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ABSTRACT

USING THE DOG AS A MODEL TO INVESTIGATE ENVIRONMENTAL AND GENETIC

RISK FACTORS FOR MATURE, ANTIGEN-DRIVEN LYMPHOPROLIFERATIVE DISORDERS

Lymphoproliferative disorders are common hematopoietic neoplasms in both humans
and dogs that are heterogeneous and have an uncertain, likely multifactorial, etiology. A subset
of human lymphoproliferative disorders, including B cell chronic lymphocytic leukemia (B-
CLL) and T zone lymphoma (TZL), are thought to be antigen-driven.!* Dogs commonly
develop these subtypes,” 8 allowing them to be used as natural models for the corresponding
human diseases. Canine models are increasingly being used to ascertain genetic links to disease
and conduct pre-clinical trials of novel therapies. In addition, dogs present a unique
opportunity for identifying non-genetic risk factors for disease, as they spend most of their lives
alongside their human counterparts, encountering many of the same environmental exposures.
Therefore, we hypothesized that human and canine lymphoproliferative disorders share risk factors,
clinical presentation, and prognosis. The goal of this dissertation was to contribute to the
framework of canine cancer models and begin to elucidate novel ways we can use dogs to
further our understanding of both mechanistic and epidemiologic aspects of human disease.

Aim 1: Describe canine B-CLL presentation, clinicopathologic findings, and breed
predisposition. B-CLL is the second most common leukemia that affects humans in the United
States.’ First-degree relatives of B-CLL patients have an 8.5-fold higher risk for developing the

disease.!? However, a clear set of risk-associated genes has not been identified. Because of the
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discrete genetic pools maintained by selective breeding, examining canine B-CLL could be a
powerful way to study genetic risk factors for this disease. Little is known, however, about the
population that develops canine B-CLL. We used submissions from the Colorado State
University’s Clinical Inmunology laboratory to describe the typical patient presentation and
associated clinical signs of canine B-CLL in addition to evaluating whether certain breeds have
differential proportions of B-CLL. We determined canine B-CLL is typically a disease of older
individuals with no sex predilection. Half of cases presented with peripheral lymphadenopathy
or splenomegaly and one quarter had anemia. Small breed dogs and English Bulldogs appear to
be predisposed to this disease, with English Bulldogs exhibiting a unique presentation that we
hypothesize is associated with a more aggressive phenotype. Results from this aim helped set
the foundation for the use of canine B-CLL as a model for its human counterpart, with the long-
term goals of evaluating prognostic factors as well as identifying genetic risk factors for
developing B-CLL.

Aims 2 and 3: Use canine TZL to better understand the etiology and pathogenesis of
human peripheral T cell lymphoma. TZL, a rare indolent lymphoproliferative disorder in
humans, appears to have a striking predilection for Golden Retrievers. Golden Retrievers
comprise 12% of all dogs with lymphoproliferative disorders, but 40% of all dogs with TZL.
This observation suggests a significant genetic risk factor(s) for this disease. Since TZL cells
exhibit an activated phenotype, characterized by increased expression of CD21 and CD25,° we
also hypothesized chronic immune stimulation was necessary for progression to overt disease.

We conducted a case-subclinical-control study of TZL among Golden Retrievers to

investigate environmental and genetic risk factors for this disease. Owners of 508 Golden
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Retrievers (140 cases, 221 subclinicals, 147 controls) aged 9 years or older participated in our
study. Cases were recruited from submissions to Colorado State University’s Clinical
Immunology laboratory; flow cytometric diagnosis required identification of a homogenous
expansion of T cells lacking expression of the cell surface marker CD45.° The reference
population was recruited through 1) a database of owners interested in participating in research
studies and 2) the submitting clinics of cases. These dogs were classified as controls or
subclinicals based on flow cytometry.

Aim 2: Identify genes associated with TZL in Golden Retrievers using a genome-wide
association study. A subset of 360 dogs (95 cases, 142 subclinicals, 101 controls) were genotyped
using the Illumina CanineHD BeadChip.!! Data were analyzed using genome-wide complex
trait analysis software and significance was determined based on the 95% confidence intervals
on the quantile-quantile plot. Associated regions were subsequently sequenced using a custom
sequence capture array (NimbleGen SeqCap EZ Developer Kit) on an [llumina NextSeq 500. We
found genome-wide significance in regions on chromosomes 8 and 14 that differentiated TZL
cases from both subclinicals and controls. No statistically significant differences were noted
between subclinicals and controls. Resequencing of the chromosome 14 peak identified five
missense mutations on three hyaluronidase genes clustered in the associated region. One
variant of the SPAM1 gene was predicted to be damaging using PolyPhen-2.12 Resequencing of
the chromosome 8 peak did not identify any coding mutations, but implicated potential
modifying mutations for SEL1L, STON2, GTF2A1, CEP128, and TSHR. The majority of
mutations were predicted to modify SEL1L, STON2, and CEP128, which have roles in vesicle

trafficking and endoplasmic reticulum homeostasis: SEL1L encodes a protein for the
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endoplasmic reticulum-associated protein degradation complex,!> STON2 plays a role in
receptor-mediated endocytosis,'* and the role of CEP128 is not well characterized. Results from
this aim identified a potential role of hyaluronan turnover in TZL pathogenesis. Additionally,
mutations in SEL1L and STON2 may indicate accumulation of misfolded protein and/or
changes in antigen presentation could influence development of TZL.

Aim 3: Examine the association of chronic inflammatory conditions and TZL using a
questionnaire-based case-control study. Information about each dog’s health history,
signalment, lifestyle, and environmental exposures were obtained via an owner-completed
questionnaire. Odds ratios and 95% confidence intervals were estimated using multivariable
logistic regression. We identified several inflammatory risk factors with diverse mechanistic
pathways were associated with an increased risk of TZL. Two of these, gastrointestinal disease
and mange, were only associated with TZL cases, whereas bladder infection and eye disease
were associated with both cases and subclinicals. We additionally identified two potentially
protective factors, omega-3 supplementation and hypothyroidism. Our findings support the
hypothesis that inflammation is a risk factor for TZL, and may indicate anti-inflammatory
therapeutics could help treat or prevent this disease.

Conclusions: This dissertation contributed to the body of evidence that B-CLL and TZL
are antigen-driven, and additionally suggested a genetic component of both diseases. Our
findings can be used to inform future mechanistic studies to better understand disease
pathogenesis and ultimately provide insights into novel treatments or preventive measures. On

a broader scale, this dissertation demonstrated the utility of conducting epidemiologic studies



among canine populations, particularly among diseases that are rare in people but

comparatively common in dogs.
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CHAPTER 1: INTRODUCTION

Non-Hodgkin’s lymphoma (NHL) and leukemia are among the most common types of
hematopoietic neoplasms in the United States, with over 130,000 new cases and nearly 45,000
deaths estimated in 2016.15 Overall, NHL is estimated to be the 6t most common cancer based
on new diagnoses and the 9" most common based on deaths, whereas leukemia is the 6" most
common for deaths and 8t — 9t (for males and females, respectively) most common based on
new diagnoses.!> This discrepancy between prevalence and mortality highlights potential
differences in disease aggressiveness, diagnosis, and treatment. NHL and lymphoid leukemias
are also very common in dogs and are usually generalized into the disease category
“lymphoma” or lymphoproliferative disorders (LPDs). While there are no current, population-
based estimates of incidence or prevalence, canine lymphoma is considered the most common
hematopoietic neoplasm in dogs.’ 7 One of the most recent (from 1997-1998) estimates of
annual incidence among United Kingdom dogs was 107 per 100,000 dogs for lymphoma and 11
per 100,000 dogs for leukemia.’® Among people, the corresponding incidence rates are 19.5 per
100,000 and 13.5 per 100,000, respectively.l” These estimates suggest that lymphoma is more
common in dogs than people, highlighting the utility of the canine model for human
lymphoma.

Lymphoma is a heterogeneous disease, with over 60 subtypes identified in humans.? %
These subtypes vary both morphologically and behaviorally, leading to distinct clinical
presentation, treatments, and prognoses. These subtypes can be split into two broad categories

based on cell of origin (B and T lymphocytes). In humans, B cell neoplasms are much more



common, making up about 90% of cases in developed countries, and therefore more is known
about their etiology and treatment.?! Within both B and T cell neoplasms, subtypes are
categorized as precursor acute lymphoblastic leukemia/lymphoma or mature types, with the
majority for each being mature.?! The World Health Organization classification includes 17
subtypes of peripheral B cell neoplasms and 18 subtypes of peripheral T cell neoplasms (Table
1.1). Among B cell neoplasms, diffuse large B cell lymphoma (DLBCL) and follicular lymphoma
(FL) are the most common, each accounting for about 25% of all lymphomas in developed
regions.?22 T cell lymphomas are more rare, with the largest category being peripheral T cell
lymphoma (PTCL) not otherwise specified, accounting for less than 3% of all lymphomas.? 2!
Lymphoma can also be categorized based on prognosis into aggressive and indolent
(slow-growing) types (Table 1.1). Aggressive types are generally more responsive to modern
treatments (combination chemotherapy); while overall 5-year survival is around 60%, more
than 50% of patients experience complete remission.? In contrast, the median survival for
patients with indolent lymphoma is about 20 years, but patients may experience continuous
relapses, requiring multiple rounds of chemotherapy.?* At early stages, some types of indolent

lymphoma may not require treatment and clinicians recommend “watchful waiting”.?



Table 1.1. World Health Organization classification of human NHL.2 %!

Cell of origin Behavior Subtype
= Precursor =~ Aggressive e B acute lymphoblastic leukemia/lymphoblastic lymphoma (B-ALL)
n: Peripheral Aggressive e Burkitt lymphoma (BL)

¢ Diffuse large B cell lymphoma (DLBCL)
o Follicular lymphoma, high grade (FL)
¢ Mantle cell lymphoma (MCL)

Indolent

o B cell chronic lymphocytic leukemia/small lymphocytic lymphoma
(B-CLL)
o Follicular lymphoma, low grade (FL)
¢ Hairy cell leukemia (HCL)
e Lymphoplasmacytic lymphoma/immunocytoma (LPL)
e Marginal zone lymphoma (MZL)
o Splenic, nodal, or extranodal (Mucosa-associated lymphatic
tissue)
¢ Plasmacytoma/plasma cell myeloma

Precursor Aggressive

o T acute lymphoblastic leukemia/lymphoblastic lymphoma (T-ALL)

Peripheral Aggressive

T/NK cell

e Adult T cell ymphoma (human T-lymphotrophic virus 1+)
o Aggressive NK cell leukemia

¢ Anaplastic large cell lymphoma, primary systemic type

¢ Angioimmunoblastic T cell lymphoma (AITL)

¢ Extranodal T-/NK-cell lymphoma, nasal type

¢ Hepatosplenic gamma/delta T cell lymphoma

o Peripheral T cell lymphoma (PTCL)

¢ Subcutaneous panniculitis-like T cell lymphoma

Indolent

¢ Anaplastic large cell lymphoma, primary cutaneous type

¢ Mpyecosis fungoides/Sezary syndrome (MF)

o T cell chronic lymphocytic leukemia/prolymphocytic leukemia (T-
CLL)

o T cell granular lymphocytic leukemia

Canine lymphoma

Canine lymphoma shares many of the same subtypes as human lymphoma, and can be

categorized using similar criteria. In a 2011 study by Valli et al.,” the World Health Organization

human classification system was applied to 300 biopsies of canine lymphoma. Like human

lymphoma, DLBCL was the most common subtype, but it accounted for a larger proportion of

cases than among humans (48% vs. 25%). Marginal zone lymphoma (MZL) was the second most



common B cell lymphoma, accounting for about 4% of all cases. Interestingly, FL appears rare in
dogs, whereas it is quite common in humans.” 2! Proportionally, T cell lymphomas were much
more common in dogs than people, with PTCL accounting for over 25% of cases and T
lymphoblastic lymphoma accounting for approximately 4% of cases (vs. ~1% in humans?').
Almost half of the PTCLs were T zone lymphoma (TZL), a subtype that is extremely rare in
humans. Figure 1.1 below compares the relative distribution of selected subtypes of lymphoma,
comparing canine data from our laboratory to human data from a recent publication.?! This
figure highlights the differences in the relative distribution of lymphoma subtypes for dogs and
humans. These differences highlight the utility of comparative models to understand why
certain subtypes are more common in one species. Additionally, because T cell lymphomas are
more common among dogs, they provide an excellent opportunity to conduct studies where it

would be difficult to gather enough human patients.

HUMAN LYMPHOMA CANINE LYMPHOMA
Otp
occllsRlCL TCGZ’ e PTC,

o/

OVERALL DISTRIBUTION

HUMAN CANINE

O,
ther T cell

Figure 1.1. Relative distribution of selected subtypes of canine lymphoma and human NHL.”
PTCL, peripheral T cell lymphoma; TZL, T-zone lymphoma; B-CLL, B-cell chronic lymphocytic
leukemia.



Canine lymphoma has a similar presentation and prognosis to human lymphoma and is
therefore treated with many of the same drugs. Combination chemotherapy is standard
treatment for dogs with aggressive lymphoma, resulting in a median remission time of 7-9
months and median overall survival of 10-13 months.?>?” As with human lymphoma, indolent

types offer a much better prognosis, with median survival exceeding 19 months.% 2

The dog as a model for human cancer

The canine model has been accepted for many human cancers, including lymphoma,
due to strong similarities histologically as well as clinically.? The utility of the canine model is
wide-ranging, with benefits for clinical, mechanistic, genetic and epidemiologic studies across
many types of cancers. Clinically, there is good infrastructure for clinical trials in dogs,
especially among veterinary teaching hospitals that see large caseloads and are accustomed to
conducting research.? * Since there is no gold-standard treatment for canine lymphoma, new
drugs can be tried as first-line treatment as opposed to last-resort in human clinical trials.?
Many cancer drugs are currently undergoing clinical trials in dogs (vetcancertrials.org), and
some have already moved forward into human trials. One example of this is PAC-1, which
shows promise in treatment of brain cancer.*

Since canine lymphoma occurs spontaneously, as opposed to experimentally-induced in
rodent models, it is believed to better represent the “natural” cancer system seen in human
patients, which is more heterogeneous than tumor models in rodents.?” This is helpful from a
mechanistic perspective because the same factors are at play as with a spontaneously-occurring

human cancer, including diet, environment, and host defenses (e.g. immune system). From an



epidemiologic perspective, dogs share much of the same environment as people, live in the
same households and experience similar lifestyle factors. Since dogs have considerably shorter
lives than people, it is more feasible to conduct cohort studies to assess risk factors for
lymphoma as well as to conduct follow-up studies to assess survival and related issues. Many
follow-up studies have been conducted to evaluate survival and prognostic factors, particularly
for cancer. However, no large-scale observational cohorts had been undertaken until the Golden
Retriever Lifetime Study began in 2012.32 This groundbreaking study will follow 3,000 Golden

Retrievers throughout their lives to identify risk factors for cancer and other diseases.

Genetic analyses in dogs

As most mammals share a significant proportion of their DNA, canine genetic research
can also be translated to human genetic research. Human genomes contain about 3.3 billion
base pairs which constitute 23 pairs of chromosomes, whereas canine genomes are smaller (2.8
billion base pairs) and divided over 38 pairs of chromosomes. However, the overall similarity is
high, with dog alignments covering about 80% of human transcripts and 75% of all genes.?
From an evolutionary perspective, the development of dog breeds was relatively recent. A
consequence of the selective breeding and population bottlenecks is that many dog breeds have
a higher prevalence of specific diseases,* * suggesting a limited number of loci are responsible
for those diseases.® When DNA recombines, DNA segments, called haplotype blocks, are
moved from one chromosome to another (Figure 1.2). If this recombination is recent, a larger
haplotype block will be shared among related individuals. As time goes on, more

recombination will happen, breaking these blocks apart, resulting in shorter shared regions.



Within breeds, there is reduced genetic variation, evidenced by large haplotype blocks (500kb —
1Mb).%% However, the diversity is much greater across breeds, with the average haplotype
block around 10kb, comparable to what is seen in humans.* Portions of some haplotypes are

conserved across breeds, suggesting genetic risk factors may be shared across breeds.®

DNA
sses (LLE LW E IR e e
Common haplotype K 7(

- —d

Haplotype blocks Block 1 I Block 2 I Block 3 I Block 4

SNPs for mapping | | |||| | | ||||| | | |||| | |

Figure 1.2. Depiction of how haplotype blocks relate to SNP selection for GWAS chips.

The larger haplotype blocks seen within breeds are beneficial from an analytical
standpoint. Researchers have compared the genomes of multiple dog breeds to find the
locations of common variants, called single nucleotide polymorphisms (SNPs), that are present
in at least 1% of the population. This work has led to the discovery of millions of SNPs;
however, because SNPs within a haplotype block are inherited together, genotyping only a few
SNPs within that block can provide a representation of risk for that block. Because haplotype
blocks are so large in dogs, the number of SNPs that need to be genotyped for a genome-wide
association study (GWAS) can be substantially reduced. Human GWAS SNP microarrays
typically contain >500,000 SNPs to have an “adequate” representation of the human genome,

whereas the standard canine SNP microarray contains only 170,000 SNPs.!! In addition, as



GWAS analyses involve multiple comparisons, there is always a concern that multiple testing
leads to many false positive findings; fewer SNPs correspond to fewer comparisons and thus
less stringent p-value adjustments are needed.

If we look within one breed of dog, this reduced genetic variation also means we are
assessing a more homogeneous population. From a statistical perspective, this reduces
variability, or “noise”, and enhances our power to detect genetic differences associated with our
outcome of interest.*’ Thus, we can use smaller sample sizes in canine vs. human GWAS.% 3
There is no universal sample size calculator for canine GWAS. The appropriate sample size is a
balance of homogeneity of the population (i.e. level of inbreeding), whether the trait of interest
is mono- or multigenic, and the expressivity and penetrance of the loci (i.e. the extent to which
the trait is expressed and the percent of affected individuals with the associated allele). Using
simulated data, one researcher estimated that, for a study evaluating a multigenic trait using
15,000 SNPs, a sample size of 100 affected and 100 unaffected dogs would give 97% power to
detect an five-fold increase in disease risk, but only 50% power to detect an 2-fold increase in
disease risk.?

However, the genetic homogeneity also means more careful selection of study
participants is needed to ensure close relatives (i.e. closer than the grandparent level)* are not
included in the study. Ideally, we would ensure this by conducting a pedigree analysis before
enrollment to avoid the cost of genotyping dogs that would later be removed through
relatedness filtering. Even within a breed, population stratification can exist due to founder
effects with popular sires.?’ If not accounted for, systematic differences between cases and

controls can drive the genetic differences observed, thereby biasing our effect estimates. Thus,



after removing overly related individuals it may still be necessary to adjust for residual
confounding due to underlying population stratification. This is a known problem among
Golden Retrievers of American vs. European descent, which, according to one publication,* are
roughly as diverged as European and Asian human populations. Thus, care must be taken to
select dogs from within one geographic region. Researchers generally recommend using a
single dog breed for GWAS to ensure appropriate identification and control of population
stratification.*>*3

Certain aspects of quality control that are standard for human GWAS* should be
reconsidered when conducting canine GWAS. First, the canine genome contains extensive
regions of homozygosity that are interspersed with highly heterozygous regions.®® As a result,
filtering based on heterozygosity rate, which is commonly done for human GWAS quality
control, is not appropriate for canine GWAS. Second, because canine populations are highly
selected, Hardy-Weinberg equilibrium is violated and SNPs that deviate from Hardy-Weinberg
equilibrium should not be filtered. Lastly, while filtering for low minor allele frequency is still
appropriate for canine GWAS, a much larger fraction of SNPs will be removed. Because canine
GWAS SNP chips are designed to be used for multiple breeds, a subset of SNPs will not be
polymorphic if we look within one breed. When the CanineHD BeadChip was tested on 26
diverse dog breeds, the number of polymorphic loci (minor allele frequency >0.05) ranged from
about 85,000 to over 126,000 (of >170,000 SNPs).! Thus, depending on the breed being studied,
up to 50% of SNPs could be filtered out due to low or fixed minor allele frequency. With the
exception of these considerations, canine and human GWAS are carried out in the same way

and the same tools can be used for quality control and analysis. Certain software, such as



PLINK* and GCTA,* require the use of a flag to indicate there will be more chromosomes than

would be expected for a human genome.

Observational risk factor epidemiology for canine lymphoma
Study population

Dogs have largely been untapped for observational risk factor epidemiology. Currently,
no population-based canine cancer registry exists, although multiple attempts have been made
to create such a registry (reviewed in Bronden et al., 2007%’). The Veterinary Medical Database
(https://vmdb.org/), which began in 1964, was arguably the most successful attempt. This
database contains records from 26 participating veterinary teaching hospitals, geographically
dispersed in the United States and Canada. It has been the basis of multiple hospital-based case-
control studies for canine risk factor epidemiology, particularly in its earlier years.*° For those
studies, this database provided a large population of dogs with confirmed diagnoses. However,
submission to this database has not been consistent over the years and currently less than eight
hospitals submit data;¥ thus the representativeness and completeness of this database is
uncertain.

Studies that have not used the Veterinary Medical Database have largely been hospital-
based, and almost all have used teaching hospitals. Since case recruitment often occurs over an
extended period of time, controls are frequently matched by year of diagnosis. Selection of a
hospital-based control population has been variable, with choices including: 1) all non-
lymphoma tumor diagnoses,* 5! 2) all non-cancer diagnoses,* 3) benign tumor diagnoses,> 4)

non-cancer chronic diseases,* and 5) all non-lymphoma diagnoses.** 5% Some studies have also
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used multiple control groups to assess the impact each group had on their results.* 52 Controls
have also variably been matched by sex, age, and/or location of residence.

In studies conducted outside the U.S., various other study populations have been used,
including pet insurance registries and tumor registries. However, these studies have only
assessed age, sex, and breed as risk factors.> %

In general, hospital-based studies are cautioned in epidemiology due to concerns for
Berkson'’s bias.”” % However, in veterinary epidemiology, where our case source is almost
always obtained through veterinary clinics or diagnostic laboratories, hospitals may be our
most representative source of controls, as many dogs will not ultimately be diagnosed or
treated by veterinarians. As such, population-based controls likely include a subpopulation of
dogs that would not have been diagnosed at hospitals or included in the case population. A
potential exception is the use of the Canine Lifetime Health Project database (described in
chapter 4) or breed registries, which may represent owners of a higher socioeconomic status

who are more likely to go to the veterinarian.

Exposure assessment

Exposure assessment for observational risk factor studies of canine lymphoma has been
variable. Two hospital-based studies* 5> used mailed questionnaires to assess exposure to
household chemicals, particularly lawn chemicals (e.g. herbicides and pesticides). Response rate
was low (40%), but one study included telephone interview follow-up,* which increased the

overall response rate to 80%. This study, however, received considerable criticism about
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potential recall bias and analytic strategy,” prompting a subsequent publication with a
reanalysis.®

Two other studies focused on environmental exposures: one assessed exposure through
both phone interviews and household visits (measured electromagnetic fields);*! the other used
an ecologic approach, assessing proximity to hazardous waste disposal sites.>® Interestingly, this
study also utilized a standardized intake questionnaire that all owners complete at the time of
their hospital visit to evaluate the dog’s diet, source of drinking water, exposure to passive
tobacco smoke, use of antiparasitics, and exposure to herbicides and electromagnetic fields.>

Only one study assessed biologic samples from study participants. This study received
serum samples from dogs to conduct laboratory tests evaluating potential infection with specific
vector-borne pathogens.> Studies that have assessed signalment® 555 61 (j.e. sex, breed, age) or
specific health-related factors (i.e. immune-mediated disease*’) have used medical records and
thus avoided interacting with owners for exposure ascertainment.

Overall, the field of lymphoma observational risk factor epidemiology has potential for
improving our understanding of both canine and human cancers. Few studies have undertaken
this goal, and thus there is much room to expand our current knowledge. As with all
questionnaire-based research, there is the concern for recall bias when asking about previous
exposures. Dogs may be beneficial from this standpoint, as their lifetime is substantially shorter
than people, and thus owners do not have to recall as many years. However, as not all dogs live
with the same owner throughout their life, recall may be limited by the duration of ownership
and certain histories may be unknown. Important considerations and potential sources of bias

when designing canine case-control studies will become more apparent as this field grows.
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Risk factors for human lymphoma

The pathogenesis of most forms of lymphoma is uncertain and likely multifactorial.
Research on lymphoma risk factors has been limited and generally focused on overall risk
factors as opposed to subtype-specific risk factors. Risk factors that have been identified
include: 1) age, with older age conferring higher risk; 2) gender, with males at higher risk than
females for most subtypes; 3) race, ethnicity, and geography, with NHL generally being a
disease of Whites in developed countries; 4) certain chemical exposures, including benzene,
insecticides, and herbicides; 5) altered immune function, including higher risk among people
who receive immune suppressants and those with autoimmune disorders; 6) certain infectious
agents, including known lymphocyte-transforming viruses (e.g. human T cell lymphoma virus),
infections that cause chronic immune stimulation (e.g. Helicobacter pylori), and infections that
cause immunosuppression (e.g. human immunodeficiency virus); and 7) genetic variations for
some subtypes.®> Many of these risk factors appear to be unique to specific subtypes of NHL,
highlighting the importance of studying subtypes independently. However, some subtypes,
especially T cell subtypes, are relatively rare in people, making it difficult to ascertain enough
cases for well-powered epidemiologic studies.

