 

and the annealing temperature of the assay (Spagnolo et al., 2004; van Dongen et al., 2003). 

Targeting regions of high shared sequence identity can also be difficult because the identification 

of suitable sequences requires knowledge of all rearranged gene sequences. Knowledge of 

rearranged genes is also important for prioritizing genes for primer development in the event that 

coverage of all genes is not feasible.  

The development of earlier canine clonality assays has been hampered by the lack of 

available sequence data. A dog genome assembly was not available until 2005, six years after the 

first PCR-based clonality assays for canine lymphoma had been published (Lindblad-Toh et al., 

2005; Vernau and Moore, 1999). Primers for early assays were developed using the sequences of 

a limited number of cloned IGH rearrangements (Burnett et al., 2003). While the dog genome 

assembly is now available, IMGT has not released an official annotation of the canine IGH 

germline sequences. There has been some work on predicting and identifying the rearranged 

genes (Bao et al., 2010), but effectively, the full scope of the rearranged repertoire is still 

unclear. 

While an annotation for the canine IGH locus has recently been made available, no work 

has been done to identify patterns in the regions of frequent somatic hypermutation. Depending 

on the particular base-pairs and positions that are affected, primer annealing can be severely 

impacted (Stadhouders et al., 2010; van Dongen et al., 2003). Without a clear understanding of 
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where and how often somatic hypermutation may occur in the canine IGH locus, it may also be 

difficult to distinguish germline genes which were previously not described from genes which 

have undergone degrees of somatic hypermutation. Overall, the lack of information on patterns 

of somatic hypermutation in dogs can pose challenges to designing clonality test primer sets. 

Current assays and detection rates 

Several primer sets for diagnosing canine B cell lymphoma have been developed, and 

their reported sensitivities vary (Burnett et al., 2003; Tamura et al., 2006; Valli et al., 2006). 

Prior to the publication of the canine genome assembly in 2005, clonality assay primer sets have 

been developed using sequences from small collections of individually cloned rearrangements 

(Burnett et al., 2003); after the publication, the germline sequence could be searched with cDNA 

sequences to identify additional putative germline genes (Tamura et al., 2006). Additionally, the 

approaches to measurement and reporting of the results varied between studies, precluding a 

comparison of the specificity and sensitivity of the primer sets (summarized in Table 1.1).  

One of the earlier assays developed for canine B cell lymphoma was published in 2003 

(Burnett et al., 2003). The assay was developed using 5 canine cDNAs, and consisted of two 

primer sets which shared a common forward primer (CB1) located in the V region but different J 

reverse primers (Burnett et al., 2003): CB2 in the ‘IGH major’ primer set and CB3 in the ‘IGH 

minor’ primer set (Burnett et al., 2003). The two primer sets could not be multiplexed. However, 

the study did not focus exclusively on clonality testing for canine B cell lymphoma, but also 

included primer sets for T cell lymphoma that were tested on a pool of mixed B cell and T cell 

lymphoma cases (Burnett et al., 2003). Collectively, using both the B cell and T cell primer sets, 

monoclonal, biclonal, or oligoclonal rearrangement was found in 91% of the 77 lymphoma cases 

tested; one out of 24 negative controls also had a clonal rearrangement (Burnett et al., 2003). Of 

note, only 43 of the 77 lymphoma cases (55%) could be immunophenotyped, and of the 25 B cell 

lymphoma cases that were phenotyped, 24 had clonal IGH rearrangements (Burnett et al., 2003). 

Furthermore, samples were not tested in replicate (Burnett et al., 2003), so some of the biclonal 

and oligoclonal ‘positive’ results may have been pseudoclonal. Clonal rearrangements were 

reported for clonal populations that made up 1% of the total DNA present, but clonal bands were 

obscured by background amplification at 0.1% (Burnett et al., 2003). Subsequent studies that 
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assessed the assay found markedly lower rates of sensitivity (Fukushima et al., 2009; Gentilini et 

al., 2009; Tamura et al., 2006). 

In 2006, Valli et al. published primer sequences for a B cell clonality assay as part of a 

larger study on canine indolent lymphoma. These primers had been designed during an earlier 

study (Valli et al., 2006; Vernau and Moore, 1999). A single, multiplexed primer set consisting 

of one forward primer and two reverse primers was used to amplify products of approximately 

180bp. The cloned rearrangements on which the primer set was based were not specified in 

either of the two publications (Valli et al., 2006; Vernau and Moore, 1999). Of 35 cases of B cell 

lymphoma confirmed by immunophenotyping (positive for CD79a), 28 had clonal IGH 

rearrangements (80%) (Valli et al., 2006). Of the 8 reactive samples, 3 also had clonal 

amplification (Valli et al., 2006). Primer testing was done with replicates (Valli et al., 2006); the 

lower detection limit for clonal DNA diluted in polyclonal backgrounds was not investigated. 

Also in 2006, Tamura et al. published a singleplex primer set consisting of one forward 

primer and one reverse primer. The forward primer targeted a region in the V gene that was 

conserved across 61 sequenced canine cDNA clones. The reverse primer targeted a region that 

was conserved across 6 human cDNA clones and one canine cDNA clone (Tamura et al., 2006). 

The products reportedly ranged from 80 to 150bp (Tamura et al., 2006). Out of 6 multicentric B 

cell lymphomas, the primer set detected monoclonal IGH rearrangements in 5 cases and biclonal 

rearrangement in one case. In all samples, gDNA was extracted from fine-needle aspirates from 

lymph nodes (Tamura et al., 2006). Faint polyclonal amplification of IGH was detected using 

gDNA extractions of lymph node aspirates from normal (n=3), reactive (n=3) or non-B cell 

lymphoma cases (n=4) in only 1 of 3 triplicate PCR assays (Tamura et al., 2006). The remaining 

two triplicates did not have amplification in the detectable range of gel electrophoresis (Tamura 

et al., 2006). There was no investigation regarding the lower detection limit for clonal DNA in 

polyclonal backgrounds (Tamura et al., 2006). In addition to testing the newly developed primer 

set, the primers developed by Burnett et al. were also assessed (Tamura et al., 2006): ‘IGH 

major’ clonally amplified IGH in 3/5 (60%) B cell lymphoma cases, and ‘IGH minor’ clonally 

amplified IGH in 1/5 (20%) cases (Tamura et al., 2006). 
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Since then, multiple studies have attempted to improve on the previously published 

clonality assays by incorporating more advanced visualization techniques or using multiple 

primer sets in conjunction (Gentilini et al., 2009; Goto-Koshino et al., 2015; Ohmura et al., 

2015). The assay developed by Gentilini et al. in 2009 incorporated primer sets previously 

described by Burnett et al. and Tamura et al. along side two novel primer sets that targeted the 

more 5’ framework region 1 (FR1). Clonal peaks were observed in 38/96 cases with the Tamura 

primer set, 53/96 cases with the CB-major primer set, 49/96 cases with the 3FWR1 primer set, 

and 50/96 cases with the 5FWR1 primer set (Gentilini et al., 2009). Though 61 out of 96 cases 

had at least one clonal IGH peak, not all cases were immunophenotyped (Gentilini et al., 2009). 

The cumulative sensitivity of B and T cell assays was 97.9% or 94/96 cases (Gentilini et al., 

2009). While the individual number of positive results for each of the primer sets used in the 

assay were reported in this study (Gentilini et al., 2009), this is not always the case as a single, 

cumulative sensitivity was often reported for the entire assay where a clonal result was defined 

as the production of a clonal peak with any of the tested primer sets for a given sample. 

In general, using multiple primer sets increased the detection rate of clonal 

rearrangements (Gentilini et al., 2009; Goto-Koshino et al., 2015), which suggests that each 

primer set had incomplete gene coverage and that primer sets differed in the types of 

rearrangements they detected. Correspondingly, the amplicons produced in a single reaction and 

the size distribution of amplicons only reflect a subset of all rearrangements in a sample; 

effectively, the visualization of CDR3 diversity would no longer be representative of the whole 

sample. This can be problematic when the proportion of a particular CDR3 appears clonal within 

a limited distribution whereas the proportion of the same CDR3 may fall within a normal 

distribution when considering a whole, reactive lesion (Cushman-Vokoun et al., 2010). This can 

increase the risk of a false positive result when multiple limited distributions are visualized, as 

would be the case with multiple primer sets with incomplete germline gene coverage, as there 

exists the potential in each limited distribution for an artificially inflated peak to be interpreted as 

true clonal expansions (Cushman-Vokoun et al., 2010).  

The sensitivities reported in follow-up studies tend to differ from the sensitivities 

reported in the studies which first described an assay. The ability of the existing assays to detect 

clonal expansions decreases when assessing entities other than multicentric B cell lymphoma; for 
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example, when assessing alimentary lymphoma, the detection rate of both T cell and B cell 

lymphomas using the Valli primer set was 66.7% compared to 91% in the original study 

(Fukushima et al., 2009). However, even in the subsequent evaluations of the primer sets, 

varying test parameters make it difficult to evaluate the sensitivity of any single assay: the 

method of assessment (B cell vs. combined B and T cell assays; whether or not lower detection 

limits of clonal expansion were tested), the selection of starting materials for testing, and the 

combined use of multiple primer sets over separate tubes.  

While clonality testing has great utility as a diagnostic and research tool, the lack of a 

comprehensive repertoire or annotation for the canine IGH locus and the inconsistency in 

assessing primer sets pose substantial challenges for efforts to develop a ‘gold standard’ protocol 

for clonality testing for veterinary applications (Keller et al., 2016). To improve the clonality test 

for canine B cell proliferations and reduce the number of false negative results would require a 

primer set with improved coverage of germline genes; this in turn requires better knowledge of 

the germline genes and how frequently they are used. In addition, new and existing primer sets 

would have to be evaluated using consistent test conditions and common test cases in order to 

establish an improvement of the new primer sets over existing ones.  

Significance 

Canine B-cell lymphoma is the most common hematopoietic neoplasm in dogs, and 

among the most commonly diagnosed canine cancers overall. Given the short survival time of 

untreated patients of canine lymphoma, the importance of being able to detect and diagnose 

lymphoma in a timely and accurate manner is clear. It is also important to avoid falsely 

diagnosing patients with lymphoma and administering chemotherapeutic drugs in non-neoplastic 

cases. In all, with improvements in the sensitivity of diagnostic tests such as clonality testing and 

improved timeliness of treatment, the quality of patient care can be elevated.  

The development of an improved clonality assay and the evaluation of both new and 

original assays in parallel will provide a basis for more consistent evaluation and reporting of 

assays as well as the development of future assays. The workflow designed for this project can 

be used as a basis for high-throughput clonality testing workflows in which amplicons are 

sequenced on next-generation sequencing platforms instead of size-separated by electrophoresis. 
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This improves the resolution of the assay such that amplicons of the same size can be 

differentiated if sequences differ and specific neoplastic rearrangements can be identified. 

Overall, these advances in technology available to research and clinical fields in veterinary 

medicine offer the opportunity to further the understanding of canine B-cell lymphoma as well as 

improve patient care, and this project will begin the process of implementing these technologies. 

 

1.2.  Overview of objectives 

The overall aim of this study was to develop a primer set for an improved molecular 

clonality assay to correctly distinguish canine B cell neoplasms from reactive proliferations with 

greater sensitivity. To achieve this, the study consisted of two objectives: 1) to characterize the 

canine IGH immune repertoire through next generation sequencing to guide primer design; and 

2) to design primer sets with improved sensitivity and specificity relative to currently available 

assays. 

Objective 1: Characterization of the canine immune repertoire by next generation sequencing 

As the primer sets for existing assays were developed prior to the annotation of the 

canine IGH germline locus, the coverage of existing primer sets was limited by the number of 

known V and J genes. These genes had been identified through cDNA clones or were putative 

genes that result from searching the germline sequence using the clones. Therefore, the 

suboptimal sensitivity of existing assays is thought to result from poor coverage of germline 

genes by the primers of an assay. The characterization of the IGH immune repertoire would 

identify frequently rearranged genes to guide primer design.  

Though the germline gene usages were of direct utility to developing the new assay, the 

NGS library of canine IGH rearrangements also posed the opportunity to examine other aspects 

of the immune repertoire. Therefore, characteristics such as rearrangement biases, CDR3 

diversity, and isotype usage were also included in the analysis.  
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Objective 2: Development of novel primer sets and testing against existing assays 

As poor gene coverage and resulting insufficient template-primer binding were proposed 

to be major contributors to low assay sensitivity, the approach to designing a novel primer set 

was to reduce the number of primer-template mismatches and gaps in gene coverage in existing 

primer sets. An in silico assessment identified the sites and types of mismatches between 

previously described primers and the NGS data obtained in the previous objective. Modified 

primer sets incorporated gene-specific primers and degenerate primers to mitigate mismatches 

identified by the in silico assessment.  

To compare modified and original primer sets, an in vitro assessment was performed 

using a common set of B cell lymphomas and reactive lymph nodes. The resulting sensitivities 

and specificities were compared between different primer sets to assess the effect of the 

modifications introduced during the in silico assessment and identify the most suitable assay for 

use in routine diagnostics. 
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1.3. Figures 

 

  

 

Table 1.1.  
Summary of existing PCR clonality assays for canine B cell lymphoma. 

Authors, Publication 
Reported  

Sensitivity 
Limitations 

Burnett et al., 2003 91% 

- Requires two tubes of primers. 

- Detection rate drops substantially for 

non-multicentric lymphomas. 

- Developed using limited cDNA pool. 

Valli et al., 2006 83.3% 

- Assay design not reported. 

- Detection rate pooled between B cell 

and T cell lymphoma assays. 

Tamura et al., 2006 80% 

- Used human J genes in primer design. 

- Low sample size was tested. 

- Two triplicates without amplicons 

detected. 

Gentilini et al., 2009 97.9% 

- Multiple primer sets in different 

tubes. 

- Detection rate pooled between 

multiple B cell clonality assays.  
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2.1. Introduction 

The adaptive immune system must address a diverse array of pathogens, which may not 

have been previously encountered by the individual. B cells play a pivotal role in mounting an 

adaptive immune response by initiating and mediating effector responses through antigen 

recognition by antigen receptors (Murphy, 2014). Each B cell antigen receptor consists of two 

immunoglobulin light chains and two immunoglobulin heavy chains (IGH). Each light and heavy 

chain heterodimer form the antigen-binding regions of the receptor, each comprising two 

complementarity-determining regions 3 (CDR3). Unlike most genes where the same haplotypes 

can be found in all cells of an individual, the IGH gene sequence is hypervariable across all B 

cells (Murphy, 2014; Volpe and Kepler, 2008; Yaari and Kleinstein, 2015). As complementary 

binding between foreign antigens and the antigen receptors as crucial to this immune response, 

the unique hypervariability of the IGH gene serves a purpose (Al-Lazikani et al., 1997).  

Rather than encoding separate genes for every variation of the receptor, a new receptor 

gene is assembled in every lymphocyte through the process of somatic recombination or ‘V(D)J 

rearrangement’ (Murphy, 2014). The germline IGH locus of immature B cells consists of 

multiple IGHV, IGHD and IGHJ genes each, which are rearranged and juxtaposed to form the 

mature IGH gene (Murphy, 2014) In addition, nucleotides are inserted between or deleted from 

gene segments (Feeney, 1992; Murphy, 2014). Furthermore, during the process of affinity 

maturation, single-nucleotide substitutions accumulate across the IGH locus through somatic 

hypermutation (SHM) (Di Noia and Neuberger, 2007; Kim et al., 1981; Odegard and Schatz, 

2006; Teng and Papavasiliou, 2007). Finally, the mature IGH locus may undergo isotype class-

switching to express different C genes located 3’ of the J gene and affect the downstream 

mechanism of immune response (Chaudhuri et al., 2007; Jäck et al., 1988). Each of these 

diversifying changes are take place directly in the B cell genomic DNA and, barring additional 
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SHM or class-switch recombination to the remaining C genes, are persistent throughout the life-

time of a B cell.  

Analysing and characterizing the immune repertoire, the collection of antigen receptors, 

has posed a challenge due to the immense diversity of lymphocyte antigen receptor; with the 

traditional method of cloning transcripts followed by Sanger sequencing, it is difficult to compile 

a repertoire of clones with sufficient depth to be biologically representative. Methodological 

limitations of repertoire assessment have started to be overcome by the advent of next generation 

sequencing (NGS) (Weinstein et al., 2009; Yaari and Kleinstein, 2015). In recent years, the 

increasing availability of high-throughput NGS has introduced new possibilities and approaches 

for analysing immune repertoires. In a single sequencing run, millions of different sequences can 

be captured simultaneously, making it possible to characterize IGH repertoires much more 

comprehensively than traditional methods (Arnaout et al., 2011; Weinstein et al., 2009). 

Analyses can be performed for different tissues of one individual or for different individuals 

within a population during the same sequencing run. 

Though an understanding of the immune repertoire provides useful starting points for 

medical and academic advances, characterization of IGH repertoires have yet to be undertaken 

for many species, including the dog. To date, NGS-based characterization of IGH repertoires 

have focused primarily on humans and select model organisms such as the mouse and zebrafish 

(Arnaout et al., 2011; Choi et al., 2013; Weinstein et al., 2009). In dogs, studies investigating 

IGH repertoires have been limited to cloning and Sanger sequencing based strategies (Bao et al., 

2010; Steiniger et al., 2014). In addition, two studies have attempted to elucidate the genomic 

organization of the canine IGH locus (Bao et al., 2010; Tamura et al., 2006). The most 

comprehensive study to date by Bao et al. described, 80 V genes, 6 D genes, and 3 J genes have 

been identified in the canine germline IGH locus using an on-line software package, FUZZNUC, 

and in sequenced cDNA clones (Bao et al., 2010). Three VH families were identified: VH-1 

(homoogous to human VH-3) with 76 members, VH-2 (homologous to human VH-1) with 3 

members, and VH-3 (homologous to human VH-4) with one member (Bao et al., 2010). A 

subsequent study had identified 3 more J genes in addition to the previously described germline 

genes, giving a total of 80 V genes, 6 D genes, and 6 J genes (Steiniger et al., 2014). 

