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ABSTRACT 

Minimal Residual Disease Monitoring in Canine Multicentric B Cell Lymphoma 

Akash Jairaj 
University of Guelph, 2019 
 

Advisor(s): 
Dr. Stefan Keller 
Dr. Dorothee Bienzle 

Multicentric B cell lymphoma (mBCL) is a common canine neoplasm with highly 

variable outcome. Hypervariable lymphocyte antigen receptor genes can serve as 

markers to monitor minimal residual disease (MRD) using next-generation sequencing 

(NGS). This study aimed to determine 1) if MRD assessment by NGS (MRD-NGS) for 

canine mBCL can predict time to relapse or overall survival, 2) the best sampling time 

points during and after treatment, and 3) whether the peripheral blood mononuclear 

cells (PBMCs) or the plasma fraction of blood is more sensitive for the detection of 

MRD. Antigen receptor genes were sequenced from lymph node samples of 36 dogs 

and MRD-NGS from blood was completed for 10 of these. In seven of eight patients that 

achieved complete clinical remission, molecular relapse was identified before clinical 

relapse. The neoplastic clone was identified more frequently in plasma than PBMCs. 

Additional samples need to be assessed to substantiate these results. 
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Chapter 1: Background and Objectives 

1.1  Background and Review: Canine Lymphoma 

Canine lymphoma is an umbrella term for a diverse collection of over 30 diseases 

defined by histopathology, lymphocyte maturity and differentiation, immunophenotype 

and anatomic location. It is described as unregulated proliferation of neoplastic 

lymphocytes1,2. Lymphoma can arise in many anatomical regions including the lymph 

nodes, spleen, thymus and the central nervous system. 

Prevalence 

The prevalence of lymphoma is 7 to 24% of all cancers in dogs and 83% of 

canine hematopoietic malignancies3–5. Several studies have investigated the incidence 

rate of canine lymphoma 1,5–9. Past estimates range from 13 to 24 per 100,000 dogs are 

diagnosed annually6,7. However, the incidence rate is believed to have increased as 

estimated in a recent study, to as high as 114 diagnoses per 100,000 dogs8. Many of 

these studies suggested that incidence rates are underestimated, as precise 

enumeration requires consideration of all new cases diagnosed within a demographic 

over a selected time interval1,5. Nonetheless, lymphoma is the most common canine 

neoplasm treated by chemotherapy10. Dogs of all breeds and ages are susceptible to 

the disease, however there is evidence of specific breeds such as boxers, bulldogs, 

bull-mastiffs, setters, Cocker spaniels, German shepherds and Rottweilers having a 

greater predisposition of lymphoma, occurring between the ages of 10.1-11.110–13. 

The rates and duration of survival can vary greatly. If untreated, the median 

survival time of dogs diagnosed with multicentric B cell lymphoma (mBCL) is 4 to 6 

weeks14. Pursuing treatment can extend the median survival time from 26 to 51 weeks 

and beyond15,16. If patients respond to treatment, criteria for assessing treatment 

success include remission status, time to relapse, and overall survival.  
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Classification 

Early systems classified lymphoma entirely based on lymphocyte morphology, 

but more recent classifications also consider stage of maturity/differentiation, 

immunophenotype and anatomic location10,17. In 1994, the International Lymphoma 

Study Group (ILSG) proposed the Revised European-American Classification of 

Lymphoid Neoplasms (REAL) for human patients, which was adopted from the Working 

Formulation and Kiel classification systems10,18. By 1997, the World Health Organization 

(WHO) adopted the REAL classification system, most recently revised in 201610,19,20. 

Classification is integral to determining lymphoma subtype – an important prognostic 

indicator 21,22. However, despite determining subtype, treatment outcomes remain highly 

variable resulting in the need for more predictive prognostic indicators. 

Multicentric B cell lymphoma is the most common subtype of the disease in 

dogs23–25. It is characterized by proliferation of antigen-exposed B cells with rearranged 

antigen receptors, in multiple lymph nodes. In one retrospective study of 65 cases of 

canine lymphoma, multicentric distribution (74.5%) and B cell immunophenotype 

(72.7%) were most common23. Clinical cancer staging is used to gauge extent of 

disease, describing tumor burden, location and/or dissemination. In general, most 

mBCL are clinical stage III to V cancers according to WHO staging guidelines, meaning 

extent can range from general lymph node involvement, to liver or spleen involvement, 

and manifestation in peripheral blood, bone marrow, and/or other organ systems1,26. 

Diagnostic Methods and the Unique Properties of Lymphoid Tumors 

In general, the diagnosis of multicentric B cell lymphoma in dogs is fairly 

straightforward. The most common and obvious clinical sign is peripheral 

lymphadenopathy – moderate to severe enlargement of multiple peripheral lymph 

nodes1,17,26. A more specific diagnosis is established through the evaluation of clinical, 

cyto-morphological and immunophenotyping results carried out on fine-needle aspirates 

(FNA) of one or more peripheral lymph nodes27,28. Histopathological assessments may 
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also be performed, although less frequently due to the requirement for sedation or 

anesthesia and invasive tissue resection17,29.  

Cytologic examination of a FNA is minimally invasive but is limited to defining 

cellular morphology. Multi-parameter flow cytometry has evolved as an adjunct 

diagnostic tool to assess a large number of cells simultaneously for characteristics such 

as cell size and surface marker expression17,29. Flow cytometry is a rapid and sensitive 

assay to determine cell lineage and better classify lymphomas by subtype, but is limited 

by the requirement of fresh samples of sufficient cellularity as well as the limited panel 

of antibodies available in veterinary medicine17,27. 

Lymphoid tumors are unique because analysis of lymphocyte antigen receptor 

genes can be used as markers for distinguishing monoclonal from polyclonal and 

oligoclonal lymphocyte populations29. Situated on the surface of B cells and found in the 

soluble form of antibodies is the immunoglobulin (Ig) receptor, whose hyper-variable 

heavy-chains are the translated product of variable (V), diversity (D), and joining (J) 

gene rearrangements. Removal of intergenic sequences produces an immunoglobulin 

heavy-chain (IGH) gene that is unique in length and sequence. Random insertions and 

deletions of nucleotides during rearrangement results in further diversity17,21,28–31. 

In 1999, Vernau and Moore developed a molecular diagnostic tool of high 

sensitivity and specificity by amplifying the rearranged antigen receptor genes of canine 

lymphoid cells32. Polymerase chain reaction (PCR) for antigen receptor rearrangement, 

referred to as clonality, exploits the uniqueness of lymphocyte antigen receptors and the 

concept that lymphomas are the result of substantial clonal expansion from a single 

lymphocyte27. For example, neoplastic B cells resulting in mBCL share a single 

progenitor and therefore identical Ig receptors27. Amplification of IGH genes represents 

a useful target for assessing clonality due to their high level of diversity and the fact that 

the IGH locus is rearranged early in lymphoid development29. Multiplex amplification of 

IGH genes occurs by the annealing of primers that target different subgroups of V and J 

genes28,33. Amplified during this process is the highly diverse portion of the IGH gene, 

known as the complementarity-determining region 3 (CDR3), which forms the antigen-
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binding pocket of B cell receptors. It is used as a molecular fingerprint to distinguish 

different lymphocyte populations in a sample28,29,31,34. This process is selective for 

lymphoid cells with rearranged V and J genes because rearrangement brings the genes 

in close proximity while they remain too distant to be amplified in other somatic cells 

lacking such rearrangements28,30. After PCR, size separation of amplicons by gel-

electrophoresis is used as a rapid analytical method to identify clonal populations27. An 

amplicon representative of a neoplastic clone’s rearrangement (clonotype) is present in 

substantially greater abundance and appears as a spike or narrow band on a gel30. 

However, the limitation of size separation as an analytical method for clonality is that 

tumor-specific rearrangements must be markedly greater in abundance than 

background, non-neoplastic rearrangements30. This is less likely to occur in the very 

early stages of mBCL. Clonality can be used as an adjunct diagnostic tool for non-

obvious or atypical cases, where cytology or flow cytometry yields inconclusive results. 

It can also be applied to blood at multiple time points to track neoplastic clone 

abundance or tumor spread28. 

Treatment and Response 

Similar to non-Hodgkin’s lymphoma in humans, combination chemotherapy is the 

treatment most frequently pursued for canine lymphoma1,35–39. Despite variable rates of 

long-term remission (>2 years), canine lymphoma is one of the most chemo-responsive 

diseases as patients typically respond very well to initial treatment4,15,35,40–42. Rates of 

complete remission after initial therapy range from 69-94%15,42. Unfortunately, the 

majority of patients relapse resulting in a median survival time of 12 months and 

approximately 20% of patients surviving longer than two years4,15,41,42. According to 

most treatment protocols, response is evaluated over the duration of treatment on a 

weekly to bi-weekly basis15. Treatment response can be categorized based on the 

reduction of tumor burden, evaluated through physical examination and complete blood 

counts (CBCs)43. Response categories include no response (signifying failed treatment), 

partial remission, complete remission, and relapse43. The easiest and most accessible 

indicator of treatment response during physical examination is lymph node palpation, 
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whereby the peripheral lymph nodes are measured and sizes are recorded at regular 

time intervals. 

It is believed that combination chemotherapy potentially delays the onset of 

multidrug resistance in neoplastic lymphoid cells44. Currently, the standard of care is the 

University of Wisconsin-Madison 25-week protocol (UW-25) involving a combination of 

cyclophosphamide, doxorubicin, vincristine and prednisone (CHOP)4,15,40,41. Patients 

are evaluated throughout the protocol and upon completion of UW-25, patients are re-

evaluated on a monthly basis15. Complete remission rates when treating with CHOP 

range from 65-97%, making it the most effective first-line treatment option 

available37,38,45.  

In the event of relapse or a lack of response to CHOP therapy due to resistant 

lymphoma, alternative combination chemotherapy protocols may be explored. One 

example consists of mechlorethamine, vincristine, procarbazine and prednisone 

(MOPP) administered over the course of a 28-day cycle38,43. MOPP was designed in 

1964 and was one of the first combination chemotherapies applied in human medicine 

to treat lymphoma43. Despite its early development as a treatment method in oncology, 

more recent combination chemotherapeutics have yielded superior rates and durations 

of remission with a reduced incidence of toxicity43. In a retrospective study evaluating 

the efficacy and toxicity of the MOPP protocol administered to 117 dogs, 31% achieved 

complete remission and 34% achieved partial remission43. Adversely, 28% of cases 

treated with MOPP resulted in gastrointestinal toxicity, 13% required further 

hospitalization and 4% developed septicemia43. In a 2007 study, treatment of lymphoma 

with multiple rounds of CHOP was compared to consolidating CHOP treatment with 

MOPP after the induction of complete remission37. From that study it was concluded 

that consolidation therapies produced no significant advantage over the standard CHOP 

protocol37. 

There are also single agent chemotherapy treatments, such as L-asparaginase, 

lomustine and single agent doxorubicin35,36,45,46. L-asparaginase is an enzyme originally 

derived from Escherichia coli that catalyzes degradation of asparagine, an essential 
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amino acid for protein synthesis46. Neoplastic lymphocytes cannot produce asparagine 

and require an exogenous source, while other cell types can produce the amino acid de 

novo46. Lomustine is a deoxyribonucleic acid (DNA) alkylating agent of the nitrosourea 

subclass46–48. Lomustine is degraded into hydroxylated metabolites by hepatic 

microsomal enzymes, producing an antitumor effect48,49. Its response rate in terms of 

achieving partial or complete remission was 27% in a study that evaluated 41 dogs 

receiving lomustine as a single agent chemotherapy46. Typically, alternative single 

agent protocols are preferred due to hepatic toxicity and myelosuppression of 

lomustine46,47. Doxorubicin is an effective chemotherapy commonly included in multi-

agent protocols, including CHOP35. Single agent doxorubicin treatment is suggested for 

re-inducing remission rather than serving as a front-line treatment protocol due to its 

shorter duration of remission and survival time in comparison to multi-agent 

protocols35,50. 

Prognosis 

Arguably one of the biggest hurdles in canine lymphoma therapy is predicting 

outcomes of the disease post-treatment2. Although response to initial therapy may be 

promising, with 65 - 91% of dogs estimated to achieve partial or complete remission, 

there is a lack of reliable prognostic indicators15. This complicates predicting the 

duration of remission, time to relapse and estimating overall survival2,17,25. Accurate 

prognoses are needed because veterinarians can then better educate clients of the 

potential outcomes prior to pursuing costly chemotherapy treatments. Disease diversity 

is a major contributing factor to the difficulties in prognostication, since individually 

defined subtypes of canine lymphoma can produce highly variable outcomes2. 

Immunophenotype, histopathological grade, anatomic location, clinical sub-stage and 

other attributes of canine lymphoma classification have provided prognostic value, 

however, further predictive indicators specific to a defined subtype and stage of 

lymphoma would be beneficial1,25. Investigators have debated prognostic parameters 

such as age, weight, and gender1,4. Other parameters of negative prognostic value 

identified so far include presence of anemia, absolute monocyte concentration, and 
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lymphocyte to monocyte ratios – all determined through a CBC25. The presence of 

thrombocytopenia is strongly associated with a negative prognosis, predicting poor 

outcome in dogs receiving treatment2. Recent studies have investigated parallels 

between human and canine lymphoma to further identify prognostic indicators51,52. One 

example of an indicator in human medicine, associated with a negative prognosis, is an 

inactivated death-associated protein kinase (DAPK) via hypermethylation of a CpG 

island, found in 31 – 86% of diffuse large B cell lymphoma (DLBCL) patients52. In a 

study investigating the same phenomenon 47 dogs, 21 were identified to have DAPK 

inactivation, which was shown to be an independent prognostic factor with a negative 

correlation to progression free survival and overall survival52. Further parallels between 

human and veterinary medicine have been investigated on the level of molecular 

genetics, relating canine B cell lymphoma as a model for human  non-Hodgkin 

lymphoma51. A research group from the University of Kerman, Iran evaluated 36 human 

genes previously identified to be of prognostic significance in human B cell lymphomas, 

and compared them to the expression of related genes in dogs51. An important gene for 

transitioning from the G1 to S phase of the cellular cycle, CCND1, encoding cyclin D1 

protein had significantly higher expression in dogs with an overall survival of greater 

than 12 months51. It was the only gene identified as a positive prognostic indicator, 

however the study set a precedent for further investigations on a molecular genetic 

level. Regardless, univariate and multivariate prognostic indicators only help estimate 

potential outcomes of treatment. Prognostic indicators are limited in that they are not a 

substitute for real-time monitoring of treatment efficacy or precise measurements of 

residual tumor burden. 