Recently, the International Lymphoma Epidemiology Consortium (InterLymph) was
created in an effort to pool studies to better assess subtype-specific risk factors. One study by
Morton et al.®® assessed family history, medical history, lifestyle, and occupational risk factors
for multiple lymphoma subtypes, including acute lymphoblastic leukemia (ALL; n=152),
Burkitt’s lymphoma (BL; n=295), chronic lymphocytic leukemia (CLL; n=2,440), DLBCL

(n=4,667), FL (n=3,530), hairy cell leukemia (HCL; n=154), lymphoplasmacytic lymphoma (LPL;
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n=374), mantle cell lymphoma (MCL; n=557), MZL (n=1,052), mycosis fungoides (MF; n=324),
and PTCL (n=584) compared to 23,096 controls (Table 1.2). Hematologic malignancy in a first-
degree relative was significantly associated with all subtypes except BL and MF, suggesting a
substantial genetic risk for most subtypes. Medical histories assessed included autoimmune
disease, hepatitis C virus seropositivity, and atopic disease. History of a B cell activating disease
was significantly associated with three B cell subtypes: MZL, LPL, and DLBCL. Specifically,
both Sjogren’s syndrome and systemic lupus erythematosus were associated with MZL and
LPL; systemic lupus erythematosus was also associated with MF and PTCL. History of a T cell
activating disease was significantly associated with both T cell subtypes (MF and PTCL), with
celiac disease associated with PTCL and systemic sclerosis associated with MF, BL, and HCL.
Hepatitis C virus seropositivity was associated with an increased risk of MZL, BL, LPL, and
CLL. Interestingly, both hay fever and allergy decreased the risk of multiple subtypes,
including BL, DLBCL, FL, MCL, and ALL; allergy also decreased the risk for PTCL and CLL.
Lifestyle factors assessed included anthropometric factors, alcohol consumption, cigarette
smoking, recreational sun exposure, and socioeconomic status. Increased body mass index as a
young adult and height were significantly associated with an increased risk of DLBCL, FL,
HCL, and ALL; height was additionally associated with PTCL, BL, CLL, and MCL. Alcohol
consumption of at least 1 drink per month was associated with a decreased risk of MF, PTCL,
MZL, BL, and DLBCL. Duration of cigarette smoking increased the risk of all subtypes except
BL, DLBCL, and CLL, whereas recreational sun exposure decreased the risk of all subtypes
except MF, LPL, HCL, and ALL. Lastly, occupational history was assessed. Teaching was

associated with a significantly decreased risk of MZL, BL, and LPL, whereas being a painter
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was associated with a significantly increased risk of MF and BL, and being a general farm
worker was associated with a significantly increased risk of MF, BL, CLL, and MCL.
Hierarchical clustering was conducted to identify subtypes with similar risk profiles, and
determined that B and T cell subtypes clustered into separate nodes. Within the B cell subtypes,
there was more heterogeneity, with three nodes distinguishing B cell subtypes.

Table 1.2. Summary of selected results from Morton et al.®® Red “I” indicates significantly
increased risk, Blue “D” indicates significantly decreased risk, and “-” indicates no statistically
significant association. Mycosis fungoides (MF), peripheral T cell lymphoma (PTCL), marginal
zone lymphoma (MZL), Burkitt lymphoma (BL), lymphoplasmacytic lymphoma (LPL), diffuse
large B cell lymphoma (DLBCL), chronic lymphocytic leukemia/small lymphocytic leukemia
(CLL/SLL), follicular lymphoma (FL), mantle cell lymphoma (MCL), hairy cell leukemia (HCL),
acute lymphoblastic leukemia (ALL).

o o
w O N = 2 g O d =
Exposure Category Specific Exposure S E S a2 %adz S E <
Family history of hematologic malignancy
Autoimmune Any B cell activating disease
disease Sjogren's syndrome

Systemic lupus erythematosus
Any T cell activating disease

Celiac disease

Systemic sclerosis/scleroderma

Hepatitis C virus seropositivity

Atopic disease Hay fever

Eczema

Allergy
Anthropometric Body mass index as a young adult
factors Height

Alcohol consumption (  >1 drink per month)
Cigarette smoking (duration of smoking)
Recreational sun exposure
Socioeconomic status
Occupational Teacher
history Painter

General farm worker

The Morton et al. study suggested the importance of immune dysregulation for certain

lymphoma subtypes, including PTCL, MZL, BL, DLBCL, and LPL.% The finding that B and T
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cell activating diseases were associated with B and T cell lymphoma subtypes, respectively,
supports this observation. This is corroborated by a previous study linking autoimmune
diseases to PTCL, MZL, and DLBCL.%* The mechanism behind this is believed to be related to
chronic antigen stimulation, with the highest lymphoma risk seen in patients with most severe
inflammatory disease.* % Additionally, other studies have found immunosuppression via
organ transplantation or human immunodeficiency virus infection is a risk factor for DLBCL,
LPL, MZL, and PTCL.%7t While CLL did not follow the same pattern in these studies, a prior
study has shown farming, which may be related to chronic immune stimulation, is associated
with CLL risk.”? Additionally, laboratory-based studies have highlighted the importance of
chronic antigen stimulation in the pathogenesis of CLL.!** Overall, these studies suggest an
important role of the immune system in the pathogenesis of lymphoma, especially among
specific subtypes.

While a major strength of InterLymph is the increased sample sizes of lymphoma
subtypes, some subtypes and exposures still suffered from low sample sizes, resulting in lack of
power. Additionally, methodological problems can arise from pooling studies. Because the
studies were designed independently, some exposure variables had to be re-categorized to be
pooled, leading to loss of detail. In addition, only exposures that were measured in all studies
could be evaluated, so only a subset of exposures of interest was included in the study. To
improve exposure ascertainment, future multi-center studies would need to be designed a priori

to have all participants complete the same, comprehensive questionnaire.

16



Risk factors for canine lymphoma

Few studies have assessed risk factors for canine lymphoma. Of those that have, history
of immune-mediated thrombocytopenia,® exposure to 2,4-dichlorophenoxyacetic acid
herbicides,* and exposure to electromagnetic fields® were found to be risk factors for canine
lymphoma as a whole. Other studies have assessed a potential breed predisposition for canine
lymphomas as a surrogate for a potential genetic risk factor.> 7> 7 Data from our lab and other
publications suggest that certain subtypes are more likely to have a genetic component, as
evidenced by skewed breed distributions, whereas others are more likely to have a lifestyle or
environmental component, as evidenced by a more evenly-distributed breed distribution. 7% 74

To date, few studies have been conducted assessing genetics of canine lymphoma.
Recently, a GWAS of B cell lymphoma and hemangiosarcoma” identified two potential shared
predisposing loci on chromosome 5. However, whole genome resequencing did not identify
any coding changes associated with the risk haplotypes. Another recent study”® compared
tumor whole exome across two breeds with T cell lymphoma (Golden Retrievers and Boxers)
and two breeds with B cell lymphoma (Golden Retrievers and Cocker Spaniels). The study
found similarities between the B cell lymphomas, including recurrent mutations in TRAF3-
MAP3K14, FBXW?7, and POT1. However, there was little overlap in the T cell lymphomas, with
Boxers generally having mutations in the PTEN-mTOR pathway whereas Golden Retrievers
had mutations in cellular metabolism genes. While these studies differentiated B and T cell
lymphoma, they did not separate lymphomas by subtype. In Golden Retrievers, two subtypes
of T cell lymphoma are common, one of which follows an aggressive clinical course, and the

other (TZL) is indolent. Boxers more commonly develop the aggressive T cell type and rarely
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get TZL. It is likely that the genetic basis of aggressive and indolent T cell lymphomas differs, so
considering them together would attenuate effect estimates. A similar problem exists with B cell
lymphomas, which is typically DLBCL, a more aggressive disease, or B-CLL, a more indolent
disease. Cocker Spaniels get both diseases, whereas Golden Retrievers generally get DLBCL.
However, since B-CLL typically presents in the blood and this study used lymph node samples
for diagnosis, it is likely that the majority of tumors analyzed were DLBCL, explaining the more
consistent findings for B cell lymphomas vs. T cell lymphomas.

For this dissertation, we focus on two subtypes that we believe have a genetic and
environmental component, B-CLL and TZL. These subtypes are both indolent and arise from
mature, antigen-driven lymphocytes,! suggesting an environmental stimulus. Additionally,
data from our lab also suggests a breed predisposition, leading us to believe genetics play a role
as well. By focusing on specific subtypes of lymphoma, we can leverage the benefits of a canine
model to better understand risk factors that have been difficult to study in human populations.
Since canine and human lymphomas are similar morphologically and behaviorally, it follows
that they may share risk factors, clinical presentation, and prognosis. Thus, the overarching
goal of this dissertation is to establish both canine B-CLL and TZL as models for their human

counterparts and to evaluate risk factors for the development of these diseases.

B cell chronic lymphocytic leukemia
Overview of human B cell chronic lymphocytic leukemia
B-CLL is the second most common leukemia affecting people in the United States,

accounting for almost 20,000 new cases annually.'® In humans, CLL is a B cell neoplasm that
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primarily affects older adults (average age at diagnosis ~72 years) and has an indolent course,
with about 79% of patients surviving 5 years.”” Patients generally present with vague symptoms
including fatigue, weight loss, or fever, and the diagnosis is often an incidental finding during
routine bloodwork.!>78 B-CLL is diagnosed by the presence of greater than 5 x 10°/L clonal
small, mature B cells that express low levels of surface immunoglobulin and high levels of
CD5.7 Cytologically, these cells appear as small, mature lymphocytes with clumped chromatin
and scanty cytoplasm.” There are two main systems for staging B-CLL, Rai and Binet, that take
into account organ involvement and blood abnormalities.” The Rai staging system classifies
patients as low-risk (stage 0) if only a lymphocytosis is present, intermediate-risk (stage I/II) if
lymphadenopathy, splenomegaly, or hepatomegaly are present without any other blood
abnormalities (besides lymphocytosis), and high-risk (stage III/IV) if anemia and/or
thrombocytopenia are present with or without organ involvement. While B-CLL generally
progresses slowly, overall survival can differ strikingly depending on immunoglobulin heavy

chain variable region genes (IgVu) mutation status.”

Risk factors for human B cell chronic lymphocytic leukemia

Risk factors for B-CLL have not been clearly defined, but a few findings have been
consistent. First-degree relatives of B-CLL patients have an 8.5-fold higher risk for developing
B-CLL, ! suggesting a genetic risk factor. A potential role of genetics is also highlighted by the
geographic differences in B-CLL incidence, with very low incidence in Asian countries that
remains low with migration to the United States.®’ B-CLL incidence appears highest among

people of European descent, with risk increasing with age and consistently higher among
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males.’> 8! Several GWAS have sought to identify the specific genetic risk factor involved in B-
CLL.8% These studies have found multiple loci that individually confer modest risk, but
together may be responsible for a larger increase in risk. The genes associated with these SNPs
are involved in regulation of transcription as well as B cell development, differentiation, and
apoptosis. In addition to the genetic component of B-CLL etiology, the importance of IgVu
mutation status, combined with restricted IgVu gene use, suggests a role of chronic antigen
stimulation in the pathogenesis of B-CLL.** Other studies have indicated a history of
autoimmune disorders®” and certain occupations (e.g. farming)”? increase B-CLL risk, further
supporting the role of immune stimulation. Together, this suggests both a genetic and

environmental role in B-CLL pathogenesis.

Overview of canine B cell chronic lymphocytic leukemia

What is known about canine B-CLL appears to parallel that of human B-CLL. Canine B-
CLL is generally a disease of older dogs (average age at diagnosis ~10 years) and has an
indolent clinical course, with most dogs still alive one year after diagnosis.®® Dogs are also often
diagnosed incidentally; if present, symptoms are vague and include lethargy and anorexia.?%
There are no consensus criteria for the diagnosis of canine B-CLL; unlike human B cell
neoplasms, canine B cell neoplasms do not express the antigen CD5, so this cannot be used to
distinguish B-CLL from other B cell lymphoproliferative disorders. Therefore, the diagnosis has
typically relied on the morphologic characterization of cells described as small, mature and with
clumped chromatin, with exclusion criteria including expression of CD34 (a marker of

immature cells), or the presence of greater than 30% lymphoblasts®*2 A prior study from our
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laboratory® showed that, independent of morphologic criteria, B cell leukemias classified as
“small” by flow cytometry of the peripheral blood have a median survival of greater than 1,000
days, consistent with a diagnosis of B-CLL. Because of this, we favor flow cytometric diagnosis
of at least 5 x 10°/L lymphocytes, characterized as a homogeneous expansion (>60%) of “small”
CD21+ lymphocytes. In flow cytometry, the forward scatter parameter is a measure of overall
cell size. The classification of “small” is based on the ratio of the geometric mean of forward
scatter of B cells to neutrophils being less than 0.55. There has been no systematic description of
prognostic factors or staging for canine B-CLL, but we expect them to be similar to human B-

CLL because of the overall similarity between canine and human lymphoma.*

Risk factors for canine B cell chronic lymphocytic leukemia

No risk factors have been established for B-CLL in dogs. Because of the strong familial
risk seen in human B-CLL' *** and recent GWAS findings,%2%¢ we suspect a genetic risk factor
is also important in canine B-CLL. In addition, recent data from our laboratory suggests IgVu
gene use is also restricted in canine B-CLL (Rout et al., manuscript in preparation), providing
evidence that chronic antigen stimulation plays a role in canine B-CLL pathogenesis as well.
Much insight can be gained by evaluating the utility of canine B-CLL as a model for human B-
CLL. While distinct subtypes of human B-CLL have been identified, it is unknown whether they
are tied to specific genetic risk factors and it can be difficult to ascertain enough cases to study
the subtypes independently. By identifying breeds with distinct presentations of B-CLL, we can
target cases within those breeds and thus may be better able to assess genetic risk for those

subtypes.
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T zone lymphoma
Overview of human peripheral T cell lymphomas

Among people, T cell ymphomas are relatively rare, accounting for about 10% of
lymphomas in the United States.?%2!-% These diseases are loosely grouped into PTCL and
aggressive NK/T cell lymphoma. Among PTCLs, the most common subtype is PTCL-not
otherwise specified (PTCL-NOS), which accounts for about 30% of all PTCLs.2%2! As the name
suggests, this is a heterogeneous category that includes both nodal and extranodal mature T cell
lymphomas. The average age at diagnosis of PTCL-NOS is 60 years, with a higher prevalence in
males than females (66% vs. 34%).”” PTCL-NOS is generally diagnosed at later stages, with 69%
of individuals diagnosed at stage III or IV.”” Overall, PTCL is believed to have a worse
prognosis than aggressive B cell lymphomas,®® % with a 5-year overall survival of 32%.” As with
aggressive B cell lymphomas, treatment is generally multi-agent chemotherapy; while response
rates are relatively high (60%), frequent relapses lead to the low overall survival.?” % 100
However, the heterogeneity of PTCL and rarity of individual subtypes makes it difficult to

determine whether specific subtypes have better prognoses.

Risk factors for human peripheral T cell lymphomas

This heterogeneity and rarity has also made mechanistic studies difficult, impeding our
ability to identify modifiable risk factors and develop targeted treatments. Some types of PTCL
have known viral etiologies, such as the association of human T cell lymphotrophic virus-1 and
adult T cell leukemia/lymphoma!®! as well as the association of Epstein-Barr virus and nasal

type T cell lymphoma.!®? Using pooled case-control studies, the InterLymph project identified
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family history, medical, lifestyle, and occupational risk factors for PTCL.!® Celiac disease,
eczema, and psoriasis are associated with increased PTCL risk, while allergy was associated
with a decreased risk. This is believed to be due to differences in immune responses, with atopic
stimuli promoting type 2 helper T cell (Th2) responses and inflammatory and autoimmune
conditions promoting type 1 helper T cell (Th1) responses. However, a major limitation of this
study was the use of all PTCLs, a heterogeneous outcome. PTCL subtypes generally have
different cells of origin, representing differing etiologies and thus distinct risk factors. By
pooling the subtypes together, researchers risk attenuation of the effects of individual risk
factors. Additionally, pooled analyses are subject to survival bias because more aggressive
subtypes will be underrepresented. These limitations, however, are difficult to avoid due to the
rarity of PTCL subtypes; it is extremely difficult to gather enough cases for epidemiologic
studies, even with use of InterLymph, which pooled 15 studies. Canine research is an excellent
way to avoid these limitations because T cell lymphomas are more common among dogs,
allowing us to study subtype-specific risk factors.

As gene-expression profiling has become more readily available, progress has been
made in subtyping of PTCL based on cell of origin.!® 1% Angioimmunoblastic T cell lymphoma
is now recognized to arise from T follicular helper cells, aptly named for their role in helping
follicular B cells form germinal centers.!® This has helped explain the B cell symptoms
commonly seen with this disease. Cell of origin is also tightly tied to etiology. For instance, since
Th1 cells are involved in defense against intracellular bacteria, inflammation, and some
autoimmune conditions (e.g. celiac disease, psoriasis, rheumatoid arthritis, Hashimoto’s

thyroiditis, Graves’ disease, type I diabetes, Sjogren’s syndrome, Crohn’s disease, multiple
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sclerosis), we may expect to find these diseases as risk factors for Th1-type PTCLs.1% 10 Th2
cells, which play a role in allergy, atopy, and defense against helminths, may be associated with
diseases such as allergic dermatitis, eczema, asthma, sinusitis, inflammatory bowel disease, and
other allergies.'? This highlights the importance of conducting epidemiologic studies within

specific subtypes of PTCL, as opposed to looking at the group as a whole.

Overview of canine T zone lymphoma

TZL, a histologic subset of PTCL-NOS, is rare in people, but comparatively common in
dogs, accounting for about 12% of all canine lymphoproliferative disorders. TZL is
characterized by small or intermediate size lymphocytes that expand the paracortex and
medullary cords of the lymph node but do not efface the nodal architecture.” TZL can also be
uniquely identified by the loss of the pan-leukocyte antigen CD45 on T cells using flow
cytometry. In dogs, the median age at diagnosis is 10 years and the disease follows an indolent
course, with average survival exceeding 2 years.?® There is no standard treatment for TZL, but
chlorambucil and/or prednisone are generally preferred over multi-agent chemotherapy due to

a potential increase in overall survival.?

Risk factors for canine T zone lymphoma

No studies have assessed risk factors for TZL, but over 40% of cases occur in Golden
Retrievers, supporting the genetic risk seen in human PTCL. As peripheral T cells, TZL cells are
thought to be mature T cells. They also exhibit an activated phenotype, characterized by
increased expression of CD21 and CD25.° These findings suggest a likely role of both genetics

and chronic antigen stimulation in the development of TZL. By studying epidemiologic and
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genetic risk factors for TZL, we can gain insights into the mechanisms underlying its
pathogenesis. The Golden Retriever population provides an excellent opportunity to study

these risk factors in a more genetically homogeneous population.

Environmental and genetic risk for mature, antigen-driven lymphoproliferative disorders
Overall, B-CLL and TZL share many characteristics, outlined in Figure 1.3. Both diseases
have an indolent behavior, so they have vague clinical signs and are often diagnosed
incidentally. In addition, they have good overall prognoses, with longer survival than more
aggressive lymphoma subtypes. While B-CLL and TZL arise from a different cell of origin (B vs.
T), they come from a similar developmental stage, both stemming from mature, peripheral
lymphocytes. There is evidence of both genetic and antigen-driven components to these
diseases, both from biologic and epidemiologic studies. Family history of a hematopoietic
neoplasm in a first-degree relative is a risk factor for both B-CLL and PTCL.1* %15 TZL cells
have high expression of markers of T cell activation and PTCL has been associated with
autoimmune diseases (celiac disease, psoriasis) and atopic diseases (allergy, eczema).® 6% 103
Similarly, B-CLL patients exhibit restricted IgVu gene usage, and both hepatitis C virus
seropositivity and farm work have been identified as risk factors.!* 72 These factors point to a
role of chronic antigen stimulation in the pathogenesis of B-CLL and TZL. Taken together, it is
likely both genetic and environmental factors play a role in the etiology of these diseases. By
studying these diseases in parallel, we can increase our understanding of potential shared

mechanisms underlying the development of indolent, mature, peripheral LPDs.
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Figure 1.3. Similarities in etiology and clinical presentation for mature, antigen-driven

lymphoproliferative disorders such as B-CLL and TZL.
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CHAPTER 2: AIM 1 - EVALUATE CANINE B CELL CHRONIC LYMPHOCYTIC LEUKEMIA
(B-CLL) AS A MODEL FOR HUMAN B-CLL!

Summary

Background: B-cell chronic lymphocytic leukemia (B-CLL) is the most common
hematopoietic malignancy among humans in the developed world and the primary risk factor
is genetic. Dogs also develop B-CLL, but there is no systematic description of the disease in
dogs. Understanding the epidemiology of B-CLL in dogs may help practitioners recognize the
disease and position the dog as a model for future genetic studies.

Objectives: To describe B-CLL presentation in dogs, its clinicopathologic findings, and
breed predisposition.

Animals: Four hundred and ninety-one dogs with B-CLL and 5,673 control dogs with
suspicion of a lymphoproliferative disorder.

Methods: Retrospective cross-sectional study of dogs for which samples were submitted
to the Colorado State University Clinical Immunology Laboratory for immunophenotyping
between 2010 and 2014. To assess breed predilection, dogs with B- CLL were compared to those
with suspicion of other LPDs using logistic regression.

Results: The median age was 11 years with no sex predilection. Half of the dogs
presented with peripheral lymphadenopathy or splenomegaly and 26% had anemia. Eleven

small-breed dogs had significantly increased odds of B-CLL. In addition, English Bulldogs had

ICopyright © Journal of Veterinary Internal Medicine 2016, 30:215-222, DOI: 10.1111/jvim.13814
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an increased risk and a unique presentation: these dogs were diagnosed at a median of 6 years
and expressed lower class I MHC and CD25.

Conclusions: B-CLL is overrepresented in small-breed dogs. Future genetic studies of
these breeds may identify genetic risk factors. The unique presentation of English Bulldogs
provides evidence of multiple forms of this disease. Additional studies are necessary to

determine whether presenting signs are associated with survival.

Introduction

B-cell chronic lymphocytic leukemia (B-CLL) is the second most common leukemia
affecting people in the United States.!?” This disease is well characterized and a strong genetic
risk has been identified.!’ Dogs also develop B-CLL and likely have associated genetic risk
factors. Because of the discrete genetic pools maintained by selective breeding, the dog may be a
useful model for studying genetic risk factors for this disease. Little is known, however, about
the population of dogs that develop B-CLL. Our study aims to further describe B-CLL in dogs
by providing a systematic description of the typical patient presentation and clinical signs as
well as exploring potential breed predisposition for the disease.

There are no consensus criteria for diagnosis of B-CLL in dogs, nor has it been
determined if there is a solid tissue equivalent for this disease. Neoplasms involving canine B-
cells do not express CD5, which is used to distinguish B-CLL from other B-cell lympho-
proliferative disorders (LPDs) in people.® Prior studies used a variety of criteria for CLL
diagnosis, including the use of morphologic appearance, immunophenotype, or both, with

some studies excluding cases with substantial lymphadenopathy.® % 1% However,
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lymphadenopathy and splenomegaly are part of the staging criteria used in humans,'® and
excluding these cases may exclude patients with advanced stage B-CLL. Because of the
subjective nature of cytologic assessment of lymphocytes and the severity of lymphadenopathy,
we previously carried out an analysis of B-cell leukemia characterized by small cells based
solely on flow cytometric (FC) features to determine if objective criteria alone could be used to
diagnose and predict prognosis in cases of B-cell leukemia.”® Lymphadenopathy and
splenomegaly were noted in 40 and 29% of cases, respectively, but these were not used as
exclusion criteria. The results indicated that small cell size predicted an indolent clinical
outcome in cases of B-cell leukemia and lymphoma. Although we did not specifically label this
disease B-CLL, the indolent clinical course is consistent with this diagnosis.