Additionally, the described usage frequencies of rearrangement are based on limited cDNA data. 
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The ability to mount immune responses to diverse and potentially novel pathogens is 

essential to maintaining the health of an individual. Characterization of immune repertoires in 

healthy individuals and the natural diversity between them would better allow for the assessment 

of the immune repertoire in diseased states, and this might be of relevance to understanding 

disease pathogenesis, diagnostics, prognosis and treatment. The usage frequencies of select 

germline genes has been found to have both prognostic and diagnostic value in many lymphoid 

disorders (Arons et al., 2006; Bahler et al., 1991; Rettig et al., 1996; van Dongen et al., 2003) 

and can be used to characterize other biological phenomena such as response to immunization or 

early development (Galson et al., 2015; Lu et al., 2014; Sundling et al., 2014).  

The objective of the study was to comprehensively characterize the IGH repertoire in 

healthy dogs using NGS. First, the IGH locus was searched in silico for previously unidentified 

genes. Second, IGH transcripts from major lymphoid organs were amplified using a 5’RACE 

approach without V/J primer bias. Third, amplicons were sequenced on an Illumina MiSeq 

platform and data were analyzed using the ARResT/Interrogate platform adapted for canine IGH 

sequences. The results of this study provide the first exhaustive IGH repertoire analysis for 

healthy dogs. These data will allow further improvement of V/J gene specific primer sets and 

will serve as baseline for future studies investigating immune repertoires in health and disease. 

 

2.2. Methods 

Identification and nomenclature of germline genes 

Germline gene sequences on chromosome 8 of the CanFam 3.1 whole-genome assembly 

[NW_003726071.1] were identified using StochHHM (Lindblad-Toh et al., 2005; Lott and Korf, 

2014). To minimize confusion arising from divergent gene nomenclatures across studies, this 

study adhered to the nomenclature initially proposed by Bao et al. for all previously identified V 

genes and J genes when possible (Bao et al., 2010). Newly identified genes were numbered 

continuing from the existing nomenclature, starting with the genes located furthest away from 

the C gene region (Bao et al., 2010; Lindblad-Toh et al., 2005). V gene family nomenclature was 

also used as proposed by Bao et al, i.e. gene families were designated VH-1 to VH-3 in 

descending order of members (Bao et al., 2010). Notably, this nomenclature is not conforming to 

International Immunogenetics Information System (IMGT) standards (M. P. Lefranc et al., 
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2009). Furthermore, IMGT recently published a set of germline genes but the number of genes 

described was well below the number published by Bao et al. so it was decided to carry on with 

the existing nomenclature until a definite naming convention for all genes has been established 

by IMGT. 

Sample collection, RNA extraction and reverse transcription 

Bone marrow (BM), spleen (SP), and mesenteric lymph node (ME) tissue samples were 

collected from 3 normal dogs (dogs 5, 6, and 7) and stored in RNALater (Qiagen, CA) at -80 °C 

until further processing. Total RNA was extracted using the RNEasy Mini kit (Qiagen, CA). 

Each of the 9 tissues were processed in biological replicates to yield 18 RNA extractions.  

Extracted RNA was quantified using the HS RNA assay for Qubit fluorometry (Thermo Fisher 

Scientific, MA) and RNA integrity was verified using RNA integrity (RIN) scores from the 

Agilent 2100 Bioanalyzer (Agilent Technologies, CA). From the extracted RNA, total mRNA 

was reverse transcribed using the SMARTer 5’/3’-RACE kit (Clontech/Takara-Bio USA, CA). 

The resulting whole transcript cDNA was quantified using the ssDNA Assay for Qubit 

fluorometry (Thermo Fisher Scientific, MA). 

Library preparation and sequencing 

Immunoglobulin heavy chain gene amplification and library preparation were done based 

on the Illumina 16S Metagenomics Sequencing Library Preparation approach (Illumina, 2013, 

Part # 15044223 Rev. B). In short, gene specific forward and reverse primers each carried 

overhangs complementary to Illumina adapters, which are incorporated through a second round 

of PCR (Supplemental protocol 1). The Illumina MiSeq adapters contain primer sites for 

sequencing and sample-specific combinations of dual-end indices (Illumina Nextera XT, 

Illumina, CA). The first step PCR was done in technical replicates for each biological replicate to 

give a total of 36 samples. Amplified products were cleaned-up after the first and second step 

PCR using a modified Mag-Bind RxnPure Plus solid phase reversible immobilization bead-based 

protocol (Omega Biotek, GA; Supplemental protocol 2). Successful clean-up was verified by 

visualization of samples using the QIAxcel capillary electrophoresis system (Qiagen, CA). 

The final DNA concentration of each sample before pooling was quantified using the HS 

dsDNA assay for Qubit fluorometry (Thermo Fisher Scientific, MA), and qPCR (KAPA Library 

Quantification Kit for Illumina platforms, KAPA Biosystems, MA). Where discrepancies 
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between fluorometry and qPCR results occurred (Illumina, 2016a), qPCR concentrations were 

taken. The quantified products were normalized and pooled to a 4nM library which was used to 

prepare a 14nM loading library as instructed by the Illumina Denature and Dilute Libraries 

Guide (Illumina, 2016b). A 20% Illumina PhiX v3 spike-in was used to address the low diversity 

at the start of each amplicon (Illumina, CA). Sequencing was conducted on an Illumina MiSeq 

platform using the reagent kit v3 with 600 cycle paired-end reads (Illumina, CA). 

Initial data processing 

Demultiplexed FASTQ files were analyzed using the ARResT/Interrogate pipeline 

(Bystry et al., 2017), which was adapted for canine IGH sequence data based on the germline 

genes identified during the in-silico locus analysis of this study. Data processing by the 

ARResT/Interrogate pipeline included filtering for read-quality, merging of paired end reads, 

identification of V, J and C genes and extraction of CDR3 sequences. Reads were designated as 

‘junctional’ if both a V gene and a J gene or a D gene and a J gene were identified for complete 

and incomplete rearrangements, respectively. Reads for which the germline genes could not be 

identified unambiguously were filtered out. Non-ambiguous reads were divided into containing 

complete and incomplete rearrangements; complete rearrangements were further subdivided by 

productivity as defined by IMGT criteria. Downstream analyses were performed on the 

following groups as described below: productive V-J rearrangements, non-productive V-J 

rearrangements and D-J rearrangements. 

To investigate the nature of ‘non-junctional’ sequences, reads from all samples were 

pooled and aligned to the canine IGH locus [CanFam3.1, NW_003726071.1] using Geneious 

10.1.2 software (Kearse et al., 2012; Lindblad-Toh et al., 2005). Reads were grouped and 

quantified based on the gene sequences they contained (intronic sequences, 5’ UTR sequences of 

germline genes, IGHC genes) using a Perl script. 

Gene usage and pairing frequency 

For each sample, the frequency of gene usage was determined by dividing the read count, 

or ‘coverage’ per gene by the total number of reads in the productive V-J, non-productive V-J 

and D-J groups:  

𝑢𝑠𝑎𝑔𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑑𝑠 𝑤𝑖𝑡ℎ 𝑔𝑒𝑟𝑚𝑙𝑖𝑛𝑒 𝑔𝑒𝑛𝑒 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑟𝑒𝑎𝑑𝑠 𝑖𝑛 𝑗𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑟𝑜𝑢𝑝
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To obtain the mean usage frequency of every gene, the frequencies of germline gene 

usage were averaged across all samples in one group. To investigate if there was a pairing bias 

between V and J genes or D and J genes in complete and incomplete rearrangements, 

respectively, the rearrangement frequency of V genes and D genes was determined on a per 

IGHJ basis for both types of rearrangements and subtracted from the mean usage frequency. 

Reads were further subdivided by the rearranged J gene, and the IGHJ-specific rearrangement 

frequencies for each 5’ gene calculated within the subdivisions: 

pairing frequency = J gene specific usage of Vx – mean usage of Vx 

Biases in 5’ to 3’ gene rearrangement were then identified by taking the difference 

between the IGHJ-specific rearrangement frequency for that V gene and the mean usage 

frequency of the V gene across all reads in the junctional group. The same analysis could not be 

performed for all rearrangement frequencies of IGHJ per V or D gene due to insufficient read 

coverage of some genes.  

Average isotype class frequencies were determined for each tissue type individually and 

collectively. Differences between average usage frequencies of C genes were assessed using 1-

tailed and 2-tailed student’s t-tests (α=0.05). 

Characterization of the CDR3 

Across productive clonotypes, the amino acid length and coverage, the number of reads 

associated with the clonotype, was determined; coverage was also determined for non-productive 

CDR3. For the purpose of this study, a clonotype was defined as a unique CDR3 amino acid 

sequence, regardless of V or J gene usage. To assess repertoire diversity, Shannon diversity and 

inverse-Simpson’s diversity index scores were calculated for each sample using clonotype 

coverage. The Shannon index scores were also exponentiated to Hill numbers to determine the 

effective number of clonotypes for each sample.  

For the purpose of this study, convergent recombination was defined as evidence that a 

given CDR3 amino acid sequence was generated by different lymphocyte clones, either by 

differential usage of V and/or J genes or by different CDR3 nucleotide sequences converging on 

the same amino acid sequence. The degree of convergent recombination was calculated as 

percentage of clonotypes with evidence of convergent recombination out of the total number of 
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productive clonotypes. Public receptor sequences were defined as CDR3 amino acid sequences 

that were found in more than one individual. Clonotypes were pooled by individual and the 

number of different clonotypes that were found in pairs of individuals as well as clonotypes that 

were found in all three individuals were determined. 

 

2.3. Results 

Identification and nomenclature of germline genes 

Hidden Markov Model-based germline analysis confirmed results from previous studies 

and identified 5 new V genes (Figure 2.1). Considering the 80 V genes identified by Bao et al., 

the new V genes were numbered IGHV81-85. Three J genes that were not described by Bao et 

al. but included in a study by Steiniger were designated IGHJ4-6. The topology of previously 

identified germline genes was generally in agreement except for V genes IGHV6 and IGHV49, 

which were found to be in opposite positions and renamed accordingly. The newly discovered V 

genes were interspersed between previously identified V genes and belonged to subfamily 1. In 

total, 85 V genes, 6 J genes, and 6 D genes were considered for this study.  

Sequencing coverage 

Across all 36 samples, 23,149,856 paired end reads were sequenced; for 12,496,413 

reads, (53.9%) indices could be identified unambiguously and associated with an individual, 

tissue, and replicate. While the read depth was consistent across most samples (each representing 

1.3-3% of total indexed reads), 9 samples each represented less than 1% of the total indexed 

reads and 2 samples (7ME1-1 and 7ME1-2) each represented greater than 7% of the total 

indexed reads.  

After filtering for read quality, 6,172,807 reads were analysed; each sample constituted 

an average of 2.78 ± 1.7% of the analysed reads. The relative variation in per sample proportions 

remained similar (figure 2.2). Among reads that passed filtering, V-J rearrangements were 

identified in 3,382,414 reads (54.8% of all analysed reads), and of these, 2,835,707 (83.8% of V-

J rearrangements) had V genes that were unambiguously identified. Among unambiguous V-J 

rearrangements, 2,399,432 reads (84.6% of unambiguous V-J reads) contained productive 

rearrangements and 436,269 reads (15.4% of unambiguous V-J reads) contained non-productive 

rearrangements. D-J rearrangements were identified in 184,250 reads (3.0% of analysed reads), 
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and all had unambiguously identified D genes. The remaining 2,606,107 (42.2%) of reads did 

neither have a V-J or D-J rearrangement and were examined separately. 

Gene usage frequency 

For productive V-J rearrangements, the V gene usage was uneven across the 85 V genes 

(Figure 2.3). Out of 85 genes, only 17 V genes had usage frequencies above 1%, and 

cumulatively, these genes constituted 90.1% of productive rearrangements. The most frequently 

rearranged V gene was IGHV80 (19.8%) followed by IGHV44 (19.3%). After this, the usage 

frequencies decreased rapidly with the next most common usage was IGHV62 with 8.6%. A 

similar pattern of uneven V gene usage was found in non-productive V-J reads. In non-

productive V-J reads, 16 V genes were found to have frequencies over 1% and cumulatively 

represented 88.0% of the reads. Again, IGHV80 (21.0%), IGHV44 (16.6%), and IGHV62 

(10.9%) were the most frequently rearranged V genes. IGHV22 was not identified among 

productive V-J junctional reads but was found among non-productive V-J junctional reads  

Incomplete D-J rearrangements predominantly used IGHD2 (93.7%), followed by 

IGHD5 (3.28%) and IGHD3 (1.19%) (Figure 2.4). Out of all D-J rearrangements, 32 reads 

rearranged multiple D-genes: 22 reads with IGHD2 and IGHD3, 9 reads with IGHD1 and 

IGHD2, and 1 reads with IGHD5 and IGHD3. 

IGHJ2 was the most commonly used J gene (63.5 ± 10.4% across all 3 groups of reads) 

followed by IGHJ3 (15.3 ± 2.73%). Productive and non-productive complete rearrangements had 

the same order of J genes from most to least frequently used: IGHJ2, 3, 1, 5, 6, and 4. Incomplete 

rearrangements had the same usage except that IGHJ5 was marginally more frequent than IGH1. 

The usage frequencies varied widely between J genes within each group of reads. 

When germline gene usages were examined by animal and organ, patterns in usage were 

more common among samples from the same individual than samples from the same organ type 

(Figure 2.5, Supplemental figures 2.6 - 2.7). The usage of IGHV80 and IGHV44 were 

approximately equal in animal 5. However, IGHV44 was more frequently rearranged than 

IGHV80 in animal 6 and less frequently rearranged than IGHV80 in animal 7. In general, the 

same relative usages of IGHV80 and IGHV44 for each animal was consistent in both productive 

and non-productive V-J rearrangements. In D-J rearrangements, the overall pattern of gene usage 

with the dominant rearrangement of IGHD2 was observed in all samples; likely as a result of 



31 

 

strong IGHD2 rearrangement, no distinctive pattern of rearrangement among the remaining D 

genes were observed between either individuals or organs.  

The aforementioned order of usage frequency for IGHJ was observed in all samples 

regardless of the source individual, organ, or type of junctional read (Supplemental figures 2.1, 

2.3, 2.5). The magnitude of the frequency of IGHJ2 usage varied between samples from different 

individuals and different organs; samples in which there was an apparent decrease in frequency 

of IGHJ2 usage also exhibited increases in the usage of other J genes without breaking the 

relative order of usage as seen across samples. Therefore, this variation likely reflected the 

variation in the number of reads associated with a particular sample.  

Pairing frequency 

Preferential pairing of particular V genes to J genes occurred in both productive and non-

productive V-J rearrangements, albeit at low levels (Figure 2.6, Supplemental figures 2.6 - 2.7). 

For productive rearrangements, IGHV80 preferentially paired with IGHJ4 by an increase of 

14.2% over the average. In non-productive V-J rearrangements, the greatest absolute difference 

between the rearrangement frequency expected without preferential rearrangement and the 

observed frequency was again found in IGHV80 rearrangement: a decrease of 9.2% was 

observed between IGHV80 rearrangement in IGHJ3-rearranged reads compared to the IGHV80 

usage across all reads. Between both groups, ranked by the cumulative, absolute magnitude of 

difference between IGHJ-rearranged reads and total reads, also taken as the total length of the 

bars in figure 2.6, the 10 V gene with the greatest degree of preferential rearrangement were the 

same. For productive reads, the ranking was as follows: IGHV80, 44, 51, 41, 62, 77, 15, 47, 35, 

72. For non-productive reads, the order of genes differed between ranks 4-6: IGHV41, 62, 77. Of 

these ten genes, all genes except IGHV35 were among the top 10 genes for both productive and 

non-productive V-J rearrangements. 

For D-J junctions, read which rearranged multiple D genes were excluded. Preferential 

rearrangement was also observed in reads with single D genes (Figure 2.7). The greatest 

difference was observed in the IGHD2 rearrangement frequency for IGHJ4-rearranged reads 

which was greater than the percent rearrangement frequency of IGHD2 in the total D-J reads by 

7.45%. IGHD2 also had the greatest cumulative differences in rearrangement frequencies, 

followed by IGHD5, 3, 4, 6, and 1. 
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Isotype class frequency  

In contrast to V gene usage, C gene usage was more similar between the same organ from 

different individuals than between different organs from the same individual (Figure 2.8). A 

tissue-specific pattern in isotype usage was more evident and similar among productive and non-

productive VJ rearrangements. In incomplete DJ rearrangements, the usage of the five C genes 

was more consistent across samples regardless of tissue origin. The most common isotype was 

IGG in both productive (45.7 ± 15.6%) and non-productive (47 ± 16.1%) complete 

rearrangements, followed by IGM (28 ± 11.9% and 29 ± 12.5%, respectively) and IGA (19.5 ± 

7.57 % and 17.9 ± 6.77% respectively). In DJ rearrangements, IGM was the most common 

isotype (46.1 ± 7.33%) followed by IGG (29.6 ± 7.38%) and IGE (9.54 ± 0.80%).  

Among complete rearrangements, the prominence of IGG was most distinct in bone 

marrow samples (14.7 ± 4.51%). In splenic samples, the average IGM usage (44.3 ± 1.73%) was 

greater than the IGG usage (38.2 ± 7.15%). The highest IGE usage was found in mesenteric 

lymph node samples (14.4% and 12.6% in productive and non-productive rearrangements, 

respectively) compared to that of other organs (<5%). However, this tissue also exhibited a 

greater variation in IGE usage between individuals. 

For IGM, IGG and IGD, the average isotype usage differed significantly between 

complete and incomplete rearrangements, regardless of productivity (p < 0.05). IGG was used 

more commonly and IGM and IGD were used less commonly in complete than incomplete 

rearrangements. The average IGA usage was significantly different between D-J junctional reads 

and productive V-J junctional reads (p < 0.05) but not between D-J junctional reads and non-

productive junctional reads (p=0.051); the average IGA usage was significantly lower in 

incomplete rearrangements than non-productive complete rearrangements, however. For all 

isotypes, the difference in isotype usage between productive and non-productive complete 

rearrangements was not significant. 

CDR3 diversity 

For the 2,399,432 productive V-J reads, the lengths of the CDR3 in amino acids was 

determined; the distribution of the frequencies of CDR3 lengths was found to be nearly normally 

distributed (Figure 2.9). CDR3 length ranged from 4 to 118 amino acids, but 98% of reads had a 

CDR3 length of 5 to 22 AA with all but 9 reads out of the remaining 2% of reads giving CDR3 
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with lengths over 22 AA. The weighted mean of CDR3 length was 15.0 ± 3.43 AA, and the most 

frequently found CDR3 length was also 15 AA. A minor peak in the distribution occurred at 9 

AA.  