1.2  Minimal Residual Disease Detection 

Overview 

Minimal residual disease (MRD) is a term used to describe the remaining 

neoplastic cells that escape chemotherapeutic treatment and linger as residual tumor 

burden42. As treatment is rarely curative, the residual tumor that persists post-treatment 

is implicated as the source of relapse29,31,34,39,42,53. Application of more sensitive 
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methods for detecting MRD can lower the detection threshold, resulting in better 

monitoring of tumor burden at levels below the threshold of clinical detection31.  

Advantages and Disadvantages of MRD 

The advantages of MRD monitoring are that MRD status might be used as a 

prognostic factor in the early phases of treatment and may therefore provide better 

surveillance of response and early indication of treatment failure4,29,34,54. MRD 

monitoring also offers early indications of potential relapse providing lead-time for 

exploring alternative treatment protocols4,29,34,54. There are a few disadvantages of MRD 

monitoring, such as a complex and time-consuming workflow that requires consistent 

sampling throughout treatment. The overall feasibility of MRD monitoring can be 

reduced if it is applied on a wide-scale basis. 

Principle of MRD 

Clinical assessment of treatment response in dogs can be supplemented by 

MRD assessments to provide more conclusive monitoring39. When a dog achieves 

partial or complete remission during treatment, the tumor burden typically falls below the 

clinical detection threshold and the dog is determined to be in clinical remission39. 

However, while below the clinical detection threshold, the tumor burden remains 

unknown39. Dogs that achieve complete clinical remission can harbor anywhere up to 

1010 neoplastic cells that remain undetectable by traditional cytomorphological 

techniques31. The concept of MRD monitoring relies upon the use of a tumor-specific 

marker in order to identify neoplastic lymphocytes and monitor their relative abundance 

as the tumor burden regresses over the course of treatment29. Occasionally, tumor 

burden may fall below the MRD detection threshold, which can be considered molecular 

remission29,34,39. If tumor burden again increases, it surpasses the MRD detection 

threshold prior to the clinical detection threshold, which may be valuable lead-time29. 

The sensitivity of molecular MRD assessment in humans, is estimated to be able to 

identify 1 in 1000 to 1 in 1,000,000 neoplastic lymphocytes depending on the analytical 

technique employed54. 
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Methods of Assessing MRD 

There are three main methods of assessing MRD, cytology, flow cytometry and 

clonality testing29,39. Similar to its use for initial diagnosis of lymphoma, cytology and 

flow cytometry provide a quick and sensitive method of MRD detection29. However, 

cytology or flow cytometry are insufficiently sensitive when residual neoplastic cells are 

of low abundance, and these methods are not based on the detection of lymphocyte 

antigen receptor genes55.  

MRD assessment by clonality provides a more sensitive alternative that is based 

on lymphocyte antigen receptor gene detection29. A study conducted in 2014 

investigated the rate of concordance of MRD assessments by flow cytometry and 

clonality29. Assessment of lymph node aspirates, peripheral blood and bone marrow, 

yielded concordance of 100%, 78.6% and 64.3% respectively29. When evaluating the 

different methods of MRD assessment for prognostic significance, clonality was more 

predictive of time to relapse than flow cytometry29. Traditional clonality is a qualitative 

assay, but does not provide quantitative information. 

 Most recently, real-time quantitative PCR (qPCR) has been used in humans to 

assess MRD at an even greater level of sensitivity, making it the gold standard for 

monitoring non-Hodgkin lymphoma56,57. The concept of using qPCR is that DNA from 

samples with greater tumor burden will be amplified earlier than DNA from samples with 

low tumor burden. Using an allele-specific primer to assess multiple samples taken at 

various time points throughout a patient’s treatment protocol, one can expect an inverse 

correlation between tumor burden and qPCR crossing threshold (Ct) values39,58. With 

regards to canine mBCL, the low threshold of sensitivity when conducting MRD 

assessment with qPCR at weeks 11 and 25 of the CHOP protocol serves as an 

objective prognostic marker of treatment outcome39. Limitations of qPCR analysis 

include the need for either allele-specific primers or probes for tumor-specific marker 

identification. There remains a potential for these primers and probes to fail in the event 

of clonal evolution of tumors through somatic-hypermutation54. Off-target annealing of 

primers probes can also result in false-positive results. 
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Sequencing techniques provide greater detail than size separation by identifying 

the nucleotide sequence of the amplified antigen receptor genes30. Next-generation 

sequencing (NGS) is a method of DNA analysis that has been applied in human MRD 

assessments34,54,59. The resolution of NGS can identify neoplastic clones of extremely 

low abundance; further reducing the threshold of detection and therefore increasing 

MRD assay sensitivity39. In order to make the assay both qualitative and quantitative, an 

internal reference of amplification is introduced by spiking synthetic template DNA of 

known quantity, containing a rearranged antigen receptor gene59. Next-generation 

sequencing offers greater potential for MRD assessment, by its ability to identify 

nucleotide variations of rearranged antigen receptor genes present in a sample, in 

addition to clonal evolution that may occur over the course of all sampling time 

points54,59. MRD assessment by NGS has been applied in human medicine in both 

research and clinical settings, specifically for treatment response evaluation for 

lymphoid malignancies54,60. In veterinary medicine, qPCR of rearranged antigen 

receptor genes, gel electrophoresis of amplicons or flow cytometry of lymph node and 

blood samples, have been used for MRD assessments in research settings only29. The 

utility of NGS has its drawbacks, as it is a time consuming process that can be fairly 

expensive if not streamlined. Antigen receptor gene analysis is limited to the primer 

set(s) applied, and somatic-hypermutations that may occur within the primer binding 

sites can severely reduce assay sensitivity28. Additionally, the availability of in-house 

NGS equipment is limited, however accessibility will become more prevalent as 

molecular biology research advances.  

 Nucleic acids for MRD assessment can be extracted from a number of sources 

depending on the anatomic location of the lymphoma. In the case of mBCL, a peripheral 

lymph node aspirate serves as the best sample for identifying neoplastic clones due to 

the fact that clonal expansion occurs at this site29. Depending on the level of neoplastic 

lymphocyte infiltration and the sensitivity of the MRD assessment method, blood may be 

used as a sample source for lymphocyte DNA29. In recent years, the use of cell-free 

DNA (cfDNA) from plasma fractions of whole blood has increased due to its ease of 

access, and its specificity for the presence of circulating tumor DNA (ctDNA)30,34. 
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Furthermore, ctDNA can be present at sufficient levels for amplification, despite there 

being no presence of tumor cells in circulation34. Fragments of ctDNA may be found in 

plasma due to cell turnover in normal and diseased tissue34. Cancer patients have 

shown to produce greater levels of cfDNA than normal healthy patients, although the 

proportion derived from malignant cells is low34. 

1.3  Overview of Objectives 

This study aimed to investigate the utility of NGS-based MRD detection in canine 

mBCL. We hypothesized that NGS-based monitoring of minimal residual disease in 

canine mBCL is more sensitive than clinical assessment. The objectives were: 1) to 

assess if tumor burden is predictive of time to relapse and overall survival, 2) to 

determine if peripheral blood mononuclear cells (PBMCs) or plasma are better suited as 

sample, and 3) to identify the most informative sampling time points. If successful, the 

resulting data might better predict outcome than existing methods. Future studies could 

investigate the benefit of tailoring treatment strategies to individual patient responses.  
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Chapter 2: Minimal Residual Disease Assessment – 
Identification of the Neoplastic Clones 

2.1  Methods 

Patient Enrolment 

Dogs of all ages and breeds that presented to the Animal Cancer Center at the 

Ontario Veterinary College (OVC) between April 2017 and August 2018 were 

considered. A study cohort of 36 patients was targeted based on a 1 in 3 hazard ratio of 

relapse. Enrollment followed a three-step process (Figure 2.1). Inclusion criteria were as 

follows: clinical presentation compatible with multicentric, primary nodal lymphoma, 

cytologically unequivocal diagnosis of large cell lymphoma, no concurrent severe 

disease of other organs, no prior anti-tumor treatment including glucocorticoid 

administration, and the intent to treat with UW-25 CHOP. Patients that met these 

inclusion criteria were subject to lymph node sampling by fine needle aspirate. For 

immunophenotyping, samples were analyzed by flow cytometry to identify lymphomas 

of B cell lineage with ≤30% of cells expressing CD34. Lastly, a clonal population of cells 

had to be detected by traditional clonality testing, using DNA extracted from lymph node 

aspirates as template for PCR. Traditional clonality testing involved amplification of IGH 

genes and size separation of the amplicons by capillary gel electrophoresis. The size 

distribution of amplicons is directly related to the assortment of different rearrangements 

of IGH genes in a given sample.  A clonal population was identified by band(s) 

(amplicons of identical size) and polyclonal populations were identified by smears 

(amplicons of similar but variable sizes). A lack of amplification represented the inability 

of the primer set to anneal to the rearranged IGH gene sequence.   

Following the conclusion of UW-25 CHOP treatment, patients were monitored at 

intervals of 3 months or less, involving physical examinations at referring veterinary 

clinics or at the OVC coupled with whole blood sampling. 
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Lymph Node Sampling and Processing 

Lymph node aspirates initially sampled during patient assessment for the 

purpose of immunophenotype confirmation were pelleted for the removal of flow 

cytometry buffer. Upon resuspension in 180μL of phosphate buffered saline (PBS) 

(Sigma-Aldrich, St. Louis, MO) and 20μL of Proteinase K (Qiagen, Hilden, Germany) 

they were frozen at -20°C.  

Extraction of DNA from lymph node aspirates was carried out using the QIAamp 

DNA Micro Kit (Qiagen) without carrier RNA, as described by the manufacturer. 

Extraction yields from lymph node samples were quantified using spectrophotometry 

(Nanodrop2000, Thermo Fisher Scientific, Mississauga, ON). 

DNA Amplification and Synthetic Template Spike 

Lymph node samples of 36 patients were amplified and subsequently sequenced 

in two separate runs. Samples from patients 1-18 were amplified and sequenced during 

the initial stages of the study, while samples from patients 19-36 were amplified and 

sequenced in a subsequent run, with the addition of synthetic template DNA. Extracted 

DNA from lymph node aspirates were amplified using multiplex PCR that utilized the 

k9FR3_v3.1 primer set, a modified version of the Valli FR3 primer set61,62. The primer 

set includes two forward and two reverse primers targeting the V and J genes, 

respectively, of the canine IGH locus. Most specifically amplified is the 130 to 150 base 

pair (bp) hyper-variable CDR3. The multiplex PCR used Q5 High Fidelity Polymerase 

(New England Biolabs, Ipswich, MA) and the following conditions: denaturation at 98°C 

for 30 seconds, followed by 30 cycles of 98°C for 10 seconds, 64°C for 30 seconds, 

72°C for 30 seconds, with final extension at 72°C for two minutes. To produce an 

internal reference for measuring lymphocyte antigen receptor DNA, synthetic templates 

of known quantity were added into the PCR sub-master mix. Synthetic templates were 

produced using gBlock gene fragments (Integrated DNA Technologies, Coralville, IA), 

composing of a V gene, synthetic CDR3 and a J gene. Confirmation of successful target 

amplification was facilitated by capillary gel electrophoresis on a QIAxcel Advanced 
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System (Qiagen), QIAxcel DNA High Resolution Kit (Qiagen) and QIAxcel ScreenGel 

Software (Qiagen), using the OL500 parameters coupled with 20 seconds of sample 

injection. 

Amplicon Purification and Illumina Library Preparation 

Purification of DNA was carried out using Mag-Bind RxnPure Plus (Omega Bio-

tek, Norcross, GA) for the removal of excess deoxyribonucleotide triphosphates 

(dNTPs), primers and/or primer-dimers. Once purified, amplified samples were 

subjected to the Ultra II DNA Library Prep Kit for Illumina (New England Biolabs), 

ligating an Illumina-specific adapter to the 5’ and 3’ termini of amplicons, followed by 

DNA purification for the removal of excess adapter. Illumina-specific 8 nucleotide 

indices were added to each terminus through a secondary PCR ranging from 9 to 10 

cycles, as described in the manufacturer protocol (New England Biolabs). Amplified 

product was again subjected to DNA purification to remove excess dNTPs, primers 

and/or primer-dimers. Purified product was quantified with fluorometry (Qubit double-

stranded DNA high-sensitivity assay, Thermo Fisher Scientific), followed by 

normalization to the lowest common concentration, where possible (0.3nM, 0.5nM, 

1.3nM, 2nM, 3.35nM or 4nM). Pooling was done by combining 5μL of each sample, 

including those that fell below the normalization threshold irrespective of their 

concentration or molarity. 

Next-Generation Sequencing: Identification of Index Clones 

Next-generation sequencing was used to identify relative abundance of 

lymphocyte antigen receptors and determine receptor sequence(s) to be used as 

reference for neoplastic clone identification. A total of 11 libraries were prepared for 

sequencing, two of which were used to identify the dominant clone(s) from patient 

lymph node FNAs. High-throughput sequencing runs were performed in-house on an 

Illumina MiSeq system (Illumina, San Diego, CA) using the 300-cycle MiSeq Reagent 

Nano Kit v2 (Illumina), providing two million paired-end reads. For increased 

sequencing depth a MiSeq Reagent Kit v2 (Illumina) was used, providing 24 to 30 
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million paired-end reads. Final pools were re-quantified by fluorometry (Qubit double-

stranded DNA high-sensitivity assay, Themo Fisher Scientific) and denatured using 

0.2M sodium hydroxide (NaOH) (Sigma-Aldrich). Where prepared library pools were 

below 2nM, excess sodium hydroxide was neutralized through the addition of equal 

volumes of 0.2M Tris-hydrochloride (Tris-HCl) (Trizma hydrochloride, Sigma Aldrich). 