In people, some patients experience a more progressive form of CLL, which has been

associated with cell surface phenotype and IgV,, mutational status.!® ! Prior studies have

shown cell surface phenotype, including class I MHC expression, is predictive of prognosis in
dogs with B-cell lymphomas.”® 12 However, no research has directly assessed B-CLL in dogs.
Because an unmutated phenotype is predictive of poor survival in people,'® expression of
surface markers indicative of B-cell maturation and activation, such as class II MHC and CD?25,
may have prognostic relevance in dogs with B-CLL.113-115

The goal of our study was to describe the clinical, immunophenotypic and breed
characteristics of a large cohort of dogs with B-CLL. Our findings provide a basis on which to
establish the dog model of B-CLL, and may provide clinicians and clinical pathologists with

information that aids in the diagnosis of this disease. In addition, our findings can be used as a
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prelude for future studies evaluating genetic risk factors as well as identifying discrete subtypes

of B-CLL that may have prognostic relevance.

Methods
Study population

A retrospective cross-sectional study was performed using samples submitted to the
Colorado State University Clinical Inmunology (CSU-CI) Laboratory. The CSU-CI laboratory
(http://csu-cvmbs.colostate.edu/academics/mip/ci-lab/Pages/default.aspx) receives samples
from dogs with suspicion of LPD that are submitted by reference laboratories and clinicians.
For this study, all dogs were included that had samples submitted to the CSU-CI laboratory for
immunophenotyping between 9-17-2010 and 6-10-2014. These samples included blood as well
as aspirates of lymph nodes, bone marrow, masses and cavity fluid. If multiple samples were

received for a given dog, only the first diagnostic sample was included.

Flow cytometry

Flow cytometry was carried out as previously described.® Samples acquired before May
11, 2012 were analyzed using the antibody combinations listed in panel 1 (Table 2.1) using a
single laser Coulter XL (Beckman Coulter Inc., Brea, CA). Samples submitted after May 11, 2012
were analyzed with the antibody combinations listed in panel 2 (Table 2.1) using a 3-laser
Coulter Gallios (Beckman Coulter Inc., Brea, CA). All data analysis was carried out using
Kaluza Analysis Software (Beckman Coulter Inc., Brea, CA). Level of class I MHC expression
on B cells was determined by the median fluorescence intensity (MFI) of staining on gated B

cells in tube 3, panel 2 (Suppl. Figure 2.1). The CD21 and CD25 antibodies were not together in
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the same staining reaction, and CD25 expression level was determined by gating on small
lymphocytes in tube 2, panel 2, and excluding cells that expressed CD3, CD4, CD5 and CD8
(Suppl. Figure 2.2).

Table 2.1. Antibody panels used for immunophenotyping.
Panel 1 (2 color)

Tube Antibody specificity and fluorochrome
None

M* IgG1-FITC / CD45-PE
CDI18-FITC / M IgG1-PE

CDA4-FITC / CD8-PE

CDS5-FITC / CD21-PE

CD3-FITC / CD45-PE

CD4-FITC / CD14-PE

Class I MHC-FITC / CD34-PE

0O N W=

Panel 2 (multicolor)

Tube Antibody specificity and fluorochrome

M IgG1-FITC / M IgG1-PE / M 1gG1-Alexa 647 / M 1gG1-Alexa 700 /
M IgG1-PE-750 / M IgG1-Pacific Blue

CD3-FITC / CD25-PE / CD5-APC / CD8-Alexa 700 / CD4-Pacific Blue
Class I MHC-FITC / CD22-PE / CD21-Alexa 647

Class I MHC-FITC / CD34-PE / CD5-APC - CD14-PE-Alexa 750
Class I MHC-FITC / CD18-PE / CD5-APC / CD14 PE-Alexa 750 /
CD4-Pacific Blue

6 CDS5-FITC / CD45-PE / CD21-Alexa 647

*M= mouse

—_

(VNSRS S )

Unless otherwise noted, all antibodies were purchased from AbD Serotec. Clones are as
follows: CD45 = YKIX716.13, CD18 = YFC118.3 (human CD18), CD4 = YKIX302.9, CD8 =
YCATE 55.9, CDS = YKIX322.3, CD21 = CA2.1D6, CD22 = RFB4 (human CD22, purchased
from AbCam), CD3 = CA17.2A12, CD14 = UCHM (human, used in panel 1) and CD14 =
TUK4 (human, used in panel 2), class Il MHC = YKIX334.2, CD34 = 1H6, CD25 = P2A10
(purchased from eBiosciences)

Case definition

The B-CLL cases were identified by flow cytometry of peripheral blood (Figure 2.1A,B).
All patients were required to have a complete blood count (CBC) performed within 48 hours of
sample acquisition. Only samples with >5,000 lymphocytes/uL were included. The flow
cytometric criteria included homogeneous expansion (>60%) of “small” CD21+ lymphocytes.
Cells were considered “small” if the ratio of the geometric mean of forward scatter of B cells to
neutrophils was <0.55. The percentage of CD21+ lymphocytes was calculated as the number of
CD21+ cells divided by the total number of B (CD21+) and T (CD4+ and CD8+) cells in the

sample. Dogs that met this case definition were shown in a prior study to have an indolent
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disease course consistent with human B-CLL.”® No cases with expansion of CD34+ cells were
included in this study. In addition to flow cytometric classification, a subset of B-CLL cases had
a cytology report reviewed by a board-certified clinical pathologist (Figure 2.1C). These cases
were considered “cytology-confirmed” if the report described the majority of cells as “mature”,
“small”, having “condensed chromatin”, noted “definitive or possible CLL”, or some

combination of these descriptors.
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Figure 2.1. Diagnosis of B-CLL. Panels A and B: Flow cytometry considered diagnostic for B-
CLL. The green cells indicate the neoplastic population. (A) Neoplastic cells are seen in the
bottom left, indicating small size (low side and forward scatter). (B) Neoplastic cells have high
expression of both CD21 and CD22, indicating the cells are B cells. (C) Blood smear considered
diagnostic for B-CLL. Lymphocytes are round with condensed chromatin, no nucleoli, and a
scant amount of basophilic cytoplasm. The cells are smaller than neutrophils.
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Clinical variables

As part of the standard submission form for the CSU-CI laboratory, signalment, physical
examination (PE), and laboratory findings were obtained. Signalment included breed, sex, and
age at diagnosis (rounded to the nearest year). Physical examination findings included
presence of peripheral lymphadenopathy, visceral lymphadenopathy, splenomegaly,
hepatomegaly, or mediastinal mass. Laboratory findings included presence of hypercalcemia or

hyperglobulinemia. All were categorized as present, absent, or unknown (either not evaluated
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or not indicated on the form) as denoted by the clinician completing the form. Additional data
abstracted from the CBC included hematocrit and absolute counts of lymphocytes, neutrophils,
platelets, and reticulocytes. Because cell counts are coded into the database without specific
cross-reference to the submitting laboratory’s normal reference range, conservative cut points
were derived from those used by the most common submitting laboratories. Neutrophil totals
were categorized as neutropenic (<2,000/uL), normal (2,000 — 12,000/pL), and neutrophilic
(>12,000/uL). Platelet totals were categorized as thrombocytopenic (<175,000/uL with no
clumps noted), normal (175,000 — 500,000/uL), and thrombocytosis (>500,000/uL). When the
platelet count was below the minimum cut-off and platelet clumps were described, these cases
were excluded from analysis of platelet numbers. Hematocrit was used to define anemia
(<B6%). Automated reticulocyte enumeration was utilized in the majority of cases and

regeneration was defined as >100,000 reticulocytes/uL.!¢

Data analysis

Patient presentation: For all dogs with B-CLL, continuous and interval (cell count)

variables were evaluated for normality, the frequency distributions of categorical data were
summarized, and descriptive statistics were calculated. Dogs diagnosed with B-CLL using
cytology and flow cytometry were compared to dogs diagnosed by only flow cytometry using
chi-squared or Fisher’s exact tests for categorical variables and Wilcoxon rank sum test for
continuous variables due to skewed distributions. Data for PE findings marked as “unknown”
were excluded from analyses. As a secondary analysis, patient presentation was evaluated for

all dogs with board-certified clinical pathologist-reviewed cytology reports, comparing reports
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that were considered cytology-confirmed (as described above) to those for which the cytology
report did not meet our criteria for a cytologic diagnosis of B-CLL. For these comparisons,
Wilcoxon rank sum test and Fisher’s exact test were used.

Immunophenotype: Data on CD25 and class II MHC expression were evaluated for dogs

with B-CLL. These data only were available for samples received after 5-11-2012 (357 dogs) due
to the change in flow cytometer. The percentage of B cells expressing CD25 was categorized
into tertiles because of an underlying U-shaped distribution. Class Il MHC expression was
measured as the MFI on gated B cells and categorized based on the median MFI for all dogs
with B-CLL.

Breed: For breed analyses, dogs reported to be a specific breed were assumed to be
purebred unless otherwise noted. All “designer” breeds (e.g. “Goldendoodles”) were placed in
the “mixed breed” category. Only breeds with >30 total submissions during the study period
were considered for analysis. All breeds with <30 submissions, or where breed was not
indicated, were combined as “other.” Odds ratios (ORs) and 95% confidence intervals (CIs)
were calculated using a logistic regression model comparing B-CLL cases to all other
immunophenotyping submissions suspected of LPDs by breed. For breeds with no B-CLL
cases, Fisher’s exact test was used. Separate analyses were conducted using mixed breeds and
Labrador Retrievers as the reference group. The reference breeds were chosen a priori, with
mixed breeds believed to be representative of all breeds combined, and Labrador Retrievers
chosen as a well-defined and more homogeneous reference group.

From the breeds with significantly increased odds of B-CLL, the six breeds with the

highest number of B-CLL cases were further examined to evaluate breed-specific patient
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presentation. Because mixed breed B-CLL cases were most similar to B-CLL cases overall with
respect to signalment, PE findings and CBC findings, they were used as the reference group for
statistical analysis. Only variables related to signalment, PE, and laboratory findings for which
>50% of B-CLL cases had data were evaluated. Wilcoxon rank sum test and Fisher’s exact test
were calculated as appropriate. All statistical analyses were conducted using SAS 9.3 (SAS

Institute Inc., Cary, NC).

Results
Patient presentation

A total of 6,164 unique clinical samples were submitted to the CSU-CI laboratory for
immunophenotyping by flow cytometry due to suspicion of LPD during the period 9-17-2010
through 6-10-2014. Submissions represented 48 states (ME and SD not represented), 1,046
clinics, 23 veterinary teaching hospitals, and 15 reference laboratories. Four-hundred ninety-
one dogs (8%) met our case definition for B-CLL, leaving 5,673 dogs in our reference
population. Board-certified pathologist-reviewed peripheral blood cytology reports were
available for 333 dogs with B-CLL (68%), and 83% of these fit our criteria for cytology-
confirmed B-CLL. Of the remaining 17% (55 cases), ten were described as “acute leukemia” by
the reviewing pathologist. The remaining cases did not include a description of blast cells, but
because cells were intermediate in size or the chromatin was described as immature, these cases
did not meet our strict definition of B-CLL. Dogs with cytology reports not suggestive of B-CLL
were significantly more likely to have peripheral lymphadenopathy (60% vs. 41%; p=0.04; data

not shown) than dogs with cytology reports confirming B-CLL. Otherwise, there were no
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significant differences between dogs with and without cytology reports confirming B-CLL with
regard to patient signalment or presenting signs.

When comparing cytology-confirmed B-CLL cases to cases diagnosed exclusively by
flow cytometry, no clinically meaningful significant differences were noted when evaluating
breed, signalment, or presenting signs (Table 2.2). Lymphocyte total differed significantly
between the two groups, but both groups had a median substantially above the normal range.
In addition, all five neutropenic dogs were in the cytology-confirmed group, leading to a
statistically significant difference in neutrophil count.

Table 2.2. Signalment, physical examination findings, and laboratory findings for 491 cases
of B cell chronic lymphocytic leukemia (B-CLL). Findings are compared between cases that are

confirmed by a board-certified clinical pathologist cytology review of peripheral blood and
those diagnosed by flow cytometric immunophenotyping only.

Total CLL Cases Cytology- Flow cytometry
Dogs with (n=491) confirmed cases only cases
available (n=278) (n=213)
data (%) n %o n %o n %o
Signalment Sex Male (intact or neutered) 100 242 49.7 142 51.3 100 47.6
Female (intact or neutered) 245 50.3 135 48.7 110 52.4
Age, Median (IQR) 984 11.0 (9-13)* 11 9-13) 11 9-13)
Veterinarian-reported  Peripheral Lymphadenopathy 62.7 141 45.8 68 412 73 51.0
Physical Exam Findings Splenomegaly 46.0 115 50.9 63 52.5 52 49.1
Hepatomegaly 41.1 58 28.7 32 29.1 26 283
Mediastinal Mass 340 5 3.0 3 32 2 2.7
Visceral Lymphadenopathy 35.8 41 233 23 23.5 18 23.1
Veterinarian-reported  Hyperglobulinemia 62.7 81 26.3 50 273 31 24.8
Laboratory Findings  Hypercalcemia 589 13 45 7 4.1 6 5.0
CBC findings Neutrophil  Neutropenia (<2,000/ul) 5 1.0 5 1.8 0 0.0
Total” Normal (2,000 - 12,000/ul) 394 goe 223 805 171 80.7
Neutrophilia (>12,000/ul) 99.6 90 18.4 49 17.7 41 19.3
Platelet
Total Thrombocytopenia (<175,000/ul
and no clumps noted) 28 6.9 16 5.8 12 5.7
Normal (175,000-500,000/ul) 310 76.7 179 64.6 131 61.8
Thrombocytosis (>500,000/ul) 823 66 16.3 38 13.7 28 13.2
Anemia Hematocrit <36 99.4 127 26.0 68 24.5 59 28.1
Lymphocyte Total*, Median cells x10°/ul (IQR 100 24.6 (14.0-49.4) 27.0 (16.1-51.4) 199 (12.6-45.8)

~: p<0.05 comparing cytology-confirmed cases to flow cytometry cases using Fisher's exact test
¥: p<0.05 comparing cytology-confirmed cases to flow cytometry cases using Wilcoxon rank sum test
*: values for age and lymphocyte total are given as median (IQR)

Table 2.2 shows signalment, PE, and CBC findings for all 491 B-CLL cases in the study.

Overall, there was a 1:1 ratio of males to females, with 242 males (24 intact, 212 neutered, 6
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unknown) and 245 females (3 intact, 239 neutered, 3 unknown). The median age at diagnosis
was 11 years (IQR, 9-13; range, 2-17). Data on peripheral lymphadenopathy were available for
63% of dogs; of these, 141 (46%) had peripheral lymphadenopathy. Of the dogs for which PE
findings were reported, 51% had splenomegaly, 29% had hepatomegaly, 3% had a mediastinal
mass, and 23% had visceral lymphadenopathy. Veterinarian-reported biochemical data were
available for approximately 60% of dogs. Twenty-six percent of dogs had hyperglobulinemia
and 5% had hypercalcemia.

The B-CLL case definition required a minimum lymphocyte count of 5,000/uL and >60%
B-cells. Among dogs with B-CLL, the median lymphocyte count was 24,600/uL (IQR, 14,000
49,370; range, 5,000-812,544) and the median percentage of lymphocytes that were B cells was
94% (IQR, 89%-97%). Overall, neutropenia and thrombocytopenia were rare (1 and 7% of cases,
respectively), but anemia was found in 26% of dogs. When present, thrombocytopenia
generally was mild (median, 137,000/uL; IQR, 89,000-161,000/uL). Among the 128 anemic dogs,
hematocrit ranged from 11-35% (median, 30%; IQR, 26-34%; Suppl. Table 2.1). Reticulocyte
counts were available for half of the anemic dogs (67/128); of these, 31% (21/67) had
regenerative anemia (>100,000/pL reticulocytes). Most anemic dogs were not neutropenic or

thrombocytopenic (98% and 85%, respectively).

Breed
We compared the proportion of breeds in the B-CLL population to the proportion in the
population of all dogs with suspected LPD using logistic regression. Thirty-seven breeds had

>30 submissions for suspected LPD (Figure 2.2; Suppl. Table 2.2). Together, these breeds
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represented >80% of both total submissions (5108/6164) and B-CLL cases (401/491). Of the
breeds with >30 submissions, 12 had significantly increased odds of B-CLL compared to mixed
breeds. This analysis included 10 small breeds (Bichon Frise, Boston Terrier, Cairn Terrier,
Cocker Spaniel, Dachshund, Jack Russell Terrier, Maltese, Pomeranian, Shih Tzu, and Yorkshire
Terrier) and 2 larger breeds (English Bulldog and Pit Bull). All breeds that were significantly
different from mixed breeds remained significant when compared to Labrador Retrievers
(Figure 2.2; Suppl. Table 2.2); 4 additional breeds were significantly different from Labrador
Retrievers (Boxer, Chihuahua, West Highland White Terrier, and Doberman).

Six large breeds had significantly decreased odds of B-CLL compared to mixed breeds:
Bernese Mountain Dog, German Shepherd, Golden Retriever, Labrador Retriever, Rottweiler
and Standard Poodle. Welsh Corgis also were at decreased risk (Figure 2.2; Suppl. Table 2.2).
Notably, although Golden Retrievers comprised the majority of purebred submissions, only 3
cases of B-CLL were identified.

Breed-specific patient presentation for the top six breeds with statistically significant
increased odds of B-CLL was compared to mixed breeds. These breeds were Shih Tzu (n=28),
Pit Bull (n=15), Cocker Spaniel (n=14), English Bulldog (n=23), Jack Russell Terrier (n=14), and
Dachshund (n=14). No significant differences were noted for most variables (sex, lymphocyte
count, neutropenia, thrombocytopenia, and anemia; data not shown). We did not evaluate the
frequency of splenomegaly, hepatomegaly, mediastinal mass, and hypercalcemia because data
were available for <50% of B-CLL cases. English Bulldogs, however, presented at a significantly
younger age (median 6 vs. 11 years for mixed breeds; p <0.001; Figure 2.3). In contrast, Cocker

Spaniels were significantly older when diagnosed (median, 13.5 years; p=0.012) and were
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significantly less likely to present with peripheral lymphadenopathy (11% vs. 53% for mixed
breeds; p=0.03; data not shown). Half of the English Bulldog B-CLL cases had data available on
hyperglobulinemia. Of those, 55% were hyperglobulinemic (vs. 23% among mixed breeds;

p=0.06).
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Figure 2.2. Odds ratios and 95% confidence intervals comparing B-CLL among each breed to
all other lymphoproliferative disorders, using mixed breeds and Labrador Retrievers as a
reference. Only breeds with at least 30 overall submissions were considered (37 breeds).
Twelve breeds had significantly increased odds of B-CLL when compared to both mixed breeds
and Labrador Retrievers: Dachshund, Pomeranian, Cairn Terrier, Bichon Frise, English Bulldog,
Boston Terrier, Jack Russell Terrier, Maltese, Yorkshire Terrier, Shih Tzu, Cocker Spaniel, and
Pit Bull. In addition, six breeds had significantly decreased odds of B-CLL compared to both
mixed breeds and Labrador Retrievers: German Shepherd, Golden Retriever, Rottweiler, Welsh
Corgi, Bernese Mountain Dog, and Standard Poodle.

° $e'eee$

39



7 ‘z, 90+ A v
- el 2} A“

16 AL, - geo| S T
~ 144 AAAAAAa vy O 70 adat ¥
o . e e i YYYYYY ——ayy
o 124 R ry 2 504 A v
o o i — S A -
> 104 [ 3 A Addiaii 4 YYYYY o 50 A v
® 00 AAAAAAL Yy o v
> 8- AMAAAAL vy & 401 Aad v
< B AdAA Y < ° ad

] e ALAAA v o 301 A

oo ALAAA v ® *®

44 eeee = 201 Agh,

24 3 o101 _e adsiads

0 . T T 0 . - ..Aff;..h. ‘7'

English Bulldog Mixed Breed Shih Tzu English Bulldog Mixed Breed Shih Tzu
Cc
3001

5 4 v

$250- WA

g .

-~ A

52004 v
A Yy

o g

2150 aghasd v?

= Sadia vY

=100 Agyaat

& ’: i3 oY Ve

8 501 ~o.%s sl v

O .:0 A‘*:‘:‘ v

0
English Bulldog Mixed Breed  Shih Tzu

Figure 2.3. Age (A), percent of CD25-positive B cells (B), and median class I MHC expression
(C) were compared for the top six breeds with significantly increased odds of B-CLL (Shih
Tzu, Pit Bull, Cocker Spaniel, English Bulldog, Jack Russell Terrier, Dachshund) vs. mixed
breed dogs. Significant differences were noted for English Bulldogs and Shih Tzus with B-CLL,
and are displayed in the figure, with red horizontal lines indicating median values. Compared
to mixed breed dogs, English Bulldogs presented at a significantly younger age, with lower
percent of CD25-positive B cells, and decreased class I MHC expression. Shih Tzus had no
significant difference in age or class I MHC expression, but were significantly less likely to
have a low percentage of CD25-positive B cells.

Flow cytometric characterization
Among cases, we examined the expression of 2 antigens, CD25 and class Il MHC, on
canine B-CLL cells, comparing the top six breeds (as described above) to mixed breed dogs

using Fisher’s exact test. Significant differences were only noted for English Bulldogs and Shih
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Tzus. The level of CD25 expression was measured as the percentage of B cells expressing CD25
(Suppl. Figure 2.2). Overall, the median percentage of CD25-positive B cells was 58% (IQR,
13%-88%; data not shown). Tertile cutpoints were used to categorize the percentage of CD25-
positive B cells into low (<29% of B cells CD25-positive), medium (29%-80%), and high (>80%)
groups. Compared to mixed breeds, English Bulldogs were more likely to fall into the lowest
tertile (have a low percentage of CD25-positive B cells), with a median of 4.5% CD25-positive B
cells (p=0.012; Figure 2.3). In contrast, Shih Tzus had a median of 76% CD25-positive B cells,
making them less likely to fall into the low category (p=0.023). All cases expressed class II MHC
at varying levels. English Bulldogs were significantly more likely to have class Il MHC
expression below the median (94% vs. 51%; p<0.001; median, 54.5%; Figure 2.3, Suppl. Figure
2.1). More Shih Tzus had class I MHC expression above the median (72%), but this difference

was not statistically significant (p=0.116).

Discussion

Overall, 8% of samples submitted for immunophenotyping because of suspicion of LPD
were diagnosed as B-CLL. Our study demonstrated that B-CLL in dogs shows strong breed-
specific risk relative to the population of dogs with suspected LPD. Ours is the first published
study to evaluate this association, and represents the largest population of dogs with B-CLL in
the veterinary literature. Several breeds with an increased prevalence of other LPDs (Golden
Retriever, German Shepherd, Rottweiler) are rarely diagnosed with B-CLL (Figure 2.2). With
the exception of English Bulldogs and Pit Bulls, all of the breeds with significantly increased

odds of B-CLL were small breed dogs. This finding could be due to a shared genetic risk in
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small breed dogs!'” 118 or differences in the average lifespan of small vs. large breed dogs. Small
breed dogs tend to live longer, allowing them a prolonged opportunity to develop clinical
disease. In contrast, many larger breed dogs are nearing the end of their lifespan around the
average age of B-CLL diagnosis and the vague clinical signs of B-CLL could be misinterpreted
as signs of old age or could be masked by more severe health problems. One resistant breed,
however, the Golden Retriever, is highly represented among T-zone lymphoma, which also is a
disease that affects older dogs (median age, 10.5 years).®

By evaluating breed-specific presentation, we determined that certain breeds have a
unique presentation of B-CLL (Figure 2.3). Compared to mixed breed dogs, English Bulldogs
presented at a significantly younger age, and with decreased class I MHC and CD25
expression. Prior research has shown that CD25 is expressed on mature or memory B cells, !4 115
Thus it is plausible B-CLL in English Bulldogs arises from a naive, unactivated B cell. The low
level of class I MHC expression in English Bulldogs also supports this notion, and suggests that
further investigation of the activation state of these cells is warranted. Thus, our results suggest
that English Bulldogs exhibit a unique B-CLL phenotype. Additional study of the B cells in this
breed, including IgVu mutation status, is underway.