From the productive reads, 489,335 clonotypes were identified. For productive 

clonotypes, the mean read coverage per clonotype across samples ranged from 1.188 to 4.763 

reads, averaging 3.08 ± 0.89. The maximum read coverage per clonotypes ranged from 24 to 

7889. However, the median coverage for all samples was one read per clonotype: clonotypes 

associated with a single read made up the largest proportion of total clonotypes per sample, 

ranging from 51.6% to 88.5% with an average of 61.6 ± 7.12 % (Figure 2.10a). Accordingly, 

clonotypes covered by 2 reads were the next most common, ranging from 8.22% to 17.3% with 

an average of 14.0 ± 2.07%. The proportion of clonotypes associated with greater coverage 

declined sharply. From non-productive reads, 334,393 clonotypes were identified. The average 

coverage ranged from 1.014 to 1.339 reads per clonotype; nearly all non-productive clonotypes 

are covered by a single read only (90.0% to 99.0%, averaging 93.8 ± 1.66%) (Figure 2.10b). 

However, the maximum coverage still varied greatly from 3 to 376 reads per clonotype, 

averaging 103.7 ± 81.2 reads. 

To investigate the relationship between sequencing depth per sample and the variation in 

clonotype sequences, richness (the number of clonotypes) was plotted against total reads per 

sample. Samples with higher read counts tended to have greater richness (Figure 2.11). Plotting 

Shannon index scores against richness highlighted the differences in clonotype diversity across 

samples (Figure 2.12). Shannon index scores ranged from 7.54 to 9.72 bits in entropy among 

samples with productive clonotypes (mean, 8.898 ± 0.51). Hill numbers ranged from 1888 to 

16640 (mean, 8105.9 ± 3453.4). There was a positive relationship between CDR3 amino acid 

sequence diversity and richness (Figure 2.13). The exponentiated Shannon index scores indicated 

an effective CDR3 repertoire size of 1888 – 16640 clonotypes; this represented 13.3-89.1% of 

clonotypes identified per sample (Figure 2.13). The inverse-Simpson’s index score averaged 

2172.5 ± 1261. Diversity scores for non-productive CDR3 were comparable to the scores for 

productive CDR3 for the Shannon index (mean of 8.72 ± 0.83) and greater for the inverse-

Simpson’s index (mean of 3266.9 ± 2632). 
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The diversity for productive CDR3 as visualized with the inverse-Simpson’s index 

against richness revealed differences between CDR3 diversity more clearly than when plotting 

the Shannon diversity index against richness. In both visualizations of diversity, it was observed 

that samples from the mesenteric lymph node from individual 6 was markedly less diverse than 

other samples as indicated by the clustering of samples away from the remainder of the samples. 

Overall, there was no pattern of increased or decreased diversity per organ or individual. 

 For non-productive CDR3, no notable clustering of samples was observed when plotting 

inverse-Simpson’s index scores against richness, and Shannon index scores followed a 

logarithmic trend when plotted against richness. 

Convergent recombination was defined to have occurred if multiple reads produced the 

same clonotype despite having nucleotide sequence with different V-J rearrangement. Out of 

489,335 productive clonotypes found in the data set, convergent recombination was observed 

134,143 reads (27.4%). Most clonotypes exhibiting convergent recombination only have two 

different rearrangements (47.7%) followed by 3 different rearrangements (21.2%) and 4 different 

rearrangements (11.2%) (Figure 2.15). However, one clonotype was found to have as many as 45 

different rearrangements.  

The most common V genes rearranged in convergent clonotypes were among the 10 most 

commonly rearranged V genes for all productive reads (Figure 2.16). Among clonotypes with 

convergent recombination, 42 V genes were found in the different rearrangements, just over half 

of the total number of identified germline V genes. The most frequent V gene, IGHV44, was 

rearranged in 58.4% of convergent clonotypes; in contrast, IGHV80, which was the most 

commonly used in both productive and non-productive V-J reads over all, was ranked the 7th 

most frequently rearranged, though with a similar frequency of 18.4%. 

Among all productive clonotypes, the majority of CDR3 sequences (99.5%) could only 

be found in 1 of the 3 animals in the study (Figure 2.17). The remaining 0.5% of sequences could 

be found in 2 of the 3 animals (0.47%) or all 3 of the animals (0.03%). Of the 150 sequences, 

which were found in all animals, CDR3 sequence lengths were not normally distributed (Figure 

2.18). CDR3 lengths ranged from 7 to 22 AA in length and averaged 10.7 ± 2.95 AA. 
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Non-junctional reads 

Out of 6,172,807 reads, 2,606,107 reads (44.2%) had no identifiable 5’ gene and were not 

usable for germline analyses. These non-junctional reads were typically incomplete, 3’ portions 

of the IGH locus. Five major classes of non-junctional reads were identified among these unused 

reads (Figure 2.19): premature read termination in the J gene (22.7%), premature read 

termination in the C gene (9.88%), C-intron splices (9.37%), non-rearranged J genes (0.64%), or 

stand-alone, non-spliced C genes (0.54%). Additionally, in 0.51% of the reads, sequences had 

aligned to short sequences in a V or D genes, and 0.61% of reads were identified as potential 

artifacts arising from either the bioinformatics or library preparation workflow. The remaining 

55.7% of the non-junctional reads could not be identified or assigned a class by the alignment 

Perl script. 

 

2.4. Discussion 

V/D/J nomenclature and gene coverage 

Only in the recent decade has analysing the usage of genes in the immunoglobulin 

repertoire through high-throughput NGS been feasible (Arnaout et al., 2011; Choi et al., 2013; 

Weinstein et al., 2009). To date, the characterization of canine IGH repertoire and usage of V 

and J genes have only been studied by comparing compiled cloned canine IGH cDNA with the 

germline canine IGH locus (Bao et al., 2010; Steiniger et al., 2014).  

Given the extensive diversity that can be generated during VDJ recombination, NGS 

offers a distinct advantage over cloning and Sanger sequencing in regards to sequencing depth. 

Illustrating this concept, a study in which over 17000 unique C57BL/6 murine IGH 

rearrangements were obtained via Roche 454 sequencing still failed to find 14 out of 

approximately 110 functional V genes among the sequenced expressed repetiore (Choi et al., 

2013). In the current study, 85 putative V genes were confirmed to be rearranged as well as 6 J 

genes and 6 D genes; this as comparable to the 80 putative V genes, 3 J, and 6 D genes identified 

by Bao and colleagues (Bao et al., 2010) and the additional 3 J genes identified in the subsequent 

characterization (Steiniger et al., 2014). The difference in putative genes identified by Bao et al. 

and the current study may be attributed to variation in gene-identification platforms and the 2011 

revision to the CanFam3.1 assembly [GenBank Assembly ID: GCA_000002285.2] update which 



36 

 

released after the publication of the previous study (Lindblad-Toh et al., 2005); the difference in 

the expressed repertoires observed by Bao et al., Steiniger et al., and the current study reflect the 

depth of sequencing . In comparison, the murine IGH repertoire was found to consist of 195 V, 

4J, and 11 D genes, while the human IGH repertoire consisted of 56 V, 6J, and 23 D genes 

(Johnston et al., 2006; M. P. Lefranc et al., 2009). 

V/D/J usage 

In the initial description of the canine IGH locus by Bao and colleagues, approximately 

half of the 111 cDNA clones, either used IGHV62 (n=30) or IGHVH44 (n=22), and of the 

remainder, only 13 V genes were represented by more than 1 clone (Bao et al., 2010). In 

contrast, all 85 V genes identified in the current study were represented among sequenced reads. 

IGHV62 and IGHV44 also comprised a substantial albeit lower percentage (5-20% as opposed to 

50%) of the reads in any given sample.  High-throughput sequencing of the human IGH 

repertoire revealed a similar skew in V usage in which approximately 50% of reads could be 

accounted for by just 10 of 56 V genes (Arnaout et al., 2011). Bao and colleagues further 

identified canine IGHV62 and IGHV44 as being homologous to human VH3-21 and VH3-23 

respectively (Bao et al., 2010); VH3-23 was indeed identified as one of the top 4 most commonly 

observed VH genes in high-throughput sequencing of the human IGH repertoire (Arnaout et al., 

2011). Bao et al. further established that the canine VH1, VH2, and VH3 families corresponded 

to human VH3, VH1, and VH4 families, respectively (Bao et al., 2010). Among marsupials, the 

more evolutionarily ancient mammals, VH families homologous to the human VH3 family were 

also found to be the largest V gene families, and in one study, represented the only V genes in 

the IGH locus (Johansson et al., 2002; Wang et al., 2009).  

Similarly, IGHJ1-3 reported by Bao et al. were also the three most frequently observed J 

genes in the present study; however, where IGHJ1 and IGHJ2 were reported to be the 

predominantly rearranged genes by Bao et al., IGHJ2 usage (70% in productive V-J 

rearrangements) far exceeded that of IGHJ3 (13% in productive V-J rearrangements), which in 

turn surpassed the usage of IGHJ1 (7.6% in productive V-J rearrangements). This was consistent 

for all animals in the current study and within all organs for each animal. The difference in 

reported J gene usage could be owing to differences in the immune repertoire between different 
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individuals. The fact that Steiniger et al. and the present study found transcripts with 3 additional 

J genes is most likely attributable to the depth of sequencing. 

The study by Bao et al. did not suggest any conclusive biases in D gene usage in the 

context of incomplete D-J rearrangements, potentially due to difficulty aligning the sequenced 

clones with D gene as a result of the shortness of D genes and the high degree of nucleotide 

additions and deletions which occur at both the V-D and D-J junctions during recombination. In 

the current study, D-J junctions represented only a small fraction of junctional reads (3%), with 

recombinatory frequency skewed in favor of IGHD2. In the human IGH repertoire, heavy biases 

towards the use of a small subset of D genes has also been observed in V-DJ junctions (Arnaout 

et al., 2011). The current study did not assess D usage in complete V-J junctions. 

However, the particularly low number of reads associated with D-J was in agreement 

with a study conducted by Skok et al. which suggest that mechanisms exist in murine B-cells 

which prioritize the expression of productive alleles over non-productive alleles, such as D-J 

rearrangements (Skok et al., 2001). However, in a later study by Daly et al., both monoallelic and 

biallelic IGH transcription have been observed in approximately equal ratio murine B-cells 

ranging from the pre-BII cells to the mature splenic, allelically excluded cells; in the same study, 

approximately 50% of B-cells are VDJ/DJ-combined (Daly et al., 2007).  

V-J and D-J pairing frequency 

Preferential pairing of V genes or D genes to J genes were found in all three types of 

rearrangements, regardless of whether the rearrangement was complete or incomplete or whether 

the rearrangement was productive or not. More over, the patterns in both usage and preferential 

pairing were similar between productive and non-productive V-J rearrangements. This is 

consistent with a recent study that used deep sequencing to comprehensively analyse murine and 

human IGH repertoires. The study found that some degree of preferential pairing occurred; 

however, preferential rearrangement was observed in approximately 8.6% of possible human D-J 

rearrangements, and only 0.3% of V-DJ rearrangements (Arnaout et al., 2011). When the pairs 

were narrowed to specifically V-J rearrangements, the percent of V-J pairs which exhibited 

preferential pairing was still just 1.3% (Arnaout et al., 2011). Though D-J rearrangements were 

observed to have preferential pairing in the current study, the limited number of D and J genes in 

dogs compared to the mouse and human IGH loci as well as the relatively low number of D-J 
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reads that were obtained during deep sequencing make it difficult to establish frequencies of 

preferential rearrangement due to the extreme unevenness of individual gene usage.  

However, in both previous literature and the current study, it was found that the usage 

and preferential pairing patterns were similar between productive and non-productive 

rearrangements (Arnaout et al., 2011). Though non-productive rearrangements are often 

expressed as transcripts (Daly et al., 2007), they do not produce a functional receptor and are 

therefore not under selective pressure. These findings suggest that paring bias may not entirely 

be a function of antigenic selection, but genetic or epigenetic factors might play a role as well 

(Arnaout et al., 2011; Choi et al., 2013; Gu et al., 1990). Rearrangement of IGH germline genes 

is mediated and targeted through homologous sequences including recognition signal sequences 

(RSSs) (Feeney, 1992; Feeney et al., 2000; Murphy, 2014). However, in humans, there was 

limited correspondence found between the preferential rearrangements found and the 

microhomologies (Feeney et al., 2000; Gu et al., 1990). For the murine repertoire, it was found 

that the RSS was the best predictor of whether or not a V gene was available for transcription 

and rearrangement, it was, on its own, a poor predictor for the relative rearrangement frequencies 

(Choi et al., 2013). Instead, epigenetic factors such as various histone modifications which affect 

the accessibility of the gene were effective sin predicting rearrangement frequencies (Choi et al., 

2013). This observation was consistent with the concept that chromatin structure and 

conformational changes play crucial roles in somatic recombination in the IGH locus (Espinoza 

and Feeney, 2005; Johnson et al., 2003; McMurry and Krangel, 2000). 

Isotype usage 

Across both productive and non-productive V-J rearrangements, the patterns in isotype 

usage were similar. Though typically, class-switch recombination is thought to be exclusively 

intra-allelic, interallelic (or trans-allelic) class-switch recombination has been documented in 

both human and murine B cells (Borzillo et al., 1987; Dougier et al., 2006; Kingzette et al., 1998; 

Reynaud et al., 2005). Variable frequencies for this phenomenon were observed from as low as 

17% to as high as 75% in which the non-productive allele class-switched to the same isotype as 

the productive allele (Borzillo et al., 1987; Reynaud et al., 2005). It was proposed that interallelic 

class-switching would allow B cells with defects in the constant region to be rescued using intact 

genes from the non-productive allele (Dougier et al., 2006). However, in the current study, while 
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productive and non-productive V-J rearrangements shared similar isotype usages, D-J 

rearrangements exhibited higher and more consistent IGM usage.  

Greater usage of IGM over IGG was only observed in V-J rearrangements from spleen-

derived samples. For the other organs, V-J rearrangements featured high levels of IGG which is 

also the most common IGH isotype observed in human serum (Gonzalez-Quintela et al., 2008; 

Murphy, 2014; Pan and Hammarstrom, 2000; Pone et al., 2010). The relative frequencies of IGM 

and IGA were also consistent with past literature for IGH isotypes (Galson et al., 2015; 

Gonzalez-Quintela et al., 2008; Murphy, 2014). IGM and IGD are the first isotypes to be 

expressed by immature B cell lymphocytes, prior to affinity maturation in germinal centres of 

secondary lymphoid organs such as the spleen or lymph nodes (Murphy, 2014; Pone et al., 2010; 

Stavnezer and Schrader, 2014). Therefore, in peripheral circulation, IGM is reportedly rare 

relative to other isotypes, especially IGG (Murphy, 2014; Rudin and Thompson, 1998). The 

localization of immature B cells to the spleen may explain the elevated IGM frequency in V-J 

rearrangements, but not the high frequency of IGM in D-J rearrangements across all tissues. 

However, given that inactive alleles are transcriptionally active (Daly et al., 2007; Delpy et al., 

2003), it is possible that alleles in the studied animals with D-J rearrangements had not 

undergone class-switch recombination and the default transcript for IGM was what as captured 

during sequencing. 

Another notable observation was the elevated usage of IGE in V-J rearrangements from 

the mesenteric lymph node of animal 6. In dogs, IGE expressing plasma cells have been found to 

be prominent in respiratory and gastrointestinal mucosae, as well as regional lymph nodes 

(Halliwell, 1975). Past literature also suggests that canine IGE expression parallels that of 

humans, in which allergic diseases, reactive stimulation, and helminth parasitic infections can 

stimulate IGE expression (Halliwell, 1975; Hammerberg, 2013; Wu and Zarrin, 2014). Given 

that the high level of IGE was observed in only one individual and that it was inconsistent across 

biological replicates, it is possible that the observed IGE levels may be a result of local antigenic 

stimulation. 
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CDR3 diversity 

In previous literature, canine CDR3 sequences were described to have a mean length of 

13.5 ± 3.56 AA with a range of 5-27 AA (Steiniger et al., 2014). The average length was found 

to be longer than the average length of murine CDR3 of 11.5 ± 2.7 AA but shorter than the 

human average CDR3 length of 15.2 ± 4.1 AA (Steiniger et al., 2014; Wu et al., 1993; Zemlin et 

al., 2003). In the current study, the mean length of canine CDR3 sequences was found to be even 

longer than previously described, averaging 15 AA. This is comparable to the human CDR3 

repertoire. This was likely due to the differing number of individuals involved in the study and 

population differences in the CDR3 repertoire. An increase in the proportion of CDR3 sequences 

with over 14 AA from 37.1% in previous literature to 67.8% in the current study was also 

observed. This proportion was even greater than the distribution observed in human CDR3 which 

was found to have 54.8% of CDR3 with over 14 AA (Zemlin et al., 2003). The 14 AA distinction 

was suggested as it differentiate structural differences wherein CDR3 loops protruded into the 

solvent or interacted with other CDR regions of the antigen binding site (Ramsland et al., 2001). 

Interestingly, a spike in CDR3 sequences that were 9 AA in length and that deviated from 

the otherwise normal distribution of CDR3 lengths was observed, similar to the increase in 

CDR3 with a length of 7 AA in previous literature (Steiniger et al., 2014). It may be possible that 

in one or more individuals in each study, the shorter CDR3 corresponds to a localized response 

to a particular epitope at that point in time, or as was suggested for the 14 AA threshold, 7 AA 

may be indicative of a particular structural configurations (Ramsland et al., 2001). As discussed 

subsequently, the current study found that among public clonotypes that were shared among all 

three animals, the second most common CDR3 length is 9 AA, only marginally fewer than 

CDR3 of 10 AA. This suggests that the driving force behind the notably high levels of 9 AA 

CDR3 may be common between animals in this study. 