Denatured libraries were subsequently serially diluted to 8-10pM in hybridization buffer 

(HT1, Illumina). Final libraries were subject to a 10 to 15% volumetric spike with a 

control library (PhiX Control v3, Illumina) at 12.5pM to increase library diversity during 

the sequencing process. 

Data Analysis 

High-throughput sequencing runs were monitored to determine metrics such as 

average cluster density and clusters passing filter. Sequencing output files were 

produced in FASTAQ format and analyzed on the basis of junctional nucleotide 

sequences and junctional amino acid sequences; comprised of the CDR3 and one 

codon/amino acid upstream and downstream. A clonotype was defined as an amino 

acid sequence of the junctional region, i.e. including the conserved amino acids, without 

consideration of the remaining V and J gene sequence outside the junctional region. For 

lymph node sequencing data, the most abundant junctional amino acid sequence(s) for 

each patient was plotted to visualize distribution of different lymphocyte clones. In-depth 

analysis was performed, whereby lymph node sequencing data was analyzed on the 

levels of nucleotide sequences, as well as translated amino acid sequences using the 

ARResT/Interrogate bioinformatics platform63. 

2.2  Results 

Patient Enrolment 

Over the course of 16 months, between April 2017 and August 2018, a total of 56 

patients that presented to OVC’s Animal Cancer Centre met the clinical inclusion criteria 

(Figure 2.1). Thirty-six dogs were male and 20 were female, resulting in a male-to-
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female ratio of 1.8. The mean and median age of all patients was 8.48 years and 8.50 

years, respectively. The 56 patients constituted of 31 different breeds, including nine 

dogs that were mixed breed. The most prevalent breeds were retrievers (11 dogs; flat 

coat retriever, Labrador retriever and Golden retriever), spaniels (6 dogs; Cavalier King 

Charles spaniel, English Springer spaniel, Cocker spaniel, and Irish Water spaniel) and 

German shepherds (3 dogs) (Table 2.1). Flow cytometry analysis of lymph node fine 

needle aspirates revealed a CD11+, CD18+, CD21+, CD22+, CD45+, MHC-II+ 

immunophenotype in 42 of 56 patients (75%) consistent with a B cell lineage 

(Supplemental Table 2.2). Of the remaining 14 patients (25%), 5 (8.9%) had a CD3+, 

CD4+, CD5+, CD11+, CD18+, CD45+ immunophenotype consistent with a T cell 

lineage, 3 (5.3%) had more than 30% of cells positive for CD34, and 6 (10.7%) were 

excluded for other reasons, such as unusual surface marker expression leading to an 

equivocal diagnosis.  

To verify that the neoplastic tumor cell clone was recognized by the primer set 

targeting the IGH locus, flow cytometry leftover samples of lymph node biopsies from all 

42 B cell lymphomas were subject to traditional clonality testing. Clonal antigen receptor 

gene rearrangements were visualized by capillary gel electrophoresis for 36 of 42 

patients (85.7%), while polyclonal antigen receptor gene rearrangements were 

visualized in 2 of 42 patients (4.7%). In the remaining four cases (9.5%) rearranged 

antigen receptor genes were not amplified, indicating primer inability to anneal to the 

rearranged template DNA sequence (Figure 2.3). The resulting enrolment after meeting 

the required inclusion criteria was a cohort of 36 patients.  

Lymph Node Sampling and Processing 

Leftover lymph node aspirates from flow cytometry were subject to DNA 

extraction and quantified exclusively with spectrophotometry (Nanodrop2000, Thermo 

Fisher Scientific). The DNA yields from lymph node aspirates of the 42 patients 

identified as a B cell immunophenotype, ranged from 11.2ng/μL to 515.5ng/μL (mean 

135.58ng/μL, median 87.15ng/μL). 
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Next-Generation Sequencing: Identification of Index Clones 

To identify the sequence of the neoplastic clone, i.e. the index sequence, 

rearranged immunoglobulin heavy chain genes were amplified and sequenced from 

lymph node samples of 36 patients with mBCL, in two separate runs. Each run was 

performed on the 300-cycle MiSeq Nano V2 flow cell (Illumina), sequencing 323.7 and 

120.6 megabase pairs, respectively. Based on the abundance of the three most 

frequent clones, three main patterns could be identified in the following groups: 1) in 33 

of 36 (92%) patients, the most frequent clone comprised of 60% to 99% of all reads, 

while the second and third most frequent clones constituted ≤6% of all reads; 2) in 2 of 

36 (5%) patients, the most frequent and second most frequent clones were present at 

similar abundance. The most frequent clone constituted between 46% and 51% of all 

reads, while the second most frequent clone constituted between 43% and 46% of all 

reads. In this group of patients the third most frequent clone made up ≤2% of all reads. 

Finally, 3) the three most frequent clones constituted ≤2% of all reads. No patients fell 

within this group as it only consisted of polyclonal controls (Figure 2.4). One of 36 

patients (3%) had divergent replicates and was excluded from the pattern analysis, 

further reducing the cohort to 35 patients with sequence-specific clonotype 

identification.   

In the initial data analysis, results of one patient differed from the three previously 

described patterns. The three most frequent junctional sequences were identified, 

comprising of 33%, 21% and 5% of all sequence reads. The most abundant clone had a 

junctional length of 60nt and was in-frame; the other two sequences had a junctional 

length of 59nt and 58nt, respectively, and were out-of frame. All three sequences were 

identical, except for variations in the number of guanosine residues within a homo-

polymer stretch of 13 guanosine residues. Given that homo-polymer stretches are a well 

known cause for sequencing errors, the second and third most abundant sequences 

were interpreted to be sequencing artifacts64 (Figure 2.5). When ‘rescuing’ the 

erroneous guanosine deletions computationally, the dominant clonotype comprised 59% 
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of all reads, while the second and third most dominant clones comprised ≤2% of all 

reads. Consequently, the patient was placed within group one as described above. 

By utilizing a multiplex primer set targeting canine IGH locus, we were able to 

amplify a range of hypervariable lymphocyte antigen receptor genes from lymph node 

DNA of patients with mBCL. Given the limited diversity of antigen receptor genes and 

the dominance of one or two dominant clones, sequencing of lymph node samples 

enabled reproducible identification of index sequence(s) for 35 of 36 patients (Figure 

2.6). The index sequence serves as a highly specific marker to identify neoplastic 

lymphocytes. 

2.3  Discussion 

In veterinary medicine, MRD monitoring from peripheral blood by molecular 

means has been done using clonotype-specific primers combined with PCR and gel 

electrophoresis or qPCR4,21,29. Monitoring of MRD using PCR has been investigated for 

its prognostic value as an indicator for time to relapse and progression-free survival4. 

The monitoring of MRD by PARR was more sensitive than monitoring by flow 

cytometry29.  

There are no publications regarding the use of NGS for MRD assessments in 

veterinary medicine, limiting comparison with the current research standard of MRD 

assessment by qPCR. A study of human acute lymphoblastic leukemia (ALL) assessing 

sensitivity of MRD assessment, showed that analysis by NGS outperformed qPCR60. 

The authors determined a sensitivity of 1 in 1,000,000 cells (10-6) for MRD assessment 

by NGS and concordance between NGS and qPCR in 102 of 106 samples60 . In 

addition to the lower sensitivity of qPCR compared to NGS, the design of clonotype-

specific primers is labor intensive, and use of inconsistent primers hampers method 

standardization. In contrast, the use of NGS enables the use of standardized multiplex 

primer sets applied to all samples, resulting in higher throughput and the ability to detect 

single nucleotide variants (SNVs). 
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In order to determine a feasible cohort size that would yield statistically significant 

results (p > 0.05), we looked at previous studies investigating lymphoproliferative 

diseases. In prior research of MRD in canine B cell lymphoma, a 36 patient cohort was 

assessed to determine the prognostic significance of MRD4. The study aimed to achieve 

a 1 in 3 hazard ratio, such that the hazard of relapse was three-fold higher in patients 

positive for MRD. To show significance at p = 0.05 and 80% power, the study required 

28 relapsing dogs in each group (MRD positive and MRD negative). Our study 

implemented an even lower hazard ratio of 1/4, requiring 17 dogs in each group. The 

resultant cohort of 36 dogs should suffice, however MRD assessment by NGS was only 

carried out on 10 patients and the ratio of MRD positive to MRD negative cases was 

4:1. Achievement of the target hazard ratio requires MRD assessment of the remaining 

25 patients.  

The mean age of 8.49 and median age of 8.50 in this study cohort is in line with 

previous studies investigating canine lymphoma. Bienzle and Vernau reported the 

diagnosis of canine lymphoma to occur between the ages of six and nine, varying by 

breed and type of lymphoma65. Pastor and colleagues evaluated 608 cases of canine 

non-Hodgkin lymphoma in France whereby the mean and median age of the cohort was 

8.3 years and 8 years, respectively13. Additionally, Edwards and colleagues as well as 

Teske and colleagues found a predominance of canine lymphoma in dogs from 6 to 8 

years old1,11. 

 Since different lymphoma subtypes could be associated with different frequency 

of circulating neoplastic cells, this study utilized stringent inclusion criteria to minimize 

the heterogeneity of lymphoma subtypes. Under the assumption that tumors of different 

origin behave variably, it was important to narrow the subject of the study to a relatively 

homogeneous disease entity. Approximately 60 to 70% of multicentric lymphomas are 

of B cell origin and 30 to 40% are of T cell origin65. In contrast to B cell lymphomas, T 

cell lymphomas are more variable, less well characterized, and often have a poorer 

prognosis65,66. Focus for this study was thereby placed on B cell lymphoma, given that it 

is more frequent and less heterogeneous than T cell lymphoma. Multicentric B cell 
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lymphoma in dogs manifest within peripheral lymph nodes; primary non-nodal 

lymphomas hence were excluded from this study. Cytology is insufficient to distinguish 

T from B cells, thus flow cytometry is used to analyze surface marker expression. The 

expression of CD34 is a marker of hematopoietic stem cells67. Expression of CD34 

alongside early stage B cell markers such as CD19 and CD20 is not considered of 

concern, but in humans, expression of CD34 concurrent with mature B cell markers 

such as CD21 is considered unusual67. Elevated proportions (>30%) of CD34 

expression within a lymph node aspirate suggests the possibility of leukemia in contrast 

to lymphoma, whereby the neoplastic cell of origin occurs in the blood or bone marrow 

rather than the lymph node.  

Prior administration of chemotherapy inherently causes a selective pressure for 

the development of chemotherapy resistant sub-clones, which will inadvertently 

influence time to remission and time to relapse analyses. Glucocorticoids skew surface 

marker expression on lymphocytes in dogs, creating potential for misinterpretation of 

lymphoma immunophenotype during patient screening68.  

A previous study by Sato and colleagues required dogs to be cytologically 

confirmed for high-grade lymphoma, having received no prior treatment except for 

prednisone for less than 7 days, undergo the UW-25 CHOP treatment protocol and 

have neoplastic lymphocytes quantifiable by PCR amplification4. A more recent study 

investigating MRD based prognoses included inclusion criteria such as the 

histopathological diagnosis of DLBCL or marginal zone lymphoma from a lymph node 

biopsy69. However, for the purpose of this research study, histopathology was 

considered unnecessary since cytology, physical examination, flow cytometry and 

interpretation from an American College of Veterinary Pathologists (ACVP) board-

certified pathologist was sufficient to narrow cases strictly to mBCL.  

In four of 42 (9.5%) cases that were diagnosed as mBCL by clinical assessment 

and flow cytometry, the neoplastic clone could not be detected during the initial 

screening by electrophoresis-based clonality testing. These cases likely represent false-

negative results. Clonality testing is reliant on sufficient primer coverage of V and J 
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genes70. False-negative clonality results in B cell neoplasms can be due to incomplete 

primer coverage, chromosomal aberrations, polyclonal background or somatic 

hypermutations at primer binding sites71. In a previous study analyzing the specificity 

and sensitivity of existing primer sets by capillary gel electrophoresis, the qualitative 

sensitivity was between 80% and 90%62. Our study substantiates these findings, as the 

same primer set had a sensitivity of 85.7% based on the proportion of lymph node 

samples that produced a clonal band in the initial clonality test. In the four patient lymph 

node samples that did not yield a result, the rearranged V and/or J gene may not have 

aligned to any of the four primers, likely due to somatic hypermutation. Alternatively, the 

neoplastic clones may have utilized the IGHV4 subgroup gene, which is not covered by 

this primer set. Regardless, given that no primer set will ever detect every rearranged 

lymphocyte antigen receptor gene, MRD detection by NGS is not applicable in all cases. 

Assessment of the initial sample using electrophoresis-based clonality prior to 

sequencing serves as a screening tool; hence it is advisable to identify cases where a 

neoplastic clone is not detected by a given primer set.  

To identify the index sequence of each tumor, lymph node aspirates from the 

time of diagnosis were subjected to lymphocyte antigen receptor gene sequencing.  

Lymph nodes are secondary lymphoid organs where B cells proliferate, differentiate and 

undergo somatic hypermutation within germinal centers. For multicentric B cell 

lymphoma in dogs, peripheral lymph nodes are the primary organ involved and hence 

represent the most promising target to identify the index sequence. Identification of the 

antigen receptor gene sequence of the neoplastic lymphocyte clone is crucial since it 

serves as the genetic marker for determining the relative abundance in subsequent 

samples.  