We found that B-CLL generally is a disease of older dogs that affects males and females
equally (Table 2.2). Where reported, approximately half of the dogs had peripheral
lymphadenopathy or splenomegaly and a quarter had hepatomegaly, visceral
lymphadenopathy, or hyperglobulinemia. Hypercalcemia and mediastinal mass were rare,
suggesting that it would be prudent to seek an alternative cause for these clinical signs if they

are present in a dog with B-CLL. Serum protein electrophoresis data were not available in our
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population, but a previous study found 68% of dogs with hyperglobulinemia had a monoclonal
gammopathy.®® With the exception of lymphocytosis, the majority of dogs had normal CBC
findings. Approximately 26% of dogs were anemic on presentation, and the majority (68%)
were classified as having non-regenerative anemia (Table 2.2). However, only 15% were
thrombocytopenic and 1% were neutropenic. Of eight dogs with bone marrow aspirates
available, all but 1 had increased small, mature lymphocytes, with infiltration ranging from
28%-65% of nucleated cells. However, only 2 of these dogs had associated cytopenias (anemia
and thrombocytopenia). In humans with B-CLL, anemia attributed to autoimmune destruction
is found in 3-37% of cases.!’” Because the majority of anemic dogs in our study had non-
regenerative anemia with no comments about spherocytes, we suspect most had anemia of
chronic disease. Of the 21 dogs with regenerative anemia, 10 had clinical pathologist-reviewed
cytology reports. Only 1 of these reports mentioned spherocytes; all reviews either did not
mention saline agglutination tests or mentioned that saline agglutination tests were negative
(n=3). Thus, only one of these 10 dogs had suspicion for immune-mediated anemia.

The typical patient signalment seen in this study parallels that of previous studies.5? 810
120 However, as previously mentioned, our inclusion and exclusion criteria differed from prior
studies. For example, diagnostic criteria for two studies® % included morphologic appearance
of cells and excluded cases with moderate to severe lymphadenopathy, which may have
skewed findings toward less advanced cases. In contrast, another study® required cases to have
a lymphocytosis of >50,000 cells/uL, which may have skewed findings toward advanced-stage
cases. Importantly, many prior studies had small sample sizes and included both B- and T-CLL,

making it difficult to make accurate comparisons with our cases.
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One limitation of our study is that, in cases with nodal involvement, we were unable to
distinguish B-CLL from other forms of B cell LPDs that include a circulating component of
small, mature B cells. Such a distinction is not possible without histology and
immunohistochemistry, which were unavailable for our study participants due to the
retrospective nature of our study. It is therefore possible our dataset includes mantle cell
lymphoma, nodal marginal zone lymphoma, splenic marginal zone lymphoma, or follicular
lymphoma with leukemic involvement.” However, these histologic subtypes appear to be rare
in dogs,”® 12! and we suspect their influence is minimal and that the majority of our cases truly
are B-CLL. In addition, lymphocytosis was not found in any of the 15 cases of marginal zone
lymphomas confirmed by H&E staining and IHC in another study.? Taken together, we believe
it is likely that most of these cases were B-CLL. In ongoing studies, we are recommending
lymph node biopsies from these dogs to further explore the extent to which other histologic
subtypes may be represented.

Although 17% (n=55) of dogs with cytology reports did not meet our strict definition of
cytology-confirmed B-CLL, the majority (71%) were consistent with B-CLL. Only 10 cases had
cytology reports that contradicted a B-CLL diagnosis. When we compared patient presentation
between dogs with cytology reports confirming B-CLL and the 17% that were not confirmatory,
the only relevant difference noted was a higher frequency of peripheral lymphadenopathy
among dogs without a confirmed diagnosis. Therefore, we do not expect this finding to
substantially bias the patient presentation findings we reported, with the exception of potential

overrepresentation of the frequency of peripheral lymphadenopathy.
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It currently is unclear whether flow cytometric or cytologic evaluation is the more
accurate method for diagnosing this disease and predicting outcome. In this study, we found
no substantial differences in clinical presentation between cytology-confirmed B-CLL cases and
those diagnosed with flow cytometry only (Table 2.2). Because cytologic interpretation can
differ among clinical pathologists, we favor moving toward more objective criteria, such as flow
cytometry, in the classification of B-CLL and other forms of leukemia.

A second limitation of the study is that the reference population for breed calculations is
drawn from dogs with a suspicion of LPD. A breed predilection for lymphomas has been
reported.” 122 Therefore, the breed distribution in our study population is likely skewed toward
these breeds and may not be representative of the overall breed distribution of dogs in the
United States. We chose mixed breed dogs as our primary comparison group for breed
calculations because we believe they represent the genetic diversity of all dogs. Furthermore,
they closely represented the overall patient presentation seen in our B-CLL population (Suppl.
Table 2.3). However, they are not an ideal reference group because they are an unknown group
of dogs that may vary considerably across populations. To have a better-defined comparison
group, we also used Labrador Retrievers, a more homogeneous group that is more likely to be
comparable across populations. However, Labrador Retrievers represented a smaller
population of dogs with B-CLL (n=23) and had a lower frequency of B-CLL than the overall
population (5% vs. 8%). Therefore, the associated ORs for these calculations were skewed
toward larger values than when comparing to mixed breed dogs. The overall trend was the
same for both comparisons, increasing our confidence that B-CLL occurs more commonly in

small breed dogs (Figure 2.2).
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Taken together, the results from this large population of dogs suggest that B-CLL in
dogs shares many features with B-CLL in humans. Dogs are gaining recognition as models for
naturally-occurring human cancers, and thereby may be useful for studying risk factors and
treatments for B-CLL in humans. Furthermore, the strong breed-specific risk identified in this
study poses an opportunity to study genetic risk factors for B-CLL and to identify unique

subpopulations of B-CLL.
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CHAPTER 3: AIM 2 - IDENTIFY GENES ASSOCIATED WITH T ZONE LYMPHOMA

Summary

Introduction: T zone lymphoma (TZL), a histologic variant of peripheral T cell lymphoma
not otherwise specified, represents about 12% of all canine lymphomas. In dogs, this disease
follows an indolent clinical course with average survival of >2 years regardless of treatment,
compared to <1 year with most other lymphoma subtypes. TZL appears to have a striking
predilection for Golden Retrievers, which represent over 40% of cases. This finding suggests a
genetic risk factor for this disease and caused us to pursue a study to identify potential genes of
interest.

Materials & Methods: Case-subclinical-control status of privately-owned U.S. Golden
Retrievers was confirmed using flow cytometry; cases were diagnosed using previously
established flow cytometric criteria. Dogs were considered subclinical if they had a small
population of cells phenotypically similar to TZL, but had no lymphadenopathy or
lymphocytosis. Controls had no evidence of TZL. A total of 95 TZL cases, 142 subclinicals, and
101 controls were genotyped using the Illumina CanineHD BeadChip. After standard quality
control and relatedness filtering, the remaining samples were analyzed using a mixed linear
model adjusting for remaining population stratification using GCTA software. Significance was
determined based on 95% confidence intervals, resulting in a threshold of 10 Associated
regions were subsequently sequenced using a custom sequence capture array (NimbleGen

SeqCap EZ Developer Kit) on an Illumina NextSeq 500.
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Results: We found genome-wide significance in regions on chromosomes 8 and 14. The
chromosome 14 peak included four single nucleotide polymorphisms (SNPs), with odds ratios
ranging from 1.18-1.19 (p=2.3x10°-5.1x107). This region contains multiple genes encoding
hyaluronidases, including SPAM1, HYAL4, and HYALP1. Targeted resequencing of this region
identified missense mutations in all three genes; the variant in SPAM1 was predicted to be
damaging. These mutations were also identified in a study of mast cell tumors in Golden
Retrievers. The chromosome 8 peak contained seven SNPS significantly associated with TZL,
with odds ratios ranging from 1.24-1.42 (p=2.7x107-7.5x107). This region includes genes
encoding thyroxine deiodinase and thyroid stimulating hormone receptor, both of which are
involved in thyroid hormone regulation. It also contains genes involved in vesicle trafficking
and degradation of misfolded proteins. No coding mutations were found with targeted
resequencing, but hundreds of variants were identified in the region, and may play a regulatory
role for all or some of the genes.

Conclusions: The pathogenesis of canine TZL may be related to hyaluronan breakdown.
Hyaluronan interacts with CD44, a cell surface glycoprotein which is expressed on both T cells
and mast cells. This binding may cause increased hyaluronan turnover, which leads to the
production of pro-inflammatory and pro-oncogenic by-products. In addition, hyaluronan can
directly promote inflammation by activating the inflammasome. The association on
chromosome 8 may indicate thyroid hormone, accumulation of misfolded protein, and/or
changes in antigen presentation could influence development of TZL. Future work is needed to

elucidate these mechanisms.
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Introduction

Peripheral T cell lymphomas (PTCLs) account for less than 10% of human non-
Hodgkin’s lymphomas worldwide.?* 2112 This is a heterogeneous group of malignancies which
generally exhibit poor prognosis and resistance to standard chemotherapy. Overall, 5-year
survival is only 32%.% % 100,101 Gene expression profiling has enabled the subtyping of PTCL
based on cell of origin, allowing the identification of molecular diagnostic and prognostic
signatures.!% 12 However, the etiology of PTCLs is unclear, largely due to the low incidence
within subtypes, which limits our ability to gather adequate numbers of cases.

Among dogs, PTCL accounts for 30% of lymphomas, enabling us to enroll larger sample
sizes of individual subtypes.*’ For example, T zone lymphoma (TZL) is a rare subtype of human
PTCL, making it difficult to study. However, TZL is relatively common in dogs, representing
about 12% of all canine lymphomas.* 1% In dogs, this disease follows an indolent course with
average survival of >2 years regardless of treatment, compared to <1 year with most other
lymphoma subtypes.®® 28 Few studies have investigated the pathogenesis of canine TZL.
However, it has been noted that TZL appears to have a striking predilection for Golden
Retrievers, with over 40% of cases occurring in this breed.® This finding suggests a genetic risk
factor for this disease, and caused us to pursue a study to identify potential pathways of
interest. From an evolutionary perspective, the development of dog breeds was relatively
recent. Because of this, there is reduced genetic variation within breeds of dogs,? 3 allowing us
to use smaller sample sizes and fewer genetic markers when evaluating genetic risk factors for

canine diseases.? 4
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The objective of this study was to identify genetic risk factors for canine TZL using a
genome-wide association study (GWAS) and subsequent targeted sequencing. Results from this

study will provide insight into the etiology and underlying risk for developing this disease.

Methods
Study participants

All dogs were recruited from the privately owned pet population in the United States.
The study was conducted with approval from the Colorado State University (CSU) Institutional
Animal Care and Use committee. Peripheral blood samples were submitted to the CSU Clinical
Immunology laboratory from October 2013 through May 2015. Flow cytometric analysis of
peripheral blood samples was used to diagnose dogs as cases, subclinicals, or controls. Flow
cytometry was carried out as previously described® and samples were analyzed with the
antibody combinations listed in Suppl. Table 3.1 using a 3-laser Coulter Gallios (Beckman
Coulter Inc., Brea, CA). All data analyses were carried out using Kaluza Analysis Software
(Beckman Coulter Inc., Brea, CA). Case definition included a homogeneous expansion of
CD5*CD45 T cells as well as the presence of lymphocytosis (defined as >5,000 lymphocytes/uL)
and/or lymphadenopathy (Suppl. Figure 3.1A). Controls were at least 9 years of age, had no
history or suspicion of a lymphoproliferative disease (including no lymphadenopathy or
lymphocytosis), and had no population of CD5*CD45" T cells identified by flow cytometry
(Suppl. Figure 3.1C). An additional group of dogs, subclinicals, were identified among dogs
submitted as controls. This group also had no history or suspicion of a lymphoproliferative

disease, but had a small population of CD5*CD45" T cells on flow cytometry (>1% of total T
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cells) without the presence of a lymphocytosis or lymphadenopathy (Suppl. Figure 3.1B). We
have observed that over 30% of “normal” aged Golden Retrievers are subclinicals (Hughes et

al., under review).

Genome-wide association mapping

Genomic DNA was extracted from white blood cell pellets of peripheral blood samples
using the QIAamp DNA blood Midi Kit (QIAGEN Inc., Germantown, MD). DNA quality and
quantity were assessed using NanoDrop (Thermo Scientific, Wilmington, DE) and only samples
with 1) a concentration of at least 35 ng/uL, 2) over 1,000ng of DNA total, and 3) an A260/280
ratio of 1.7-2.0 were submitted for genotyping. Genotyping was performed at GeneSeek Inc.
(Lincoln, NE) using the Illumina 170K CanineHD BeadChip.!? PLINK software*> 1%’ was used to
perform data quality control, removing individuals with call rates <97.5% and single nucleotide
polymorphisms (SNPs) with call rates <97.5% or minor allele frequency (MAF) < 5%. Only
autosomal chromosomes were analyzed.

Multidimensional scaling plots were assessed using PLINK to ensure there were no
distinct groupings based on phenotype (case/subclinical/control), which would indicate
population stratification and/or residual confounding. While we saw no obvious deviations on
these plots, we were concerned for bias based on European vs. American descent due to
apparent divergence in this breed.*> 18 To determine whether any of our dogs were likely of
European descent, we downloaded a publicly available dataset!?® including both European and
American Golden Retrievers, conducted the same quality control protocol as described above,

and merged the two datasets. We then created multidimensional scaling plots to determine
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which dogs in our dataset clustered with the known European dogs. Dogs with a value for the
first cluster <2.5 standard deviations from the mean value for known European dogs were
removed (Suppl. Figure 3.2).

Genome-wide complex trait analysis (GCTA) software* was used to estimate a genetic
relationship matrix (grm) and remove highly related individuals (one dog was removed for
each pair of dogs with the same phenotype and a grm value of 0.25 [half-sibling level]). The
disease-genotype association was estimated using GCTA, adjusting for the first principal
component of the grm in a mixed linear model to correct for cryptic relatedness.!?” Quantile-
quantile (QQ) plots with 95% confidence intervals (Cls) calculated based on the beta
distribution of observed p-values were created to assess possible genomic inflation and to
establish suggestive significance levels.

It is currently unclear whether subclinicals share some or all of the genetic
predisposition for TZL with cases, or they simply represent normal variation among controls.
To determine in which category they are most genetically informative, we performed separate
association studies comparing 1) combined cases and subclinicals vs. controls, 2) cases vs.
combined subclinicals and controls, and 3) pairwise comparisons (case vs. control, case vs.
subclinical, and subclinical vs. control). QQ plots were used to determine which analyses had
enough power to be evaluated. After peaks of interest were identified, we used GCTA to
conduct a conditional GWAS. By adjusting for the genotype of the top SNP of each peak of
interest, we can evaluate whether the other significantly associated SNPs in that peak are

statistically independent from the top SNP (i.e. whether there are one or multiple peaks).
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Haplotype block definition and association analysis

Haplotype blocks for associated loci were defined based on boundaries identified both
by clumping analysis in PLINK and R?-based linkage disequilibrium (LD) analysis in
Haploview.!®® For clumping analysis, the dataset was subsetted to a region including all SNPs
with R?> 0.2 from the top SNP on that chromosome. Because of the genomic structure of dogs, a
maximum window size was set to 5000 kb. For each block, their haplotype, frequencies, chi-
square test, and p-value were obtained using PLINK. We additionally created a risk haplotype
score to assess cumulative risk; dogs were scored from zero to four based on the number of risk

haplotypes present for the associated regions.

Targeted sequencing

Sixteen dogs (10 cases, 3 subclinical, 3 controls), selected for optimal haplotype
representation (i.e. to represent risk — risk, risk — non-risk, and non-risk — non-risk for each
haplotype) and distribution in multidimensional scaling plot, were sequenced across the
associated genomic regions (Suppl. Table 3.2). A custom sequence capture array was designed
(NimbleGen SeqCap EZ Developer Kit; Roche Diagnostics Corporation, Indianapolis, IN) to
cover the top associated regions (16.1 Mb total; CanFam 3.1 cfa8:51,700,000-54,800,000,
cfa14:8,000,000-16,100,000, cfa29:7,600,000-12,500,000). Regions were chosen to include all SNPs
with R2>0.2 from the top SNP. Standard indexed Illumina libraries were prepared with the
KAPA HyperPlus library preparation kit (KapaBiosystems, Wilmington, MA). Targeted pooled
(4 samples) libraries were captured by hybridization in solution using the custom probe pool.

Estimated coverage of the 16.1Mb target region was 95%. Library constructions, pooling and
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captures were performed following the SeqCap EZ HyperCap Workflow User’s Guide (V 1.0)
(Roche Diagnostics Corporation, Indianapolis, IN). Per suggestion from NimbleGen,
developer's reagent (06684335001) was used in place of COT-1. Index-specific hybridization
enhancing oligonucleotides were used. Sequencing was carried out on an Illumina NextSeq 500.
Sequencing data were pre-processed and aligned to the CanFam3.1 reference genome
using FastQC™"!, Samtools,!3> 133 Picard Tools,'3* Genome Analysis Toolkit,'3> and BWA-MEM, %
as specified by Genome Analysis Toolkit best practices. Data was visualized using Integrative
Genomics Viewer.!¥” Genome Analysis Toolkit was used for base quality score recalibration
(BaseRecalibrator), variant calling (HaplotypeCaller), and variant prioritization
(VariantFiltration). Variants were additionally filtered based on adherence to the risk or non-
risk haplotype (at least 80% adherence) and variants that passed this filter were annotated using
SnpEff.1*¥ Coding SNPs were evaluated for predicted effect using PolyPhen-2.12 Ensembl was
used to perform a LiftOver to the human genome to determine whether non-coding SNPs were

in potential regulatory elements.

Results

The target population included 95 TZL cases, 101 TZL-free control dogs >9 years old,
and 142 subclinicals >9 years old (dogs with no clinical signs of TZL, but >1% of T cells were
CD5*CD45). Sixteen dogs were removed due to low genotyping rate (<97.5%; 7 cases, 5
subclinicals, 4 controls) and 6 were removed due to suspected European origin (2 subclinicals, 4
controls). After quality filtering a final dataset of 267 dogs (79 cases, 108 subclinicals, 80

controls), and 110,405 SNPs was used for association analyses.
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Subclinicals and controls indistinguishable by GWAS

When the combined case and subclinical group was compared to controls, no p-values
were outside the 95% confidence interval threshold on the QQ plot (Suppl. Fig 3.3A). In
contrast, when cases were compared to the combined subclinical and control group, a group of
SNPs significantly deviated from the expected distribution (Figure 3.1). Supporting this,
pairwise GWAS of cases vs. controls and cases vs. subclinicals had suggestive associations for
this group of SNPs, despite none of the p-values falling outside the 95% CI on the QQ plot
(Suppl. Figs. 3.3B and C). This implies subclinicals and controls are similar, and the enhanced
power from combining them as a reference group allows those SNPs to reach genome-wide
significance. In contrast, the subclinical vs. control comparison did not share any suggestive
SNPs with the case vs. control comparison, as would be expected if cases and subclinicals were
similar. We thus chose to combine subclinicals and controls for our main analysis, and will

reference it as the “case vs. all” comparison for the remainder of the paper.

Top peak is near thyroid stimulating hormone receptor locus

The strongest GWAS peak contained seven SNPs on chromosome 8 from 52,650,576—
53,818,371 bp (Table 3.1). The associated allele for these SNPs was present in about 16% of cases
(range 15%-25%) compared to 6% of the reference group (range 4%-12%). The top SNP
(BICF2P948919; OR = 1.39, p-value = 2.66x107) was located at 53,818,371 bp and was in strong
LD (R%0.7) with three significantly associated SNPs in that region and moderate LD (0.25-0.6)
with the other three significantly associated SNPs (Figure 3.2). Using the PLINK clumping

analysis, we determined that the four SNPs in strong LD (including the top SNP) formed one
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haplotype block, and the remaining three SNPs were not in strong enough LD with any other
SNPs to form blocks. The p-values for all seven associated SNPs on chromosome 8 were non-
significant (range 0.17-0.99) in the conditional analysis, suggesting they represent one signal
(Table 3.1). The haplotype block containing the top SNP is within the non-coding region of
Suppressor of Lin-12-Like Protein 1 (SEL1L) gene (Figure 3.2). Having at least one risk
haplotype was substantially more common among cases (29%) vs. subclinicals or controls (12%

and 7.5%, respectively).

Targeted resequencing of the chromosome 8 region identifies potential requlatory variants

Sequence capture of the 3Mb region on chromosome 8 in 16 dogs selected for variation
in risk and non-risk haplotypes identified 814 single nucleotide variants (SNVs) and 229
insertions and deletions (indels) that passed our filters. Median coverage across the region was
131x. Three synonymous coding variants were found in the SEL1L gene (cfa8:53,771,782,
cfa8:52,779,502, cfa8:53,797,623). All other identified variants were potential modifiers,
including 3" UTR variants (three SNVs and one indel near CEP128, two SNVs near GTF2A1),
up- and downstream gene variants, intron variants, and non-coding transcript exon variants
(Suppl. Tables 3.3 and 3.4). Evaluation of the corresponding positions in the human genome
determined multiple variants were in potential regulatory elements (of 685 that were converted
[541 SNV, 144 indels]; based on H3K27AC marks and GeneHancer scoring). Two sets of
variants were in enhancers for DIO2 (Type II Iodothyronine Deiodinase) and seven for
combinations of CEP128 (Centrosomal Protein 128), GTF2A1 (General Transcription Factor IIA

Subunit 1), STON2 (Stonin2), and SEL1L (Suppl. Table 3.5).
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Figure 3.1. GWAS results for TZL cases vs. combined reference (subclinicals + controls). Left,
QQ plot demonstrating observed p-values deviate from the expected at a significance level of
p<10. Shaded area indicates 95% confidence interval. Right, Manhattan plot showing peaks
that are significantly associated with TZL at a genome-wide level of p<10. The main
association signals come from chromosomes 8 and 14, with less significantly associated peaks
on chromosomes 2, 17, and 29.

Table 3.1. SNPs significantly associated with TZL at the genome-wide level. The top SNPs

(smallest p-value) for the chromosome 8 and 14 peaks are bolded.
Conditional  Conditional

Associated GWAS with  GWAS with
Allele Freq R from GWASresults Chr8 top SNP Chrl4 top SNP
SNP Chr BP Alleles Case Control top SNP OR  P-value OR P-value OR P-value
BICF2523237035 2 77,686,623 T/C 0.11 0.05 141  6.21E-05
BICF2P1011303 8 52,650,576 T/C 0.18 0.07 0.53 1.30 4.60E-05 1.03 0.663
BICF2P29000 8 52,763,337 C/A 0.25 0.12 0.28 124  7.46E-05 1.07 0.170
BICF2P378684 8 53,742,667 C/T 0.15 0.04 0.59 142  571E-06 1.04 0.560
BICF2P1080535 8 53,778,185 T/C 0.16 0.05 0.75 1.36  1.50E-05 0.99 0.935
BICF2P1048848 8 53,785,948 A/G 0.16 0.05 0.75 1.36  1.50E-05 0.99 0.935
BICF2P184533 8 53,796,442 G/A 0.16 0.06 0.79 137 7.36E-06 1.00 0.978
BICF2P948919 8 53,818,371 G/A 0.21 0.07 1.00 1.39  2.66E-07 1.00 1.000
TIGRP2P186605 14 11,778,977 G/A 0.66 0.43 0.93 1.18  5.13E-05 1.00  0.995
BICF2G630521678 14 11,791,385 A/G 0.67 0.43 0.99 1.18  3.00E-05 1.00  0.966
BICF2G630521681 14 11,794,735 C/T 0.67 0.43 1.00 119  2.28E-05 1.00  1.000
BICF2G630521696 14 11,807,161 G/A 0.67 0.43 0.99 1.18  3.67E-05 1.00 0.934
BICF2523029378 17 4,217,272 G/A 0.88 0.73 119  9.47E-05
BICF2G630222435 17 8,102,574 T/G 0.83 0.64 1.18  8.66E-05
BICF2P916139 17 8,135,932 T/A 0.82 0.63 1.18  8.39E-05
BICF2G630221951 17 8,819,612 C/T 0.85 0.65 1.19  9.42E-05
BICF2P780894 29 10,587,617 G/A 0.63 0.46 1.18  7.45E-05
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Figure 3.2. Close-up of the chromosome 8 peak. (A) R? from top SNP (BICF2P948919) is
depicted to show LD structure. (B) Close-up view of the genes located in the region with R?>0.2.
All associated SNPs are depicted in red; the haplotype block containing the top 4 SNPs is
highlighted in yellow. (C) Haplotype block containing the 4 associated SNPs (BICF2P1080535,
BICF2P1048848, BICF2P184533, and BICF2P948919). The risk haplotype was TAGG and non-
risk was CGAA. Dogs were considered recombined if neither combination was present.
Shared association with mast cell tumor cases on chromosome 14

The second top association peak is on chromosome 14 and contains four SNPs from
11,778,977-11,807,161 bp (Table 3.1). All SNPs were in strong LD (R?>>0.9) with the top SNP (OR
=1.18, p-value = 8.39x10"). Three of the four SNPs had previously been reported to be
associated with mast cell tumors (MCTs) among American Golden Retrievers.!? Thus, we
assessed our data in combination with the American Golden Retriever data from the publicly
available MCT dataset. Files were merged so that the new “case” population included TZL

cases and MCT cases, whereas the reference population contained subclinicals and controls

from the TZL dataset and controls from the MCT dataset. The chromosome 14 peak for the
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combined dataset was wider and more strongly associated, with the top SNP reaching p =
1.5x107 (Figure 3.3). A GWAS including the TZL dataset and only MCT controls showed no
increased association at the chromosome 14 peak (Suppl. Fig. 3.4B), confirming that this is a
shared association for the two different cancers and not simply a result of increased power from
the additional controls. We evaluated haplotype blocks in the combined dataset. The top SNP
from the combined dataset was the same as the top SNP in the TZL only dataset
(BICF2G630521681; Table 3.2). These SNPs are part of a ten SNP haplotype block that spans
11,695,969 — 11,807,161 bp (Figure 3.4). When we ran a conditional GWAS controlling for the top
SNP, none of the SNPs in the larger associated region remained significant, suggesting they all
represent one signal (Table 3.2). The haplotype block containing the top SNP spans three
hyaluronidase enzymes, including Sperm Adhesion Molecule 1 (SPAM1; formerly called
HYALT1), Hyaluronoglucosaminidase 4 (HYAL4), and a hyaluronidase 4-like gene
(ENSCAFG00000024436). In our dataset, 85% of cases (67/79) had at least one risk haplotype (vs.
71% of subclinicals [77/108] and 65% of controls [52/80]); 18% of cases were homozygous (14/79)

for the risk haplotype (vs. 7% of subclinicals [11/108] and 9% of controls [7/80]) (Figure 3.4).