Despite the enormous diversity of immune repertoires, identical CDR3 amino acid 

sequences, i.e. public receptor sequences, are commonly encountered in different individuals. In 

theory, a practical application of characterizing public receptor sequences could be that they 

might be useful as biomarkers if they are associated with specific disease conditions. Out of all 

productive clonotypes, 150 were found in all 3 individuals included in the study while 2303 

clonotypes were observed in 2 out of 3 animals.  The public repertoire of T cell receptor β 
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(TCRβ) has been more widely studied; overlaps in clonotypes between individuals have been 

observed in outbred macaques (V. Venturi et al., 2008), humans (Robins et al., 2010; Vanessa 

Venturi et al., 2011), and mice (Quigley et al., 2010; Venturi et al., 2006). In a human study, 

between pairs of 7 related and unrelated individuals, the mean pairwise overlap in TCRβ was 

over 1000 clonotypes with the maximum overlap exceeding 10,000 clonotypes out of an estimate 

5x1011 sequences (Robins et al., 2010); when modelled in the same study, given the estimated 

diversity of TCRβ clonotypes, only 5 sequences were expected to be shared between individuals. 

Additionally, it was found in humans that up to 56.7% of TCRβ clonotypes which were shared 

between the memory and naïve T cell pools within an individual were also found to be common 

between individuals (V. Venturi et al., 2011).  For TCRβ, two driving factors for public 

clonotypes have been proposed: recombinatorial biases (Robins et al., 2010; Vanessa Venturi et 

al., 2008; Weinstein et al., 2009), and convergent recombination (Quigley et al., 2010).  

Convergent recombination was observed in 27.4% of clonotypes, suggesting that while 

an immense diversity can be generated in the IGH locus, the diversity of CDR3 may be lower. 

Most V genes involved in convergent recombination were of the VH-1 family. Among these 

clonotypes, the most commonly rearranged V gene was IGHV44, one of the 10 most frequently 

rearranged V genes over all. Other frequently rearranged V genes were also highly represented 

among convergently recombined clonotypes: IGHV62, 41, 77, 80, and 08. In the TCRβ of mice, 

V-J rearrangements that were more frequently used within an individual were also more likely to 

be shared between individuals, and the resulting shared clonotypes were also often observed to 

be associated with multiple different nucleotide sequences (Li et al., 2012; Madi et al., 2014). In 

B cells, the additional effect of affinity maturation through somatic hypermutation can be 

additional driving factors for shared sequences through convergent recombination.  

Non-junctional reads 

In total, 2,606,107 reads contained C genes but no V-J or D-J rearrangements. Most of 

these reads (32.6%) terminated prematurely in either the C or J gene going from 3’ to 5’. It is 

possible that these incomplete reads resulted from errors in the library preparation workflow, 

more specifically, from premature separation of the reverse transcriptase from the template 

during the 5’RACE. Alternatively, the incomplete reads may reflect suboptimal RNA integrity. 
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Other types of encountered sequence patterns were either bare C gene sequences or non-

rearranged J gene to C gene splice products, both of which included their respective 5’UTR. For 

humans and mice it has been shown that J and C genes each have promoters that can result in 

gene transcription without prior VDJ rearrangement. In fact, it is one reason why IMGT could 

change the designation of ‘gene segment’ to ‘gene’ in order to conform to HUGO nomenclature 

(http://www.imgt.org/FAQ/#question1). Unexpectedly, a significant number of reads contained 

intron to C gene splice products (9.37%). The intronic sequences fell primarily between the 

IGHJ6 and the IGM C genes and appeared to utilize different splice sites. It is known that the 

IGH locus on both the productive and non-productive allele are transcriptionally active (Daly et 

al., 2007; Delpy et al., 2003), and that the accessibility and transcription of germline genes is 

vital to both somatic hypermutation and isotype class-switching (Peters and Storb, 1996; 

Stavnezer-Nordgren and Sirlin, 1986; Stavnezer and Schrader, 2014). Given that non-coding, 

regulatory sequences such as the switch region sequences and germline transcription promoters 

have yet to be characterized in canines, closer examination of the various splice patterns and 

associated gene sequences may reveal comparative insights into antigen receptor biology. 

 

2.5. Conclusion 

Though the sequence of the germline canine IGH locus has been available for over a 

decade, analysis of the germline genes and their usage have since then been restricted to in silico 

analyses, cDNA cloning, and Sanger sequencing. The increasing accessibility of NGS 

technology has enabled more comprehensive analyses of immune repertoires.  

The current study expanded on the previously described canine germline IGH locus by 

identifying 5 additional V genes; furthermore, all previously described and novel germline genes 

were found to be rearranged in the NGS dataset for both productive and non-productive canine 

IGH transcripts. From the dataset, usage frequencies for germline genes and pairwise 

rearrangement frequencies were found to be highly uneven. 

In agreement with existing literature, it was found that despite the differences in available 

V, D, and J genes, canines produce clonotypes of similar length as humans and mice, and that, 

similar to both organisms, a substantial proportion of these clonotypes are shared not only 

between different locations within an individual, but also in the immune repertoires between 
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individuals. Shared sequences possibly result from convergent recombination. However, a 

number of features of the IGH locus have yet to be characterized, such as regulatory sequences, 

as well as non-junctional sequencing reads.  

Adequate functioning of the immune system is pivotal to maintaining good health. The 

improved understanding of the rearrangement patterns and observed diversity in the canine IGH 

repertoire will provide a foundation for further research and the assessment of canine immune 

repertoires in health and disease. 
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2.6. Figures 

Figure 2.1.  
Annotation of a 74.3Mb region of the germline canine IGH locus [NW_003726071.1] of: (a) 85 

V genes (top track, numbered), 6 J genes (middle track), and 6 D genes (bottom track) identified 

by StochHHM. C genes for each isotype are marked in green. (b) A close-up view of J genes (top 

track) and D genes (bottom track), both numbered. All newly identified genes are indicated with 

red numbers; a pair of V genes which were aligned to opposite positions by the Bao et al. (2010) 

is indicated with original designations in parentheses.  
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Figure 2.2. 

Overall categories of reads obtained from NGS: (a) the abundance of reads obtained for each 

sample with V-J, D-J, or no junction; (b) the percentage of reads for each sample with V-J, D-J, 

or no junction; (c) the percentage of V-J junctional reads with ambiguous and non-ambiguous V 

genes; (d) the percentage of reads with non-ambiguous V-genes with productive and non-

productive CDR3. Bars clustered along the X-axes were sample replicates from each organ and 

animal.   
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Figure 2.3. 

V and J gene usage frequencies for productive and non-productive V-J junctional reads. The 

‘long-tailed’ distribution of V gene usage frequencies when sorted by magnitude (top left) and 

the relative frequencies of J gene (top right) was observed regardless of productivity. The 10 

most frequently used V genes were plotted for productive (bottom left) and non-productive 

(bottom right) V-J junctional reads. Y-axes indicate the usage frequency (% of reads). 
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Figure 2.4. 

The usage frequencies of D genes in D-J junctional reads (left) and usage frequencies of J genes 

(right); Y-axes indicate the usage frequency (% of reads). 
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Figure 2.5. 

The usage frequencies of V genes in productive V-J junctional reads, separated by animal and 

organ. Y-axes indicate the percentage of reads, and V genes are ordered along X-axes from 

IGHV01 to IGHV85. Plots for usage frequencies of germline genes by animal and organ are 

further listed in Supplemental figures 2.1 to 2.5.  
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Figure 2.6. 

Preferential V-J rearrangement, productive and non-productive V-J junctions. The absolute 

differences between the rearrangement frequencies for V genes in reads that have rearranged a 

particular J gene and the rearrangement frequencies for V genes in all productive V-J junctional 

reads. A transparent overlay of the differences in rearrangement frequencies for non-productive 

V-J junctional reads indicate that the same V-J rearrangements are observed to rearrange 

preferentially regardless of productivity. For non-overlapped plots, see Supplemental figures 6-7. 

Positive differences indicate that a V-J rearrangement occurred more frequently than would be 

expected if there were no preferential rearrangement; negative differences indicate that the 

rearrangement occurred less frequently. The magnitude of the stacked bars indicates the degree 

of preferential rearrangement between a V and J gene. The X-axis indicate the V gene in order 

from IGHV01 to IGHV85.  
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Figure 2.7. 

Preferential D-J rearrangement. The absolute differences between the rearrangement frequencies 

for D genes in reads that have rearranged a particular J gene and the rearrangement frequencies 

for D genes in all D-J reads.  

Positive differences indicate that a D-J rearrangement occurred more frequently than would be 

expected if there were no preferential rearrangement; negative differences indicate that the 

rearrangement occurred less frequently. The magnitude of the stacked bars indicates the degree 

of preferential rearrangement between a D and J gene. The X-axis indicate the D gene in order 

from IGHD01 to IGHD06.  
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Figure 2.8. 

IGH C gene usage by sample replicates, grouped by organ and animal, for productive V-J 

junctional reads (top left), non-productive V-J junctional reads (top right), and D-J junctional 

reads (bottom). The far right bars are averages for samples in respective junctional groups. 
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Figure 2.9. 

The distribution of CDR3 lengths in AA for productive V-J reads up to 30AA. The maximum 

reads length is 118 AA, the frequencies of CDR3 lengths after 30AA were not high enough to be 

visualized in the plot.  
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Figure 2.10a. 

The most frequent clonotype coverage values for productive CDR3. The left-most bar is 

averaged across all samples. The Y-axis indicates the proportion of clonotypes. The darkest bars 

is coverage = 1, with lighter segments increasing in coverage. 
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Figure 2.10b.  
The most frequent clonotype coverage values for non-productive CDR3. The left-most bar is 

averaged across all samples. The Y-axis indicates the proportion of unique CDR3. The darkest 

bars is coverage = 1, with lighter segments increasing in coverage. 

5BM  5ME    5SP    6BM    6ME    6SP    7BM   7ME     7SP 
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Figure 2.11. 

The number of productive (top) and non-productive (bottom) V-J reads per sample (X-axis) and 

the number of clonotypes, the richness, found in each sample (Y-axis). 
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Figure 2.12. 

The richness (X-axis) and the Shannon index score per sample (Y-axis) in productive (top) and 

non-productive (bottom) V-J reads. The blue, dashed box indicate a group of lower diversity 

samples from 6ME productive V-J reads. 
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Figure 2.13. 

The richness (X-axis) and the Hill number per sample (Y-axis) in productive (top) and non-

productive (bottom) V-J reads. The blue, dashed box indicate a group of lower diversity samples 

from 6ME productive V-J reads. 
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Figure 2.14. 

The richness (X-axis) and the inverse Simpson’s score per sample (Y-axis) in productive (top) 

and non-productive (bottom) V-J reads. The blue, dashed box indicate a group of lower diversity 

samples from 6ME productive V-J reads. 
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Figure 2.15. 

The frequency of a clonotype with N-number of convergent rearrangements as a percentage of all 

convergently recombined clonotypes. The ten most frequent numbers of convergent 

rearrangements were depicted. As many as 45 rearrangement were found for one clonotype. 

 

Figure 2.16. 

The 20 most frequently rearranged V genes among convergently recombined clonotypes. 
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Figure 2.17. 
The proportion of productive clonotypes (n=489,336) which were identified solely in single 

animals (99.5%), in 2 of 3 animals (0.47%), or in all animals (0.03%).  
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Figure 2.18. 

The distribution of CDR3 lengths in AA among public clonotypes. 

 

 

Figure 2.19. 

The proportion of non-junctional reads belonging to each of 4 major types; 55.7% of reads 

remain unaccounted for by these types. 
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2.7. Supplemental material 

 

Supplemental Protocol 2.1. Library preparation PCR conditions. 

 

Supplemental table 2.1. First-step PCR primer sequences. 1 

 

 

Supplemental table 2.2. PCR components for library preparation. 

 

 

 

  

Primer Sequence (5’-3’) 

Forward: Universal 5’RACE 

Primer 
TCGTCGGCAGCGTCAGATGTGTATAAGAGAC

AGGCAGTGGTATCAACGCAGAG 2 

Reverse: IGA GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGAACACACTGGGGCTGGTTTT 

Reverse: IGD GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGCCAAGGGGAGCAGAAGTGAC 

Reverse: IGE GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGGGAACACAGACAGGTCCTGG 

Reverse: IGG GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGGTGGGAAAACCGAGGGGG 

Reverse: IGM GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGAGGTTTGGAGGGGATGGACT 
1 Second-step PCR primers are outlined by Illumina’s Adaptor Sequence Document 

under Nextera indices (Illumina, 2016c). 
2 Nucleotides in bold denote overhang portions of primers to be incorporated (Illumina, 

2016c, 2013). 

Reaction components                                                                              volume (µL) 

Buffer solution 5 

10mM dNTPs 0.5 

10µM Primer set 5 

Water 13 

Q5 High-fidelity DNA polymerase (New England Biolabs, MA) 0.25 

Sample/template 5 

Total reaction volume: 25 
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Supplemental table 2.3. Cycling program on Bio-Rad S1000 Thermocycler (CA). 

 

Step Duration, Temperature 

Initial Denaturation 30s of 98°C 

Denaturation 10s of 98°C 

Annealing 30s of 70°C 

Extension 30s of 72°C 

Final Extension 2 min of 72°C 

      Cycles (steps in grey) 30 

 

Supplemental Protocol 2.2. Bead clean up. 

After each PCR reaction, reaction products were cleaned using a modified solid-phase reversible 

immobilisation (SPRI) bead protocol (Mag-Bind RxnPure Plus, Omega Bio-tek, Norcross, GA). 

Beads were isolated from the stock solution and resuspended in a buffer solution of 12.5% PEG 

and 14.7% NaCl (m/v%) at a ratio of 1.5:1 starting bead volume to buffer volume. The 

concentrated, resuspended bead solution was added to reaction products in a 1.5:1 ratio by 

volume. The remaining clean-up protocol was done according to manufacturer instructions on 

the Biomek NX liquid handler (Beckman-Coulter, CA), and visualized by capillary 

electrophoresis (Qiaxcel, Qiagen, CA). 
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Supplemental figure 2.1. 

The usage frequencies of J genes in productive V-J junctional reads, separated by animal and 

organ. Y-axes indicate the percentage of reads, and J genes are ordered along X-axes from 

IGHJ01 to IGHJ06. 

 

  



65 

 

Supplemental figure 2.2. 

The usage frequencies of V genes in non-productive V-J junctional reads, separated by animal 

and organ. Y-axes indicate the percentage of reads, and V genes are ordered along X-axes from 

IGHV01 to IGHV85.  
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Supplemental figure 2.3. 

The usage frequencies of J genes in productive V-J non-junctional reads, separated by animal 

and organ. Y-axes indicate the percentage of reads, and J genes are ordered along X-axes from 

IGHJ1 to IGHJ6. 
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Supplemental figure 2.4. 

The usage frequencies of D genes in productive D-J junctional reads, separated by animal and 

organ. Y-axes indicate the percentage of reads, and D genes are ordered along X-axes from 

IGHD1 to IGHD6. 
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Supplemental figure 2.5. 

The usage frequencies of J genes in productive D-J junctional reads, separated by animal and 

organ. Y-axes indicate the percentage of reads, and J genes are ordered along X-axes from 

IGHJ1 to IGHJ6. 
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Supplemental figure 2.6. 

Preferential V-J rearrangement, productive V-J junctions. The absolute differences between the 

rearrangement frequencies for V genes in reads that have rearranged a particular J gene and the 

rearrangement frequencies for V genes in all productive V-J junctional reads.  

Positive differences indicate that a V-J rearrangement occurred more frequently than would be 

expected if there were no preferential rearrangement; negative differences indicate that the 

rearrangement occurred less frequently. The magnitude of the stacked bars indicates the degree 

of preferential rearrangement between a V and J gene. The X-axis indicate the V gene in order 

from IGHV01 to IGHV85.  

  

IGHJ02 IGHJ03 IGHJ01 IGHJ05 IGHJ06 IGHJ04 
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Supplemental figure 2.7. 

Preferential V-J rearrangement, non-productive V-J junctions. The absolute differences between 

the rearrangement frequencies for V genes in reads that have rearranged a particular J genes and 

the rearrangement frequencies for V genes in all non-productive V-J junctional reads.  

Positive differences indicate that a V-J rearrangement occurred more frequently than would be 

expected if there were no preferential rearrangement; negative differences indicate that the 

rearrangement occurred less frequently. The magnitude of the stacked bars indicates the degree 

of preferential rearrangement between a V and J gene. The X-axis indicate the V gene in order 

from IGHV01 to IGHV85.  
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CHAPTER 3: USING NEXT GENERATION SEQUENCING TO IMPROVE THE 

SENSITIVITY OF MOLECULAR CLONALITY ASSAYS FOR CANINE B CELL 

PROLIFERATIONS 

 

Hwang M., Darzentas, N., Bienzle, D., Guscetti, F., Moore, P., Morrison, J., Keller, S. 

Formatted for publication in the Journal of Veterinary Diagnostic Investigation 

 

3.1. Introduction 

Canine B cell lymphoma is among the most common canine hematopoietic neoplasms 

and, if untreated, carries a poor prognosis (Backgren, 1965; Dorn et al., 1970; Teske, 1994). If 

diagnosed, timely chemotherapeutic treatment can extend the mean survival time from 4-6 weeks 

to over a year (Daters et al., 2010; Ettinger and Ettinger, 2003). Molecular clonality testing can 

be a useful adjunct to diagnosing canine lymphoma when conventional methods such as 

microscopy and immunohistochemistry yield equivocal results (Keller et al., 2016; Lana et al., 

2006; van Dongen et al., 2003). Clonality testing for B cell neoplasms involves PCR-based 

amplification of the hypervariable immunoglobulin heavy chain (IGH) gene using forward 

primers that target the variable (V) gene of the rearranged IGH locus, and reverse primers that 

target the joining (J) gene (van Dongen et al., 2003). Size separation of amplicons by slab-gel or 

capillary electrophoresis allows assessing the genetic diversity of rearranged IGH genes among 

lymphocytes within a given sample (Gentilini et al., 2009; van Dongen et al., 2003). The size 

distribution of the amplicons is used to differentiate between reactive/inflammatory lesions that 

have a normally distributed, polyclonal curve or neoplastic lymphoid proliferations that have one 

or more narrow, clonal peaks (Keller et al., 2016; Langerak et al., 2012; van Dongen et al., 

2003). 