In 92% of dogs, a single dominant clone was identified at a frequency of 60 to 

99% of all reads. This pattern is consistent with a mono-allelic rearrangement of antigen 

receptor genes. Mono-allelic rearrangements are the most common pattern observed in 

electrophoresis-based clonality testing and are in line with the idea of allelic exclusion 

during antigen receptor rearrangement72. We are unaware of previous publication of 
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MRD detection by NGS in canine mBCL that defined percentage thresholds for index-

clone calling. Prior studies investigating MRD in humans using NGS utilized a frequency 

threshold of greater than 5% to identify a lymphocyte clone as neoplastic73–75. Another 

study investigating MRD assessments by NGS in human multiple myeloma cases 

identified clonotypes when five identical sequences were obtained, while follow up 

samples also required greater than 5% frequency of the clonotype to be considered 

MRD positive76. In our study, all patients surpassed this threshold by at least six-fold. 

The likelihood that the index sequence was identified correctly is hence considered 

high. In addition, it might be feasible to use a significantly higher percentage threshold 

of index-clone calling for mono-allelic rearrangements in canine mBCL as compared to 

human lymphomas. However, additional cases need to be assessed to substantiate this 

notion. 

 In two dogs, two dominant clones at approximately equal frequency were 

identified. This could be either due to a bi-allelic rearrangement or two separate 

neoplastic clones. A previous study in humans suggested that lymphomas arising from 

two separate lymphocyte clones, i.e. bi-clonal tumors, are rare72. Aside from using 

sequencing to distinguish bi-allelic rearrangements from bi-clonal tumors, the magnitude 

of amplification in a duplex PCR was compared based on fluorescence intensity72. A 

consistent ratio of relative abundances of each IGH gene rearrangement across multiple 

sample time points provided further evidence of a bi-allelic rearrangement72. The ratio of 

bi-allelic to bi-clonal cases in the study by Cerny and colleagues was 17:172. 

Substantiating suspicion of a bi-allelic over a bi-clonal rearrangement can therefore be 

achieved by sequencing subsequent samples from the patient. Assuming a diploid 

karyotype of neoplastic clones, the relative proportions of the two dominant clonotypes 

would be expected to remain similar in bi-allelic rearrangements. In contrast, bi-clonal 

tumors are likely to undergo clonal selection resulting in variable proportions of the two 

dominant clones. Indeed, when comparing the relative frequencies of dominant clones 

over time in one of two cases with suspected bi-allelic rearrangements, the relative 

frequencies between both clones remained stable. This data suggests the patient 

indeed had bi-allelic rearrangement, however sequencing of multiple sample time points 
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for the second patient was not carried out, thus discerning a bi-allelic rearrangement 

from a bi-clonal was not possible. Frequencies of identifying two clonal rearrangements 

in one sample will likely increase with sequencing-based clonality testing because NGS 

differentiates clones on a nucleotide level and the method can hence resolve two clones 

of identical length but differing sequence. 

Advantageous to the use of NGS is the tracking of clonal evolution through the 

process of SNV occurrence. In studies of humans with lymphoma, NGS has already 

been used to identify mutational hotspots in several oncogenes such as IDH1, IDH2, c-

KIT, DNMT3A, NRAS77. Erroneous base calls during sequencing are unlikely to occur at 

identical positions across multiple sample time points within a patient, thus cross-

referencing multiple sampling time points can also help differentiate SNVs from 

sequencing error. For this reason differentiation of mono-allelic and bi-allelic clones 

from divergent clonal evolution or bi-clonal lymphoma requires sequencing analysis of 

subsequent samples in addition to the lymph node. The use of NGS to contrast clonal 

populations on a clonotype level offers potential for surveillance to further investigate 

tumor identity in detail from lymph node aspirates and subsequent blood.  

The enhanced sensitivity of NGS analysis does not come without associated 

difficulties. Such was the case in one patient where three dominant clones with almost 

identical sequence and a long homo-polymer stretch were identified. Consecutive 

identical bases are referred to as homo-polymer sequences and can trigger erroneous 

base calls, specifically in regard to the number of homo-polymer nucleotides. 

Consequently, sequence analysis might result in an overestimation of clonotype 

abundance and an underestimation of the relative frequency of clones. To avoid 

overestimation of clonotype abundance introduced by nucleotide variations due to PCR 

or sequencing errors, junctional regions were analyzed on an amino acid level rather 

than a nucleotide level. This strategy provides redundancy against sequence variations 

that do not result in amino acid changes. Clonotypes with divergent but similar amino 

acid sequences can be identified by a separate part of our bioinformatics pipeline that is 

currently under development. However, the pipeline only flags similar sequences of 
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identical length, which is not helpful for sequencing errors that result in clones of 

divergent lengths. Future modifications of our bioinformatics pipeline will hence be 

directed at identifying artificial sequence variations introduced by homo-polymer 

stretches. 
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2.4  Figures and Tables 

Figure 2.1: Patient Recruitment, Inclusion and Sampling. 

Flow chart of the patient enrolment process consisting of eligibility requirements, inclusion and exclusion criteria, and the 
protocol for follow-up sampling. 
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Figure 2.2: Record of Treatment Administration  

University of Wisconsin-Madison 25 week CHOP chemotherapy administration for 37 
patients initially included in the study, by number of weeks relative to diagnosis. One 
patient, “Rudy,” was eventually excluded.  
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Figure 2.3: Inclusion and Exclusion of Recruited Patients 

Enrolment in the study required patients to fulfill three stages of inclusion criteria. A total 
of 56 patients were recruited, of which 42 were identified as mBCL. Clonality testing 
resulted in clonal amplification in 37 of 42 dogs. One of 37 patients initially included was 
removed due to the inability to identify a patient specific index sequence, thus bringing 
the total number of included patients to 36. 
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Figure 2.4: Clonotype Index Sequence Identification – Top Five Most Frequent Clonotypes 

Ranking of the top five most abundant clonotypes sequenced from each patient lymph 
node sample based on the proportional distribution (percent) of all sample reads. 
Controls: pc#11, pc#20 and pc+ST #20 pertain to polyclonal control replicate #1, 
polyclonal control replicate #2, and polyclonal control + synthetic template, respectively.  
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Figure 2.5: Sequencing Error Due to a Homo-polymer Nucleotide Stretch: Clonotype Convergence of “Charlie” 

Similarity of junctional sequences in one patient (“Charlie”), varying by the number of guanosine residues within a 13nt 
homo-polymer stretch. The divergence of clonotypes as a result of sequencing artifact yielded two junctional sequences 
out-of frame (#1, #2) and one junctional sequence in-frame (#3). Computational ‘rescuing’ of divergent junctional 
sequences by sequence alignment results in one dominant clonotype comprising of 59% of all sample reads. 
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Figure 2.6: The Top Five Most Frequent Clonotypes Sequenced from DNA Extracted from Lymph 
Node Aspirates. 

The top five most abundant clonotypes sequenced from each patient lymph node 
sample, based on relative distribution (%) of all sample reads. Controls are as 
mentioned in Figure 2.4. Colors represent clonotype rank in descending order of 
abundance: green (most abundant), purple, peach, yellow, blue (least abundant). 
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Table 2.1: Age, Breed and Sex of 56 Patients Recruited for the Study and Considered for Inclusion. 

Patient 
Age at Diagnosis 

(Years) Sex Breed 
Keenan 9.0 MC mixed breed 
Reilly 10.0 FS Labrador retriever 
Rudy 9.0 MC Labrador retriever 
Daisy 9.0 FS Golden retriever 
Jake 9.0 MC German short-haired pointer 
Fritz 8.0 M Munsterlander 

Spanky 6.0 MC English bulldog 
Libby 5.5 FS Border collie 
Max 11.5 MC mixed breed 
Sam 10.5 MC Cocker spaniel 
Tia 14.0 FS toy poodle 

Marishka 6.0 F Cavalier King Charles spaniel 
Oakley 8.5 MC Labrador retriever 

Maverick 2.0 MC Saint Bernard 
Jersey 10.0 MC mixed breed 
Hunter 8.0 M German shepherd 

Otis 3.5 M Bernese mountain dog 
Gypsy 7.5 FS flat coat retriever 
Sadie 8.5 FS English Springer spaniel 
Henry 6.0 MC Boxer 
Kacey 11.0 MC English Springer spaniel 
Axel 8.0 MC German shepherd 
DJ 10.0 MC Labrador retriever 

Sona 4.0 F Maltese 
Karma 4.5 FS pug 
Bella 8.0 FS German shepherd 

Blackjack 9.0 FS Alapaha bulldog 
Toby 8.0 FS Labrador retriever 

Peanut 13.0 FS mixed breed 
Zoe 10.0 FS Rhodesian ridgeback 

Casper 10.0 MC Cavalier King Charles spaniel 
Tag 8.0 MC Australian cattle dog heeler 
Milo 6.0 MC mixed breed 

Barnaby 11.0 MC Bichon 
Cooper 10.0 MC Border collie 
Duke 7.0 M Bernese mountain dog 
Eddie 10.5 MC Golden retriever 
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Dona 3.5 FS Dogue de Bordeaux 
Abby 8.0 FS beagle 
Errol 6.5 MC mixed breed 

Cheech 5.0 MC Dogue de Bordeaux 
Reilly 4.5 FS mixed breed 

Smudge 16.0 MC mixed breed 
Bentley 7.0 M Irish water spaniel 
Kevlar 9.0 MC American bulldog 

Gunther 8.0 MC Great Dane 
Levi 13.0 MC Golden retriever 

Ebony 5.0 FS Great Dane 
Rusty 6.0 MC mixed breed 

Aristotle 13.0 MC Puli 
Jamie 11.5 MC West Highland white terrier 

Charlie 10.0 MC Shih Tzu 
Cody 10.0 MC Golden retriever 

Matthew 11.0 MC Golden retriever 
Holly 8.0 FS Bouvier des Flandres 

TheCheese 11.0 FS Labrador retriever 
Totals 

Male (M) 5 
36 Mean Age 

Male Castrated (MC) 31 8.48 
Female (F) 2 

20 Median Age 
Female Spayed (FS) 18 8.50 
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2.5  Supplemental Material 
Supplemental Table 2.2: Inclusion Criteria Results of 56 Dogs Recruited for Study by Means of Clinical Diagnosis of Multicentric 
Lymphoma, Including Flow Cytometry Results, Clonality Results, and Comments on Atypical Cases.  

Patient Flow Clonality Included Flow Details Comment 

Keenan CD21+ 
CD22+ 

Clone 
detected Yes Strong expression of CD21, CD22, CD45 & MHC-II; 

intermediate expression of CD11, CD18 
 

Reilly CD21+ 
CD22+ 

Clone 
detected Yes Strong expression of CD21, CD11, CD18, CD45 & 

MHC-II; low expression of CD22 
 

Rudy CD21+ 
CD22+ 

Clone 
detected Yes Mild hemorrhage, strong expression of CD11, CD18, 

CD21, CD22, and MHC-II 
 

Daisy CD21+ 
CD22+ 

Clone 
detected Yes Strong expression of CD11, CD18, CD21, CD22, 

CD45 and MHC-II 
 

Jake CD21+ 
CD22+ 

Clone 
detected Yes Strong expression of CD21, CD22, CD45 and MHC-

II; moderate expression of CD11, CD18 
 

Fritz CD21+ 
CD22+ 

Clone 
detected Yes Uniform expression of CD21, CD22, CD45 and 

MHC-II; low expression of CD11, CD18 
 

Spanky CD3+ Not done No 
Small/medium lymphocytes, high expression of CD4, 
CD5, CD11, CD18, and MHC-II; likely indolent T cell 

lymphoma due to absence of CD45 
 

Libby CD21+ 
CD22+ 

Clone 
detected Yes Uniform expression from large lymphocytes of CD21, 

CD22, CD45 and MHC-II 
 

Max CD21+ 
CD22+ 

Clone 
detected Yes 

Uniform expression from large lymphocytes of CD21, 
CD22, CD45 and MHC-II; low expression of CD11, 

CD18 
 

Sam CD21+ 
CD22+ 

Clone not 
detected No 

Moderate cellularity, large lymphocytes expressing 
CD21, CD45, MHC-II; low expression of CD22; 

presumably benign small lymphocytes expressing 
CD3, CD4, CD5 and CD8 present in low numbers 

 



 

 

 

34 

Tia CD21+ 
CD22+ 

Clone 
detected Yes 

Uniform expression from large lymphocytes of CD11, 
CD18, CD21, CD45, MHC-II; intermediate 

expression of CD22 
 

Marishka CD21+ 
CD22+ 

Clone 
detected Yes 

Intermediate-sized lymphocytes uniformly expressing 
CD21, CD22, CD45 and MHC-II; small proportion 

expressing CD11, CD18 
 

Oakley CD21+ 
CD22+ 

Clone 
detected Yes 

Intermediate-sized lymphocytes uniformly expressing 
CD21, CD22, CD45 and MHC-II; small proportion 

expressing CD11, CD18 
 

Maverick CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes expressing CD21, CD22, CD45 

and MHC-II 
 

Jersey Other Not done No 

Minor population of small lymphocytes, prominent 
population of large lymphocytes with uniform 

expression of CD45, CD11. 42% express CD14 and 
8% express CD4 and CD34 

Unusual constellation of surface 
marker antigens not indicative of 

B cell or T cell phenotype 

Hunter Other Not done No 

Small to medium sized lymphocytes expressing CD4 
and CD21 (T and B cells); medium sized have low-

moderate expression of CD21, CD22 & high 
expression of CD45, MHC-II 

Low expression of CD21/CD22 - 
atypical B cell lymphoma 

Otis Other Not done No 

Hemorrhagic sample, dense population of 
erythrocytes, small population of large cells; few cells 

had light scatter characteristic of lymphocytes and 
large cells had low expression of CD11, CD18, 

CD14, CD45 and MHC-II 

CD11/18/14/45 + MHC-II 
expression does not support 
diagnosis of lymphoma; likely 

reactive/inflammatory 

Gypsy CD21+ 
CD22+ 

Clone 
detected Yes 

Slightly hemorrhagic, prominent population of large 
lymphocytes with strong expression of CD11, CD18, 