Targeted resequencing of chromosome 14 region identifies coding mutations in hyaluronidase genes
Median coverage across the 8Mb region on chromosome 14 was 140x; 1,404 SNVs and
742 indels passed our filters. Five mutations causing amino acid changes were identified within
coding regions of the three hyaluronidase genes (SPAM1, HYAL4, and ENSCAFG00000024436)
(Figure 3.4); all mutations followed the GWAS haplotype. The mutation within the SPAM1 gene

(cfal4:11,704,952, Lys482Arg) was predicted to be “possibly damaging” (PolyPhen-2 score 0.91).
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The three mutations in the HYAL4 gene (cfal4:11,736,613, Gly454Ser; cfal4:11,736,674,
Ser434Phe; cfal4:11,736,843, Leu378Ile) and one within ENSCAFG00000024436
(cfal4:11,760,826, Met463Thr) were predicted to be benign (PolyPhen-2 score <0.15). A LiftOver
of these coordinates to CanFam2 determined the non-synonymous mutations in SPAM1 and
HYAL4 were identical to those identified in the MCT study.'?® Additional non-coding variants
were identified near these genes, including 5" UTR variants (two SNVs, one indel in HYAL4), 3’
UTR variants (two SNVs, two indels in HYAL4 and three SNVs in SPAM1), up- and
downstream gene variants, and intron variants (Suppl. Tables 3.3 and 3.4). One synonymous

coding SNP was identified in ENSCAFG00000024436 (cfal4:11,768,664) (Suppl. Table 3.3).
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Figure 3.3. GWAS results for combined TZL and MCT datasets. QQ plot (left) and Manhattan
plot (right).
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Table 3.2. SNPs in the chromosome 14 peak from the combined TZL + MCT GWAS. SNPs
contained in the haplotype block are shaded in grey; those shown in bold are also significant in
the TZL only GWAS. The top SNP (smallest p-value) is shown in red.

Associated R’ TZL+MCT  Conditional for
Allele Freq from GWAS Chrl4

SNP Chr BP Alleles Case Contr top OR  P-value OR P-value
BICF2G630517340 14 2,191,219 T/G 075 057 056  1.16 6.05E-05 0.98  0.6222
BICF2G630517370 14 2,213,041 A/G 075 057 056 1.16 6.05E-05 0.98  0.6222
BICF2G630517387 14 2,224,605 T/C 075 057 056  1.16 6.05E-05 0.98  0.6222
BICF2G630517402 14 2,248,006 T/C 075 057 057 115 6.83E-05 0.98  0.6080
BICF2G630517422 14 2,263,592 A/G 075 057 056  1.16 6.05E-05 0.98  0.6222
BICF2G630517453 14 2,291,305 G/A 075  0.57 056 116 3.79E-05 0.99  0.7095
BICF2G630519109 14 4,790,093 G/A 077 059 053  1.18 1.66E-05 1.00  0.9836
BICF2G630519137 14 4,873,671 G/T 076 059 053 116 5.71E-05 0.99 0.7416
BICF2P875875 14 5,198,586 C/G 0.89 075 031 119 b5.32E-05 1.03  0.4517
BICF2G630519935 14 9,007,123 C/G 0.77 0.60 0.42 1.16 2.04E-05 1.01  0.7179
BICF2G630519944 14 9,028,362 C/T 0.77  0.60 042 116 255E-05 1.01  0.7536
BICF2G630519947 14 9,054,201 T/C 077 0.60 042 116 2.55E-05 1.01  0.7536
BICF2G630519948 14 9,061,567 C/A 0.77  0.60 042 116 228E-05 1.01  0.7240
BICF2G630520440 14 9,897,520 G/A 070 049 0.66  1.18 291E-06 1.00  0.8889
BICF2G630520475 14 9,910,392 T/G 0.70 0.49 0.67 1.18 6.23E-06 099 0.7312
BICF2G630520518 14 9,930,996 G/A 070 049 0.66 118 291E-06 1.00  0.8889
BICF2G630520533 14 9,944,218 C/T 0.70 0.49 0.67 1.19 1.76E-06 1.00 0.9524
BICF2G630520585 14 9,976,888 T/C 072 053 0.61 118 6.95E-06 0.99  0.8432
BICF2523335956 14 10,450,765 C/A 0.62  0.39 072  1.19 9.05E-07 1.00 09119
BICF2523442141 14 10,462,378 G/A 0.63 043 0.64 118 7.81E-06 0.99  0.8229
BICF252358168 14 10,997,271 A/G 0.90 0.77 0.27 1.20 7.88E-05 1.04 0.3753
BICF2P546873 14 11,370,040 G/A 057 040 057 115 9.29E-05 0.98 05126
BICF2P753712 14 11,396,405 T/G 055 0.35 0.67  1.18 5.08E-06 0.99  0.7453
BICF2P1501412 14 11,406,182 T/G 056  0.36 0.67 117 1.10E-05 0.98  0.5800
BICF2P1022612 14 11,425,262 G/A 055 0.35 0.67  1.18 5.08E-06 0.99  0.7453
BICF2P448523 14 11,444,087 T/C 0.55 0.35 0.67 1.18 5.08E-06 099 0.7453
BICF2P1199126 14 11,451,260 T/G 055  0.35 0.67 118 6.83E-06 0.99  0.6929
BICF2G630521558 14 11,695,969 C/T 078 059 0.62  1.19 1.09E-06 1.00 09482
BICF2G630521572 14 11,721,433 T/C 070 045 094  1.22 2.80E-08 0.99  0.7588
BICF2G630521606 14 11,733,161 T/C 0.78 0.58 0.61 1.19 6.84E-07 1.01  0.8209
BICF2G630521619 14 11,736,615 C/T 079 058 0.60 1.19 5.17E-07 1.01  0.7721
BICF2P867665 14 11,765,081 G/T 0.79 0.57 0.59 1.22 1.77E-08 1.03  0.3593
TIGRP2P186605 14 11,778,977 G/A 070 043 095  1.23 3.25E-09 1.00  0.9681
BICF2G630521678 14 11,791,385 A/G 0.70 0.44 0.99 1.23 2.21E-09 1.00 0.9637
BICF2G630521681 14 11,794,735 C/T 070 043 1.00 123 1.51E-09 1.00  1.0000
BICF2G630521696 14 11,807,161 G/A 0.71 0.44 098  1.23 1.79E-09 1.00 0.9863
BICF2P665918 14 11,852,463 T/C 0.69 053 038  1.18 1.07E-05 1.02  0.5686
TIGRP2P186621 14 11,867,284 A/G 0.69  0.53 038 1.18 1.07E-05 1.02  0.5686
BICF2G630521759 14 11,958,198 T/C 0.86 0.72 0.29 1.18 7.49E-05 1.03  0.4469
BICF2P626537 14 12,061,360 A/G 038 023 030 1.17 5.20E-05 1.03  0.4442
BICF2G630522103 14 12,249,856 C/T 0.39 0.24 0.30 1.16 8.23E-05 1.02  0.5203
BICF2G630522165 14 12,431,638 C/A 0.81 0.63 045  1.22 3.65E-07 1.03  0.3555
BICF2G630522789 14 13,423,322 C/T 0.59 0.42 0.48 1.16 7.39E-05 1.00 0.8819
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Figure 3.4. Close-up of the chromosome 14 peak depicting change in signal with MCT dataset
added. (A) TZL dataset only. (B) Combined TZL and MCT dataset; (C) Close-up of the region
from 8-12Mbp containing SNPs with R2>0.2. (D) Close-up view of genes located in the region
from 11-12Mb. The 4 SNPs significantly associated with TZL are depicted in red and the ten-
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SNP haplotype block they represent is shaded in yellow. (E) Close-up of the region from 11.7-
11.8 Mbp where coding mutations (shown in red) were found on resequencing. (F) Haplotype
block containing 10 associated SNPs on cfal4 (BICF2G630521558, BICF2G630521561,
BICF2G630521572, BICF2G630521606, BICF2G630521619, BICF2P867665, TIGRP2P186605,
BICF2G630521678, BICF2G630521681, BICF2G630521696). The risk haplotype was
CTTTCGGACG and non-risk was TTCCTTAGTA. Dogs were considered recombined if neither
combination was present and were considered unknown if the genotype for one or more SNPs

was missing.
Potential cumulative risk for chromosomes 8 and 14

Distribution of haplotype scores are shown in Figure 3.5. A higher proportion of cases
(53% vs. 19% of subclinicals and 14% of controls) had a haplotype score >2, indicating a
potential cumulative risk based on number of risk haplotypes. With the exception of one
subclinical dog, only cases had >3 risk haplotypes. Larger sample sizes are necessary to evaluate

statistical interaction of the chromosome 8 and 14 haplotypes.

Subclinical Case

Control

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

. unknown 0 1 2 . 3 . 4
Figure 3.5. Distribution of haplotype scores. Dogs were scored from zero to four based on the
number of risk haplotypes for chromosomes 8 and 14. Recombined haplotypes were considered
non-risk. Dogs were considered unknown if the genotype for one or more SNPs was missing.
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Additional significantly associated GWAS SNPs

Associated SNPs were also seen on chromosomes 2, 17, and 29, but our study did not
have the power to accurately determine the regions of association. We conducted a restricted
maximum likelihood analysis, assuming TZL has a 2% prevalence in the Golden Retriever
breed, and found that the combined set of 17 significant SNPs in our dataset explained
approximately 15% (standard error 7%) of the phenotypic variance, whereas all GWAS SNPs

explained approximately 49% (standard error 13%).

Discussion

As Golden Retrievers are overrepresented among dogs with TZL, we were able to
conduct a genome-wide association study to identify genetic risk factors for TZL in this breed.
We identified associated regions on both chromosome 8 and 14. Subsequent resequencing of a
subset of dogs identified non-synonymous mutations in three hyaluronidase genes on
chromosome 14. Coding mutations were not found in the chromosome 8 region, but identified
variants may be located in regulatory elements for numerous genes, including DIO2, CEP128,

GTF2A1, STON2, and SELIL.

Mutations in hyaluronidase genes associated with risk for TZL and MCT

GWAS analysis and subsequent resequencing identified mutations in SPAM1 and
HYALA4 identical to those seen in Arendt et al.’s MCT study,'* highlighting a potential shared
mechanism for TZL and MCT pathogenesis. One potential mechanism is via hyaluronan

turnover, which is caused by the interaction of hyaluronan and CD44, a cell surface
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glycoprotein expressed on both T cells and mast cells.’® This turnover leads to increased low
molecular weight hyaluronan, the byproducts of which are pro-inflammatory and pro-
oncogenic, with implications in cell proliferation, migration, and angiogenesis.!%" 14! In contrast,
high molecular weight hyaluronan and decreased hyaluronidase activity have been associated
with the increased longevity and cancer resistance seen in naked mole rats.' It would be
informative to measure hyaluronan in cases and controls to determine whether the ratio of low
to high molecular weight hyaluronan is altered in TZL.

Most mammals have six hyaluronidase-like genes, clustered on two chromosomes. In
dogs, HYAL1, HYAL2 and HYALS3 are clustered on cfa20, whereas SPAM1, HYAL4, and
ENSCAFG00000024436 are clustered on cfal4. ENSCAFG00000024436 is homologous to
HYALP1, which is an expressed pseudogene in people.!*2 Hyalp1 is believed to be functional in
other mammals,*? although its functional status is unknown in dogs. Spam1 is considered a
testis hyaluronidase and is important during egg fertilization by sperm.!*> However, it has been
detected in the epididymis, seminal vesicles, prostate, female genital tract, breast, placenta, fetal
tissue, and certain malignancies,*+14¢ suggesting it is multifunctional and not sperm-specific.
Despite the potential shared pathogenesis of TZL and MCT, we did not see an association
between MCT and TZL in our dataset. Of dogs where medical history was known, 3/76 TZL
cases (4%), 8/142 subclinicals (6%), and 4/103 controls (4%) had a history of or concurrent MCT.
This suggests these diseases develop independently despite their shared mechanisms. More
research is necessary to understand the role of these hyaluronidases in dogs and evaluate how

the observed variants alter expression of hyaluronidases and downstream signaling.
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Potential role of vesicle trafficking in lymphoma predisposition

Since we do not know the functional impact of variants in the cfa8 region, it is difficult to
predict what role they play in TZL pathogenesis. Several genes are plausible candidates, and it
is possible that regulatory variants affect the expression of multiple genes. As such, we can
hypothesize many potential mechanisms. SEL1L, for example, encodes a protein that is part of a
complex involved in endoplasmic reticulum-associated degradation of misfolded proteins.® If
this complex cannot form correctly, accumulation of misfolded proteins can lead to
endoplasmic reticulum stress, which has been proposed as a mechanism underlying diabetes
mellitus,'¥” rheumatoid arthritis,'*® and neurodegenerative disease.!*’ 1% Additionally, SELIL is a
regulator of the Notch signaling pathway, which plays a role in cell differentiation,
proliferation, and apoptosis.!®! Some researchers believe this gene acts as a tumor suppressor, as
its downregulation has been associated with poor prognosis in pancreatic cancer
pathogenesis,!>? breast carcinoma!® and glioma.!>

Another feasible mechanism is via the role of vesicle trafficking in antigen processing
and presentation. When antigen-presenting cells encounter antigen, they internalize the antigen
(if it is extracellular), process it, and present it to T cells on major histocompatibility complex.!>
This process involves several pathways, including receptor-mediated endocytosis, for which
STON2 encodes a protein.!* 1% Additionally, dendritic cells use the endoplasmic reticulum-
associated degradation pathway during antigen cross-presentation.!”-1* Less is known about
CEP128, and further research is needed to understand its role in normal animals. Alterations in
the ability to present antigen could have important implications in T cell activation and immune

response. No prior research has found associations of germline changes in STON2 and cancer,
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but a recent study found somatic CEP128 mutations in a case of refractory diffuse large B cell

lymphoma.!¢

Thyroid hormone metabolism may influence TZL risk

In a parallel study, we determined dogs with hypothyroidism were significantly less
likely to get TZL as dogs without hypothyroidism. As thyroid hormone plays an important role
in cell growth and metabolism, we hypothesize that lack of this hormone may decrease T cell
proliferation and therefore help prevent the development of TZL. While SnpEff did not predict
our SNVs to be modifiers of DIO2 or TSHR, it is possible that the regulatory elements of these
genes are far up- or downstream, as seen in people. Canine genome annotations for this region
may not yet be able to predict these relationships. While canine hypothyroidism is generally
thought to be caused by lymphocytic thyroiditis or idiopathic atrophy, ¢! it is plausible that
changes in expression of DIO2 or TSHR could influence its development. Thyroid hormone
regulation depends on an axis of multiple hormones and organs. Thyroid stimulating hormone,
released from the pituitary, binds TSHR on the thyroid gland, causing release of thyroxine and,
to a lesser extent, triiodothyronine.’> DIO2 is one of two hormones responsible for converting
thyroxine to triiodothyronine, the more active form, in the peripheral organs.!®® It is feasible that
changes in the expression of either of these genes could alter thyroid hormone production and
function. Interestingly, levels of Deiodinase 2, the product of DIO2, are tightly regulated, and
synthesis can be inhibited by endoplasmic reticulum stress via endoplasmic reticulum-
associated degradation.!®* Thus, alterations in SEL1L and endoplasmic reticulum stress could

also impact thyroid hormone regulation.
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Golden Retriever predisposition to TZL

We believe subclinicals represent a precursor state to TZL, so we hypothesized they
would share the same genetic variants as cases. However, we were unable to differentiate
subclinicals from controls in our GWAS analysis. The high prevalence of TZL among Golden
Retrievers and corresponding high prevalence of subclinicals suggest the genetic basis for
developing CD45" T cells may be fixed among this breed. If this is the case, we would be unable
to identify the genetic risk factor for developing CD45 T cells in our study. Future studies may
evaluate fixed regions of the Golden Retriever genome to identify candidate genes.
Additionally, a GWAS of TZL among a less predisposed breed may distinguish additional

associated regions not identified in our study.

Conclusions

Little is known about the functional implications of the mutations identified on
chromosome 8. Since variants in this region are in moderate to high LD, it is difficult to
prioritize which variants are important in disease pathogenesis vs. which are bystanders
inherited with the causative mutation. Additional studies are necessary to elucidate these
associations and better understand the effect of these variants. The likely importance of
hyaluronidases and shared association with MCT is noteworthy and warrants further
investigation. Further research will increase our understanding of how these coding mutations
alter hyaluronidase function. Ultimately, future studies will help elucidate TZL pathogenesis
and identify causative variants that may be biomarkers or disease risk or potential therapeutic

targets.
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CHAPTER 4: AIM 3 - EXAMINE THE ASSOCATION OF CHRONIC INFLAMMATORY
CONDITIONS AND T ZONE LYMPHOMA

Summary

Background: T zone lymphoma (TZL), a subtype of peripheral T cell lymphoma, accounts
for about 12% of all canine lymphomas. Previously, we found that approximately 30% of
Golden Retrievers without lymphocytosis or lymphadenopathy have cells phenotypically
similar to those seen in TZL present in their peripheral blood. These animals are referred to as
“subclinical” and present a unique opportunity to evaluate the etiology and pathogenesis of
TZL through an epidemiologic analysis of cases, subclinicals, and controls. Since TZL has an
activated phenotype, we hypothesize this disease is antigen-driven and a persistent antigen
stimulus is necessary for progression of TZL.

Objective: To evaluate the association of chronic inflammatory conditions and TZL using
a case-control study of Golden Retriever dogs.

Methods: Cases from throughout the United States were recruited through Colorado
State University’s Clinical Immunology laboratory, which diagnoses lymphoproliferative
disorders using immunophenotyping. Our reference population was recruited through 1) a
database of owners interested in participating in research studies and 2) the submitting clinics
of cases. Dogs were classified as controls or subclinicals via flow cytometry of peripheral blood
samples. Data on health history, signalment, environmental exposures and lifestyle were
obtained from owner-completed questionnaires. ORs and 95% ClIs were estimated using

multivariable logistic regression.
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Results: The study population included 140 cases, 221 subclinicals, and 147 control dogs.
We identified two shared risk factors for cases and subclinicals, including history or concurrent
bladder infection (OR 3.5, 95% CI 1.0-12.7 for cases; OR 5.1, 95% CI 1.9-13.7 for subclinicals)
and eye disease (OR 2.3, 95% CI 1.0-5.2 for cases; OR 1.9, 95% CI 1.0-3.8 for subclinicals). Mange
and gastrointestinal disease were also significantly associated with TZL cases (OR 5.5, 95% CI
1.4-21.1 and OR 2.4, 95% CI 1.0-5.8, respectively). Timing of spay/neuter was significantly
associated with both cases and subclinicals, with late spay (>1 vs. <1 year of age) reflecting
decreased odds of being a case (OR 0.3, 95% CI 0.2-0.7), whereas late neuter was associated with
increased odds of being subclinical (OR 2.2, 95% CI 1.1-4.4). In addition, use of omega-3
supplements and hypothyroidism were associated with decreased odds of being a case (OR 0.3,
95% CI0.1-0.6 and OR 0.3, 95% CI 0.1-0.7, respectively).

Conclusions: We identified several factors associated with inflammation (mange, bladder
infections, eye disease, gastrointestinal disease) that are positively associated with TZL, and one
factor associated with dampening inflammation, the use of omega-3 supplements, that is
protective. These findings are consistent with the activated phenotype of the tumor cells, and
support the hypothesis that inflammation is a risk factor for TZL. We also found
hypothyroidism was associated with a decreased TZL risk; further research is needed to

understand the mechanism underlying this association.
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Introduction

Peripheral T cell lymphomas (PTCLs) are a heterogeneous group of malignancies
derived from mature T cells and NK cells.?’ The etiology of most PTCL subtypes is poorly
understood, largely due to their low incidence in people, which makes it difficult to study
subtypes independently. T zone lymphoma (TZL), an indolent subtype of PTCL, accounts for
approximately 12% of all canine lymphomas.** TZL can be readily diagnosed through
identification of a homogeneous expansion of T cells lacking expression of the cell surface
marker CD45 using flow cytometry.® This disease appears to have a striking predilection for
Golden Retrievers, with over 40% of cases occurring in this breed.®2® This observation suggests
a genetic component of this multifactorial disease. We have observed that over 30% of Golden
Retrievers without a lymphocytosis or lymphadenopathy have CD45- T cells in their blood
present at “subclinical” levels (hereafter referred to as “subclinical” dogs) (Hughes et al., under
review). The lack of clinical signs suggests that these are pre-neoplastic T cells with an
unknown potential for progressing to overt neoplasia. Because lack of CD45 expression may be
associated with decreased apoptosis, it is possible that antigen stimulation could lead to CD45
T cells undergoing unregulated division.!¢>

Multiple studies have provided evidence for the plausibility of chronic antigen stimulus
playing a role in the pathogenesis of TZL. First, TZL cells have an activated phenotype,
expressing high levels of CD21 and CD25,° suggesting the tumor arose from a T cell that had
been activated by antigen. Second, human epidemiologic evidence suggests autoimmune
disease and allergy are associated with PTCL.% 1% Third, a recent murine study® of PTCL

showed cells have a chronically activated phenotype and demonstrated reduced tumor growth
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by blocking antigen binding to the T cells. Thus, we suspect chronic inflammatory diseases will
persistently stimulate CD45 T cells to proliferate, predisposing them to progress to clinically
apparent TZL. As such, the objective of this study was to evaluate the association of chronic
inflammatory conditions and TZL using a case-control study of Golden Retriever dogs. By
utilizing a unique population of dogs including cases, subclinicals, and controls, we aim to

provide insights into the etiology and pathogenesis of TZL.

Methods
Study participants

We conducted a case-control study, the Golden Years Study, through the Colorado State
University Clinical Immunology (CSU-CI) laboratory from October 2013 through March 2016.
Golden Retrievers with TZL (cases) were identified through submissions from clinics
throughout the United States (Figure 4.1). Two series of lymphoma-free Golden Retrievers, aged
9 years and older, were recruited as our comparison group: database-recruited and clinic-
recruited. Database-recruited dogs were enrolled through email solicitation to a database of
Golden Retriever owners who were interested in participating in research studies. The database
was developed as part of the Canine Lifetime Health Project,> which allowed owners to register
to receive information about studies they may be eligible for by providing their dog’s breed and
age. Clinic-recruited dogs were enrolled from the submitting clinic of cases; veterinarians were
asked to enroll their next 1-2 Golden Retriever patients that met our enrollment criteria. Dogs in
the comparison group were subsequently categorized as subclinicals or controls using flow

cytometry, as described below.
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Source

population Veterinary clinics Canine Lifetime Health Project database

Study inicgeciiited CIinic-recruited Database-recruited comparison group

| TZL cases comparison group (n=275)
pop (n=140) (n=93)

l / \ D" ‘\l
Flow -

T Cases Subclinicals || Controls Subclinicals Controls
Y : (n=140) (n=57) | (n=36) (n=164) (n=111)
categories

| R
Analytical Cases Subclinicals Controls
categories (n=140) (n=221) (n=147)

Figure 4.1. Diagram of recruitment and study population. TZL cases were recruited from
veterinary clinics throughout the U.S. Lymphoma-free Golden Retrievers aged 9 years and
older were recruited from both veterinary clinics and the Canine Lifetime Health Project
database as the comparison group. All dogs recruited for the comparison group were tested via
flow cytometry for designation as either subclinical or control dogs. Recruitment strategies were
subsequently combined based on flow cytometric categorization to create 3 groups: cases,
subclinicals, and controls.