As any other test, clonality assays can yield false negative results, in which case 

lymphoid neoplasia is incorrectly diagnosed as reactive or inflammatory process. The ability of a 

test to call true positives is generally characterized as sensitivity. In clonality testing, assay 

sensitivity is primarily dependent on the proportion of rearrangements that are amplified by a 

given primer set (Hoeve et al., 2000; van Dongen et al., 2003). For complete IGH repertoire 

amplification, the primers of an assay must recognize all V and J genes used by B cells during 



72 

 

somatic recombination. Furthermore, primers must accommodate deviations from germline gene 

sequences introduced by somatic hypermutation (SHM). Nucleotide substitutions by SHM occur 

continually but sporadically in the IGH locus of peripheral lymphocytes as a mechanism to 

enhance antigen binding (Kim et al., 1981; Tonegawa, 1983; Volpe and Kepler, 2008). Though 

in theory, SHM can occur randomly throughout the IGH locus, certain nucleotide sequences and 

motifs, known as ‘mutational hotspots’, have been found to be particularly prone to SHM 

(Odegard and Schatz, 2006; Yaari et al., 2013). While patterns of SHM have been investigated in 

humans with increasingly sophisticated approaches, the mutational hotspots for SHM and the 

frequency of mutation have yet to be studied in canines (Yaari et al., 2013). 

Several primer sets targeting the canine IGH locus have been developed since the turn of 

the century. Each successive assay sought to improve assay sensitivity by increasing the 

coverage of the IGH repertoire by the primers of an assay (Table 3.2.).  

Initially, clonality assay primers were designed using fewer than 100 cDNA clones 

(Burnett et al., 2003; Vernau and Moore, 1999). When the canine whole-genome assembly was 

established in 2004, it became possible to search for novel germline genes within a 1.28Mb 

stretch of chromosome 8, the putative site of the canine IGH locus. In 2006, Tamura et al. 

searched the canine IGH locus using a sequenced cDNA clone and found 61 putative V genes 

(Tamura et al., 2006). However, it was not until 2010 when the structure of the canine IGH locus 

was elucidated. Bao and colleagues described 80 V genes in 3 subgroups which are homologous 

with major human IGH families as well as 3 J genes and 6 D genes, and in a following study by 

Steiniger et al., an additional 3 J genes were identified (Bao et al., 2010; Steiniger et al., 2014).In 

addition to targeting the genomic level, a growing wealth of canine IGH cDNA clones became 

available over the years (Gentilini et al., 2009; Tamura et al., 2006). Most recent iterations of 

clonality assays have focused on the revision of primer sets to include the germline genes 

identified in the IGH locus annotation (Bao et al., 2010; Gentilini et al., 2009; Waugh et al., 

2016). A common strategy employed has been to run multiple reactions of previously described 

and novel primer sets concurrently to improve gene coverage (Gentilini et al., 2009; Goto-

Koshino et al., 2015; Waugh et al., 2016). 

While most publications provided some indicator of test performance, a lack of 

standardized testing has resulted in a wide range of reported sensitivity and specificity values. 
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Discrepant results have not only been reported for different assays but also for the same assay in 

different studies. This variability is not surprising if one considers the factors that can influence 

sensitivity and specificity in clonality testing. 

The first contributing factor to the sensitivity and specificity of the assays is the design of 

the assay itself, namely, in the sequence data that was used to develop the primer set, and the 

distribution over germline gene coverage over separate reactions in the assay. Earlier approaches 

to covering germline genes which used cDNA cloning precluded infrequently rearranged 

germline genes from the assay and increase the risk of false negative results (Burnett et al., 2003; 

Keller et al., 2016). Similarly, while the incorporation of multiple reactions and primer sets can 

cumulatively cover most germline genes, the division of germline genes across multiple 

distributions can misrepresent the genetic diversity and increase the risk of false positive results 

(Cushman-Vokoun et al., 2010; Gentilini et al., 2009; Waugh et al., 2016). 

The second factor is variability in the sample materials. To accurately assess and compare 

the sensitivity and specificity across assays, sample materials, particularly clonal test cases, 

should be of known diagnosis, produce unambiguous results, and be consistent across all assays 

tested (Böer et al., 2008; Hoeve et al., 2000; Keller et al., 2016). Furthermore, samples must be 

tested in replicate to differentiate between pseudoclonal and true clonal results to avoid elevating 

the sensitivity (Keller et al., 2016; Takanosu et al., 2010). 

Lastly, the methods of visualization by electrophoresis and definition of clonality have 

changed multiple times since when clonality testing for canine B cell lymphoma was first 

designed (Gentilini et al., 2009; Goto-Koshino et al., 2015; Nataraj et al., 1999; Takanosu et al., 

2010; van Dongen et al., 2003). A common, standardized method of interpreting assay results is 

crucial to comparing the sensitivities and specificities across assays.  

However, limited work has been done to accommodate primer-template mismatches 

arising from SHM. Primer sets that were developed using cDNA clones may have accounted for 

a limited degree of SHM. That notwithstanding, the number of assessed cDNA clones was in the 

range of 10-30 sequences, which is unlikely to be representative of the full sequence diversity 

SHM might introduce. Mismatches caused by SHM have been suggested to impede primer 

binding and amplification, particularly if located on the 3’ end of the primer (Stadhouders et al., 

2010). Correspondingly, SHM has been suggested as a reason for false negative results due to 
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absence of amplification in suspected B cell lymphoma cases (Burnett et al., 2003; Gentilini et 

al., 2009; Tamura et al., 2006; Valli et al., 2006; Waugh et al., 2016). 

In light of these considerations, it is conceivable that previous studies suffered from 

limitations that resulted in inaccurate functional parameters. However, knowledge of the 

reliability of these parameters is essential when choosing an assay, especially in a diagnostic 

setting where assay performance is usually closely monitored through formal quality control 

programs. In addition to potentially unreliable functional parameters, no existing assay has used 

large scale sequencing data to fine-tune primer sets to the expressed repertoire. 

The objectives of this study were (1) to identify shortfalls of existing IGH clonality 

assays through review of the literature, (2) to optimize existing primer sets in silico using a large 

dataset of expressed IGH sequences acquired by next generation sequencing and (3) to compare 

original and optimized primer sets in vitro. This study hence provides a benchmark for evidence-

based selection of primer sets for diagnostic clonality testing. 

 

3.2. Methods 

Review of the literature 

The literature was searched for canine clonality assays targeting the IGH locus (Figure 

3.1, Table 3.1), focusing on the first descriptions of the assays as well as a recent combined assay 

derived from previously described primer sets (Burnett et al., 2003; Gentilini et al., 2009; 

Tamura et al., 2006; Valli et al., 2006; Waugh et al., 2016). All studies were assessed in regards 

to (1) the sequence data used for primer design (2) the number of required tubes (3) the use of 

replicate samples (4) the reliability of the diagnoses of samples used for testing (5) the 

visualization method (5) the definition of clonality and the technical descriptions. In addition to 

identifying potential shortfalls, the economic viability of each assay in a diagnostic context, and 

the potential for high-throughput workflows and compatibility with different sample types in 

research applications were considered. 

Identification and nomenclature of germline genes 

Germline gene sequences on chromosome 8 of the CanFam 3.1 whole-genome assembly 

[NW_003726071.1] were identified using StochHHM (Lindblad-Toh et al., 2005; Lott and Korf, 
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2014). To minimize confusion arising from divergent gene nomenclatures across studies, this 

study adhered to the nomenclature initially proposed by Bao et al. for all previously identified V 

genes and J genes when possible (Bao et al., 2010). Newly identified genes were numbered 

continuing from the existing nomenclature, starting with the genes located furthest away from 

the C gene region (Bao et al., 2010; see Chapter 2). V gene family nomenclature was also used 

as proposed by Bao et al, i.e. gene families were designated VH-1 to VH-3 in descending order 

of members (Bao et al., 2010). Notably, this nomenclature is not conforming to International 

Immunogenetics Information System (IMGT) standards (M. P. Lefranc et al., 2009). 

Furthermore, IMGT recently published a set of germline genes but the number of genes 

described was well below the number published by Bao et al. so it was decided to carry on with 

the existing nomenclature until a definite naming convention for all genes has been established 

by IMGT. 

In silico optimization of primer sets 

The ability of a given primer set to bind to a diverse repertoire of IGH sequences was 

gauged in-silico by recording the mismatches between every transcript of a NGS dataset and the 

best fitting primer sequence. The NGS dataset was previously described in detail (see chapter 2). 

In short, mRNA from spleen, lymph node and bone marrow of 3 healthy dogs was used as 

starting material to generate 2,835,707 IGH reads with identifiable V and J genes.  

The location of primer sites from all clonality assays targeting the canine IGH locus was 

mapped to germline sequences and the extent of degeneracy was identified. Forward primers 

targeting the V gene were selected from previously described literature (Burnett et al., 2003; 

Gentilini et al., 2009; Tamura et al., 2006; Valli et al., 2006; Waugh et al., 2016). A reverse 

primer targeting the J gene as previously described by Valli et al. (2006) was selected due to 

overlap between the reverse primer binding sites in existing assays. Primer sites were extracted 

from unique read sequences and the frequency and type of base pair mismatches with the primer 

sequence were determined for each base position.  

The results of the in-silico assessment were then used to guide the re-designing of primer 

sets to better suit the functional repertoire of rearranged canine IGH genes. To assess the effect 

of primer degeneracy, degenerate primer bases were changed to the most common single base in 

the germline sequences. For practical purposes, mismatches were assessed first by VH families 
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due to the similar sequence identity between the members then by individual V genes, and 

priority was given to addressing mismatches arising from families with frequently used V genes.   

In vitro testing of primer sets 

Three primer sets were selected for in vitro assessment: Gentilini 3FWR1 (subsequently 

referred to as ‘3FWR1’) (Gentilini et al., 2009), CB (Burnett et al., 2003), and Valli (Valli et al., 

2006) based on the expected amplicon size and degree of degeneracy introduced during the in 

silico analysis to cover germline genes. For each primer site, both the originally described 

primers as well as the modified primers resulting from the in silico analysis were ordered from 

Sigma-Aldrich (MilliporeSigma, MO).  

All testing was performed on 35 unambiguously reactive lymph nodes from cases of 

canine osteosarcoma and 35 unambiguous B cell neoplasms. The lineage of all neoplastic cases 

was  confirmed by immunohistochemistry for CD79 and/or MUM-1 and samples were devoid of 

non-neoplastic lymphocytes. Of the neoplastic samples, 30 were lymph nodes with a diagnosis of 

diffuse large-B cell lymphoma, and 5 were cutaneous plasmacytoma. Samples were formalin-

fixed and paraffin-embedded (FFPE) tissue scrolls. DNA extracted from unfixed, frozen 

mandibular lymph node tissue from a healthy animal was used as control.  

PCR amplification using the original primer sets was performed as stated in the 

respective manuscripts with the exception that the same polymerase (HotStarTaq, Qiagen, CA) 

was used regardless of primer set. This required an added initial activation step of 95°C for 15 

minute.  

Reactions using the modified primer sets were initially tested in a gradient PCR to 

determine the optimal annealing temperature of 65°C. The final cycling conditions consisted of 

an initial activation step of 95°C  for 15 minutes; 35 cycles of 95°C for 30 seconds, 65°C for 30 

seconds, and 72°C for 30 seconds; and a final extension time for 72°C for 2 minutes. Per 25 µL 

reaction, 0.38 µL HotStarTaq, 5.0 µL of supplied MgCl2,1.5 µL of supplied buffer solutions 

were used (Qiagen, CA); to each reaction, 1.5 µL of 10mM dNTPs (MilliporeSigma, MO), 0.5 

µL of 10 µM forward and reverse primers, and 5 µL of 10ng/µL DNA template were added. 

Amplicons were visualized by capillary electrophoresis (Qiaxcel, Qiagen) using a high 

resolution cartridge, the run parameters OL500 with 20 second injection time and the Qiaxcel 
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software. Electrophoresis patterns were interpreted as previously described (Keller et al., 2016; 

Langerak et al., 2012). In short, results were designated as clonal, polyclonal, pseudoclonal or 

having no amplification with weak amplification and background amplification noted where 

applicable. If a sample failed to amplify with any of the primer sets, PCR amplification with 

primers targeting a portion of the canine GAPDH gene spanning exons 7 and 8 was performed to 

assess DNA integrity. If a sample failed to yield a band of the appropriate size, the sample was 

excluded from further analysis.  

Sensitivity was calculated for each individual primer set using the number of true 

positive, clonal results from the neoplastic test cases. Specificity was first calculated for each 

individual primer set using the number of true negative, polyclonal results out of all reactive 

cases, and then calculated again for each primer set using the number of reactive cases which did 

not produce a false positive result. For the original CB Major and CB Minor primer sets which 

were designed as a single assay, ‘pooled’ sensitivity and specificity values were also calculated 

where a clonal peak from either primer set would be counted as a true-positive in neoplastic 

cases, and a polyclonal curve from either primer set would be counted as a true-negative in 

reactive cases. Correspondingly, a clonal peak resulting from either CB Major or Minor would 

be counted as a false-positive result in reactive cases. 

 

3.3. Results 

Review of the literature 

All clonality assays targeting the canine IGH locus were assessed for potential 

shortcomings (Table 3.1, Supplemental table 3.1). All previously described assays had one or 

more experimental limitation, which could impact the sensitivity or specificity of the assay. The 

most commonly encountered limitation was the inclusion of potentially unsuitable test samples 

during the in vitro assessment of primer sets in 4 of 5 reviewed studies. Unsuitable test samples 

included 1) samples, which were not immunophenotyped to determine B or T cell lineage, 2) 

samples that contained non-neoplastic lymphocytes or 3) samples that did not have an 

unequivocal diagnosis. The second most common shortfall was the lack of replicates, followed 

by primer design which was carried out without the benefit of recent annotations to the canine 
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germline sequence. The use of multiple primer sets to cover variable V genes in separate tubes 

was a recent approach, encountered in the two most recent studies reviewed.  

In silico optimization of primer sets 

The suitability of primer sets to recognize a diverse repertoire of IGH sequences was 

gauged using a set of IGH gene sequences obtained by NGS (see Chapter 2). Mismatches 

between sequenced reads and primer sequences were recorded to identify gene segments or 

individual bases that were inadequately covered by existing primer sets (Table 3.2., Figure 3.2 - 

3.3). The 3 VH families identified by Bao et al. (2010) were identified in the sequencing data set 

at the following proportions: VH-1 (76.9%), VH-3 (20.4%), and VH-2 (2.76%). Degenerate 

primers were aimed at mismatches arising from VH-1 and VH-3. For the modified degenerate 

primers, all 6 IGHJ genes were considered with a focus on IGHJ2 (71.2%) and IGHJ03 

(13.52%). 

Two main patterns were observed when assessing mismatches between primers and 

expressed sequences: First, certain positions exhibited high frequencies of a single mismatch, 

and the magnitude of this mismatch was similar across affected positions, and second, a low 

level of nucleotide mismatch (<10%) was observed across all positions (Figure 3.2 – 3.3). The 

positions that had a single, high frequency mismatch were positions in which VH gene families 1 

and 3 differed. With exception of the Tamura assay (Supplemental figure 3.4), these mismatches 

arose primarily because all primer sets comprehensively covered family VH-1 genes but did not 

consider gene IGHV80, the only gene in family VH-3. The homology between V genes of 

different families was greater at the Tamura primer site resulting in a lower frequency of 

mismatches. Incorporating a primer that covered VH80 removed these mismatches (Figure 3.2). 

Notable but less severe mismatches resulted from a lack of incorporating primers 

covering the VH-2 genes, IGHV51, 64, and 66. In the forward primer binding sites CB1 and 

3FRW1, few, isolated regions of mismatches may be attributable to VH-2 and VH-3 genes 

(Supplemental figures 3.1, 3.3). However, many of the mismatches spread throughout the 

binding sites, the substituted base could not be explained by lack of coverage of any single VH 

family and may hence be attributable to somatic hypermutation. 

An alignment of the reverse primers for all assessed assays showed that each assay used 

reverse primers that bound to J genes at approximately the same site within a stretch of 24bp 
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(Figure 3.1). As such, only the ‘Ig 1L-reverse’ primer binding site from Valli et al. (2006) was 

evaluated by in silico assessment as it spanned the most common start and end positions across J 

primers for all assays and was reportedly compatible with multiplexing PCR in the original 

literature. 

Mismatches along the Ig 1L-reverse primer binding site arose primarily due to 

mismatches between the primer and the germline sequence of IGHJ3. Adding a primer specific 

to IGHJ3 greatly reduced the frequency of mismatches across this binding site. Adding a 

degenerate base at position 10 accounted for the most common mismatches between the primer 

and the remaining J genes. 

For the in silico assessment, original primer with degeneracies had those positions 

reverted back to the most common nucleotide observed according to germline genes. In most 

cases, removal of the degenerate base did not make any substantial impact on the degree of 

primer mismatch. One exception was in the Valli reverse primer, where after removing the 

degenerate R base at position 10 (Table 3.2, Figure 3.3), it was determined that the base should 

be re-introduced as it addressed the mismatches at that position for 5 out of 6 J genes.  

In vitro testing of primer sets 

The sensitivity and specificity of the assays previously described by Burnett, Valli and 

Gentilini as well as revised versions of these assays were tested on formalin-fixed and paraffin-

embedded tissues from 35 unambiguously neoplastic and 35 unambiguously reactive lesions. 

Three neoplastic samples and 1 reactive sample did not yield amplification with any of the IGH 

primer sets as well as a primer set for assessment of DNA integrity. These samples were hence 

excluded from sensitivity and specificity calculations due to compromised DNA quality. One 

neoplastic case (H14-2210.1-4) gave polyclonal results with multiple primer sets indicating that 

non-neoplastic lymphocytes were present. This sample was also excluded from further analysis. 

The remainder of the cases produced a clonal, polyclonal, pseudoclonal or ‘no amplification’ 

result with at least one of the tested primer sets (Supplemental table 3.3). 

Sensitivity: The average sensitivity for the three original primer sets was 64.6 ± 2.95% versus 

67.7 ± 16.6% for the modified primer sets (Figure 3.4). Sensitivity values for individual primer 

sets ranged from 15.6% (CB minor) to 67.8% (Valli) for original primer sets and 46.8% 

(3FWR1) to 87.5% (Valli) for the modified primer set. In modifying the primer sets, sensitivity 
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decreased by 15.62% in 3FWR1 over the original sensitivity, increased by 18.75% in the Valli 

primer set, and increased by 6.25% in the CB primer set over the original pooled assay. 