CD21, CD22, CD45 and MHC-II 
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Sadie CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes uniformly expressing CD21, 
CD22, CD45, MHC-II; moderate expression of CD11, 

CD18 
 

Henry CD3+ Not done No Large lymphocytes expressing CD3, CD4, CD5, 
CD11, CD18 and CD45; low expression of MHC-II 

 

Kacey CD3+ Not done No Exclusively medium-large lymphocytes, strong 
expression of CD5, CD11, CD18, CD45 and MHC-II 

 

Axel CD21+ 
CD22+ 

Clone 
detected Yes 

Prominently large lymphocytes, strong expression of 
CD21, CD22, CD45, MHC-II; low expression of 

CD11, CD18 
 

DJ Other Not done No Sample mainly consists of blood; >1% leukocytes; 
mainly neutrophils 

Insufficient cellularity in LN 
sample to determine 
immunophenotype 

Sona CD21+ 
CD22+ 

Clone 
detected Yes 

Moderate-large lymphocytes; strong expression of 
CD11, CD18, CD21, CD45, MHC-II; moderate 

expression of CD22 
 

Karma CD34+ 
> 30% Not done No Medium-large lymphocytes, high expression of 

CD34, MHC-II; low expression of CD21 
 

Bella CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes, strong expression of CD21, 

CD22, CD45, MHC-II 
 

Blackjack CD3+ Not done No Large lymphocytes expressing CD3, CD4, CD5, 
CD11, CD18 and CD45 

 

Toby CD21+ 
CD22+ 

Clone 
detected Yes 

Medium size lymphocytes and small population of 
large lymphocytes; high expression of CD21, CD22, 

CD45, MHC-II; low expression of CD11, CD18 
 

Peanut CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes expressing CD11, CD18, CD21, 

CD22, CD45 and MHC-II 
 

Zoe CD21+ 
CD22+ 

Clone not 
detected No Large lymphocytes, high expression of CD18, CD21, 

CD22, CD45 and MHC-II 
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Casper CD21+ 
CD22+ 

Clone not 
detected No Large lymphocytes, high expression of CD18, CD21, 

CD22, MHC-II 
 

Tag CD34+ 
> 30% Not done No 

10% small lymphocytes, prominent population of 
large lymphocytes; large express CD18, CD21, 

CD22, CD45 and MHC-II uniformly; 36% are positive 
for CD34 

 

Milo CD21+ 
CD22+ 

Clone 
detected Yes 

Pronounced population of large lymphocytes, high 
expression of CD11, CD18, CD21, CD45, MHC-II; 

low (19%) amount express CD34 
 

Barnaby CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes expressing CD18, CD21, CD22, 

CD45 and MHC-II 
 

Cooper CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes uniformly expressing CD18, 

CD21, CD22, CD45 and MHC-II 
 

Duke CD21+ 
CD22+ 

Clone not 
detected No Large lymphocytes, high expression of CD18, CD21, 

CD22, CD45 and MHC-II 
 

Eddie CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes uniformly expressing CD18, 

CD21, CD22, CD45 and MHC-II 
 

Dona CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes and few small lymphocytes; large 
uniformly express CD18, CD21, CD22, CD45 and 

MHC-II 
 

Abby CD21+ 
CD22+ 

Clone 
detected Yes 

Indistinct population of medium-large lymphocytes 
highly expressing CD18, CD21, CD22, CD45, MHC-

II 
 

Errol Other Not done No 
Marked hemodilution, minor population of large 

lymphocytes that moderately express CD18, CD21, 
CD22, MHC-II 

Unusual moderate CD21 
expression (normally much 

higher) 

Cheech CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes uniformly expressing CD18, 

CD21, CD22, CD45 and MHC-II 
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Reilly CD34+ 
> 30% Not done No 

Dense population of large lymphocytes, high 
expression of CD18, CD21, CD22, CD45, MHC-II; 

50% also express CD34 
 

Smudge CD21+ 
CD22+ 

Clone not 
detected No Uniform population of large lymphocytes, high 

expression of CD18, CD21, CD22, CD45 and MHC-II 
 

Bentley CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes uniformly expressing CD18, 

CD21, CD22, CD45 and MHC-II 
 

Kevlar CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes uniformly expressing CD18, 

CD21, CD22, CD45 and MHC-II 
 

Gunther CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes uniformly expressing CD18, 
CD21, CD45, and MHC-II; moderate expression of 

CD22 
 

Levi CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes with strong expression for CD18, 
CD21, CD45, MHC-II; moderate expression of CD22; 

low number (~3%) express CD34 
 

Ebony CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes, high expression of CD18, CD21, 

CD22, CD45 and MHC-II 
 

Rusty CD3+ Not done No Population of medium-large lymphocytes expressing 
CD3, CD4, CD18, CD45 

 

Aristotle CD21+ 
CD22+ 

Clone 
detected Yes Moderately large lymphocytes, high expression of 

CD18, CD21, CD22, CD45 and MHC-II 
 

Jamie CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes uniformly expressing CD18, 
CD21, CD45, and MHC-II; moderate expression of 

CD22 
 

Charlie CD21+ 
CD22+ 

Clone 
detected Yes Predominantly large lymphocytes, high expression of 

CD18, CD21, CD22, CD45, MHC-II 
 

Cody CD21+ 
CD22+ 

Clone 
detected Yes 

Large lymphocytes, moderate hemorrhage, high 
expression of CD18, CD21, CD22, CD45, MHC-II 

and PD1 
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Matthew - Not done No 
Minor population (~2% of all cells) are large 

lymphocytes positive for MHC-II, CD14, CD22, CD45 
and PD1 

~2% of cells express MHC-II, 
CD14/22/45 and PD1; equivocal 

B cell lymphoma diagnosis 

Holly CD21+ 
CD22+ 

Clone 
detected Yes Large lymphocytes, high expression of CD18, CD21, 

CD22, CD45, MHC-II and PD1 
 

TheCheese CD21+ 
CD22+ 

Clone 
detected Yes 

Medium-large lymphocytes, high expression of 
CD18, CD21, CD22 and MHC-II; moderate 

expression of PD1; small lymphocytes expressing 
CD4 and CD8 (T-cells) comprise ~30% of 

lymphocytes 
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Chapter 3: Minimal Residual Disease Detection 

3.1  Methods 

Blood Sampling and Processing 

The 36 patients remaining in the study received UW-25 CHOP treatment protocol 

that includes vincristine, doxorubicin, cyclophosphamide and prednisone. Treatment 

occurred weekly for the first 10 weeks and bi-weekly for the following 15 weeks, with 

breaks of no treatment at weeks five and 10. Patients were subject to a CBC prior to 

treatment at the OVC’s Animal Cancer Center. Blood samples of 3mL were taken every 

second visit and processed with a two-fold dilution in PBS (Sigma-Aldrich) followed by 

Ficoll-Pacque (GE Healthcare Bio-Sciences, Uppsala, SE) based density gradient 

separation to isolate plasma and PBMC fractions. All processed samples were stored at 

-20°C. Subsequent to initial lymph node sampling, all blood sample time points, up until 

the point of clinical relapse, were processed and analyzed for the presence and 

abundance of the reference index sequence.  

Extraction of DNA from blood was carried out using the QIAmp Circulating 

Nucleic Acid Kit (Qiagen) with provided carrier RNA (plasma fraction) and the QIAmp 

DNA Micro Kit (Qiagen) without carrier RNA (PBMC fraction), as described by the 

manufacturer. Extraction yields from PBMCs were initially quantified using 

spectrophotometry (Nanodrop2000, Thermo Fisher Scientific). This was followed by 

quantification of both plasma and PBMCs using fluorometry (Qubit double-stranded 

DNA high-sensitivity assay, Thermo Fisher Scientific). 

DNA Amplification and Synthetic Template Spike 

Following the identification of the neoplastic clone(s) from sequencing lymph 

node DNA, blood samples of ten patients up until, and including relapse, were amplified 

and sequenced. Extracted DNA from both blood fractions was amplified using the 

multiplex PCR described in Chapter 2. Amplification parameters such as the amount of 
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synthetic template DNA added, the polymerase used, and the cycling conditions were 

identical to those used for amplification from lymph node aspirates, described in 

Chapter 2. Polymerase chain reaction product was screened for successful 

amplification by capillary gel electrophoresis, using the same method and parameters 

as described in Chapter 2.  

Amplicon Purification and Illumina Library Preparation 

Purification of amplified junctional regions from patient blood samples and 

Illumina library preparation was performed as described in Chapter 2. 

Next-Generation Sequencing: Tracking of Residual Disease from Peripheral 
Blood 

In total, nine libraries developed from blood fraction samples were prepared for 

sequencing. All sampling time points until, and inclusive of, clinical relapse formed a 

patient ‘timeline’ of samples, which were sequenced. For sequencing of blood fractions, 

anywhere from one to three patient timelines were combined in a single sequencing run. 

Sequencing of blood fractions was carried out as described in Chapter 2.  

Data Analysis 

Analysis of NGS data from both fractions of patient blood samples was 

performed as described in Chapter 2. For blood sequencing data, FASTAQ output files 

were subjected to preliminary analysis using a text search for sequences identical to the 

index sequence, derived from the most abundant clone(s) found in the respective 

patient’s lymph node aspirate DNA. Sequencing data was analyzed to determine the 

frequency of the patients’ respective index sequence amongst their blood sampling 

timeline. 
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3.2  Results 

Blood Sampling and Processing 

Over the course of the study period 507 blood samples were collected. After 

density gradient separation into PBMC and plasma fractions, a total of 1,014 samples 

were stored at -20°C. Samples were randomly selected from patients that achieved 

partial or complete remission followed by clinical relapse, and extraction of cell 

associated DNA (caDNA) and cfDNA from 302 PBMC samples and 294 plasma 

samples was carried out, respectively (Figure 3.1). In order to maintain consistent 

quantification and compare extraction yield from PBMC and plasma fractions, 187 of 

302 PBMC samples from 19 patients were also quantified using fluorometry. For these 

samples, spectrophotometry was initially used to measure DNA extracted from PBMCs 

to gauge the degree of dilution required to bring samples within the detection range of 

the fluorometric assay. The DNA yields from PBMC samples ranged from 0.5ng/μL to 

1298.6ng/μL (mean 179.2ng/μL, median 136.7ng/μL) as measured by 

spectrophotometry, and ranged from 0.274ng/μL to 1170ng/μL (mean 158.86ng/μL, 

median 121.0ng/μL), as measured by fluorometry. Extraction yields of plasma samples, 

measured by fluorometry only, ranged from 0.0ng/μL to 121ng/μL (mean 3.94ng/μL, 

median 1.14ng/μL) (Figure 3.2). 

Survival Analysis 

All enrolled patients had some degree of treatment response. Over the 26-month 

study period, 32 of 36 (89%) dogs achieved complete remission and 4 of 36 (11%) 

achieved partial remission. Twenty-six patients died, 17 (65%) of which had relapsed 

and died as a consequence of lymphoma; four (15%) died of causes other than 

lymphoma, two of which had relapsed; and five were lost to follow up. Ten patients were 

alive at 26 months and three of these had relapsed (Figure 3.3; Figure 3.4; Figure 3.5). 

Of the ten patients subject to MRD assessment in this study, eight achieved complete 

remission with treatment durations of five to 51 days (mean 25 and median 24 days). 

The median time to remission and time to relapse for this group was three and 18 
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weeks, respectively. Two patients achieved partial remission with durations of 8 and 38 

days before they were euthanized due to progressive disease. 

Minimal Residual Disease Detection in Blood 

Minimal residual disease detection from blood was performed on 10 patients, 

eight of which achieved complete remission and two of which achieved partial 

remission. Since inter-sample crossover has been recognized as a pitfall in NGS, our 

first aim was to assess the magnitude of sample crossover in our data set and to define 

criteria to distinguish true residual disease from cross contamination of samples. To 

identify the magnitude and patterns of inter-sample contamination, each dog’s index 

sequence was searched for in samples from other dogs. For example, the index 

sequence of dog 1 was searched for in samples from dogs two to 10 and so on. There 

were 214 instances of sample cross-contamination; however, only in 71 instances did 

sample cross-contamination occur in both replicates. There were no instances of 

sample cross-contamination that occurred in both replicates of both sample fractions 

(Figure 3.6). When considering occurrences in both replicates, the abundance of index 

sequence cross-contamination ranged from 1 to 6,634 reads (mean 53.56 and median 3 

reads), which comprised 0.001% to 28.8 % of all reads within a given sample (mean 

0.986%, median 0.030%) (Figure 3.7). Three major outliers were identified comprising 

of 6,634 reads (28.8% of read coverage), 1,550 reads (11.0% of read coverage), and 

1,117 reads (50.0% of read coverage) (Figure 3.6). The contaminating clone of the first 

outlier occurred in a second replicate, but only measured 8 reads comprising 0.13% of 

sample read coverage. Total read coverage of all cross-contamination instances ranged 

from 9 to 119,567 reads (mean 18,110 and median 6,518 reads) but 186 of 214 (87%) 

cross-contaminating clones were supported by 10 reads or less. For these instances, 

the proportion of total read coverage attributed to sample cross over ranged from 

0.001% to 22.2% (mean 0.61%, median 0.03%). In 9 of 186 instances, the crossover 

reads comprised of greater than 5% of all reads, however, with an overall low read 

coverage (mean 41.2 reads and median 19 reads) (Figure 3.8).  
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Based on these findings, two sets of criteria were established to define MRD. A 

given clone was considered MRD rather than contamination if it occurred in both 

replicates of both fractions regardless of abundance or if the index sequence was 

detected in both replicates of one fraction and it was supported by at least 100 reads 

which comprised at least 5% of all reads (Figure 3.9).  