Case and control definition

Flow cytometric analysis of peripheral blood samples was used to diagnose dogs as
cases, subclinicals, or controls. Flow cytometry was carried out as previously described® and
samples were analyzed with the antibody combinations listed in Suppl. Table 3.1 using a 3-laser
Coulter Gallios (Beckman Coulter Inc., Brea, CA). All data analyses were conducted using
Kaluza Analysis Software (Beckman Coulter Inc., Brea, CA). Case definition included a
homogeneous expansion of CD5CD45" T cells as well as the presence of lymphocytosis (defined
as >5,000 lymphocytes/uL) and/or lymphadenopathy (Suppl. Figure 3.1A). Controls had no

history or clinical signs of a LPD (including no lymphadenopathy or lymphocytosis) and had no

73



population of CD5*CD45- T cells identified by flow cytometry (Suppl. Figure 3.1C). Subclinicals
also had no history or clinical signs of a LPD, but had a small population of CD5*CD45" T cells
on flow cytometry (>1% of total T cells) without the presence of a lymphocytosis or
lymphadenopathy (Suppl. Figure 3.1B). Our desired sample size was calculated to detect an OR
of 1.5-2.5, assuming exposure percentage of 30-50% among controls, a 2:1 ratio of controls to
cases, an alpha of 0.05, and 80% power. Using these parameters, we calculated an estimated 200
cases and 400 controls to detect an OR of 1.7, and as few as 80 cases and 160 controls to detect an
OR >2.0. Since the population of subclinical dogs was discovered while conducting this study,

they were not considered in our power calculations.

Data collection and exposure assessment

We developed a broad-based questionnaire, based on the Golden Retriever Lifetime
Study questionnaire,® to capture potential TZL risk factors and gain a better understanding of
our population demographics. Modifications to the existing questionnaire included altering
phrasing to capture the dog’s lifetime (vs. annual updates) and adjusting language about
medications and health history for a lay audience (vs. veterinarian). The resulting questionnaire
included 44 multi-part questions and was implemented online through SurveyMonkey®
(Suppl. Figure 4.2). Owners were instructed to complete the questionnaire within three months
of submission of the blood sample. Once initiated, it took an average of 14 minutes to complete.
Information ascertained included the dog’s health history (e.g. cancer, infectious diseases),
environmental exposures (e.g. time in rural areas, exposure to smoke), medications (e.g.

antihistamines, steroids, anti-inflammatories), signalment (age, sex, timing of spay/neuter, zip
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code of residence), preventive care (flea/heartworm preventives, dental care, vaccinations), and
diet (Suppl. Figure 4.1). All disease history information was obtained based on age at diagnosis
(categorized as <1 year of age, 1-3 years, 4-6 years, 7-10 years, or >10 years), but was collapsed
into ever/never diagnosed due to sparse data within categories. Health history variables were
left as broad categories unless we had a specific hypothesis to evaluate a sub-category.
Health history

Specific risk factors of interest included infectious diseases, allergic disorders,
autoimmune diseases, and inflammatory disorders that could cause chronic immune
stimulation. Among infectious diseases, we were particularly interested in history of parasitic or
nematode infection due to preliminary evidence from our lab that suggests TZL cells may be of
Th2 origin. This information was gathered as a history of “worms” in the questionnaire. All
other infectious diseases were collapsed into a single category. We evaluated bladder infections
separately from other infectious diseases because information about them was ascertained
within the category of urinary and reproductive conditions. Likewise, ear infections were
evaluated separately because they were ascertained among eye, ear, nose, and throat conditions.
Allergic and autoimmune disorders of interest included skin disease, vaccine reactions and
hypothyroidism. Due to the likely misclassification of types of skin diseases using owner report,
all skin diseases except mange were collapsed into one variable. A previous report® indicated
approximately 10% of TZL cases present with demodectic mange, leading to an a priori decision
to evaluate mange separately from other skin diseases. Inflammatory disorders of interest
included dental disease, eye disease, cardiovascular disease, gastrointestinal disease, and

orthopedic conditions. Uveitis was evaluated separately from other eye diseases because of the
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strong genetic component of this disease.!¢1%¢ In addition, orthopedic disease was split into
cruciate ligament rupture and “degenerative joint disease,” which included elbow and hip
dysplasia, intervertebral disc disease, and osteoarthritis, due to differences in underlying
diseases processes.

Environmental exposures

Environmental exposures were also of interest because of the hypothesized importance
of immune stimulation in the etiology of TZL. Exposure to rural environments, parks, lawn
chemicals, cigarette smoke, and chemicals were ascertained as daily, weekly, monthly,
occasionally, or never. Frequency of swimming in irrigation water/ponds/canals, lakes/streams,
or the ocean was ascertained using the same categories. For simplicity, and to avoid sparse cells,
these categories were collapsed as “frequent” vs. “infrequent”, with frequent comprising daily,
weekly, or monthly exposure and infrequent comprising occasional or null exposure.
Medications

Certain medications were of interest due to their ability to dampen the immune
response, and therefore possibly reduce the risk of TZL. Our main categories of interest
included antihistamines, non-steroidal anti-inflammatories, steroids, antibiotics,
immunosuppressants, and non-prescription supplements. Supplementation with omega-3s was
a hypothesized protective factor because of its anti-inflammatory properties,'¢*'”! so use of non-
prescription supplements was split into omega-3 and “other”.

Signalment
Sex and age at spay/neuter were of interest due to multiple recent papers indicating an

association of early spay/neuter and lymphoma.®" 172174 Age at spay/neuter was categorized as
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female spayed prior to 1 year of age (used as the reference), female spayed after 1 year of age (or
intact), male neutered prior to 1 year of age, and male neutered after 1 year of age (or intact).

Due to our recruitment strategy, we could not evaluate associations of TZL with age or
diagnoses of non-lymphoma cancers. Age was restricted to 9 years or older among the control
and subclinical populations, but younger cases were enrolled in the study, which resulted in a
difference in the age distribution for case and non-cases populations. In addition, there was an
overrepresentation of non-lymphoma cancers among control and subclinical populations using
both recruitment strategies. Since cases often came from cancer specialty clinics, the
corresponding clinic-recruited non-cases had non-lymphoma cancers, thereby skewing the
proportion of non-case dogs with cancers. In addition, many owners of database-recruited dogs
originally thought only dogs with cancer were allowed to participate in the study, also leading
to an overrepresentation of non-lymphoma cancers among this population.

Preventive care

We additionally asked numerous questions about preventive care in attempt to
understand the demographics of our population. These questions included use of flea and

heartworm preventives as well as vaccination frequency.

Statistical Analysis
Inclusion criteria were re-checked based on survey results, and non-case dogs whose
owners indicated they had been diagnosed with lymphoma or were <9 years old were excluded.

In addition, dogs were excluded if only the demographic portion of the survey was completed.
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A “missing” category was created for variables missing data for >5% of observations
(age at spay/neuter, Bordetella vaccination frequency, all medication use variables, exposure to
parks and rural environment, swimming in the ocean, irrigation water, or lakes/streams); all
other variables were binary. Data were summarized as frequency and percent or median and
range as appropriate.

Modeling strategy

As no prior research has been conducted investigating risk factors for TZL, we used a
data-driven approach to evaluate variables that fit our hypothesis. Univariable associations for
case vs. control and subclinical vs. control were calculated using logistic regression. We chose to
analyze subclinicals as a distinct group to evaluate whether their exposure levels were more
similar to cases or controls, or were intermediate between those groups. Variables were selected
for consideration for the multivariable model if they fell into any of the following categories: 1)
univariably significant at p<0.25 (using type 3 analysis of effects), 2) variable of concern based
on association with recruitment strategy (case vs. control analysis only), or 3) “reasonable”
variance (i.e. not near-zero variance; using nearZeroVar function in R’s caret package!”). All
variables that met the above criteria were put into a model and assessed for collinearity using
variance decomposition proportions and condition indices!”® prior to performing best subsets
regression (Figure 4.2). Indicator variables were created for best subsets regression. A consensus
model was then built using the variables deemed important by best subsets as well as their
required constituents (i.e. if only one indicator variable from a multi-level variable was chosen
by best subsets, all levels were included in the consensus model). Our goal was to choose a

consensus model with no more than one variable for every 10 participants in the smallest group
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(i.e. no more than 14 variables [14 degrees of freedom] in a model assessing 140 cases). Variables
were selected for the consensus model based on “tiers” until we reached the maximum degrees
of freedom. For instance, if our maximum degrees of freedom was 14 and the best 8-variable
model contained 10 degrees of freedom, we considered those variables “first tier”, the variables
from the best 10-variable model “second tier”, and the variables from the best 12-variable model

“third tier”, and so on until 14 degrees of freedom were reached.

Potential
indicator

of selection
bias?

Yes

Included in
best subsets

All variables

Univariably
significant at
p<0.25?

Near zero
variance?

Not considered
for best subsets

Figure 4.2. Flow chart of variable selection for multivariable modeling. All variables selected
to be included in best subsets were evaluated for collinearity before proceeding with best
subsets regression.

The consensus model was used as the “full” model and variables were eliminated in a
stepwise manner.7® At each step, 1) the variable with the highest, non-significant p-value (>0.05)
was removed, 2) confounding was assessed based on a >10% change in OR estimates from the

full model, and 3) a likelihood ratio test was used to compare the resulting model to the prior

model. This process was repeated until all variables were significant at p<0.05, removal of a

79



variable changed at least one OR by >10%, or the likelihood ratio test suggested the prior model
performed better than the reduced model.

Evaluation of recruitment bias

To determine whether there were systematic differences between database- and clinic-
recruited dogs in the comparison group, we conducted univariable analyses to assess the
association of recruitment strategy and each variable of interest among 1) subclinicals and 2)
controls. Fisher’s exact tests were calculated for all variables; variables significantly associated
with recruitment strategy (p<0.05) among both controls and subclinicals were noted as potential
indicators of recruitment bias for multivariable modeling. Recruitment strategy could not be
used as an indicator variable in case vs. control analyses because cases were only recruited
through clinics.

The concern for selection bias and rationale for including an indicator are shown in the
directed acyclic graph (DAG) (Figure 4.3). By virtue of the case-control design, TZL status is
associated with recruitment strategy. Thus, any exposure variable (labeled “Exposure 1” in
Figure 4.3) associated with recruitment strategy would cause recruitment to become a collider.
As such, there would be a collider bias in our analysis, imposing an association between TZL
and exposure 1. This could bias the association of any other exposure variables (i.e. “Exposure
2” in Figure 4.3) that are associated with exposure 1. To block this biasing path, exposure 1

would need to be included in the model.
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Figure 4.3. Directed acyclic graph showing potential recruitment bias. We are interested in
measuring the association of exposure 2 and TZL (green arrow). If exposure 1 is associated with
recruitment strategy in our study, when we condition on recruitment strategy (by analyzing
dogs enrolled in our study), we induce an association of TZL and exposure 1. If exposure 1 and
exposure 2 are also associated, we will have a biasing path from exposure 2 = exposure 1
TZL.

Sensitivity analyses

For our final models, we conducted sensitivity analyses to evaluate the impact of age
and non-lymphoma cancer on our results. First, we removed cases who were <9 years of age
and re-ran the case vs. control final model. Second, we removed all dogs (cases, subclinicals,
and controls) with diagnoses of non-lymphoma cancer and re-ran both case vs. control and
subclinical vs. control models.

This study was conducted with approval from the Colorado State University (CSU)
Institutional Animal Care and Use Committee. All data cleaning and analyses were conducted

using SAS 9.4 (Cary, NC). R (version 3.2.2) was used to calculate near-zero variance.
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Results
Participants

Owners of 805 dogs expressed interest in the Golden Years study. Of these, 46 did not
meet eligibility criteria (37 had history of or concurrent LPD other than TZL, 6 were non-cases
<9 years of age, 3 were not purebred Golden Retrievers), 246 were lost to follow-up (at least 12
dogs died before enrollment was completed), and five owners only completed the demographic
portion of the survey. In total, 508 dogs (140 cases, 221 subclinicals, 147 controls) were eligible
and completed enrollment (both a blood sample and owner-completed questionnaire). These
dogs represented at least 46 states (one unknown) and Canada (Figure 4.4). Descriptive statistics
for all variables, stratified by disease status, are shown in Table 4.1. The median age of the case
population was 10 years (range 7 - 15), compared to 11 years (range 9 - 18) for subclinicals and
10 years (range 9 - 15) for controls. Approximately 45% the population was male, independent
of diseases status. The majority of our population received multiple preventive care measures,
including flea and heartworm prevention (84% and 91% respectively) as well as regular rabies

vaccinations (93%).

# dogs enrolled
0
1-10

11-20

21-30
| B
W 050

Figure 4.4. State of residence for 508 dogs enrolled in the study. Not depicted: one dog that
resided in Alaska, two from Canada, one with unknown zip code of residence, and two with
invalid zip codes.
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Univariable results

Ten variables were significantly (p<0.05) associated with being an overt TZL case (vs.
control) (Table 4.1). Variables univariably associated with an increased risk of TZL included
history of or concurrent mange and vaccination frequency (receiving Distemper-Parvovirus
combination (DHPP) vaccination as directed and receiving Bordetella vaccination “frequently”).
Variables univariably associated with a decreased risk of TZL included age at spay/neuter,
history of or concurrent hypothyroidism, receiving non-prescription supplements (both omega-
3s and “other” supplements), frequent exposure to rural environments, and frequent swimming
in irrigation water or lakes/streams. Two variables (bladder infection and eye disease) were

significantly (p<0.05) associated with an increased risk of being subclinical (vs. control).

Case versus control modeling

Variables that met each criterion to be included in best subsets analysis are shown in
Figure 4.5. Twenty variables were considered in best subsets analysis. We assessed collinearity
for a model including all 20 variables; the highest condition index was 14.5, suggesting
collinearity was not a problem in this model. Based on the results from best subsets regression,
we divided variables into three “tiers” until we reached >14 degrees of freedom. The resulting
9-variable model (14df) was considered our “full” model. From there, our elimination strategy
removed frequency of swimming in lakes/streams, resulting in an 8-variable model (Figure 4.5).
Based on the likelihood ratio test, the full model did not perform significantly better than the
reduced model (p=0.15). Three variables in this model were borderline significant (p-value

between 0.05 and 0.06), but when the next variable (eye disease) was removed, there was
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concern for confounding as the effect estimates for two variables (bladder infection and mange)

changed by >10%.

Table 4.1. Distribution of variables, stratified by disease status and recruitment strategy.

Cases Controls Subclinicals
All All Database Clinic All Database Clinic
(n=140) (n=147) (n=111) (n=36) (n=221) (n=164) (n=57)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Age (years) median (range) o/ 10 (7-15) 10 (9 - 15) 10 (9 - 15) 11 (9-15) 11 (9-18) 10 (9-18) 11 (9-15)
Sex Female (vs. male) 0 76 (54%) 85 (58%) 67 (60%) 18 (50%) 120 (54%) 96 (59%) 24 (42%)
Age at spay/neuter Female <lyr 0| 45 (32%) 32 (22%) 23 (21%) 9 (25%) * 47 (21%) 32 (20%) 15 (26%)
Signalment Female>lyr 24 (17%) 48 (33%) 42 (38%) 6 (17%) 68 (31%) 61 (37%) 7 (13%)
Male<1lyr 35 (25%) 37 (25%) 26 (23%) 11 31%) 36 (16%) 18 (11%) 18 (32%)
Male>1yr 22 (16%) 23 (16%) 18 (16%) 5 (14%) 61 (28%) 47 (29%) 14 (25%)
Missing 14 (10%) 7 (5%) 2 (2%) 5 (14%) 9 (4%) 6 (4%) 3 (5%)
Flea preventives Ever (vs.never) 9] 116 (84%) 121 (83%) 92 (84%) 29 (83%) 180 (83%) 135 (84%) 45 (82%)
Heartworm preventives Ever (vs.never) 17} 124 (91%) 130 (92%) 100 (93%) 30 (88%) 191 (90%) 145 (91%) 46 (87%)
Rabies vaccination As directed (vs.not) 4} 128 (93%) 137 (94%) 104 (94%) 33 (94%) 205 (93%) 150 (91%) 55 (96%)
Preventive care DHPP vaccination As directed (vs. not) 8{ 119 (88%) 100 (68%) 70 (63%) 30 86%) * 145 (66%) 100 (62%) 45 (79%)
Bordetella vaccination Frequent (vs. not) 0 80 (57%) 70 (48%) 52 (47%) 18 (50%) 113 (51%) 78 (48%) 35 (61%)
Missing 13 (9%) 6 (4%) 3 (3%) 3 (8%) 10 (5%) 6 (4%) 4.(7%)
Teeth cleaned Ever (vs.never) 3 58 (42%) 64 (44%) 45 (41%) 19 (53%) 98 (45%) 70 (43%) 28 (49%)
Worms Yes (vs.no) 0] 17 (12%) 16 (11%) 12 (11%) 4 (11%) 28 (13%) 24 (15%) 4 (7%)
. . Bladder infection Yes (vs.no) 0 10 (7%) 5 (3%) 4 (4%) 1 (3%) 30 (14%) 23 (14%) 7 (12%)
Infectious diseases
Mange Yes (vs. no) 0l 16 (11%) 3 (2%) 1 (1%) 2 (6%) 5 (2%) 4 (2%) 1 2%)
Other infectious disease Yes (vs.no) 0 25 (18%) 35 (24%) 31 (28%) 4 (11%) * 52 (24%) 41 (25%) 11 (19%)
Eye disease Yes (vs. no) 1] 21 (15%) 14 (10%) 10 (9%) 4 (11%) 39 (18%) 32 (20%) 7 (12%)
Uveitis Yes (vs.no) 1 7 (5%) 7 (5%) 3 (3%) 4 (11%) 10 (5%) 7 (4%) 3 (5%)
Ear Infection Yes (vs. no) 1) 65 (46%) 53 (36%) 41 (37%) 12 (34%) 102 (46%) 73 (45%) 29 (51%)
Inflammatory Tooth or Gum disease Yes (vs.no) 17 22 (16%) 20 (14%) 15 (14%) 5 (14%) 27 (13%) 21 (13%) 6 (11%)
disorders Gastrointestinal disease Yes (vs. no) 0f 19 (14%) 12 (8%) 10 (9%) 2 (6%) 27 (12%) 18 (11%) 9 (16%)
Cruciate ligament rupture  Yes (vs.no) 0 8 (6%) 7 (5%) 5 (5%) 2 (6%) 9 (4%) 5 (3%) 4 (7%)
Degenerative joint disease Yes (vs.no) 0 22 (16%) 23 (16%) 19 (17%) 4 (11%) 41 (19%) 31 (19%) 10 (18%)
Non-mange skin disease Yes (vs.no) 0/ 60 (43%) 53 (36%) 38 (34%) 15 (42%) 89 (44%) 61 (37%) 28 (49%)
Vaccine reaction Ever (vs. never) 2 4 (3%) 12 (8%) 9 (8%) 3 (8%) 20 (9%) 16 (10%) 4 (7%)
Hypothyroid Yes (vs.no) 0 8 (6%) 24 (16%) 22 (20%) 2 (6%) 40 (18%) 33 (20%) 7 (12%)
) Other endocrine disorder ~ Yes (vs.no) 0 6 (4%) 2 (1%) 1 (1%) 1 (3%) 3 (1%) 2 (1%) 1 2%)
Other diseases
Cardiovascular disease Yes (vs.no) 0 6 (4%) 10 (7%) 8 (7%) 2 (6%) 13 (6%) 11 (7%) 2 (4%)
Non-lymphoma cancer Yes (vs.no) 0 21 (15%) 36 (24%) 25 (23%) 11 (31%) 55 (25%) 33 (20%) 22 (39%)
Antihistamines Ever (vs. never) 0| 56 (40%) 63 (43%) 49 (44%) 14 (39%) 106 (48%) 81 (49%) 25 (44%)
Missing 38 (27%) 35 (24%) 25 (23%) 10 (28%) 41 (19%) 29 (18%) 12 (21%)
Anti-inflammatories Ever (vs.never) 0/ 67 (48%) 87 (59%) 72 (65%) 15 (42%) * | 126 (57%) 94 (57%) 32 (56%)
Missing 32 (23%) 21 (14%) 13 (12%) 8 (22%) 35 (16%) 24 (15%) 11 (19%)
Steroids Ever (vs. never) 0 50 (36%) 45 (31%) 34 (31%) 11 (31%) 87 (39%) 69 (42%) 18 (32%)
Missing 40 (29%) 38 (26%) 28 (25%) 10 (28%) 44 (20%) 31 (19%) 13 (23%)
Medications  Antibiotics Ever (vs. never) 0 103 (74%) 118 (80%) 94 (85%) 24 (67%) * | 173 (78%) 130 (79%) 43 (75%)
Missing 25 (18%) 14 (10%) 6 (5%) 8 (22%) 29 (13%) 23 (14%) 6 (11%)
Immunosuppressants Ever (vs. never) 0 4 (3%) 8 (5%) 7 (6%) 1 (3%) 2 (1%) 2 (1%) 0 (0%)
Missing 64 (46%) 52 (35%) 35 (32%) 16 (44%) 84 (38%) 58 (35%) 26 (46%)
Omega-3s Yes (vs.no) 0 14 (10%) 34 (23%) 28 (25%) 6 (17%) 66 (30%) 52 (32%) 14 (25%)
Missing 30 (21%) 28 (19%) 21 (19%) 7 (19%) 32 (14%) 22 (13%) 10 (18%)
Other Supplement Yes (vs.no) 0 38 (27%) 67 (46%) 55 (50%) 12 (33%) 98 (44%) 71 (43%) 27 (47%)
Missing 30 (21%) 28 (19%) 21 (19%) 7 (19%) 32 (14%) 22 (13%) 10 (18%)
Lawn exposure Frequent (vs. not) 6 56 (41%) 72 (49%) 57 (51%) 15 (43%) 108 (50%) 83 (52%) 25 (44%)
Rural environment Frequent (vs. not) 0| 46 (33%) 72 (49%) 59 (53%) 13 (36%) 109 (49%) 85 (52%) 24 (42%)
Environmental Missing 6 (4%) 10 (7%) 6 (5%) 4 (11%) 8 (4%) 5 (3%) 3 (5%)
exposures Parks Frequent (vs. not) 0| 54 (39%) 52 (35%) 40 (36%) 12 (33%) 54 (39%) 33 (20%) 21 (37%)
Missing 6 (4%) 5 (3%) 2 (2%) 3 (8%) 12 (5%) 8 (5%) 4 (7%)
Tick on dog Ever (vs. never) 4 77 (55%) 93 (64%) 72 (65%) 21 (58%) 133 (61%) 98 (60%) 35 (63%)
Lawn chemicals Frequent (vs. not) 100 17 (13%) 9 (6%) 4 (4%) 5 (14%) * 20 (9%) 15 (9%) 5 (9%)
Toxins Cigarette smoke Frequent (vs. not) 16 3 (2%) 10 (7%) 9 (8%) 1 (3%) 10 (5%) 8 (5%) 2 (4%)
Paints/solvents Frequent (vs. not) 19 6 (5%) 3 (2%) 2 (2%) 1 (3%) 7 (3%) 5 (3%) 2 (4%)
Ocean Frequent (vs. not) 0 4 (3%) 1 (1%) 1 (1%) 0 (0%) 6 (3%) 4 (3%) 2 (4%)
Missing 35 (25%) 44 (30%) 35 (32%) 9 (25%) 75 (34%) 60 (37%) 15 (26%)
Swimming Irrigation water Frequent (vs. not) 0 5 (4%) 18 (12%) 17 (15%) 1 (3%) * 23 (10%) 16 (10%) 7 (12%)
Missing 10 (7%) 6 (4%) 3 (3%) 3 (8%) 19 (9%) 12 (7%) 7 (12%)
Lakes/streams Frequent (vs. not) 0 12 (9%) 27 (19%) 24 (22%) 3 (8%) * 29 (13%) 22 (13%) 7 (12%)
Missing 6 (4%) 8 (5%) 6 (5%) 2 (6%) 10 (5%) 6 (4%) 4 (7%)

*p<0.05 when comparing database-recruited to clinic-recruited by Fisher's exact test
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Subclinical vs. control model

Age

Signalment Sex (male vs. female)
Age of spay/neuter (vs. female <lyr)
Flea preventives (ever vs. never)

Heartworm preventives (ever vs. never)

P ive care  Rabies ination (as directed vs. not)
DHPP vaccination (as directed vs. not)

Bordetella vaccination (frequent vs. not)

Teeth cleaned (ever vs. never)

X 1 X X X Eye disease (yes vs. no)

Uveitis (yes vs. no)

1 X X X Ear infection (yes vs. no)

Tooth or Gum disease (yes vs. no)

1 X X X Gastrointestinal disease (yes vs. no)
Cruciate ligament rupture (yes vs. no)
Degenerative joint disease (yes vs. no}
Non-mange skin disease (yes vs. no)
Vaccine reaction (ever vs. never)
Hypothyroid (yes vs. no)
Other endocrine disorder (yes vs. no)

Other disease
Cardiovascular disease (yes vs. no}
Non-lymphoma cancer (yes vs. no)
Antihistamines (ever vs. never)
Anti-inflammatories (ever vs. never)

2 X X Steroids (ever vs. never)

Medications Antibiotics (ever vs. never)

X Immunosuppressants (ever vs. never)

Omega-3s (ever vs. never)

Other Supplement (ever vs. never)

Lawn Exposure (frequent vs. not)

1 Ruralenvi vs. not)

2 X X X PO Parks (frequent vs. not)
Tick on dog (ever vs. never)
Lawn chemicals (frequent vs. not)
Toxins Cigarette smoke (frequent vs. not)
Paints/solvents (frequent vs. not)
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Figure 4.5. Flow chart of variables selected based on criteria to be assessed in multivariable

modeling, best-subsets, and backward selection.
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Our final model indicated four inflammatory/infectious diseases were associated with
increased odds of TZL (Table 4.1; Figure 4.6). These diseases included history of or concurrent
mange (OR 5.5, 95% CI 1.4 - 21.1), bladder infection (OR 3.5, 95% CI 0.96 — 12.7), gastrointestinal
disease (OR 2.4, 95% CI 0.98 - 5.8), and eye disease (OR 2.3, 95% CI 0.97 — 5.2). These were
generally uncommon outcomes, with mange present in only 11% of TZL cases and 2% of
controls, bladder infection present in 7% of TZL cases and 3% of controls, gastrointestinal
disease present in 14% of cases and 8% of controls, and eye disease present in 15% of cases and
10% of controls. In addition, three variables were associated with significantly decreased odds
of TZL, including hypothyroidism (OR 0.25, 95% CI 0.10 - 0.66), receiving omega-3 supplements
(OR 0.29, 95% CI 0.13 — 0.63), and being a female spayed at >1 year of age (vs. <1 year) (OR 0.34,
95% CI 0.16 — 0.74). DHPP vaccination frequency was also significantly associated with

increased odds of TZL (OR 3.2, 95% CI 1.6 — 6.5).