Specificity: When calculating the specificity as the rate of exclusively true negative results 

among reactive test cases, the average specificity for the original primer sets was 72.5 ± 15.6% 

versus 79.4 ± 12.4% for the modified primer sets. Specificities for individual primer sets ranged 

from 52.9% (3FWR1) to 91.8% (CB major) for original primer sets and from 61.76% (3FWR1) 

to 88.2% (Valli) for the modified primer sets. In modifying the primer sets, specificity increased 

by 8.82% in 3FWR1 over the original specificity, increased by 14.7% in the Valli primer set, and 

decreased by 2.94% in the CB primer set compared to the original pooled assay. When 

calculating the specificity as the rate of results which were not false-positives among reactive 

cases, the average specificity for the original primer sets was 84.3 ± 9.71% versus 98.0 ± 1.39% 

for the modified primer sets. Specificities for individual primer sets ranged from 73.5% (Valli) to 

100% (CB minor) for original primer sets and from 97.1% (Valli and CB) to 100% (3FWR1) for 

the modified primer sets. Through this method of calculation, primer modification resulted in an 

increase in specificity by 17.7% in 3FWR1 relative to the original and by 23.5% in the Valli 

primer set relative to the original. The specificity of the CB primer set did not change relative to 

the original pooled specificity. 

In general, modified primer sets performed better than their original counterpart except 

for the modified CB primer set having a lower specificity and the modified 3FWR1 primer set 

having a lower sensitivity. 

In both neoplastic and reactive samples, pseudoclonality was most frequently observed 

with the original 3FWR1 primer sets (15.6% neoplastic cases, 20.6% reactive cases). A lack of 

amplification was most frequently seen with the original CB minor primer set (84.4% neoplastic, 

41% reactive), followed by the modified 3FWR1 primer set (53.1% neoplastic, 38.2% reactive). 

A lack of amplification was more common among neoplastic than reactive cases. 

Both reactive and neoplastic samples amplified with either the original or modified CB 

primer sets yielded reproducible, faint bands at 96-100bp. Due to their consistent occurrence 

regardless of sample type, these bands were disregarded. The original Valli primer set yielded 

random bands primarily below the target region. 
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3.4. Discussion 

The evolution of clonality testing in veterinary medicine over the last two decades has 

resulted in a multitude of different assays for B cell proliferations in dogs. While it is generally 

assumed that the increased availability of sequencing data for assay design and the technical 

advances in electrophoresis have led to improved assays, no studies have verified this notion by 

thorough assessment and comparison of different assays. As a consequence, it is currently 

difficult to choose a clonality assay based on objective and reliable data. The purpose of this 

study was to assess and compare the performance of existing assays with a high level of scrutiny 

through (1) review of the literature, (2) in silico testing using expressed sequence data obtained 

by NGS and (3) in vitro testing using the same sample set for all assays. In case of shortfalls, and 

additional aim of the study was to mitigate suboptimal performance by further improvement of 

existing assays. 

Review of previously described assays 

All reviewed publications had multiple issues pertaining to assay design and sample 

selection that could influence the accuracy of the quoted sensitivity and specificity.  

One major confounding factor was the choice of sample material used for testing. In 

order to establish the rate at which a B cell primer set can detect B cell neoplasms, all samples 

used to assess sensitivity must be confirmed B cell malignancies.  

Some of the previous assays used samples with ambiguous diagnoses as part of the test 

cases (Burnett et al., 2003; Gentilini et al., 2009; Waugh et al., 2016). The use of samples 

without reliable diagnosis for assay testing is disputable because these samples can hardly be 

viewed as gold standard. For example, a neoplastic sample that is falsely believed to be reactive 

would yield a false positive test result and hence unjustifiably lower the specificity of the test. 

Given that clonality testing is most commonly used to assess ambiguous cases, diagnostic case 

material is hence not suited for use as gold standard for specificity/sensitivity testing in the 

opinion of the authors.  

Another shortfall was the lack of immunophenotyping of samples used for testing. This 

issue primarily pertained to studies which assessed B cell and T cell assays simultaneously and 

where clonal test samples often consisted of both B cell and T cell neoplasms without knowledge 

of the immunophenotype (Burnett et al., 2003; Gentilini et al., 2009; Waugh et al., 2016). In this 
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scenario, results can be confounded by cross-lineage rearrangements, i.e. B cell neoplasms with 

rearranged T cell receptor loci or T cell neoplasms with rearrange B cell receptor loci. (Boeckx 

et al., 2002; Szczepanski et al., 1999; Szczepański et al., 1999). In these cases, assay sensitivity 

cannot be ascertained because the total number of true B cell neoplasms is unclear. 

Finally, 2 studies used samples with non-neoplastic lymphocytes in the neoplastic sample 

series. Samples may have polyclonal background if the starting material contains high numbers 

of non-neoplastic lymphocytes, either because the neoplasm arose in a lymphoid organ or due to 

concomitant inflammation (Valli et al., 2006; van Dongen et al., 2003). In samples with 

significant polyclonal background, a clonal peak may be quenched entirely by background 

amplification of non-neoplastic lymphocytes, potentially reducing the sensitivity of the assay. To 

avoid false negative results due to polyclonal background when establishing the sensitivity of an 

assay, sensitivity can be assessed on a qualitative and a quantitative level. Qualitative sensitivity 

assesses the ability of a primer set to detect a neoplastic clone in the absence of polyclonal 

background. Quantitative sensitivity is calculated by a dilution series of a neoplastic clone that is 

recognized by a given assay into polyclonal DNA. Only one of the reviewed studies investigated 

the qualitative sensitivity of the assay (Burnett et al., 2003). Coupled with inconsistent 

definitions for clonal peaks relative to background amplification and the varying electrophoresis 

methods for visualization, polyclonal background was a significant confounding factor for the 

reliability of the quoted sensitivity values.  

The comparability of sensitivity values between assays was not only confounded by the 

choice of test samples by individual studies but also by the fact hat test samples differed between 

studies. For example, a test cohort of neoplasms with a high degree of SHM is likely to yield a 

poorer sensitivity than samples with minimal SHM. Consequently, due to the unreliable 

diagnoses and background amplification in some samples, the true sensitivities and specificities 

for individual assays may vary from the reported value.  

In addition to choice of samples for testing, shortcomings in assay design might have 

influenced the reported sensitivity and specificity values. 

Distributing primers over multiple tubes can augment PCR bias, which in turn can lead to 

false positive results. In essence, clonality testing discerns reactive from neoplastic processes 

based on the relative proportions of lymphocyte clones within a given sample. By amplifying 
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different rearrangements in different tubes, one inevitably changes the original proportion of 

clones during PCR, with the potential of disproportionately amplifying insignificant clones. This 

problem is well illustrated by the Burnett, primer set, which is among the most commonly used 

primer sets in veterinary medicine. The assay uses a common forward primer with reverse 

primers CB2 and CB3 split up in two tubes, CB major and CB minor, respectively. Based on the 

J gene usage of rearrangements in the NGS dataset used for in-silico primer testing, 

approximately 85% and 15% of all rearrangements would be amplified by the CB major and CB 

minor tubes, respectively, with virtually no overlap. Given that the majority of rearrangements in 

a given sample are not detected by primers of the CB minor tube, insignificant rearrangements 

could be amplified to levels that appear as dominant bands on gel electrophoresis even though 

they represent less than 15% of all rearrangements in the sample. The problem of interpreting 

electrophoresis profiles that only reflect a subset of all rearrangements in a given sample is 

augmented if multiple ‘incomplete’ primer sets are used. Waugh and colleagues mixed various 

previously described forward and reverse primers resulting in a total of 8 tubes. Multiple primer 

sets were run in parallel so that one primer set may cover the genes missed by another set but the 

percentage of rearrangements each tube would cover was unknown (Calzolari et al., 2006; 

Waugh et al., 2016). Though this may improve the overall gene coverage of the assay, the 

resulting electrophoresis profiles may not be representative of the clonal distribution in the 

sample. While this pitfall has been identified in human medicine, there are no systematic studies 

on this issue in veterinary medicine. (Cushman-Vokoun et al., 2010) To circumvent this issue, 

one rationale in the modification of primer sets in this study was to combine all primers in a 

single tube. In addition to skewing the clonal proportions, running multiple primer sets per 

sample makes the diagnostic test more costly and time-consuming and requires more DNA to be 

collected. 

Sometimes, for assays involving multiple primer sets, only the cumulative sensitivity and 

specificity are reported, where a positive clonal result is called when a clonal peak resulting from 

at least one of the primer sets used. 

However, the use of multiple primer sets over separate tubes also increases the risk of 

producing false positive or pseudoclonal results as clonality is assessed by looking for clonal 

spikes within each distribution. The different primer sets used in these cumulative assays also 
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tend to target different positions along the IGH locus, multiple distributions of different amplicon 

size ranges are produced (Cushman-Vokoun et al., 2010). Given that separate primer sets still 

may not adequately cover all V or J genes, the separate distributions can consist of different 

subsets of germline genes. These individual, distinct distributions of amplicons may not be 

representative of the total distribution of IGH genes. Consequently, clonotype expansions which 

may be part of an overall polyclonal distribution may appear clonal when amplified with 

individual primer sets. With increasingly more reactions with incomplete germline coverage, the 

likelihood of a false positive result increases. 

In 2/5 (40%) assays, testing was not done in replicates, which precludes differentiating 

pseudoclonal from true clonal results. The reported sensitivity could hence have been inflated 

due to false positive results arising from pseudoclonality (Keller et al., 2016; Takanosu et al., 

2010; van Dongen et al., 2003). Non-reproducible clonal peaks may occur in samples with 

limited target DNA, either because of few lymphocytes in the sample material, mutation of 

primer sites by SHM or errors in the workflow resulting in insufficient DNA yield. In this study, 

pseudoclonality was a common finding and affected different primer sets to different degrees. It 

underscores the importance of running samples in duplicate. 

Experimental limitations were found in each of the previously described assays. While 

routine clonality testing is primarily done on equivocal cases, only cases with certain diagnoses 

and phenotypes should be used to evaluate the functional parameters. The wide divergence of 

testing methods between studies emphasizes the need for common testing standards for clonality 

testing in veterinary medicine (Keller et al., 2016; van Dongen et al., 2003). 

In silico assessment 

Advances in sequencing technology have provided comprehensive data for the 

development of clonality assays. While early assays relied on a handful of cloned sequences, 

researchers can now mine the dog genome assembly and collect millions of rearranged antigen 

receptor sequences by NGS. It was proposed that primer sets developed with more 

comprehensive sequencing data would have more extensive germline gene coverage. However, 

despite the abundance of existing assays, it was so far unclear what proportion of the expressed 

repertoire could be detected by a primer set. Testing existing primer sets in silico using a NGS 
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dataset of expressed IGH sequences for the first time enabled an assessment of how well current 

assays cover the expressed repertoire. 

Canine V genes cluster in 3 major groups by sequence identity in which the first group 

consist of 81 of 85 V genes; a second group of IGHV51, 64, and 66; and a third group of only 

IGHV80 (Bao et al., 2010; Steiniger et al., 2014). 

The analysis of concordance between existing primer sets and the sequenced repertoire of 

rearranged canine IGH genes suggests that a considerable number of mismatches stem from 

inadequate coverage of germline genes, most importantly IGHV80, which was rearranged in 

approximately 20% of NGS reads. The Valli and CB primer sets appeared to have been designed 

for family VH-1 genes only and subsequent assays did not address the lack of coverage of VH-3. 

To improve coverage, a separate primer was created to cover IGHV80 and additional 

mismatches between primer sequences and sequenced repertoire were then accounted for by 

introduction of degeneracies.  

The possibility that somatic hypermutation may be a factor in the absence of clonal peaks 

in confirmed B cell lymphoma cases remains probable; even after adding primers specific the 

single V gene in the VH-3 family, mismatches were still notable in some positions, requiring the 

addition of degeneracies. In some of these cases, the mismatches corresponded to differing 

nucleotides from less commonly rearranged V genes in the VH-1 family; the discrepancies that 

could not be matched with any germline gene were presumed to be the result of somatic 

hypermutation. Primers with degenerate bases may be the simplest approach to addressing 

mismatches that could not be attributed to any single family consistently. This occurred even 

with VH-3 primers and VH-3 reads despite VH-3 consisting of a single gene. 

With only 6 J genes, the coverage by reverse primers in previously described assays was 

much more complete. Given the short length of J genes, it was unsurprising that all assays 

reviewed targeted the same homologous stretch of nucleotides. Within the 24bp region that was 

targeted by reverse primers, all J genes except IGHJ03 had 0 – 2 mismatches; IGHJ03 had 7 

mismatches. Given the common use of IGHJ2 and the high degree of homology between J genes, 

previously described assays captured most J genes with a single, non-degenerate primer. Studies 

that used an additional reverse primer targeted the most divergent germline gene IGHJ3 (Burnett 

et al., 2003; Valli et al., 2006). Interestingly, the reverse primer in the assay by Tamura et al. 
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(2006) was designed using conserved regions of a single canine IGH cDNA and 6 human IGH 

cDNA as reference and also targeted the same region. 

Selection of Candidate Primers 

The selection of candidate primers for in vitro testing factored in two main 

considerations: the number of separate PCR reactions (or the number of ‘tubes’) with primer sets 

targeting different sites in the IGH locus, and the expected amplicon length.  

i. The Number of Separate Reactions 

In both veterinary diagnostic and research contexts, increasing the number of separate 

reactions increases the cost of operation. Not only are more consumables required per sample, 

the number of samples which could be run concurrently on a conventional thermocycler with a 

limited number of wells in the block is reduced. Furthermore, to perform greater numbers of 

reactions for a complete assay, greater quantities of starting material may be required. This may 

not always be available; samples obtained from patients are often limited, such as with fine-

needle aspirates or cytology slides which are common forms of submission. In research contexts, 

preserved samples from archives such as paraffin-embedded samples and frozen tissues are also 

finite. Therefore, due to economic considerations, turn-over efficiency, and conservative use of 

starting material, assays which require fewer separate reactions are preferred. 

Regarding primer design, reducing the number of separate reactions would be best 

achieved by selecting a single primer site where the designed primers cover as many germline 

genes as possible and multiplexing primers. Thus, among the assays reviewed, primer sets 

described by Valli et al. (2006) and Tamura et al. (2006) were favoured. As individual 

sensitivities were reported for each primer set in the assay proposed by Gentilini et al. (2009), 

both 5FWR1 and 3FWR1 were considered for testing. Though the assay described by Burnett et 

al. involve two tubes, the same forward primer was used in each reaction, and the primer set was 

also considered for in vitro assessment as the differing reverse primers would be replaced by the 

single novel reverse primer in modified primer sets to be tested. 

ii. The Amplicon Length 

Because reverse primer binding sites within the J gene are largely identical between all 

described primer sets, amplicon length is primarily determined by the location of the forward 
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primer binding site within the V gene. Depending on the type of starting material and the 

intended workflow, amplicon size may or may not be an important factor to consider, and when 

it is important, the application may favour either longer or shorter amplicons. 

Nucleic acid integrity may be compromised due to formalin fixation as seen with DNA in 

FFPE tissues, or due to inappropriate storage as seen with RNA in fresh tissues (Kaneko et al., 

2009; Ohmura et al., 2015). When genetic material is degraded, shorter stretches of DNA remain 

intact; shorter amplicons such as those produced by primer sets targeting FR3 may still function, 

but primer sets targeting FR1 may yield little amplification (personal communications, Peter 

Moore). In addition, smaller products result in a better resolution during gel electrophoresis. 

In recent years, deep sequencing or NGS has made it possible to evaluate thousands IGH 

repertoires at a nucleotide level and identify the germline genes that are rearranged. The 

advantage of using NGS to visualise amplicon diversity is that amplicons with the same length 

but different rearrangements can be resolved whereas they would not be differentiated with 

conventional electrophoresis.  

For optimal compatibility with NGS platforms, amplicons need to be long enough to 

capture enough of the V gene sequences to tell different V genes apart, but also short enough to 

be read on NGS platforms. Sequencing platforms offer either longer sequence reads, or sequence 

read depth. The desired sequencing depth generally depends on the application. Conventional 

clonality testing will likely require a lower sequencing depth than minimal residual disease 

monitoring. Additionally, larger amplicons would be easier to separate from left-over PCR 

reagents and primers with solid-phase reversible immobilization beads during library 

preparation. 

Currently, the CB and Tamura primer sets capture too little of the V gene sequence in the 

amplicon to identify the gene. Primer sets described by Gentilini et al. would be able to 

differentiate between all V genes, and the Valli et al. primer set would distinguish 82 out of 85 V 

genes. Across all primer sets, the J gene reverse primers are far enough 3’ to the CDR3 that all J 

genes can be identified. 
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In vitro assessment 

This study provides the first comprehensive comparison of performance of different 

primer sets. While a single calculation was used to determine sensitivity, two calculations were 

used to assess primer set sensitivity: one which counted exclusively the number of definitive, 

true-negative results among reactive cases, and one that counted for all results which were not 

false-positive among reactive cases. While the latter calculation as used in previous literature to 

assess the specificity of assays (Waugh et al., 2016), the number of nondefinitive results obtained 

for reactive test cases may limit the meaningfulness of the specificity value produced. To 

illustrate this, if counting all non-false-positive results, both the modified 3FWR1 and original 

CB Minor primer sets had specificity values of 100% as no false-positive results were obtained; 

however, both primer sets produced no amplification in many reactive cases which, when 

excluded from the calculation reduces the specificity to 61.8% and 58.8% respectively. While 

ideally, only clonal peaks or polyclonal curves should be obtained, nondefinitive results such as 

non-amplification can be obtained in clonality testing. Therefore, in subsequent discussion, 

specificity will refer to the rate of only true-negative results among reactive cases. 

Overall, the average sensitivity observed across all tested primer sets was 66.1% which 

was less than the average 87.7% sensitivity reported in the five studies reviewed (Burnett et al., 

2003; Gentilini et al., 2009; Tamura et al., 2006; Valli et al., 2006; Waugh et al., 2016). 

Similarly, the average specificity of 75.9% was lower than more conservative specificity 

reported of 84.3% as pooled across five primer binding sites (Waugh et al., 2016). As indicated 

in the review, a decreases in sensitivity and specificity relative to the original descriptions of the 

primer sets were expected due to changes made to standardize the experimental design between 

primer sets. These values are, however, more consistent with subsequent literature which test the 

described assays (Calzolari et al., 2006; Fukushima et al., 2009; Gentilini et al., 2009; Tamura et 

al., 2006). 