Despite clinical assessment of complete remission, NGS results identified MRD 

in 5 of 8 patients. According to MRD assessment by NGS, the median time to remission 

and time to relapse after remission was 6 weeks (Figure 3.10; Figure 3.11). In the eight 

patients that achieved complete clinical remission, interpretation of molecular 

assessment increased time to remission from 0 to 6 weeks (median 2.5 weeks) 

compared to clinical assessment. In 7 of 8 patients, molecular relapse was detected 

earlier by NGS compared to clinical assessment (range 0 to 13 weeks, median 6 

weeks). In 1 of 8 patients, molecular relapse coincided with clinical relapse. When 

examining sample fractions individually, molecular relapse was detected in plasma 0 to 

13 weeks before clinical relapse (mean 5.5 and median 6.5 weeks). In PBMC samples, 

molecular relapse was detected 0 to 9 weeks before clinical relapse (mean 3.25 and 

median 1 week). In the partial remission group, the index sequence was detected 

throughout all sampling time points (Figure 3.12; Figure 3.13; Figure 3.14; Figure 3.15; 

Figure 3.16; Figure 3.17; Figure 3.18; Figure 3.19; Figure 3.20; Figure 3.21; Figure 

3.22).  

Detection of MRD varied between PBMC and plasma fractions. From PBMCs, 

there were 88 positive detections of MRD with a median count of 1,412 reads 

comprising a median 33.8% of all reads (Table 3.1). From plasma, there were 108 

detections of MRD with a median count of 819 reads comprising a median 48.4% of all 

reads (Table 3.2). 
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3.3  Discussion  

Multiple methods of DNA quantification were employed in this study, including 

spectrophotometry and fluorometry. Spectrophotometry is based on Beer-Lambert’s 

law, measuring DNA by ultraviolet light absorbance at a wavelength of 260nm78. It is a 

quick and feasible method of quantification, but it is limited by its susceptibility to 

inaccurate and often overestimated measurement of DNA in the presence of impurities 

such as ribonucleic acid (RNA), protein, and excess nucleotides78,79. As a result, 

spectrophotometry provides unreliable measurement of low yield DNA samples, since 

trace amounts of contamination can heavily influence DNA concentration78. Fluorometry 

utilizes fluorescent dyes that intercalate with double-stranded DNA (dsDNA), offering 

improved accuracy based on the increased specificity of quantification78,79. Given that 

cfDNA extraction required the use of carrier RNA and was expected to result in lower 

yields, fluorometry was chosen as the gold standard for quantifying cfDNA prior to 

normalization and amplification. Extraction of caDNA from PBMC samples did not 

employ the use of carrier RNA, such that DNA yields were less likely to contain RNA 

contamination. For this reason, spectrophotometry was used for crude measurement of 

caDNA, followed by 10-fold dilutions to bring caDNA samples within range of the 

fluorometric assay (0.005ng/μL to 60ng/μL). When measurements of PBMC-derived 

caDNA were compared using both quantification methods, results showed concordance 

between the two methods, however, slightly higher values when using 

spectrophotometry were observed. Our findings were similar to Ponti and colleagues, 

who found elevated measurements by spectrophotometry when various quantification 

methods were compared, including spectrophotometry, fluorometry and qPCR79. When 

extraction yields from different blood fractions (caDNA and cfDNA extracted from 

PBMCs and plasma, respectively) were compared using fluorometry, results showed 

greater yields of caDNA than cfDNA.       

Following the identification of index sequences from lymph node samples 

collected at the time of diagnosis, neoplastic clones were tracked across multiple time 

points, during and after therapy. To reduce the overall cost per sample for sequencing, 
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samples are tagged by short nucleotide sequences, referred to as barcodes or indices, 

before being pooled for sequencing. However, increased throughput by sample pooling 

can result in sample cross-contamination. Two forms of cross-contamination may occur: 

intra-run contamination, whereby contamination occurs in one run, within or between 

individuals, and inter-run contamination whereby cross-contamination can be confirmed 

by finding index sequences of one patient in the data set of another patient prepared 

and sequenced in a different library. The detection of another patient’s index sequence 

in an individual is identifiable and unambiguous; however, distinguishing cross-

contamination of a patient’s index sequence within their own samples from different time 

points is not possible. Failure to do so may yield false-positive MRD detection. By 

searching for index sequences in samples from other dogs sequenced in the same or 

different runs, we showed that sample cross-contamination did occur in our data set. 

The rate of sample cross-contamination suggested a requirement of minimum 

sequencing depth and proportional read coverage thresholds to reduce false-positive 

results, which can have great impact on patient therapy by prolonging cytotoxic 

treatments when unnecessary. 

Instances of sample cross-contamination could be segregated into three groups 

based on their relative read abundance. Most instances (93%) consisted of trace 

amounts of sample cross-contamination of less than 50 reads, comprising less than 

15% of all reads. The second group of 10 instances (4.6%) contained cross-

contamination ranging from 50 to 1000 reads, comprising up to 16% of all reads. The 

final three instances (1.4%) represented outliers greater than 1000 reads comprising 

more than 25% of the read coverage. Several studies have investigated the incidence of 

sample cross-contamination, or crossover, in highly multiplexed NGS runs76,80–83. 

Sources of crossover reads that were implicated include index cross-contamination, 

misassignment of indices to samples, sequencing base call error, de-multiplexing 

algorithm inaccuracy, run-to-run carryover on instruments and of course true sample 

contamination81. Ideally, de-multiplexing is facilitated by 8-nucleotide oligomer index 

barcodes adapted onto the 5’ and 3’ termini of an amplicon. Accurate barcode-sample 

assignment is imperative to avoid false-negative and false-positive results for MRD 
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detection by NGS. One study group aimed to develop an error-aware de-multiplexing 

pipeline to maximize sensitivity and minimize errors involved with MRD assessments by 

NGS, specifically on the Illumina MiSeq platform81. The group found 23,044 reads 

(0.12%) incorrectly assigned to 8-nucleotide indices, suggesting more than one in 1000 

reads are misassigned by the MiSeq de-multiplexing pipeline, either due to sequence 

base call error or trace contamination of commercial oligonucleotide index adapters. In 

our study, the mean and median sample crossover was 10-fold (1.28%) and 0.35-fold 

(0.042%) the level reported by Bartram and colleagues, respectively. This suggested 

that our sequencing runs generally had a similar incidence of sample misassignment 

but also contained few instances in which the magnitude of sample cross-contamination 

was not consistent with misassignment by Illumina’s demultiplexing pipeline. 

Index misassignment is a known pitfall of multiplexing that Illumina has 

addressed84. One major contributor to this phenomenon is the failure to remove leftover 

index adapter (primer) during library preparation. In our study different combinations of 

‘i7’ and ‘i5’ dual indices were attached to each amplified sample at the 5’ and 3’ termini, 

respectively, followed by a bead-based clean up. Each sample was assigned a unique 

combination of adapters, however several samples still contained identical adapters on 

at least one terminus. To reduce misassignments, Illumina has produced an enzyme 

solution that blocks the 3’ terminus of excess index adapter, in addition to unique dual 

indices, whereby no two samples share the same index on either terminus84. Other 

studies have estimated the rate of index misassignment to range from 0.06% to 

10%82,83. Distinguishing sample cross-contamination from MRD is challenging. A study 

conducted 43 cases of human T cell ALL using MRD assessment by NGS, sequenced 

the T cell receptor beta and gamma chain genes (TCRB and TCRG, respectively)59. 

The investigators cross-referenced patient index sequences amongst the other 42 

patients to identify false-positive MRD, similar to what was done in our study, resulting 

in the identification of 17 instances of index sequence crossover in 1,512 reads of 

TCRB and 3 instances in 1,344 reads of TCRG. Wu and colleagues concluded the 

frequency of false-positive identification of MRD reflects the proportional chance of two 

individuals having T cells utilizing identical sequences of TCRB or TCRG59. As a result, 
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the group implemented a threshold of 10 sequence reads in order for a sample to be 

considered truly positive for MRD59. Similar to the present study, the thresholds for MRD 

detection were chosen based on sample crossover read counts and relative 

abundances across all sequencing runs. Detection of MRD at levels similar to those of 

confirmed cross-contamination are not reliable and were hence not considered as MRD 

positive. 

The first group containing trace amounts of sample crossover identified in this 

study can be attributed to index misassignment based on the low read counts. However, 

index misassignment can only occur between samples of the same library. Cross-

contamination of increased reads and/or across different libraries, such as the second 

and third groups must be contributed to some degree by cross-contamination during the 

stages of library preparation or within the Illumina MiSeq instrument conduits.  

Since no crossover was found to occur in both replicates and sample fractions 

simultaneously, we considered such occurrences of patient index reads as true MRD. 

Given that previous studies have identified varying sensitivity of MRD from different 

sample fractions, we did not want to exclude MRD detection occurring solely in PBMCs 

or plasma34,73,85. As a result we established the second criterion based on the 

occurrence of an index clone in a single sample fraction only; requiring presence in both 

replicates at a minimum of 100 reads, and comprising of at least 5% of all reads. Of the 

71 instances of sample crossover occurring in both replicates, none fulfilled these 

criteria.  

The differences in sensitivity and specificity between methods of assessment 

make it necessary to distinguish clinical and molecular treatment response status. 

Assessment of treatment response by evaluating MRD using NGS was expected to 

result in longer time to remission, as persistence of tumor burden should be quantifiable 

to a lower threshold of detection. For the same reason, time to relapse was expected to 

decrease as the re-emergence of tumor burden was identified earlier. Based on a 

comparison of clinical assessments and NGS data from MRD assessments in this 

study, of the eight patients that achieved complete remission, time to remission was 
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reduced in one patient, remained the same in two patients, and increased by a median 

2.5 weeks in five patients. Similarly, time to relapse in the 8 patients decreased by a 

median 6.5 weeks. Previous literature suggested complete remission rates for canine 

mBCL vary from 65 to 90%15. More recent statistics suggested the rates range from 80 

to 85%69. Although the intent of chemotherapy is to reduce tumor burden, it applies 

selective pressure on tumor cells driving the development of chemoresistance. Residual 

tumor cells are implicated as the source of relapse29,39. Using the index sequence, 

defining clonotype(s) previously identified as a genetic marker, enabled highly specific 

measurement of MRD in downstream sampling time points. As patients achieved into 

complete remission their tumor burden may reduce below clinical detection thresholds. 

Patients may have achieved complete remission by clinical standards, however residual 

tumor burden may persist. Next-generation sequencing enables more sensitive 

detection of MRD, therefore the sampling time points, whereby a patient is in complete 

clinical remission, are of focus73. 

Based on our ability to detect a patients’ respective index sequence, patient 

status over the sampling period can be considered as no response, molecular remission 

(complete or partial), or molecular relapse. For this study complete molecular remission 

is defined by the inability to detect the index sequence at a time point, simultaneously in 

both blood fractions.  For all 10 patients the index sequence was detected in at least 

one blood fraction and in both replicates at baseline, making up greater than or equal to 

40% of sample read coverage. In the same manner, for eight relapsing patients the 

index sequence consisted of ≥50% of sample read coverage at the time point of clinical 

relapse. Of the remaining two patients, one patient only yielded ~5% of sample read 

coverage specific to their index sequence and the other was not sampled for blood at 

clinical relapse.  

The results of MRD detection in blood can be grouped into three trends. In the 

first trend, the index sequences for five patients (“Cheech, Gypsy, Daisy, Marishka, 

Reilly”) were detectable at baseline in both replicates, making up at least 40% of the 

sample read coverage for one or both blood fractions. This was followed by a drop in 
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index sequence abundance by the third sampling time point, leading to the eventual 

loss of detection, and then a sudden increase in abundance anywhere up to 13 weeks 

before clinical relapse. This trend represented molecular baseline detection of the index 

sequence, followed by complete molecular remission and finally molecular relapse. For 

the second trend represented by three patients, the index sequence was detected in 

both replicates at baseline, for at least one blood fraction. Although a reduction in index 

sequence abundance was evident in the second sampling time point, increasing and 

decreasing fluctuations of index sequence abundance occurred prior to the clinical 

relapse time point. In contrast to the first trend, this group of patients did not show a 

consistent pattern of index sequence abundance leading up to clinical relapse. This 

trend represented molecular baseline detection of the index sequence, partial molecular 

remission for two patients (“Bella, Jake”), complete molecular remission for one patient 

(“Eddie”), followed by molecular relapse. According to clinical assessments, all patients 

represented by the first and second trends achieved complete remission followed by 

relapse at the final sample time point. The third trend occurred in two patients (“Bentley, 

Sona”), whereby consistent levels of index sequence abundance were observed 

throughout the sampling timeline, inclusive of the baseline and clinical relapse time 

points. These patients exhibited no response based on our molecular profiling of MRD. 

By clinical assessments, these patients achieved partial remission followed by relapse.  

In veterinary medicine, routine evaluation of treatment response is done by 

physical examination with or without imaging such as radiography or ultrasonography. 

However, clinical monitoring of tumor burden is a poor indicator of treatment success as 

indicated by the fact that most dogs relapse. Consequently, there is a need for more 

precise methods for surveillance of tumor burden. When comparing clinical and 

molecular response status, our study shows an improvement in treatment response 

evaluation by providing greater sensitivity of tumor burden measurements. 

Although an internal reference of synthetic template DNA was spiked into all 

samples during library preparation, correlation of sequence reads to number of tumor 

derived lymphocytes remains in progress. As a result, quantitative assessment of MRD 



 

 

 

50 

levels in the 10 patients assessed has yet to be completed. However, in two studies, the 

copy number ratio of the IGH gene index sequence to half of the albumin gene copy 

number was used to quantify the number of tumor cells present in a sample 4,58. In order 

to examine the relationship between MRD and clinical assessments, the Yamazaki 

group compared MRD levels in peripheral blood to peripheral lymph node volumes. 