-® Case @ Subclinical

Spayed >1yr _—
Age at spay/ Neutered >1 year — o —
neuter Neutered <1 yearH ®
_Unknown age at spay/neuter e
B Bladder infection 1 : o
Inflammatory/ .
) Eye disease 1 L
Infectious
. Mange 1 °
diseases o
- Gastrointestinal disease - R
B Omega-3 supplements -
Supplements ga-e stpp ¢
B Unknown supplements - ' e
Hypothyroidism{ e
DHPP as directed . °

01 02 05 10 20 50 10.0 20.0
Odds Ratio (95% Cl)

Figure 4.6. Final multivariable modeling results for case vs. control model and subclinical vs.
control model. ORs and 95% ClIs are shown in log scale.
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Subclinical versus control

Eight variables met the criteria to be considered in best subsets analysis (Figure 4.5).
Since these variables accounted for 14 degrees of freedom and our sample size allowed for 14,
we did not proceed with best subsets and instead included all variables in the initial full model.
When we assessed collinearity for this model, the highest condition index was 7.2, suggesting
collinearity was not present. Our elimination strategy removed all variables except bladder
infection, eye disease, and age at spay/neuter (Figures 4.5 and 4.6). Eye disease was borderline
significant (OR 1.9, 95% CI 0.99 — 3.75), but the likelihood ratio test suggested this model
performed better than the model without eye disease (p=0.048). Unlike the case vs. control
model, the difference in age at spay/neuter for subclinicals vs. controls appeared to be driven by
males neutered at >1 year of age (vs. females spayed at <1 year) (OR 2.2, 95% CI 1.1 - 4.4). In
addition, dogs with history of or concurrent bladder infections had a five times greater odds of
being subclinical (vs. control) (OR 5.1, 95% CI 1.9 — 13.7). Bladder infection and eye disease were
relatively uncommon in subclinicals, present in 14% and 18%, respectively (vs. 3% and 10% of

controls).

Systematic differences in recruitment strategy

For most variables, the proportion of dogs did not differ based on recruitment strategy
(Table 4.1). Only two variables differed significantly among both controls and subclinicals: age
at spay/neuter and DHPP vaccination. Differences in age at spay/neuter appeared to be largely
driven by a higher proportion of female database-recruited dogs being spayed at >1 year of age

(37% among database-recruited subclinicals vs. 13% and 17% among clinic-recruited [p=0.01]).
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However, information on timing of spay/neuter was more likely to be missing among clinic-
recruited controls (14% vs. 2% among database-recruited [p=0.04]). For DHPP vaccination
frequency, database-recruited dogs appeared less likely to be vaccinated as directed (62% and
63% among database-recruited subclinicals and controls vs. 79% and 86% among clinic-
recruited [p=0.02 for both comparisons]). Upon further investigation, this appeared to be driven
by an increased likelihood of these owners to use titers to dictate vaccination as opposed to a
conventional vaccination schedule.

Both DHPP vaccination frequency and age at spay/neuter were considered potential
markers of selection bias in our multivariable models for case vs. control. Once a final model
was chosen, we removed these variables one-by-one to determine if confounding existed. When
DHPP vaccination frequency was removed, ORs for spaying at >1 year of age, bladder infection,
hypothyroidism, and gastrointestinal disease changed by >10%. When age at spay/neuter was
removed, ORs for DHPP vaccination frequency, mange, and hypothyroidism changed by >10%.
Likelihood ratio tests suggested our chosen final model performed better than the models

without DHPP vaccination frequency (p=0.001) or age at spay/neuter (p=0.024).

Shared risk factors for cases and subclinicals

History of or concurrent bladder infection and eye disease were associated with
increased odds for being either a case or a subclinical (Figure 4.6). The individual ORs for cases
and subclinicals differed slightly, but the confidence intervals had substantial overlap. Eye
disease was a heterogeneous category comprised of cataracts, glaucoma, progressive retinal

atrophy or degeneration, and sudden-onset blindness. These individual outcomes were rare (1-
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3% of participants) except cataracts, which were present in 14% of cases, 15% of subclinicals,
and 9% of controls.

Mange and gastrointestinal disease were only included in the multivariable model for
cases and did not appear to be important predictors for subclinical vs. control analyses.
Gastrointestinal disease was univariably associated with subclinicals (p=0.22), but did not
remain significant in the multivariable setting. This was also a heterogeneous group of diseases,
including colitis, diarrhea, gastritis, and “other” gastrointestinal diseases. These outcomes were
generally evenly distributed, with each present in 1-5% of participants.

Age at spay/neuter was also significant for both models, but the category driving the
association differed. Being spayed at >1 year of age (vs. spayed <1 year of age) was associated
with decreased odds of being a case, whereas being neutered at >1 year of age was associated
with increased odds of being subclinical. Omega-3 supplements, hypothyroidism, and DHPP

vaccination frequency were only associated with risk among cases.

Sensitivity analyses

We removed 20 cases <9 years of age and saw no appreciable differences in effect
estimates or variable significance (Suppl. Table 4.1). Removal of 112 dogs with non-lymphoma
cancer (21 cases, 55 subclinicals, 36 controls) led to model instability, evidenced by large
confidence intervals (Suppl. Tables 4.1 and 4.2). However, effect estimates followed the same

trends.
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Discussion

The etiology of specific subtypes of PTCL remains unclear, but chronic antigen
stimulation is suspected to play a role. We undertook a large case-subclinical-control study of
TZL among Golden Retrievers to investigate the hypothesis that chronic inflammatory
conditions increase TZL risk. Our study found multiple inflammatory risk factors with diverse
mechanistic pathways were associated with an increased risk of TZL. Consistent with a prior
report,?® we found a significant association of mange and TZL. Additionally, in our
multivariable models, bladder infections and eye disease had borderline associations with both
TZL cases and subclinicals. The power to detect an association for bladder infections and eye
disease was low due to small sample sizes, but the consistency of these associations for both
cases and subclinicals gives us some confidence that these are biologically important
associations. We also noted a similar borderline increased risk with gastrointestinal disease and
TZL. Dogs who were administered omega-3 supplements, which may reduce inflammation,'”*
177179 had a decreased risk of TZL. Hypothyroidism, which can arise through autoimmune
mechanisms, 1% was also associated with a decreased risk of TZL. Consistent with prior
studies,®" 172 late spay (>1 year of age) was associated with a decreased risk of TZL. In contrast,
late neuter was associated with an increased risk of being subclinical.

The role of a chronic antigen stimulus in the development of PTCL has been suggested
by both laboratory and epidemiologic studies.> 1% It is believed that persistent stimulation of T
cells causes sustained proliferation, allowing accumulation of mutations that lead to lymphoma.

Prior studies have attempted to pinpoint a specific antigen or disease process responsible for
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lymphoma development, but have had limited success. We believe this suggests TZL may be

driven by persistent immune stimulation as a general process as opposed to a specific antigen.

Variables associated with increased TZL risk

Consistent with a prior report,® we found 11% of cases (n=16) had a recent or concurrent
diagnosis of mange, compared to three control dogs (2%) and five subclinical dogs (2%).
Because of the often concurrent diagnosis of mange and TZL, it is unclear whether mange is a
risk factor for TZL or whether TZL causes immunosuppression, making dogs susceptible to
mange. Unfortunately, we could not fully evaluate temporality in our dataset as we had wide
age categories that generally overlapped with age at diagnosis. Prospective studies would be
beneficial in elucidating the natural history of TZL and mange.

Bladder infections, more generally urinary tract infections (UTIs), are most commonly
bacterial in origin.!8! 182 Bacterial UTIs affect 14% of all dogs during their lifetime, making them
the most common infectious disease of dogs.1>#3 However, veterinary patients are often
asymptomatic and thus may go undiagnosed; studies have shown asymptomatic bacteriuria
may be present in 2-14% of dogs.!8* 1% This may also suggest that while UTIs are often an acute
finding, they may represent underlying chronic inflammation. To our knowledge, only one
study®® has evaluated UTIs (categorized as cystitis, prostatitis and pyelonephritis) as a risk
factor for human non-Hodgkin’s lymphoma (NHL), and found increased risk of prostatitis for
overall NHL, but not T-cell NHL. This may be a novel association for TZL, or perhaps may

reflect differences in UTI etiology for people and dogs. While UTIs are most common among
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spayed female dogs,'®” we believe bladder infection is an independent risk factor since our
multivariable models adjust for sex and neuter status.

Eye disease and gastrointestinal disease are crude categories that incorporate multiple
disease mechanisms. Gastrointestinal diseases were relatively evenly split across the specific
disease categories (colitis, diarrhea, gastritis). These categories are nonspecific and often
interrelated, so reliability of owner report may be poor. In general, gastrointestinal disease may
be acute or chronic and can thus represent many etiologies. Diarrhea, for example, is a
nonspecific diagnosis and can occur through numerous mechanisms, including infectious (e.g.
parasites, viruses, bacteria), toxic (e.g. pesticides, plants), inflammatory (e.g. inflammatory
bowel disease), and diet-related etiologies (e.g. indiscriminate eating, adverse reaction to food).
The chronic forms of gastrointestinal disease are typically inflammatory in origin, and thus may
play a more important role in TZL pathogenesis. However, multiple bouts of acute
gastrointestinal disease could also be a source of persistent immune perturbation. Prior
studies!®® 18 have found no association of ulcerative colitis, inflammatory bowel disease, or
gastroenteritis with overall human NHL, but the association may have been masked by using
overall NHL instead of specific T cell subtypes. Certain long-term gastrointestinal infections,
including Helicobacter pylori and Campylobacter jejuni have been associated with human mucosa-
associated lymphoid tissue lymphomas, '8! highlighting the possibility that these are subtype-
specific risk factors.

With regard to eye disease, association with TZL appears to be driven predominately by
cataracts in both cases and subclinicals. In dogs, cataracts are characterized by a vision-altering

opacity in the lens or its capsule that develops due to disruption of the lens fibers.192 1%
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Cataracts are most commonly an inherited disease, but can also form via trauma or secondary
to diabetes mellitus.’> 18 Lenticular sclerosis, which is caused by a normal increase in nuclear
density as dogs age, also causes a cloudy appearance to the eye®>!% and thus may be
misreported as cataracts by owners. As this study relies on owner-reported diagnoses, we are
unable to differentiate true cataracts from lenticular sclerosis. Both diseases are common in
older dogs (>9 years)!>!** and the mechanism by which they would influence TZL risk is
unclear. To our knowledge, no prior studies have assessed eye diseases as a risk factor for

lymphoma.

Variables associated with decreased TZL risk

Use of omega-3 supplements was associated with a decreased risk of TZL. Omega-3
supplementation may have anti-inflammatory and immunomodulatory effects,” 17717 so it is
possible that their supplementation can mediate the effects of inflammatory diseases. This
finding is in agreement with previous studies that suggest omega-3 supplementation is
associated with a decreased risk of human lymphoma!*> ! and can delay onset of T cell
lymphomas in mice.!”” In future studies, it would be valuable to ascertain detailed information
about omega-3 use, such as dose and duration of use. This would also aid in the ability to
evaluate effect modification of omega-3 use and inflammatory disorders.

In dogs, hypothyroidism is generally caused by destruction of the thyroid gland by
either lymphocytic thyroiditis (likely immune-mediated) or idiopathic atrophy.’*! Dogs with
hypothyroidism were significantly less likely to have TZL, which is in contrast to previous

studies that have found autoimmune disorders increase the risk of multiple lymphoma
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subtypes, including PTCLS® 6487, 18,1% However, the positive metabolic and growth-promoting
effects of thyroid hormone offer a plausible explanation for why this particular form of
autoimmune disease might be protective. Individuals with Hashimoto’s thyroiditis, a type of
human hypothyroidism, can develop primary thyroid lymphoma, although this outcome is
rare.!”” One study found a positive association of Hashimoto’s thyroiditis and overall human
NHL, which is in contrast to our findings.!® In general, dogs are only tested for hypothyroidism
if there is clinical suspicion, so dogs who were considered hypothyroid-free in our dataset may
have never been tested. We were not able to adjudicate hypothyroidism diagnosis in our
dataset. However, this is likely to be less of an issue in our study as this is a common disease in
Golden Retrievers and our owners are prudent about veterinary care, evidenced by high use of
preventive care measures (flea and heartworm prevention). In a medical record review of 50
hypothyroid-free dogs in our dataset, 12 (24%) had been tested and were negative. Overall, the
potential mechanism through which hypothyroidism may reduce TZL risk is still unclear, and

may require future laboratory studies.

Variables that may be indicators of selection bias

One concern with this study was potential selection bias resulting from the database-
recruited dogs. This population represents owners who are highly invested in Golden Retriever
health, many of whom show and/or breed Golden Retrievers. It is possible that this population
is not representative of the case source population with respect to exposures of interest, thereby

raising the concern of selection bias.
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We addressed this concern by conducting stratified analyses for all variables, and
suspected selection bias for variables with significant differences between recruitment strategies
(database vs. clinic) among both subclinicals and controls. Based on this criteria, DHPP
vaccination frequency and age at spay/neuter remain potential indicators of selection bias, but
we believe controlling for these variables reduced bias in our effect estimates (Figure 4.3).

A potential role of sex hormones is plausible based on prior research.® 72 Among female
dogs, spaying after 1 year of age resulted in a significantly decreased risk of TZL. This finding is
supported by recent evidence that late spay/neuter may reduce incidence of many diseases,
including lymphoma (non-significant reduction for females, significant reduction for males).®!
The finding that neutering after 1 year resulted in a significantly increased risk of being
subclinical is in contrast with prior lymphoma research; however, no studies have assessed risk
among subclinicals, which may reflect a pre-neoplastic state. While we expect male and female
sex hormones to act via different mechanismes, it is difficult to explain why they would affect
cases and subclinicals differently. One possible explanation is that this is a spurious finding due
to differences in comparison-group recruitment strategies, as anecdotal evidence suggests
database-recruited dogs were more likely to be breeding bitches who were spayed late or kept
intact. This would explain why late spay appeared associated in the case vs. control
comparison, but not in the subclinical vs. control comparison.

An association with vaccination status was not one we considered a priori. We suspect
DHPP vaccination frequency represents a selection bias in our control recruitment, as database-
recruited controls had a higher use of titers, and thus a decreased vaccination frequency. This

may also explain why only DHPP vaccination frequency was associated with TZL, as opposed
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to rabies vaccination frequency, which is dictated by state laws, and Bordetella vaccination
frequency, which is not a core vaccine and thus depends on the dog’s lifestyle and likelihood of
exposure.

Subclinical vs. control status was not known at the time of enrollment and survey
completion. Since the proportion of subclinicals and controls was equal among both recruitment
strategies (60% of database-recruited and 61% of clinic-recruited dogs were subclinical), we
hypothesize that any bias in recruitment strategy should affect both subclinicals and controls
equally, leading to unbiased effect estimates in subclinical vs. control models. Furthermore, an
indicator variable for recruitment strategy was not significantly associated with subclinical vs.
control status (data not shown; chi-square p=0.81), suggesting there were no systematic

differences by recruitment strategy for this comparison.

Factors not associated with TZL

There were many variables that fit our chronic inflammation hypothesis that were not
found to be associated in our study, including infectious diseases, skin disease, and
environmental exposures. These variables were significantly associated with TZL in the
univariable setting, but not in multivariable models, which could suggest they were highly
correlated with other variables or were poorly measured. Alternatively, it is possible these
variables do not play a role in TZL pathogenesis. Prior research has found inconsistent evidence
for associations of eczema, atopic dermatitis, hay fever, and allergy with human NHL and
PTCL,%200.201 50 it is unclear whether they have an etiologic role. A prior study found living or

working on a farm was inversely associated with human PTCL.!% It is possible that the hygiene
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hypothesis plays a role in this, dampening Th2 cell reactivity and thus decreasing the chance of
developing a lymphoproliferative disorder. From the human cancer literature, one study
indicated that as public hygiene conditions improve, childhood acute lymphoblastic leukemia
incidence increases.?”? Future investigations into these variables may be warranted as we cannot

confidently differentiate measurement error from a lack of biologic significance in our study.

Strengths and limitations

Prior epidemiologic studies of PTCL have been limited by small sample sizes, forcing
researchers to consider PTCL as a whole instead of evaluating subtype-specific risk factors. Our
study considers only one subtype of PTCL among a relatively genetically homogeneous
population, so we have a greater ability to detect risk factors. In addition, we use a
comprehensive questionnaire to evaluate disease history and environmental exposures,
allowing us to assess a greater scope of risk factors than prior studies. To our knowledge, this is
the largest study assessing subtype-specific risk factors for canine lymphoma.

Another strength of our study is the ability to rule out disease in the control population,
minimizing misclassification of disease. It is often not possible to rule out cancer in the control
population due to lack of screening tests or limited funding. However, we were able to test all
controls for the presence of TZL cells, thereby ruling out any undiagnosed cases. It is still
possible our control dogs will develop TZL later in life, but we have minimized that likelihood
by selecting older dogs and ruling out current disease. Because subclinicals have not previously

been described, there is no clear diagnostic criteria for this group of dogs. We chose a systematic
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flow cytometric cutpoint to minimize the number of subclinicals in the control group and
thereby maximize specificity.

Measurement error is a concern with self-reported questionnaires, especially because we
asked owners to recall exposures and disease histories over the course of their dog’s lifetime.
Since the questionnaire was long and comprehensive and owners did not know our exposure of
interest, we believe it is unlikely that there was extreme over- (or under-) reporting of our
exposures of interest. However, measurement error likely arose through the collapsing of
variables due to 1) sparseness of data and 2) our hypothesis that owners were unable to
distinguish between certain diseases. In both these circumstances, collapsing of variables led to
an inability to evaluate distinct disease mechanisms individually, which likely attenuated effect
estimates. It also restricted consideration of age at diagnosis for heath history variables to
incorporate a lag time to diagnosis of TZL. Future studies may be able to obtain larger sample
sizes and more detailed information, including veterinarian-confirmed diagnoses, for the

variables suggested to be important in our study.

Conclusions

Overall, this study contributes to the body of evidence that chronic immune stimulation
may be important in TZL pathogenesis. The ability to identify subclinicals poses a unique
opportunity to evaluate factors involved in progression from subclinical to case, and
prospective follow-up studies are warranted. Additionally, longitudinal studies such as the

Golden Retriever Lifetime Study,? will be paramount in furthering our understanding of the
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natural history of TZL, through obtaining detailed health and exposure histories over the course

of a dog’s life.
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CHAPTER 5: CONCLUSIONS

My overall goal of this dissertation was to investigate environmental and genetic risk
factors for mature, antigen-driven lymphoproliferative disorders using a canine model.
However, my wider-reaching goal was to contribute to the framework of canine cancer models
and begin to elucidate novel ways we can use dogs to further our understanding of both
mechanistic and epidemiologic aspects of human disease. As such, I will divide my conclusions
for this dissertation into these two parts. First, I will discuss what my research means in the
context of canine and human lymphoma research, specifically among mature, antigen-driven
subtypes. I will summarize key findings from each aim, questions that remain unanswered, and
discuss how they might inform future research. Second, I will discuss how this work furthers
the canine model. I will review important lessons I have learned through conducting this

research and considerations for future research using the canine model.

Conclusions in the context of lymphoma research

Despite the substantial burden of lymphoma, the etiology of most subtypes remains
unclear. Two indolent subtypes, B-CLL and TZL, are believed to arise from mature, antigen-
driven lymphocytes. Current research suggests both genetic and environmental factors play a
role in the etiology of these diseases. By studying these diseases in parallel, we can increase our
understanding of potential shared mechanisms underlying the development of indolent,

mature, antigen-driven lymphoproliferative disorders. We addressed this goal through three
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aims, under the hypothesis that human and canine lymphoproliferative disorders share risk
factors, clinical presentation, and prognosis.
e Aim 1: Describe canine B-CLL presentation, clinicopathologic findings, and breed
predisposition
e Aim 2: Identify genes associated with TZL in Golden Retrievers using a genome-wide
association study
e Aim 3: Examine the association of chronic inflammatory conditions and TZL using a

questionnaire-based case-control study

Aim 1: B-cell chronic lymphocytic leukemia

To establish the canine B-CLL model, we had three main objectives. First, we assessed
whether the clinical signs and laboratory findings are similar for canine and human B-CLL.
Second, we evaluated a potential breed predisposition for canine B-CLL. Third, we determined
whether any breeds have a unique B-CLL presentation. Below, I provide a brief rationale for
each objective, summarize key findings, and outline future directions.

Aim 1 Objective 1: Evaluate B-CLL as a model for human B-CLL

While we know canine B-CLL is cytologically equivalent to human B-CLL, little is
known about the actual clinical presentation. A first key step in evaluating canine B-CLL as a
model for human B-CLL is determining whether the disease presents similarly in patients with
regard to clinical signs and laboratory findings. To do this, we summarized physical
examination and clinicopathologic findings of 491 dogs at the time of B-CLL diagnosis. From

this analysis, we identified many similarities between canine and human B-CLL. For both, this
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is typically a disease of older individuals, with the average age at diagnosis 70 years in people?®
and 11 years in dogs. We saw that about half of dogs presented with lymphadenopathy and
splenomegaly, and about 30% with hepatomegaly. These clinical signs correspond to the human
Rai Stages I and II and are associated with a more favorable prognosis.!® Only about a quarter
of dogs presented with anemia, and less than 10% with thrombocytopenia, which are seen in
Rai Stages III and IV and confer a worse prognosis. As B-CLL is often an incidental diagnosis,?®
we expect most dogs to be diagnosed at an early stage of disease as suggested by these findings.
The main difference we saw between canine and human B-CLL is that human B-CLL is about
twice as common in males vs. females,2* 205 whereas we saw no sex difference in canine B-CLL.
We suspect this finding is due to spaying and neutering within our canine populations, but
further research needs to be conducted to evaluate how sex hormones influence B-CLL risk.

Overall, these findings indicate canine B-CLL has many similarities with human B-CLL,
suggesting it may be an appropriate model for future studies. A next key step in evaluating the
canine B-CLL model is to conduct follow-up cohort studies to gain a greater understanding of
prognostic factors and the natural history of canine B-CLL. Specifically, it would be informative
to determine whether clinical signs at presentation correlate with the same staging (and thus
outcome) as human B-CLL. We are currently conducting a follow-up study of a subset of dogs
included in this study to help address this knowledge gap.