The highest sensitivity was observed with the modified Valli primer set which, at 87.5% 

sensitivity, was an improvement on the corresponding original primer set by 18.8% and the 

second highest primer set by 18.75%. Of the three primer sites assessed in vitro, the modified 

Valli primer set was expected to produce an intermediate amplicon size of approximately 170-

200bp in length. As DNA is degraded by formalin fixation (Kaneko et al., 2009), the Valli 
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primer set may be more suitable for use with FFPE samples than the Gentilini 3FWR1 primer 

set, which produces amplicons of 250-300bp. This notion was supported by the higher number of 

samples either lacking amplification or producing pseudoclonal results when using the original 

or modified 3FWR1 primer sets. 

Larger amplicon sizes coincided with an increased incidence of pseudoclonality in both 

neoplastic and reactive samples. Pseudoclonality can be caused by low total DNA or low 

lymphocyte DNA, compromised DNA integrity or insufficient gene recognition by primers, 

either due to lack of adequate primers a priori or mutation of primer sites. (Cushman-Vokoun et 

al., 2010; Keller et al., 2016; van Dongen et al., 2003). The use of FFPE tissues in the current 

study and the associated degradation of DNA likely had a stronger negative effect on the 

abundance of larger amplicons than smaller amplicons. The exact impact of this may depend on 

the particular size distribution of amplicons for a sample, and whether the distribution is 

expected to be clonal or polyclonal. Given sufficient DNA degradation, it may be possible for 

the limited amplifiable template to produce a reproducible clonal peak due to the limited 

diversity of amplifiable template, which may contribute to some of the clonal result obtained for 

reactive test samples. In line with these considerations, pseudoclonality was most evident using 

the original Gentilini primer set, which had the greatest amplicon size, but also a poorer germline 

coverage compared to the modified primer set. Interestingly, pseudoclonality was also observed 

in polyclonal samples. This finding underscores the importance of using replicate samples and 

might have contributed to the relatively high sensitivity reported in some of the original studies. 

A major contributor to the improved performance of the modified primer sets was the 

improved coverage of germline genes. This trend of increased sensitivity with improvements in 

gene coverage has also been observed in previous literature (Gentilini et al., 2009; Waugh et al., 

2016) in which incorporation of more comprehensive sets of reference genes during primer 

design or use of degenerate bases to account for potential primer-template mismatches has led to 

an increase in detection rate. Similarly, CB minor, which was designed to be run in conjunction 

with CB major, was noted in the original publication to cover only a subset of J genes, and 

subsequently, resulted in much lower stand-alone sensitivity and specificity (Burnett et al., 

2003). Among neoplastic test samples, cases where a clonal result was not obtained were more 

commonly due to a lack of amplification than due to obtaining a polyclonal result. While this 
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may suggest that the degradation caused by formalin-fixation was the primary factor, neoplastic 

cases failed to produce a clonal peak with CB primer sets sometimes did produce a clonal peak 

using primer sets with larger amplicon sizes. Instead, the combined effect of primer-template 

mismatches and the low level of expected polyclonal background in the selected cases may have 

also been substantial factors, further emphasizing the importance of adequate germline coverage. 

Limitations 

In this study, primers were optimized based on a set of 2,835,707 unique rearranged IGH 

sequences. Although 3 different lymphoid organs from 3 different individuals were sampled to 

improve the generalizability of the data, it remains that the IGH locus and the CDR3 are highly 

variable, and that some rearrangements have not been accounted for. Indeed, there may be 

germline genes, which have yet to be characterized and annotated. To accommodate for the 

possibility of rearrangements and genes which have yet to be encountered, it would be advisable 

to avoid over-fitting the primers to current data through many degenerate bases and also to locate 

regions of greatest homology. 

Furthermore, the in silico approach was limited in that association of mismatches at 

different positions was not assessed. could only be indiscriminately summed at each position 

across all reads; in the process, a dimension was lost in which it was no longer possible to 

differentiate the particular pattern or combination of mismatches as they may have occurred in 

the reads. One of the considerations discussed was that primers designed with degenerate bases 

include every possible permutation of the primer as indicated by the number of degenerate 

positions and the degree of degeneracy. It may be possible that some of these permutations are 

not required as certain mismatches co-occur. Similarly, there may exist mismatch combinations 

which do not correspond to any of the primers aligned to the primer binding sites, but due to the 

successive incorporation of primers and, correspondingly, different bases at each position, the 

mismatch may no longer be visualized. However, due to the limitations of the scripts used, this 

level of network analysis is not current feasible. 
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3.5. Conclusions 

Over the past decade, a number of novel and derivative assays have been designed for 

canine B cell lymphoma clonality assays to reflect advances in available sequence data for the 

canine IGH locus and refinements in electrophoresis technology. In this study, the common 

limiting factors in previous literature have been reviewed. The use of multiple tubes and primer 

sets targeting different sites on the IGH locus, the lack of replicates, and the inclusion of 

unsuitable testing samples render the reported sensitivities unreliable and make it difficult 

directly compare different assays for routine diagnostics. Discrepancies were found between the 

reported sensitivities and the sensitivity obtained in this study. The decreased sensitivities and 

specificities that were found in this study were consistent with others which had tested 

previously described assays (Fukushima et al., 2009; Gentilini et al., 2009). 

Additionally, an in silico found that template-primer mismatches were still common in all 

previously described assays. It was assumed that due to the availability of the germline sequence 

that these mismatches would represent substitutions introduced by somatic hypermutation, but 

this was revealed to be untrue as the majority of mismatches reflect the sequence of the single 

germline gene belonging to family VH-3. However, the hypothesis that somatic hypermutation 

may be a contributor to false negative results is still a possibility, albeit perhaps less pronounced 

than previously thought. 

From the in silico analysis, select original and modified primer sets were tested in vitro 

using confirmed reactive and neoplastic lymphoid lesions. With few exceptions, the modified 

primer sets were found to have improved sensitivities and specificities compared to the original 

counterpart though both original and modified primer sets yielded functional parameters that 

were lower than reported in the original literature.  

The modified Valli primer set yielded the highest sensitivity and second highest 

specificity with relatively clean amplification. With an approximate amplicon size of 170-200bp, 

it is suitable for testing samples of varying DNA quality and will amplify enough of the germline 

gene sequence to allow for deep-sequencing analyses to differentiate between most germline 

genes. For routine diagnostics, based on the test data of the current study, the modified Valli 

primer set appears to be best suited for both current diagnostic applications and potential 

advances to the molecular clonality testing workflow.



92 

 

3.6. Figures 

Figure 3.1.  

(left) Schematic of forward and reverse primers, primer combinations, and the number of tubes in previously described assays;  

(top right) alignment of J reverse primer binding sites from existing assays; (bottom right) relative positions of the 5 forward primers 

and single reverse primer examined in silico and the approximate expected amplicon size for approximate forward primer positions.  
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Table 3.1.  

Overview of limitations in the experimental design of previously described B cell clonality assays which may impact the functional 

parameters of the assay. Functional parameters also listed. 

Experimental Design Limitations 
Burnett  et al. 

(2003) 

Valli et al. 

(2006) 

Tamura et al. 

(2006) 

Gentilini et al. 

(2009) 

Waugh et al. 

(2016) 

Did not considered locus 

annotation. 

x n/a 1 x 2 x 2 

 

Used more than 1 tube.  

x 
  

x x 

No replicates. 

x 
   

x 

Included neoplastic samples with 

polyclonal background.    
x x 

Included neoplastic samples with 

unknown or unreliable diagnoses 

or immunophenotype 

x x 
 

x x 

Number of tested samples 77 42 5 96 185 

Qualitative sensitivity 91% 3 83.3% 80% 97.9% 3 86.5% 3 

Specificity n/a n/a n/a n/a 98.7% 3 

 

1 The study outlining the design process for the primer set was not found. 

2  While the annotation of the germline locus was not available, the study did search for putative genes within the locus using cDNA or 

other homologous sequences. 

3 Whole-assay sensitivity/specificity pooled across all primer sets used.  
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Table 3.2.  

Original and modified V forward and J reverse primers for canine IGH.   

Primer Site Assay / Reference Genes Aligned Region Targeted Sequences (5’-3’) 1 

5FWR1 Gentilini et al. (2009) Family VH-1 FR1 GAGGTGCAGCTGGTGGAGTCT 

  Family VH-1  GAGGTGCARYTGGTGGARTCT 

  Family VH-3  GAACTCACACTGCAGGAGTCA 

3FWR1 3 Gentilini et al. (2009) Family VH-1 FR1 GCCTCTGGATTCACCTTCAG 

  Family VH-1  GCCTCTGGATTCACCTTCAR 

  Family VH-3  GTGTCCGGAGRCTCCGTCACCRV 2 

Valli IGH 1U 3 Valli et al. (2006) Family VH-1 FR3 GMCGVTTCACCATCTCCARRG 

  Family VH-1  GCCGATTCACCVTYTCCAGAG 

  Family VH-3  GACGCATCTCCATCACTGCTG 

CB 3 Burnett et al. (2003) Family VH-1 FR3 CAGCCTGAGAGCCGAGGACAC 

  Family VH-1  CAGCCTGAGAGYYGAVGACAC 

  Family VH-3  CTCCATGACCACCGAVGACAC 

Tamura F Tamura et al. (2006) Family VH-1/VH-3 FR3 ACACGGCCVTGTATTACTGT 

  Family VH-1/VH-3  ACACGGCYRTNTATTAYTGT 

Valli IGH 1L 3 Valli et al. (2006) IGHJ 1,2,4,5,6 J TGARGAGACRGTGACCWGGGT 

  IGHJ 3  TGAGGACACGAAGAGTGAGGT 

  IGHJ 1,2,4,5,6  TGAGGAGACRGTGACCAGGGT 
 

1 Bolded sequences are the original primers described in the referenced literature; non-bolded sequences are modified primers which 

account for mismatches identified in the in silico assessment, with positions altered from the original primer underlined. For the 

degree of mismatch at each position and the effect of modified primers, see Supplemental figure 3.2. 

2 The germline sequence for the family VH-3 gene, IGHV 80, contains an additional 3bp segment covered by ‘GRC’ in the proposed 

primer at in positions 10-12 that are not found in other V genes at that site. 

3 Original and modified primer sets were selected for in vitro assessment by PCR. 
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Figure 3.2.  

In silico assessment of mismatches between 

primer binding sites extracted from sequencing 

reads and the original Valli forward primer 

(top), after the incorporation of the modified 

Valli forward primer set accounting for VH-3 

(middle), and finally incorporating a primer for 

variation in VH-1 (bottom). Degeneracies in the 

original primer reduced to the most common 

single nucleotide at that position among 

germline sequences to assess need for 

degeneracy. Y-axis denoting the percent 

frequency of mismatches; X-axis indicating 

sequence of the primer from 5’-3’. See 

supplemental data for remaining in silico 

assessments for forward primer binding sites. 

For the other forward primer binding sites 

assessed, see Supplemental figures 3.1 - 3.4. 
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Figure 3.3. 

In silico assessment of mismatches between primer 

binding sites extracted from sequencing reads and 

the original Valli 1L reverse primer (top), after the 

incorporation of the modified Valli reverse primer 

set accounting for IGHJ03 (middle), and finally 

incorporating a primer for variation in the remaining 

J genes (bottom). Degeneracies in the original 

primer reduced to the most common single 

nucleotide at that position among germline 

sequences to assess need for degeneracy.  

Y-axis denoting the percent frequency of 

mismatches; X-axis indicating sequence of the 

primer from 5’-3’. 
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Table 3.3. 

Counts of in vitro PCR test results for each original and modified primer set using neoplastic and reactive samples. 

 

  

 

Primer set 

Neoplastic samples (n=32) Reactive samples (n=34) 

Clonal Polyclonal 

No 

Amplification Pseudoclonal Clonal Polyclonal 

No 

Amplification Pseudoclonal 

Modified 

3FWR1 15 0 17 0 0 21 13 0 

Original 

3FWR1 20 0 7 5 6 18 3 7 

Modified 

Valli 28 0 4 0 1 30 3 0 

Original 

Valli 22 5 2 3 7 25 0 0 

Modified 

CB 22 3 7 0 1 30 3 0 

Original 

CB Major 17 3 12 0 1 31 2 0 

Original 

CB Minor 5 0 27 0 0 20 14 0 
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Figure 3.4.  

Sensitivity (top left) and specificity (top right; true-negative only) for each tested primer set. Values were given for the highest 

sensitivity and specificity. The sensitivity and specificity for the original CB assay were pooled across both primer sets as described in 

the methods since the assay called for CB Major and CB Minor to be run in conjunction. The difference in specificity values 

calculated using only true-negative results and using all non-false-positive results is indicated for each primer set and the pooled CB 

primer sets (bottom).  
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3.7. Supplemental materials 

Supplemental table 3.1. 
Overview of assays for canine B cell lymphoma in existing literature (specifics).   

Assay / 

Reference 

Basis for primer 

design 
No. of tubes 1 PCR Electrophoresis 

Qualitative 

Sensitivity 

Burnett et al. 

(2003) 
5 cDNA clones 2 

3 step PCR,  

Ta = 60°C,  

35 cycles 

Slab gel 

(PAGE) 

0.1-1% 

Valli et al. 

(2006) 
n/a 2 1 

Touch down PCR,  

Ta = 72 - 68°C,  

35 cycles 

Slab gel 

(agarose, 

PAGE) 

n/a 

Tamura et al. 

(2006) 

Dog genome assembly 

3, 6 human J genes 
1 

3 step PCR,  

Ta = 56°C, 

35 cycles 

Slab gel  

(agarose) 

n/a 

Gentilini et al. 

(2009) 

Dog genome assembly 

3, human VH database 

2 (FR1) + 2 

(FR3) 

Touch down PCR,  

Ta = 65 - 58°C 

40 cycles 

ABI Prism 310 

n/a 

Waugh et al. 

(2016) 

Existing assays, Dog 

genome assembly 4 

6 (core) + 2 

(optional) 

3 step PCR,  

Ta=58°C or 50°C, 

40 cycles 

ABI 3130 

n/a 

 

1 The number of separate PCR reactions required to amplify a given target size range. Note that the Gentilini et al. and Waugh et al. 

assays contain primers that target different framework regions on the V gene. See also Figure 3.1. 

2 Primer design referenced a manuscript in preparation, but could not be found. 

3 CanFam2.0, AF354264, NW_139865 

4 CanFam3.1, AF354264, NW_003726071 
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Supplemental figure 3.1.  

In silico assessment of mismatches between 

primer binding sites extracted from 

sequencing reads and the original 3FWR1 

forward primer (top), after the incorporation 

of the modified forward primer set accounting 

for VH-1 and an off-set introduced during the 

primer site extraction process (middle), and 

finally incorporating a forward primer for VH-

3 (bottom).  

Degeneracies in the original primer reduced to 

the most common single nucleotide at that 

position among germline sequences to assess 

need for degeneracy. Y-axis denoting the 

percent frequency of mismatches; X-axis 

indicating sequence of the primer from 5’-3’. 

See supplemental data for remaining in silico 

assessments for forward primer binding sites. 
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Supplemental figure 3.2.  

In silico assessment of mismatches between primer 

binding sites extracted from sequencing reads and 

the original 5FWR1 forward primer (top), after the 

incorporation of the modified forward primer set 

accounting for VH-3 (middle), and finally 

incorporating a forward primer for variation in 

VH-1 (bottom).  

Degeneracies in the original primer reduced to the 

most common single nucleotide at that position 

among germline sequences to assess need for 

degeneracy. Y-axis denoting the percent frequency 

of mismatches; X-axis indicating sequence of the 

primer from 5’-3’. See supplemental data for 

remaining in silico assessments for forward primer 

binding sites.  

The 6bp long gap along the X-axis accommodated 

reads that rearranged IGHV80 which had an 

additional 6bp at that location. 
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Supplemental figure 3.3.  

In silico assessment of mismatches between primer 

binding sites extracted from sequencing reads and the 

original CB forward primer (top), after the incorporation 

of the modified forward primer set accounting for VH-3 

(middle), and finally incorporating a forward primer for 

variation in VH-1 (bottom).  

Degeneracies in the original primer reduced to the most 

common single nucleotide at that position among 

germline sequences to assess need for degeneracy. Y-axis 

denoting the percent frequency of mismatches; X-axis 

indicating sequence of the primer from 5’-3’. See 

supplemental data for remaining in silico assessments for 

forward primer binding sites. The 4bp gap resulted from 

the scripts to generate the gapped reads used for 

template-primer mismatch alignment. 
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Supplemental figure 3.4.  

In silico assessment of mismatches between primer 

binding sites extracted from sequencing reads and the 

original CB forward primer (top) and after the 

incorporation of the modified forward primer set 

accounting for VH-3 and VH-1 (bottom). VH-1 and 

VH-3 were highly homologous in this region and had 

similar mismatch profiles when aligned with the 

primer.  

Degeneracies in the original primer reduced to the 

most common single nucleotide at that position 

among germline sequences to assess need for 

degeneracy. Y-axis denoting the percent frequency of 

mismatches; X-axis indicating sequence of the primer 

from 5’-3’. See supplemental data for remaining in 

silico assessments for forward primer binding sites.   
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Supplementary Table 3.2. 

In vitro results with reactive cases. 1 out of 35 cases was excluded due to inadequate DNA quality and was italicized.  