With an index sequence sensitivity of 1x10-4, they defined complete molecular remission 

as a qPCR-negative result58. Detection of persistent MRD in 4/7 patients whereby 

clinical assessment yielded a status of complete remission, suggested a longer time to 

remission58. The Sato group had a larger cohort of 36 dogs and defined MRD negative 

status as having fewer than 10 tumor cells per 105 PBMCs. Their data showed that 

although MRD status assessed by qPCR was not a prognostic indicator at diagnosis or 

week 6 of treatment, MRD-positive status at week 11 was indicative of a 15-fold and 7-

fold increase in risk of progressive disease or death, respectively4. The two studies 

exemplify that quantitative data from MRD assessments can offer more detailed 

treatment response evaluation than routine clinical workups. Accurate comparison of 

MRD and clinical assessments thus require method-specific thresholds to define 

treatment response status.  

Several human studies have investigated MRD assessments by NGS73,74,85. To 

quantify residual tumor burden, human study groups implemented the use of reference 

IGH gene sequences of known quantity to extrapolate the number of lymphoma-derived 

molecules per sample73,74. Another unit of measurement used was the number of 

lymphoma molecules (one tumor cell equivalent) per 106 diploid genome85. One group 

compared prediction of disease progression using MRD assessment by NGS and 

computed tomography assessment of 198 human patients with untreated DLBCL85. In 

36 patients that exhibited treatment failure, early relapse (within six months of therapy) 

occurred in 25, eight relapsed beyond six months and three remained in remission. 

Prior to clinical progression the group of 25 early relapse patients showed no clearance 

of index sequence in 10 patients, transient clearance and re-emergence of index 

sequence in 9 patients, and clearance followed by clinical progression without detection 

of the index sequence in 6 patients85.  Beyond six months, all 11 patients examined 
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were negative for their index sequence post-treatment, but 10 of 11 (91%) developed 

detectable levels prior to any evidence of clinical relapse and 8 (73%) eventually 

relapsed85.  

Overall, the findings showed a decreased time to relapse through detectable 

levels of ctDNA by NGS, such as that found in plasma, at a median 3.5 months before 

clinical relapse detection. Patients that relapsed within six months of treatment 

developed detectable levels with a median 1.6 months lead-time, while those that 

relapsed later than six months post-treatment had a median 7.4 months lead-time85. 

This study highlighted the potential for false-negative and false-positive assessments of 

MRD by NGS when compared with the standard of clinical assessment. False-negative 

results hinge on limitations of both sampling and sequencing. Insufficient DNA yield 

from PBMCs or plasma results in a lack of template DNA, which augments the difficulty 

of target amplification of IGH genes. Insufficient sequencing depth results in low read 

counts that can skew results below the limit of detection or the threshold of background 

noise produced from baseline index misassignments.  

The separation of blood fractions produces two samples subject to MRD 

assessment. To determine the most suitable sample type, all instances of positive MRD 

detection were analyzed. There were a total of 20 discordant samples that were positive 

for MRD in the plasma fraction, but negative for MRD in the PBMC fraction. Although 

the median read count from PBMC fractions was almost double, the proportion of read 

coverage pertaining to patient index sequences was approximately 15% less, when 

compared to plasma fractions. This can be attributed to the fact that plasma fractions 

had a lower median read coverage (plasma = 3537 reads, PBMCs = 5805 reads). A 

human study investigating DLBCL using NGS monitoring of peripheral blood had similar 

results73. The authors found plasma to provide better initial measurement quantitatively 

and qualitatively, with an overall 2.3-fold higher absolute level of molecular disease per 

millilitre of blood73. Both the literature and the results in this study suggest that plasma 

or more specifically, ctDNA is a valuable source for surveillance of tumor behavior in B 

cell lymphomas.  
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3.4  Figures and Tables 

 
Figure 3.1: Quantification of DNA from Patient Blood Sample Fractions by Fluorometry 

DNA quantifications by fluorometry (Qubit dsDNA HS Assay) for patient blood sample 
fractions. Peripheral blood mononuclear cell (PBMC) samples of 19 patients were 
measured by fluorometry for comparison to DNA yield from plasma samples. 

DNA Concentration (ng/μL) 
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Figure 3.2: Quantification and Comparison of DNA Yield from Blood Fractions 

DNA yields from blood samples by fractions and method of quantification (n = 36). 
Variables: nano.pbmc = PBMC DNA yield measured by spectrophotometry, qubit.pbmc 
= PBMC DNA yield measured by fluorometry, qubit.plasma = plasma DNA yield 
measured by fluorometry. Value: DNA concentration (ng/μL).
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Figure 3.3: Survival Probability of Patients Over Time 

Kaplan-Meier estimation of survival probability over time based on the survival analysis of patients included in this study 
(n = 36). Shaded area indicates 95% confidence interval. 
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Figure 3.4: Survival Probability Over Time, Based on Sex and Castration or Spay Status 

Kaplan-Meier estimation of survival probability over time based on overall survival, sex, and castration/spay status of 
patients included in this study (n = 36). Legend: F = female, FS = female spayed, M = male, MC = male castrated. 
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Figure 3.5: Survival Probability Over Time, Based on Cause of Death at Study Conclusion 

Kaplan-Meier estimation of survival probability over time, based on whether patients were alive or deceased at the study 
conclusion, and their respective causes of death (lymphoma, not lymphoma, or cause unknown).
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Figure 3.6: Index Clone Cross-Contamination 

Hexagonal binning & axis boxplot of all incidences of index sequence cross-
contamination. Plot parameters include the number of index sequence reads and the 
percentage of all sample reads that pertain to the contaminating index sequence. 
Binning is based on the frequency of occurrence, i.e. number of cross-contamination 
occurrences of specific parametric values (n = 214). 
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Figure 3.7: Metrics of Sample Cross-Contamination Occurring in Both Replicates 

Comparison of index sequence cross-contamination incidence occurring in both sample replicates, based on 
contaminating index sequence and total number of cross-contamination reads (n = 71).
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Figure 3.8: Absolute Read Counts and Proportion of All Sample Reads for Occurrences of Index 
Sequence Cross-Contamination  

Comparison of index sequence cross-contamination, based on percentage of all sample 
reads and absolute read count (n = 214). 
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Figure 3.9: Comparison of Index Sequence Reads Considered as Cross-Contamination or True 
Minimal Residual Disease Detection 

Log-scale scatter plot of Index sequence reads measured by read count and proportion 
of all reads per sample. Index sequence cross contamination (left) versus ‘true’ index 
sequence reads (right). True index sequence reads were determined by meeting or 
exceeding the required threshold to be reliably interpreted as detection of MRD.
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Figure 3.10: Comparison of Clinical and Molecular Assessment of Time to Remission in Weeks Post-diagnosis  

(n = 10)  
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Figure 3.11: Comparison of Clinical and Molecular Assessment of Time to Relapse in Weeks Before Clinical Relapse  

(n=10)
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Figure 3.12: MRD Assessment of Blood Fractions by NGS (Patient: “Bella”)  

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse  
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Figure 3.13: MRD Assessment of Blood Fractions by NGS (Patient: “Bentley”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.14: MRD Assessment of Blood Fractions by NGS (Patient: “Cheech”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.15: MRD Assessment of Blood Fractions by NGS (Patient: “Daisy”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.16: MRD Assessment of Blood Fractions by NGS (Patient: “Eddie” Index #1) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.17: MRD Assessment of Blood Fractions by NGS (Patient: “Eddie” Index #2) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.18: MRD Assessment of Blood Fractions by NGS (Patient: “Gypsy”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.19: MRD Assessment of Blood Fractions by NGS (Patient: “Jake”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.20: MRD Assessment of Blood Fractions by NGS (Patient: “Marishka”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.21: MRD Assessment of Blood Fractions by NGS (Patient: “Reilly”)  

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse 
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Figure 3.22: MRD Assessment of Blood Fractions by NGS (Patient: “Sona”) 

Relative abundance (percent of sample reads) of patient index sequence found in 
peripheral blood fractions, based on the number of weeks before clinical relapse  
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Table 3.1: Index Sequence Read Count, Total Sample Read Count and Percentage of Index 
Sequence Reads by Patient from Peripheral Blood Mononuclear Cell Fractions 

Patient Time to Relapse 
(Weeks) Size Total Reads Percentage 

Bella 17 3381 3575 94.57 
Bella 17 2359 2498 94.44 
Bella 16 20 303 6.60 
Bella 16 25 254 9.84 
Bella 13 1680 1810 92.82 
Bella 13 1335 1444 92.45 
Bella 7 408 725 56.28 
Bella 7 454 830 54.70 
Bella 4 1659 1990 83.37 
Bella 4 1963 2335 84.07 
Bella 0 7206 7330 98.31 
Bella 0 5819 5895 98.71 

Bentley 4 10707 15604 68.62 
Bentley 4 14702 22662 64.88 
Bentley 2 1636 7583 21.58 
Bentley 2 3542 10356 34.20 
Bentley 0 5275 6343 83.16 
Bentley 0 12791 23004 55.60 
Cheech 14 27152 38804 69.97 
Cheech 14 49521 66258 74.74 
Cheech 12 30460 64180 47.46 
Cheech 12 31821 66063 48.17 
Cheech 9 1489 24072 6.19 
Cheech 9 563 18627 3.02 
Cheech 7 1 28641 <0.01 
Cheech 7 364 40600 0.90 
Cheech 0 2379 39058 6.09 
Cheech 0 5561 52203 10.65 
Eddie1 18 3076 5805 52.99 
Eddie1 18 2590 4913 52.72 
Eddie1 15 37 2033 1.82 
Eddie1 15 21 2192 0.96 
Eddie1 9 76 1512 5.03 
Eddie1 9 61 1571 3.88 
Eddie1 6 2975 6533 45.54 
Eddie1 6 3698 8227 44.95 
Eddie2 18 2406 5805 41.45 
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Eddie2 18 2048 4913 41.69 
Eddie2 17 49 773 6.34 
Eddie2 17 74 648 11.42 
Eddie2 15 43 2033 2.12 
Eddie2 15 74 2192 3.38 
Eddie2 9 28 1512 1.85 
Eddie2 9 35 1571 2.23 
Eddie2 6 2233 6533 34.18 
Eddie2 6 2751 8227 33.44 
Gypsy 31 47387 62645 75.64 
Gypsy 31 61784 78251 78.96 
Gypsy 29 1222 11823 10.34 
Gypsy 29 1643 15642 10.50 
Gypsy 26 31 35449 0.09 
Gypsy 26 21 43943 0.05 
Gypsy 21 19 98495 0.02 
Gypsy 21 1 84364 <0.01 
Gypsy 13 2 17087 0.01 
Gypsy 13 5 14044 0.04 
Gypsy 7 74 13475 0.54 
Gypsy 7 149 21893 0.68 
Gypsy 2 13903 56956 24.41 
Gypsy 2 3596 13631 26.38 
Gypsy 0 21003 30225 69.49 
Gypsy 0 34343 46783 73.41 
Jake 47 113 1256 9.00 
Jake 47 128 1276 10.03 

Marishka 28 1824 2759 66.11 
Marishka 28 1090 1856 58.73 
Marishka 26 284 1466 19.37 
Marishka 26 262 1223 21.42 
Marishka 23 5 1945 0.26 
Marishka 23 14 2513 0.56 
Marishka 8 62 1528 4.06 
Marishka 8 71 1225 5.80 
Marishka 6 591 2465 23.98 
Marishka 6 297 1168 25.43 
Marishka 0 3588 4684 76.60 
Marishka 0 3761 4949 76.00 

Sona 8 15508 18115 85.61 
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Sona 8 12828 14955 85.78 
Sona 7 7886 9939 79.34 
Sona 7 9975 13082 76.25 
Sona 6 377 681 55.36 
Sona 6 505 929 54.36 
Sona 5 2 9 22.22 
Sona 5 3 16 18.75 
Sona 2 22 39 56.41 
Sona 2 23 57 40.35 
Sona 0 4711 5204 90.53 
Sona 0 4016 4436 90.53 

Average 5678.15 15483.19 38.30 
Median 1412 5805 33.82 
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Table 3.2: Index sequence read count, total sample read count and percentage of index sequence 
reads by patient from plasma fractions. 