Sample Modified CB 

Original CB 

Major 

Original CB 

Minor 

Modified 

Valli 

Original 

Valli 

Modified 

3FWR1 

Original 

3FWR1 

* D16-07  polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

01-011890.1 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

02-046618.4 polyclonal polyclonal no amp 

clonal 

(background) 

clonal 

(background) no amp pseudoclonal 

03-009955.2 

polyclonal 

(weak) polyclonal no amp polyclonal polyclonal no amp clonal 

03-058347.2 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

04-014407.2 polyclonal polyclonal no amp polyclonal polyclonal polyclonal polyclonal 

04-035286.3 no amp no amp no amp no amp no amp no amp no amp 

04-036359.A polyclonal polyclonal no amp polyclonal 

clonal 

(background) no amp clonal 

04-044582.1 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

05-018960.1 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal polyclonal polyclonal 

05-055344.9 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal polyclonal polyclonal 

05-056380.C polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

06-014932.1 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal polyclonal polyclonal 

06-041080.1 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal polyclonal polyclonal 

07-011680.2 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal 

polyclonal 

(weak) polyclonal 

07-114043.B polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal no amp clonal 
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08-036716 clonal 

clonal 

(background) no amp polyclonal divergent reps 

polyclonal 

(weak) clonal 

09-020952.16 no amp no amp no amp no amp 

clonal 

(background) no amp no amp 

09-020952.17 no amp no amp no amp no amp 

clonal 

(background) no amp no amp 

09-059209.1 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

09-064923.7 no amp 

polyclonal 

(weak) no amp no amp divergent reps no amp no amp 

09-068786.6 polyclonal polyclonal no amp polyclonal polyclonal no amp pseudoclonal 

09-072653.3 

polyclonal 

(weak) polyclonal 

polyclonal 

(weak) polyclonal polyclonal no amp pseudoclonal 

10-036089 

polyclonal 

(weak) polyclonal no amp polyclonal 

clonal 

(background) no amp pseudoclonal 

10-066488.2 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

10-092169.1 polyclonal polyclonal 

polyclonal 

(weak) polyclonal polyclonal polyclonal polyclonal 

11-004717.11 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

11-004837.7 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

11-012956.3 

polyclonal 

(weak) 

polyclonal 

(weak) no amp 

polyclonal 

(weak) 

clonal 

(background) no amp pseudoclonal 

11-032326 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

clonal 

(background) 

12-099033 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

13-001658.1 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

13-069711.1 

polyclonal 

(weak) 

polyclonal 

(weak) no amp polyclonal 

clonal 

(background) no amp pseudoclonal 

14-025404.2 

polyclonal 

(weak) polyclonal no amp 

polyclonal 

(weak) polyclonal no amp pseudoclonal 

14-038586.L polyclonal polyclonal no amp polyclonal polyclonal polyclonal clonal 
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(weak) (background) 

15-003026.1 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

 

* D16-07 was the polyclonal control for reaction conditions. 
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Supplementary Table 3.3. 

In vitro results with neoplastic cases. 3 out of 35 cases was excluded due to inadequate DNA quality and were italicized.  

Sample Modified CB 

Original 

CB Major 

Original CB 

Minor 

Modified 

Valli 

Original 

Valli 

Modified 

3FWR1 

Original 

3FWR1 

D16-07 polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal polyclonal 

07-126928.1 no amp no amp clonal no amp clonal pseudoclonal no amp 

10-016979.1 no amp * 

clonal 

(weak) no amp clonal clonal (weak) no amp no amp 

10-016979.3 no amp * 

clonal 

(weak) clonal (weak) clonal clonal no amp no amp 

10-065121.1 no amp * no amp no amp no amp no amp no amp no amp 

10-065257.2 no amp * no amp no amp pseudoclonal no amp no amp no amp 

11-000768.10 no amp * no amp no amp no amp no amp no amp no amp 

12-022504.1 no amp * no amp no amp clonal no amp pseudoclonal no amp 

12-022504.2 no amp * no amp no amp pseudoclonal no amp no amp no amp 

13-041456 no amp * no amp no amp no amp no amp no amp no amp 

H10-0086.1 clonal no amp clonal clonal clonal clonal clonal 

H10-0211.1 clonal no amp clonal clonal clonal clonal clonal (weak) 

H10-1316.1 clonal no amp clonal clonal clonal clonal clonal 

H10-2294.1 no amp * clonal clonal clonal clonal no amp clonal 

H10-3403.1 clonal no amp clonal clonal clonal clonal no amp 

H10-3499.1 clonal no amp clonal (weak) clonal clonal pseudoclonal no amp 

H11-1076.1 no amp * no amp no amp pseudoclonal no amp pseudoclonal no amp 

H11-1706.1 clonal no amp clonal clonal clonal clonal no amp 

H11-2515.1 no amp * no amp no amp no amp clonal clonal no amp 

H11-3566.1 clonal (2x)** no amp clonal (2x) clonal clonal clonal clonal (weak) 

H12-0493.1 clonal no amp clonal clonal clonal clonal clonal 
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H12-0509.1 no amp * no amp 

clonal (2x, 

background) clonal clonal (weak) pseudoclonal no amp 

H12-0582.1 clonal no amp clonal clonal clonal clonal no amp 

H12-1538.1 clonal no amp clonal clonal clonal clonal (weak) no amp 

H12-1597.1 clonal no amp clonal clonal clonal clonal clonal (weak) 

H12-2233.1 clonal no amp clonal clonal clonal clonal no amp 

H12-2434.1 no amp * no amp clonal polyclonal clonal clonal clonal 

H12-2434.2 no amp * no amp clonal polyclonal clonal no amp clonal 

H12-3030.1 clonal no amp no amp clonal clonal clonal no amp 

H12-3061.1 clonal clonal clonal clonal clonal clonal clonal 

H12-3606.1 clonal clonal clonal clonal clonal no amp no amp 

H12-3683.1 clonal no amp clonal clonal clonal clonal clonal (weak) 

H13-0483.1 clonal no amp clonal clonal clonal clonal clonal 

H14-2210.1 polyclonal no amp polyclonal polyclonal 

clonal 

(background) clonal clonal (weak) 

H14-2210.2 polyclonal no amp polyclonal polyclonal 

clonal 

(background) clonal clonal (weak) 

H14-2210.4 polyclonal no amp polyclonal polyclonal 

clonal 

(background) clonal clonal (weak) 

* No amplification was found, but the off-target band of approximately 94-100bp was observed. 

** “2x” – A biclonal pattern was observed.
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CHAPTER 4. GENERAL SUMMARY AND CONCLUSIONS 

 

4.1. Context 

Canine lymphoma is the most common canine hematopoietic malignancy with as many 

as 134 documented cases per 100,000 dogs annually (Dobson et al., 2002; Ponce et al., 2010). It 

is believed that the reported rate of incidence may be a conservative one as the disease can be 

diverse in its presentation across different populations, and as a result, can be poorly documented 

(Gamlem et al., 2008; Modiano et al., 2005; Ponce et al., 2010; Teske, 1994). Though canine B 

cell lymphoma is ultimately fatal, the mean survival time can be extended to from 4-6 weeks to 

well over a year with prompt chemotherapeutic treatment (Daters et al., 2010; Ettinger and 

Ettinger, 2003). Molecular clonality testing is an adjunctive tool to help obtain a diagnosis when 

conventional cytology and histopathology do not yield a clear diagnosis (Keller et al., 2016; 

Langerak et al., 2012; van Dongen et al., 2003). 

However, molecular clonality testing is far from infallible. The method differentiates 

clonal and reactive B cell expansions through PCR amplification of the hypervariable IGH gene 

and size separation of amplicons by gel electrophoresis (Keller et al., 2016; van Dongen et al., 

2003). Until now, the description of the canine IGH locus has only been verified in vitro through 

limited cDNA clones (Bao et al., 2010; Steiniger et al., 2014). Incomplete coverage of 

rearranged germline genes by primers of an assay can result in false negative results (Keller and 

Moore, 2012a; Stadhouders et al., 2010). While assays have increasingly incorporated the 

growing knowledge on the canine IGH locus (Burnett et al., 2003; Gentilini et al., 2009; Tamura 

et al., 2006; Valli et al., 2006; Waugh et al., 2016), there has yet to be a single assay which has 

been adopted as a standard for routine diagnosis. In part, due to the number of assays available 

and the variable methods of determining and assessing the detection rate, it remains challenging 

to make direct comparisons between the assays. 

This study ultimately aimed to design a novel clonality assay for canine B cell lymphoma 

with improved sensitivity. To do this, three objectives had to be met over the two major phases 

of the project. First, a comprehensive assessment of the IGH repertoire was established through 

NGS to guide primer design. Secondly, novel primer sets were designed based on the NGS data 

to improve gene coverage and to accommodate mutations not accounted for in the previously 
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designed primer sets. Third, a comprehensive review of the experimental design and test 

protocols for the existing assays was done to guide the establishment of a standard testing 

protocol which can be used to compare previously described and novel primer sets. Finally, the 

performance of the novel and original primer sets were assessed by in vitro testing. 

 

4.2. Characterization of the canine immunoglobulin heavy chain repertoire by next-

generation sequencing 

In the first phase of the study, in-silico search of the canine genome assembly identified 

85 IGHV genes, 6 IGHJ genes, and 6 IGHD genes, including 5 previously unidentified V genes. 

Except for the newly identified genes, the findings in the current study were in agreement with 

existing literature which described V genes clustered by sequence homology into 3 families: VH-

2 consisting of IGHV51, 64, and 66; VH-3 consisting of only IGHV80; and VH-1 consisting of 

the remaining 81 V genes. Gene usage was then assessed by NGS analysis of the immune 

repertoire in 3 lymphoid organs each from 3 normal animals. Cumulatively, genes of the VH-1 

family represent 77% of both functional and non-functional V-J rearrangements. The most 

frequently rearranged gene in the VH-1 family, IGHV44, has a usage frequencies of 19% and 

17% in productive and non-productive rearrangements respectively. The VH-3 gene IGHV80 

was found to rearrange in 20% of productive V-J rearrangements and 21% of non-productive V-J 

rearrangements. Genes of VH-2 family were found to rearrange infrequently (3% and 2% in 

productive and non-productive V-J rearrangements).  

A highly uneven gene usage was also observed for D genes (IGHD2, 94%) in incomplete 

D-J rearrangements and for J genes (IGHJ2, 64%) in complete and incomplete rearrangements, 

regardless of productivity. Furthermore, the most commonly rearranged V and D genes were also 

observed to rearrange preferentially with certain J genes over others. Similar biases in productive 

and non-productive rearrangements suggest that biases in pairing frequencies between V and J or 

D and J genes are not driven by peripheral selection following antigen exposure but might be 

influenced by genetic determinants during the rearrangement process itself. Potential drivers 

could be regulatory gene sequences or the recombination signal sequences. 

The generation of a NGS data set of the expressed canine IGH repertoire also posed a 

unique opportunity to more thoroughly characterize the potential clonotype repertoire and C gene 
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usage in normal dogs than what could be analysed through cDNA cloning and Sanger 

sequencing. Over 400,000 clonotypes were identified compared to the 1700 cDNA which were 

examined in the most recent literature on the canine immune repertoire (Steiniger et al., 2014). 

The diversity that was assessed through common indices, including Shannon index scores and 

Hill numbers, indicated variability in clonotype diversity within and between individuals. 

Notably, convergent recombination of clonotypes using different V-J rearrangement was 

identified in approximately ¼ of productive clonotypes. Furthermore, 150 public clonotypes, i.e. 

clonotypes that are shared between study animals, were identified. While characterization of the 

CDR3 did not directly contribute to the development of an improved clonality assay, it did 

contribute to our basic understanding of immune repertoires. This will provide a foundation for 

characterizing and understanding lymphoid tumors but also immune responses in various canine 

diseases in future studies. As canine lymphoid tumours have been identified as a potential 

models for certain human lymphoid tumour, the product of this research can facilitate cross-

species analyses and provides a foundation for more comprehensive research into canine 

lymphoproliferative disease (Ito et al., 2014; Pinho et al., 2012). 

 

4.2. Using next generation sequencing to improve the sensitivity of molecular clonality 

assays for canine B cell proliferations 

In the second phase of the study, the NGS data were used to improve the performance of 

previously described assays. First study design and protocols were critically reviewed and 

shortfalls identified. Secondly, the potential degree of primer-template mismatches was assessed 

in silico before developing novel primer sets. This was done by aligning primer sequences with 

primer binding sites extracted from the NGS reads generated in phase 1. This strategy allowed to 

indirectly gauging the effect of primer modifications on assay sensitivity. 

In previously described assays, inconsistent testing protocols and key experimental limitations 

presumably render the reported sensitivities for previously described assays unreliable. Among 

some of the key concerns were the lack of duplicate testing which increases the risk of 

pseudoclonality, and the use of multiple primer sets which increases the risk of false positive 

results. Additionally, the use of starting material with equivocal diagnoses in the test cases or the 

pooling of B and T cell neoplasia obscure the number of true clonal cases, resulting in unreliable 
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functional parameters. Furthermore, the variation in the test cases, the cycling conditions, 

visualization techniques and operating definitions of clonality precludes direct comparison 

between primer sets and makes evidence-based selection of an assay difficult. As well as design 

a novel primer set, the standard testing protocol used in the in vitro testing of novel and original 

primer also provided a uniform method of evaluating existing assay: it was found that all 

sensitivities were lower than the values reported in the original literature. 

Due to the accessibility of canine IGH germline sequences and increasingly refined 

annotations, it was initially assumed that existing assays would have good coverage and that any 

shortfalls would be a consequence of somatic hypermutation. However, this was not the case. 

Most notably, none of the assays covered IGHV80, which was used in approximately 20% of V-

J rearrangements in the NGS data set. Incorporating IGHV80-specific primers and introducing 

degenerate primer bases for remaining mismatches between VH-1 genes and primers greatly 

improved primer coverage.  

The in silico analysis for reverse primers targeting the J genes was much simpler. Only 6 

J genes are currently known, and the most commonly rearranged genes were IGHJ02 at 70%, 

followed by IGHJ03 (13.3%) and IGHJ01 (7.6%). Furthermore, all reverse primers in existing 

assays targeted a conserved region and minor modifications were required to reduce the number 

of mismatches between primer and expressed repertoire. 

Primer sets from the in silico assessment were selected with consideration for the cost of 

the assay in diagnostic contexts, its compatibility for use with potentially degraded starting 

material, and the possibility for visualization of amplicons on high-throughput platforms for 

diagnostics, i.e. NGS analysis. Selected modified and original primer sets were tested in vitro on 

reactive lymph node specimens and B cell neoplasms. Compared to the original primer sets, 

modified primer sets tended to yield greater specificity and sensitivity, though the sensitivity 

values were still universally lower than the values reported in original literature. The modified 

Valli primer set resulted in the highest sensitivity (88% compared to 69% in the original primer 

set), the second highest specificity (88% compared to 91% in the original, pooled CB primer set) 

and had minimal off-target amplification to complicate interpretation of the results. In practical 

applications, a 19% increase in sensitivity and a 15% increase in specificity translate to more 

consistent diagnoses with fewer false negative and false positive results. For patients and owners, 
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this means that dogs with lymphoma can be treated more promptly for improved prognosis, and 

that dog with reactive lesions are not mistakenly treated with aggressive chemotherapy.  

 

4.3. Limitations 

 limitations exist within the current study, as discussed in the respective chapters for each 

phase of the study. One of the most fundamental limitations is introduced by the enormous 

diversity of the canine IGH repertoire. The large number of IGH germline genes coupled with 

the mechanism of somatic hypermutation creates immense sequence variation, not only within 

the CDR3 but also within primer sites of the V and J genes. Developing a perfect primer set that 

covers all possible sequence variations is therefore unachievable and any repertoire analysis 

using V/J primers has to be regarded as a partial analysis only.  

A second limitation of the study arose from the fact that the modified primer set was 

optimized based on expressed repertoire data from 3 lymphoid organs from 3 healthy 

individuals. This raises the question of how representative these data are of the entire dog 

population and, consequently, how universally applicable the modified primer sets are. Given the 

lack of comparable studies in dogs, the answer to this question is currently unknown. However, 

based on the considerable repertoire variation between individuals in the NGS data set generated 

as part of this study, it is likely that the developed primer set is not a perfect reflection of the 

gene usage and variability in the population.  

To get a more representative picture of the canine IGH repertoire, future studies should 

investigate repertoires in more individuals at greater sequencing depth. Currently, the limiting 

factors are sample availability from healthy dogs and costs associated with library preparation 

and sequencing. Assuming that the NGS data set was only a partial representation of the IGH 

repertoire in the dog population, it was attempted not to over-fit the primer sets to the current 

data by introducing too many degeneracies. An additional consideration in assay modification 

was that maximizing the specificity of the PCR reaction might not be desirable given the 

inevitable mismatches. To increase chances of detecting genes that were not perfectly covered by 

the primers in an assay, annealing temperatures were moderate. 
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Lastly, the in silico primer analysis performed in phase 2 effectively summed the 

mismatches for each position across all the sequenced reads, creating a cumulative overview of 

mismatches across the primer binding site. However, the study did not assess if mismatches at 

different positions occurred in combination or independent of each other. As a result, primers 

might have a slightly higher degree of degeneracy than necessary but the resulting negative 

effects are likely negligible.  

Being able to identify patterns of mismatches would reduce the number of primers 

required to provide adequate coverage as specific combinations of mismatches could be targeted 

with tailored primers. Currently, mismatches are addressed by degenerate primers, of which 

certain permutations of degenerate bases may not be required and reduce the proportion of useful 

primers in a multiplex. However, as mentioned above, as the NGS analysis may not be an 

exhaustive assessment of IGH rearrangement, it is also important not to over-fit the primer set to 

the current data. However, with more comprehensive data sets, network analysis looking at 

profiles of mutations instead of cumulative mutations may be a possibility. 

 

4.4. Significance and future directions 

With increased availability and declining cost of next generation sequencing, an 

improved primer set that maximizes repertoire coverage will benefit an array of new fields. First, 

the primer set will be used for clonality testing using NGS instead of gel electrophoresis. This 

will allow for differentiating neoplastic and reactive conditions with greater sensitivity and 

reliability than electrophoresis-based methodology. Second, the primer set will be used to 

monitor minimum residual disease during and after treatment. It is expected that this method will 

have a greater sensitivity than traditional methods. This in turn would allow improving current 

chemotherapy regiments that essentially fail to eliminate molecular disease resulting in relapse 

and, eventually, death of the patient. Finally, the primer set will provide the basis for assessing 

repertoire diversity in B cell responses to various canine diseases or physiological immune 

stimuli – initially for research purposes, later potentially for diagnostic or prognostic purposes 

(Fischer, 2011; Galson et al., 2015; Greiff et al., 2015).  

A number of parallel studies profiling immune repertoires in different canine diseases 

using the primer set established in this project are currently under way in the Keller laboratory. 
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Examples are studies investigating inflammatory central nervous system diseases, autoimmune 

thyroiditis and various canine skin diseases. The long-term goal is to comprehensively catalogue 

immune repertoires in various physiological and pathological conditions. This will contribute to 

our understanding of the composition, magnitude, dynamics and overlap of adaptive immune 

responses in different individuals or diseases. 
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