Patient Time to Relapse 
(Weeks) Size Total Reads Percentage 

Bella 17 2612 2775 94.13 
Bella 17 3505 3644 96.19 
Bella 16 35 297 11.78 
Bella 16 15 118 12.71 
Bella 13 1473 1582 93.11 
Bella 13 1418 1540 92.08 
Bella 7 1384 1855 74.61 
Bella 7 1819 2692 67.57 
Bella 4 1351 1423 94.94 
Bella 4 1965 2056 95.57 
Bella 0 4223 4318 97.80 
Bella 0 8262 8443 97.86 

Bentley 4 13751 15606 88.11 
Bentley 4 30342 40061 75.74 
Bentley 0 12120 12499 96.97 
Bentley 0 48711 49483 98.44 
Cheech 14 107287 110461 97.13 
Cheech 14 117011 119567 97.86 
Cheech 12 32401 41976 77.19 
Cheech 12 41501 56573 73.36 
Cheech 9 15 4266 0.35 
Cheech 9 12 635 1.89 
Cheech 7 274 16690 1.64 
Cheech 7 1 15861 0.01 
Cheech 4 1 8213 0.01 
Cheech 4 4 5863 0.07 
Cheech 0 1394 1678 83.08 
Cheech 0 2545 3561 71.47 
Daisy 38 1788 2606 68.61 
Daisy 38 2249 3203 70.22 

Eddie1 18 2893 5549 52.14 
Eddie1 18 3459 6607 52.35 
Eddie1 17 103 293 35.15 
Eddie1 17 39 193 20.21 
Eddie1 15 91 1625 5.60 
Eddie1 15 29 1938 1.50 
Eddie1 9 106 933 11.36 
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Eddie1 9 63 673 9.36 
Eddie1 6 1759 3528 49.86 
Eddie1 6 2663 5835 45.64 
Eddie1 0 4117 7370 55.86 
Eddie1 0 3806 7357 51.73 
Eddie2 18 2442 5549 44.01 
Eddie2 18 2912 6607 44.07 
Eddie2 17 1 293 0.34 
Eddie2 17 2 193 1.04 
Eddie2 15 42 1625 2.58 
Eddie2 15 41 1938 2.12 
Eddie2 9 56 933 6.00 
Eddie2 9 49 673 7.28 
Eddie2 6 1298 3528 36.79 
Eddie2 6 2526 5835 43.29 
Eddie2 0 3123 7370 42.37 
Eddie2 0 3415 7357 46.42 
Gypsy 31 46287 50393 91.85 
Gypsy 31 43459 46960 92.54 
Gypsy 29 169 475 35.58 
Gypsy 29 158 409 38.63 
Gypsy 26 5 9662 0.05 
Gypsy 26 1 7252 0.01 
Gypsy 21 2 17522 0.01 
Gypsy 21 2 18531 0.01 
Gypsy 13 1 2002 0.05 
Gypsy 13 4 14106 0.03 
Gypsy 7 1 15813 0.01 
Gypsy 7 1 16146 0.01 
Gypsy 2 1419 4480 31.67 
Gypsy 2 690 1322 52.19 
Gypsy 0 17584 21966 80.05 
Gypsy 0 59072 71457 82.67 
Jake 49 5469 7088 77.16 
Jake 49 3371 4445 75.84 
Jake 47 220 3537 6.22 
Jake 47 345 5741 6.01 
Jake 26 60 1399 4.29 
Jake 26 180 1414 12.73 
Jake 24 62 1461 4.24 
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Jake 24 123 1041 11.82 
Jake 12 579 972 59.57 
Jake 12 342 654 52.29 
Jake 6 52 2525 2.06 
Jake 6 113 2182 5.18 
Jake 1 217 2795 7.76 
Jake 1 457 3941 11.60 

Marishka 28 49 64 76.56 
Marishka 28 117 219 53.42 
Marishka 26 167 202 82.67 
Marishka 26 551 676 81.51 
Marishka 23 10 1126 0.89 
Marishka 23 10 784 1.28 
Marishka 8 62 1161 5.34 
Marishka 8 61 1507 4.05 
Marishka 6 378 807 46.84 
Marishka 6 403 939 42.92 
Marishka 0 367 428 85.75 
Marishka 0 1404 1631 86.08 

Sona 8 27302 29499 92.55 
Sona 8 34005 36377 93.48 
Sona 7 9906 12247 80.89 
Sona 7 10392 12855 80.84 
Sona 6 1227 1384 88.66 
Sona 6 948 1061 89.35 
Sona 5 7464 7933 94.09 
Sona 5 14687 15586 94.23 
Sona 2 8446 9959 84.81 
Sona 2 14234 16456 86.50 
Sona 0 19954 21760 91.70 
Sona 0 24438 26544 92.07 

Average 7699.36 7699.36 10761.51 
Median 819 819 3537 
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Table 3.3: Comparison of Minimal Residual Disease Detection from Peripheral Blood Mononuclear 
Cells and Plasma in Weeks Before Clinical Relapse 

Patient Plasma Clone Detected 
(Weeks before relapse) 

PBMC Clone Detected 
(Weeks before relapse) 

Rielly 6 0 
Bella 7 7 

Marishka 8 8 
Eddie 9 9 
Jake 12 0 
Daisy 0 0 
Sona - - 

Bentley - - 
Cheech 0 0 
Gypsy 2 2 

   

Mean 5.50 3.25 
Median 6.50 1.00 

(-) denotes patients that never achieved molecular remission 
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Chapter 4: Conclusions 

4.1  Canine Multicentric B Cell Lymphoma 

 Lymphocytes are a heterogeneous entity of adaptive immune cells that vary by 

physiological function. Lymphoma results from the malignant proliferation of 

lymphocytes causing neoplasia. Lymphoma is therefore characterized by 

immunophenotype, and different subtypes of lymphoma have varying prevalence and 

prognosis. Multicentric B cell lymphoma is the most common form in dogs, affecting 

multiple peripheral lymph nodes. Treatment of the disease by multi-agent chemotherapy 

(CHOP) can extend patient survival, with high rates of initial response to therapy. 

Inevitably, most dogs relapse and the duration of remission, progression free survival 

and overall survival are highly variable.  

In veterinary medicine, diagnosis is achieved through the review of patient 

history, physical examination and investigating the cyto-morphology and 

immunophenotype of lymph node FNAs. Current methods such as cytology and flow 

cytometry of FNAs can yield an accurate diagnosis, however they suffer from limitations 

such as the inability to distinguish immunophenotype and the requirement of fresh 

sample with viable and sufficient cellularity, respectively. The limited information 

available at diagnosis (prior to therapy), and variable durations of remission and 

survival, make disease prognosis difficult to determine at the initiation of treatment.   

Beyond initial diagnosis, MRD assessment can be utilized as a surveillance 

method for treatment response, and has shown to be of prognostic value. On the basis 

that residual tumor burden is the source of eventual relapse, monitoring of MRD can 

indicate early relapse potential and provide significant lead-time before clinical 

assessment of treatment failure. Assessments can be made using cytology and flow 

cytometry, however at low abundance of residual tumor, these methods are 

insufficiently sensitive.  
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B cells possess a unique hypervariable surface antigen receptor (Ig), which is the 

result of gene rearrangements that occur during development. Rearranged IGH genes 

encoding the antigen-binding pocket in the heavy-chain of Ig, can be used as a 

molecular marker to distinguish various populations of B cells, and their relative 

abundance in a sample. The hypervariable portion of Ig is exploited through molecular 

techniques such as PCR to provide an adjunct diagnostic tool known as PARR or 

clonality, providing information on the distribution of different lymphocyte populations in 

a sample.  

Multiplex primer optimization for the amplification of canine IGH genes has 

progressed through prior research, enabling vast coverage of different receptor gene 

rearrangements. Crude assessment of clonality assays by gel-electrophoresis 

distinguishes amplicons on the basis of size separation, but is limited by the inability to 

differentiate receptor genes of extremely similar size or provide sequence specific 

variations. In comparison, real-time monitoring by qPCR provides sequence specific 

differentiation, albeit limited by the labor-intensive requirement of allele-specific primers 

and probes for quantitation. Here we explore alternative methods of MRD assessment, 

utilizing the advancement of high-throughput NGS to provide better measurement of 

residual tumor abundance. The aims of this study were to perform MRD assessments 

by NGS for cases of canine mBCL and determine if it can predict time to relapse or 

overall survival, determine the best sampling time points during and after therapy and 

the most sensitive fraction of blood for the detection of MRD. 

4.2  NGS Identification of Neoplastic Clone 

The advantages of a multiplex primer set include broad amplification of IGH 

genes, capturing a large variety of B cells in samples, circumventing the need for 

clonotype-specific primers. Application of a previously developed multiplex primer set 

enabled amplification of IGH genes from lymph node DNA in 36 out of 42 patients in this 

study. Screening of amplicons by capillary gel-electrophoresis indicated that two 

patients had polyclonal populations in their lymph node FNA samples, while the 
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remaining four patients could not be amplified, likely due to insufficient primer coverage. 

The multiplex primer set was thus determined to have a qualitative sensitivity of 85.7%.  

Acknowledging the labor required for sample library preparation, the use of NGS 

to analyze amplified IGH genes provided sensitive identification of lymphocyte 

populations in addition to their relative abundance. Given that neoplastic clones 

proliferate uncontrollably in the lymph nodes for mBCL, a larger abundance of the 

neoplastic clone was expected. The 36 patients were sequenced in two runs in order to 

identify the most abundant IGH gene sequence (index sequence), indicating its 

derivation from a neoplastic clone. In the 36 patients, three general categories were 

observed: a single most frequent clonotype ranging from 46-51% of all reads (33 

patients), two most frequent clonotypes ranging from 43-46% of all reads (2 patients) 

and three or more most frequent clonotypes making up less than 2% of all reads 

(polyclonal control). One patient was not supported by reproducible replicates resulting 

in their removal from analysis.  

The potential for sequencing error in high-throughput NGS was acknowledged, 

as it occurred in one patient exhibiting a homo-polymer nucleotide stretch within the 

amplified IGH gene. The result was three artificially divergent clones after de-

multiplexing and initial analysis of sequencing data. Computational convergence of the 

three clones resulted in a single most frequent clone making up 59% of all reads, 

grouping this patient into the first category. Investigating the cause of two most frequent 

clonotypes identified in two patients, suggested either a bi-allelic rearrangement of the 

IGH locus in the neoplastic lymphocyte, or a bi-clonal lymphoma consisting of two 

different neoplastic lymphocytes. This study concluded that confirmation of either 

source, required NGS analysis of subsequent samples to compare the reproducibility of 

frequency distribution between the two clonotypes. This was carried out in one of two 

patients and confirmed the identity of a bi-allelic rearrangement of the neoplastic clone. 

Given the gap in utility of NGS for MRD assessment in canine mBCL, human 

medical research was referenced to determine a 5% threshold of clonotype frequency in 

order for a lymphocyte to be considered neoplastic. This study marked the first 
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reporting, to our awareness, of broad amplification of IGH genes and subsequent 

analysis using NGS to determine clonotype diversity and relative frequency, in canine 

mBCL cases. The aim of sampling the lymph node, whereby the primary tumor occurs 

in mBCL, was to increase the likelihood of identifying the neoplastic clone. The fact that 

clonotypes of high frequency ranged from 43-56% and surpassed the 5% threshold by 8 

to 10-fold, suggested high confidence of neoplastic clone identification, providing a 

highly specific tumor marker.  

4.3  MRD Assessment by NGS 

The high sample throughput of NGS, along with prior identification of the index 

sequence as a tumor marker, is desired for MRD assessments and monitoring 

treatment response. Although the proportion of neoplastic lymphocytes found in blood 

may vary, this pitfall of surveillance is overcome by the aforementioned high specificity 

and reportedly high sensitivity (up to 10-6) of NGS use. Blood sampling at regular 

intervals during and after treatment therefore provided substantial sampling time points 

for observing changes in tumor burden over time.  

Comparative analysis of clinical assessment and MRD assessment of treatment 

response showed that MRD assessment by NGS enabled prolonged characterization of 

tumor burden after therapy initiation, due to a lower threshold of sensitivity. Additionally, 

the increased sensitivity compared to clinical assessment allowed earlier detection of an 

increase in tumor burden, suggesting an occurrence of relapse in the imminent future. 

In five of the eight patients that achieved complete remission, MRD assessment by 

NGS identified residual tumor burden, beyond the clinical assessment of complete 

remission. The median time to remission increase was 2.5 weeks. This study also 

identified early relapse in 7 of 8 patients, with a median time to relapse decrease of 6.5 

weeks. Comparing alternative methods of MRD assessment to the use NGS, the results 

are supportive of the original hypothesis that MRD assessment by NGS provides more 

accurate and sensitive measurement of tumor burden. However, there remains 

sampling timelines of an additional 25 patients that must be analyzed to further 

substantiate our conclusions.  
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Based on the number of samples that provided detection of the index sequence 

throughout the study, plasma was determined to be the more promising sample type, 

despite its lower DNA yield in comparison to PBMCs. Our data suggested that plasma 

contains a greater proportion of tumor-derived DNA, as a result of frequent cell turnover. 

4.4  Limitations and Significance 

Although MRD assessment by NGS can fill gaps in diagnostic techniques and 

treatment surveillance, several limitations of the process were previously reported and 

experienced in this study. Most importantly, MRD assessment by NGS requires a 

multiplex PCR that is completely reliant on substantial primer coverage of V and J 

genes, selected for rearrangement in lymphocyte clones. Due to the substantial 

combinatorial capacity of V and J gene rearrangements, in addition to insertion and 

deletion of nucleotides to provide hypervariability, no single primer set will be able to 

cover all rearrangements. 

The second limitation that was discovered, in addition to the laborious preparation 

of NGS libraries, is the necessity to analyze sequencing data closely for erroneous base 

calls such as those that occurred in a homo-polymer nucleotide stretch. Additionally, 

differentiation between bi-allelic and bi-clonal lymphomas require more than one 

sampling time point, thus limiting the possibility of using NGS assessment as a one-time 

diagnostic tool to identify a neoplastic clone. 

One of the biggest limitations encountered over the course of this study, was the 

occurrence of index sequence cross-contamination in NGS runs. The rates of cross-

contamination were identified, such that thresholds for MRD detection were not 

convoluted by cross-contamination. However, it severely reduced the quantitative 

sensitivity of MRD detection. Such limitations can be overcome by increasing 

sequencing depth, in addition to implementing precautions to limit index sequence 

cross-contamination, without hindering sample throughput.  
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To maintain feasibility, the study required banking of samples such that multiple 

time points of more than one patient were sequenced together. Regular practice of 

MRD assessment by NGS would require a rolling schedule of sequencing runs to take 

place, such that assessments can be made in clinical settings.  

This study provided a basis for conducting MRD assessment by NGS in canine 

mBCL, akin to such assessments conducted in human medicine. The aim of utilizing 

such sensitive surveillance of treatment response was to improve the characterization of 

tumor burden below clinical detection thresholds, and improve prognostic significance. 

MRD assessment has already been established as a prognostic indicator, but it is 

seldom utilized in clinical veterinary medicine. Combining MRD assessment with a more 

sensitive and higher-throughput method of analysis, such as NGS, provided evidence of 

assessment improvement and its potential use as a prognostic indicator.  

The results of this study showed that molecular assessment of canine mBCL 

treatment response could change the current statistics of remission and relapse with 

increased accuracy. The ability to sequence and identify a single clonotype as a 

molecular marker in the majority of cases, enabled comparison with the blood sample 

taken at the same time point. Matching the identity of the neoplastic clone from both, 

lymph node FNA and the accompanying initial blood sample suggested the potential to 

use easily accessible blood samples for initial diagnosis. Overall, patient and client 

benefit is possible through the improvement of disease prognosis, estimation of 

treatment outcomes, and overall survival, hence it is important to substantiate our 

findings of early relapse detection using MRD assessment by NGS. 
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