Another next step in establishing the canine model is to evaluate whether canine and
human B-CLL share the same gene expression profile. Our laboratory is addressing this through
two studies. First, we conducted a NanoString (NanoString Technologies, Inc., Seattle, WA)

experiment using gene probes for genes known to be up- or down-regulated in human B-CLL.
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Preliminary data suggests at least 70% of these genes are also differentially expressed in the
same direction in canine B-CLL. Since this study design only allows evaluation of pre-selected
genes, we will also conduct an RNA-sequencing experiment for a more agnostic evaluation of
differentially expressed genes. This will allow us to identify any gene expression profiles that
are unique to canine B-CLL.

Aim 1 Obijective 2: Identify whether there is a breed predisposition for canine B-CLL

In people, first-degree relatives of B-CLL patients have an 8.5-fold higher risk for
developing the disease.!? However, a clear set of risk-associated genes has not been identified.
Since breeds of dogs represent genetically similar individuals, we hypothesized that genetic risk
for canine B-CLL would be evidenced by a breed predisposition. We found a significantly
increased odds of B-CLL among 10 small breed dogs (Bichon Frise, Boston Terrier, Cairn
Terrier, Cocker Spaniel, Dachshund, Jack Russell Terrier, Maltese, Pomeranian, Shih Tzu, and
Yorkshire Terrier) and two larger breeds (English Bulldog and Pit Bull).

By conducting genetic studies within one predisposed breed of dog, we may have an
enhanced ability to identify genetic risk factors. Our laboratory is in the early stages of planning
a GWAS in Shih Tzus for these purposes, and we have demonstrated the feasibility and utility
of conducting such studies in aim 2. The increased risk of B-CLL among small breed dogs
suggests the genetic risk factor may be related to breed size. It has been demonstrated that
almost half the variation in dog size can be explained by a few genetic variants.!'” 118 It is
possible that one of these genes is mechanistically involved in B-CLL pathogenesis.

Alternatively, genes associated with B-CLL may be near genes involved in dog size, causing
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them to often be inherited together. Results from a GWAS study will help elucidate potential
genes associated with B-CLL risk.

Aim 1 Obijective 3: Evaluate breed-specific patient presentation

As researchers have evaluated human B-CLL, it has become clear that there are discrete
prognostic subtypes that may reflect distinct risk factors. We were interested in whether specific
dog breeds may have unique presentations of B-CLL, potentially signifying genetically distinct
subtypes. As such, we compared patient presentation for the top six breeds with significantly
increased odds of B-CLL. Compared to mixed breed dogs, English Bulldogs presented at a
significantly younger age (6 years vs. 11 years). In addition, they had decreased expression of
class I MHC and CD25, which may indicate an immature phenotype.!'* 15 It is possible other
breeds have unique presentations of B-CLL, but additional analysis was not performed due to
limited sample size.

If English Bulldogs have an immature phenotype of B-CLL, we would expect a
shortened survival time. In human B-CLL, IgVumutational status is an important predictor of
overall survival, with unmutated IgVu genes conferring substantially reduced survival.'® Work
in our laboratory has indicated that Boxers with B-CLL are more likely to have unmutated IgVu
genes. Thus, a key goal of our follow-up study is to compare B-CLL survival for English
Bulldogs, Boxers, and “typical” B-CLL (represented by small breed dogs). We suspect survival
will be variable, as with human B-CLL, because a prior study found survival ranged from 30 to
1,000 days.® Results from this study will further establish the canine B-CLL model by showing

that dogs have similar prognostic factors to humans.
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For the NanoString and RNA sequencing experiments, we are also evaluating gene
expression differences for English Bulldogs and Boxers vs. “typical” B-CLL. Preliminary
principal components analysis of NanoString data shows these three groups form distinct
clusters, suggesting unique gene expression profiles. Genes upregulated in Boxers vs. English
Bulldogs were involved in cell proliferation and cell cycle, potentially indicating a more active
or aggressive phenotype. The RNA sequencing experiment will validate these differences and
may also identify unique genes that distinguish B-CLL subtypes. These experiments will
provide insights into the pathogenesis of B-CLL and how gene expression relates to phenotype
and prognosis.

If evidence continues to support Boxers having an aggressive, unmutated B-CLL
subtype, we will conduct a GWAS within this breed. This could provide a unique opportunity
to evaluate heritable risk for an aggressive B-CLL subtype that has been difficult to evaluate in
human populations, in part due to their genetic diversity.

Aim 1 Summary

Since B-CLL is relatively common in people, its pathogenesis, treatment, and prognosis
is better understood than TZL. However, as researchers have investigated B-CLL, they have
identified prognostic subtypes that may reflect distinct risk factors. By establishing the canine B-
CLL model and determining breed predisposition, we can target breeds for future analyses,
enhancing our ability to identify genes of interest. In addition, identifying breed-specific
subtypes can enable easier identification of study subjects and increased power for genetic and

epidemiologic analyses. Findings from these studies are also valuable for veterinary medicine,
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as it is important to identify dogs who will have a poor prognosis so we can treat them

appropriately.

Aims 2 and 3: T zone lymphoma

Research on the pathogenesis of human B cell lymphomas has been crucial in
developing improved diagnostics and treatments.> However, our understanding of human T
cell lymphomagenesis is lagging behind, largely due to the heterogeneity of T cell lymphomas
and low incidence of individual subtypes. Due to small sample sizes, epidemiologic studies
have been forced to evaluate PTCL as a whole, instead of investigating individual subtypes
independently. This leads to biased results and an inability to differentiate risk factors for each
subtype. Since T cell lymphomas are comparatively more common in dogs (35% of lymphomas
vs 9% in humans),?! we can attain larger sample sizes in our canine populations than we can
with people. Thus, using the canine model is an important first step toward reaching adequate
sample sizes to assess PTCL subtype-specific risk factors.

Aims 2 and 3 investigated genetic and environmental risk factors for one PTCL subtype,
TZL, among a genetically homogeneous population (Golden Retrievers), thereby increasing our
ability to identify key etiologic factors. We hypothesized that a genetic risk factor predisposes dogs to
TZL, but chronic inflammation is necessary for progression to clinical disease (Figure 5.1). The study
population used for these aims was a case-subclinical-control study of 508 Golden Retrievers
aged 9 years and older. All owners completed a questionnaire for use in the aim 3 risk factor

analysis; a subpopulation of 360 dogs were genotyped for the GWAS in aim 2. Conclusions for
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these aims are divided into 1) findings regarding genetic and environmental risk for TZL, and 2)

how our findings contribute to our understanding of subclinical dogs.
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Figure 5.1. Hypothesized origin of TZL.

Aims 2 and 3 Objective 1: Evaluate genetic and environmental risk factors for TZL

Objective 1a: GWAS (aim 2) findings

Over 40% of TZL cases occur in Golden Retrievers,® suggesting a genetic component of
this disease. Using a GWAS, we identified two main association signals, one on chromosome 8
and the other on chromosome 14. Targeted resequencing identified five coding mutations
within three hyaluronidase genes clustered on chromosome 14, one of which was predicted to
be possibly damaging. We did not identify a clear coding mutation on the chromosome 8 peak,
but potential pathways implicated include vesicle trafficking; alterations in this pathway could
impact antigen presentation or lead to accumulation of misfolded proteins. Additionally, we
identified mutations that could influence thyroid hormone regulation.

Our chromosome 14 findings indicate a potential role of hyaluronidases in TZL
pathogenesis. Hyaluronan breakdown has been associated with pro-inflammatory and pro-
oncogenic byproducts, so the association with TZL is biologically plausible. This finding is
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particularly interesting because the coding mutations we identified were shared with a recent
paper of mast cell tumors in Golden Retrievers.!?® Follow-up laboratory work is essential to
better understand the functional consequence of these mutations and thereby how they may
influence disease risk. Using immunohistochemistry, Arendt et al.!?® found increased
hyaluronan staining in mast cell tumor samples compared to normal skin and pannicular fat.
Likewise, it would be informative to measure both hyaluronidase and hyaluronan levels in
tumor vs. normal tissue of TZL cases.

We conducted a NanoString experiment to assess expression of SPAM1 and HYAL4
among a separate population of TZL cases and controls (not limited to Golden Retrievers) and
preliminary analysis suggests no significant difference. However, there may be downstream
changes not captured in our NanoString experiment. RNA sequencing may be useful to identify
other differentially expressed genes, particularly those that may be markers of an inflammatory
response. We are also interested in quantifying high vs. low molecular weight hyaluronan in
TZL cases and controls, as increased levels of high molecular weight hyaluronan have been
deemed important in cancer resistance among naked mole rats.!

Our chromosome 8 targeted resequencing did not implicate one particular gene, but
suggested pathways which may be important. Our NanoString experiment also assessed
expression of SEL1L, STON2, CEP128, and TSHR. Preliminary analysis suggests TZL cases
have significantly decreased SEL1L expression and significantly increased STON2 expression.
Decreased SEL1L expression could lead to a reduced ability to breakdown misfolded proteins,
ultimately causing endoplasmic reticulum stress and an unfolded protein response.?’ 27 Future

work could involve measuring biomarkers of this pathway in both TZL cases and controls to
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assess their role in TZL pathogenesis. Increased STON2 expression could alter antigen
trafficking and expression by antigen presenting cells.!® This could subsequently alter T cell
activation, promoting lymphomagenesis. Measuring biomarkers to T cell activation could
provide insight into this potential mechanism, although prospective analysis would be
necessary to differentiate whether T cells are activated as a consequence of neoplastic
transformation or whether activation played a role in initiating neoplastic transformation. As
numerous pathways are plausible based on our chromosome 8 findings, a full RNA sequencing
experiment may help distinguish which pathways are dysregulated.

This GWAS study provided insight into potential mechanisms underlying TZL
pathogenesis. Future work can build upon our results, further investigating these mechanisms
and better understanding the pathophysiology leading to disease. On a larger scale, the ability
to narrow down specific pathways involved in TZL pathogenesis could ultimately inform
development of therapeutics to better treat this disease.

Objective 1b: Questionnaire (aim 3) findings

We hypothesized that chronic antigen stimulation is important in TZL pathogenesis.
Thus, we conducted a questionnaire-based analysis evaluating diseases and exposures that
could cause chronic inflammation. We found multiple inflammatory risk factors, including
bladder infection, mange, eye disease, and gastrointestinal disease increase TZL risk. In
addition, use of omega-3 supplements,”*- 17717 which reduce inflammation and have
immunomodulatory effects, reduced TZL risk. We also found hypothyroidism, generally

believed to be an autoimmune disease,!¢! 18 reduced TZL risk.
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Since our findings were largely owner-reported health-related risk factors, a prudent
next step would be adjudicating these diagnoses with medical records. This would give us more
detailed diagnostic information and allow us to group diseases by potential mechanistic
pathway for further analysis. Additionally, we could better evaluate timing of associated
disease diagnosis, particularly in the context of timing of TZL diagnosis. There also may be a
critical window of exposure to environmental toxicants that was unable to be evaluated in our
study. A prospective study, such as the Golden Retriever Lifetime Study, could provide insight
into timing and dose of exposures as they relate to TZL development. Prospective studies also
enable more efficient data ascertainment as they are not subject to recall bias or missing data
due to inability to obtain medical records retrospectively. Additionally, results from NanoString
and RNA sequencing experiments may help elucidate the potential mechanisms by which
associated inflammatory conditions may influence TZL risk.

We were unable to determine whether the observed associations with DHPP and age at
spay/neuter were true associations or due to a systematic bias from control recruitment
strategies. Future studies may be able to differentiate this by using a control series that better
represents the source population of cases. Our clinic-recruited control series likely would have
provided unbiased effect estimates, but our sample size was too limited to only use this
population. It is worth noting, however, that there was no difference in DHPP vaccination
frequency or percent of females spayed at >1 year of age between cases (88% received DHPP as
directed, 17% spayed >lyear) and clinic-recruited controls (86% received DHPP as directed, 17%

spayed >1 year).
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With respect to veterinary medicine, results from aim 3 could be used to identify dogs
who may be at a higher risk of TZL. Our findings suggest omega-3 supplementation could help
reduce TZL risk, however more research is needed to replicate this finding and to determine the
required dose. We are particularly interested in, and are currently in the process of, following
dogs with TZL over time to determine overall survival and natural history of disease. Prior
studies have indicated median survival is long (>2 years) regardless of treatment,*2® so we
hypothesize cases ultimately die of non-TZL-related causes. However, preliminary owner-
reported data suggests a handful of cases have been euthanized due to chronic infections. It is
possible TZL leads to immunosuppression, leading to chronic, unresolving infections. We hope
our large follow-up study will help inform veterinarians and owners about what to expect
when a dog is diagnosed with TZL.

Objective 1c: Tying together GWAS (aim 2) and questionnaire (aim 3) findings

Both aims 2 and 3 implicated a potential role of inflammation in TZL pathogenesis, in
line with our original hypothesis (Figure 5.1). Multiple inflammatory risk factors, including
bladder infection, mange, eye disease, and gastrointestinal disease were found to be associated
with TZL in aim 3. Aim 2 also implicated potential inflammatory pathways on both
chromosome 8 and 14. Alterations in hyaluronidase genes could cause inflammation through
increased hyaluronan breakdown.# 141 Additionally, hyaluronan can directly stimulate the
inflammasome. Altered regulation of SEL1L and STON2 can cause endoplasmic reticulum
stress, which can increase transcription of pro-inflammatory cytokines and additionally activate
the inflammasome.?’* 27 [t is plausible that inflammation due to genetic changes could

predispose development of the inflammatory diseases we found to be associated with TZL in
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aim 3, and those may thus either be intermediates in the path to TZL development (Figure 5.2a)
or simply descendants of the same ancestor (Figure 5.2b). Prospective studies would help
differentiate between these alternatives. The protective association of omega-3
supplementations observed in aim 3 is also in line with an important role of inflammation, as
omega-3 supplements reduce inflammation.!”! 7717 Future work should investigate the
interaction of omega-3s with identified genetic and environmental factors to determine whether
it has potential as a therapeutic.

While TZL and mast cell tumors share variants in hyaluronidase genes, we did not see
an increased risk of mast cell tumors among dogs with TZL. This may suggest that
hyaluronidase mutations predispose dogs to cancer, but different environmental stimuli
influence which cancer the dog will ultimately develop. Conducting a mast cell tumor case-
control questionnaire analysis like that in aim 3 could help identify factors that may drive dogs
to develop mast cell tumor vs. TZL.

Alterations in T cell activation through changes in vesicle trafficking could influence
development of many other diseases. Development of autoreactivity, for example, could lead to
hypothyroidism or inflammatory bowel disease.!¢!- 180208 Additionally, decreased T cell function
could predispose dogs to infectious diseases, such as bladder infection or mange. The same
potential interplay of variables discussed with inflammation is thus possible with T cell
activation, where health disorders may either be intermediates on the causal path (Figure 5.2c)
or descendants of the same ancestor (Figure 5.2d). Omega-3 supplementation could likewise
influence these pathways through its immunomodulatory effects.’””-1° Biologic interaction could

also play a role, where the combination of altered T cell activation and inflammatory disorders
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leads to increased risk of TZL development. A greater understanding of both biologic

mechanisms and the natural history of TZL is necessary to tease apart these relationships.
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Figure 5.2. Directed acyclic graphs (DAGs) explaining potential relationship between aim 2
and 3 findings. (A) Genetic changes lead to chronic inflammation, which predispose dogs to
inflammatory diseases and subsequently TZL; omega-3 supplements can reduce inflammatory
responses. (B) Genetic changes lead to chronic inflammation, which predisposes dogs to both
inflammatory diseases and TZL; no causal relationship exists between inflammatory diseases
and TZL. (C) Genetic changes lead to alterations in T cell activation, which predisposes dogs to
autoimmune disorders and/or infectious diseases; these diseases play a role in TZL
pathogenesis. Omega-3 supplements can have immunomodulatory effects, altering T cell
activation. (D) Genetic changes lead to alterations in T cell activation, which predisposes dogs to
both health disorders and TZL; no causal path exits between the health disorders and TZL.
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Lastly, the parallel finding of a hypothyroidism association in aim 3 and a GWAS
association near genes involved in thyroid hormone regulation (DIO2 and TSHR) is worth
noting. While we did not find any coding mutations in these genes, there is the potential for
regulatory changes that are not yet understood. We conducted a LiftOver of this region to the
human genome, and determined some mutations were in regions predicted to be regulatory for
human DIO2. Unfortunately, the LiftOver for the TSHR region was poor and most SNPs did not
map to the human genome, hindering our ability to evaluate TSHR regulatory elements.
Thyroid hormone is important in many functions throughout the body, and thus levels are
intricately managed.1%22 Activity of deiodinase 2, the product of DIO2, is known to be
regulated by endoplasmic reticulum stress.!** As such changes in SEL1L or STON2 could have
downstream impacts on levels of T3, the active form of thyroid hormone.

As thyroid hormone plays an important role in cell growth and metabolism, it is
possible that lack of this hormone may decrease T cell proliferation and therefore help prevent
the development of TZL. It would be informative to conduct in vitro studies to assess the
influence of thyroid hormone levels on T cell proliferation and development. We could also
assess T cell function at the time of hypothyroidism diagnosis (i.e. before treatment with
exogenous thyroid hormone) compared to normal dogs to determine whether there are changes
in T cell activation. It is alternatively possible that the observed association is due to
hypothyroidism therapeutics as opposed to the disease itself. Pharmaceutical researchers
should evaluate whether there are differences between exogenous and endogenous thyroid

hormone which may confer protection against TZL.
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Overall, aims 2 and 3 support the hypothesis that chronic inflammation has an etiologic
role in TZL. More research is necessary to validate and elucidate this finding. If these findings
are replicated, it may indicate that veterinarians should more closely monitor dogs with signs of
chronic inflammation. Additionally, research on potential therapeutic benefits of anti-
inflammatory medications may be warranted.

Aims 2 and 3 Objective 1 Summary

Findings from aims 2 and 3 may help elucidate potential mechanisms behind TZL
lymphomagenesis, guiding future research to improve diagnostics and treatments. Ideally, we
would confirm our findings in a human TZL population to demonstrate this research is
translatable. However, TZL is incredibly rare in people,® so it may be difficult to establish
whether our canine TZL findings are translatable to human TZL. Nevertheless, these studies
demonstrated that it is feasible to conduct epidemiological studies in a specific subtype of T cell
lymphoma, and thus may provide a broader impact in the understanding of T cell lymphomas.
In particular, we could build upon this work by applying a similar study design to the more
aggressive PTCL subtype seen in dogs. This subtype is likely more reflective of the aggressive
PTCL that afflicts people and thus may be a more impactful model to understand human
lymphoma.

Aims 2 and 3 Objective 2: Where do subclinicals fit into the picture?

When we began this study, we knew we could identify small amounts of CD45 T cells in
the blood of Golden Retrievers, but we were unsure how common they were among aged
Golden Retrievers. This led to our hypothesis that the presence of CD45 T cells was likely

dictated by a genetic risk factor and that progression to clinically apparent TZL required an
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environmental stimulus, such as chronic antigen stimulation (Figure 5.1). Due to the case-
control design, we were not able to directly evaluate the timing of these factors with respect to
progression in this study. However, our results can provide mechanistic insights for future
studies. We predicted a genetic risk factor was responsible for the presence of TZL cells, and
thus that cases and subclinical cases would share the same genetic risk factors in aim 2. We then
predicted that a chronic antigen stimulus was required for these cells to progress to clinical
disease, and thus that in aim 3 inflammatory disorders would appear as a risk factor among
cases, but not among subclinical cases. Despite these predictions, we used a data-driven
approach in our analyses to agnostically determine whether to consider subclinicals
independently or combine them with either cases or controls.

Among human lymphoproliferative disorders, only B cell lymphoma precursors have
been identified, including monoclonal gammopathy of undetermined significance and
monoclonal B cell lymphocytosis (MBL).21 21! The identification of a TZL precursor opens many
doors in research, from following patients prospectively to understand how and why the
disease progresses to developing screening tools to intervene early in the disease process. This
dissertation provides the basis to conduct such studies in T cell lymphomas.

Objective 2a: GWAS-related findings (aim 2)

We believe subclinicals represent a pre-neoplastic state, so this state must precede
development of overt TZL. This is seen in MBL, where MBL always precedes B-CLL,?? although
overall risk of transformation is low (1-2% per year).?!* SNPs associated with B-CLL are also
associated with MBL,?" congruent with the belief that they are two stages of the same disease.

Similarly, we predicted a genetic risk factor was responsible for the presence of TZL cells. As
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such, we expected cases and subclinicals would share the same genetic risk factors. However,
we found no significant differences between subclinicals and controls in our GWAS analysis.
Thus, our findings may represent genes associated with susceptibility for developing overt TZL
as opposed to risk factors for developing TZL cells.

There are three possible explanations for our inability to differentiate subclinicals and
controls in our study. First, it is possible that the genetic risk factor for developing CD45 T cells
is shared among all Golden Retrievers, making it impossible to identify within our dataset. In
the canine genome, it is possible to get sections of DNA that are completely homozygous within
a breed, which is evidenced by the number of SNPs with a fixed minor allele frequency. Future
work could involve conducting pathway analysis for genes within the regions of high
homozygosity in Golden Retrievers to determine if any pathways are biologically plausible for
the presence of CD45 T cells. Additionally, conducting a GWAS in another breed of dogs that
commonly develop TZL, such as Shih Tzus, may help identify a shared region of homozygosity.
If Shih Tzus do not have a shared region of homozygosity, we may be able to identify a
significantly associated peak in Shih Tzus that corresponds to a homozygous region in Golden
Retrievers.

Second, it is possible that the associated genetic differences, while present, may not be
identified within a GWAS study. The evaluation of heritable risk for a disease is complex, and a
GWAS cannot capture the full complexity. Whole genome sequencing or whole exome
sequencing may be warranted to better identify the associated region. Additionally, it is

possible that multiple genes interact to confer risk of developing CD45 T cells. If this is the case,
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novel statistical methods and increased sample sizes may be needed to identify important
genes.

Third, it is possible that a biological process, perhaps due to an environmental exposure
that the majority of Golden Retrievers encounter, causes downregulation of CD45 on T cells and
only dogs with the genetic risk factors identified in our study are susceptible to TZL
progression. This seems like the least plausible explanation for our findings, as it is difficult to
hypothesize an environmental factor that would be shared by such a large, dispersed
population.

Objective 2b: Survey-related findings (aim 3)

For aim 3 analyses, we chose to analyze subclinicals as a separate group because we
identified statistically significant differences when compared to cases and controls. We found
bladder infection, eye disease, and being a male neutered at >1 year of age were all associated
with an increased risk of being subclinical. Eye disease and bladder infection were also risk
factors for TZL. While we cannot evaluate temporality from our analyses, we hypothesize that
variables associated with TZL but not subclinicals might be factors involved in progression.
Likewise, it is possible that omega-3 supplementation, which was associated with a decreased
risk of TZL, may be used to prevent progression among dogs with CD45 T cells.

Key next steps involve following subclinicals prospectively to understand the natural
history of disease. This project is currently underway in our laboratory, and will help answer
fundamental questions including the overall risk of progression, average time to progression,
and clinical signs associated with progression. This information is essential to determine the

health relevance and burden of subclinicals. From a veterinary perspective, this information can
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better inform clinicians and clients what to expect if their dog has subclinical CD45 T cell levels.
In addition, it can be used to develop guidelines for frequency of re-evaluation among these
dogs.

Follow-up of our subclinical population can also be used to identify risk factors for TZL
progression. As part of our follow-up study, we are obtaining owner-reported health updates
and terminal medical records for use in these purposes. This will help us establish temporality
of specific risk factors, particularly mange. Understanding risk factors for TZL progression is an
important first step in reducing the burden of this disease. If the risk factors we identify are
preventable, we could help decrease the occurrence of progression by instructing owners to
avoid certain exposures. Non-preventable risk factors are also valuable because they can help us
identify dogs who may need to be monitored more closely or potentially treated sooner.

Additional laboratory-based studies of interest include evaluation of cytokine levels,
particularly Th2-related cytokines, at various time points from initial identification of CD45 T
cells to TZL progression. This may help elucidate subtle inflammatory changes involved in
progression that may not be clinically apparent. In addition, it would be informative to conduct
RNA sequencing experiments comparing CD45-T cells in subclinicals vs. cases. Differences in
gene expression may elucidate important changes necessary for progression and could
ultimately be used to help identify dogs at higher risk of progressing to overt TZL.

Other subclinical considerations

Our laboratory conducted a study to determine whether the presence of CD45T cells is
unique to Golden Retrievers or simply a common finding in older dogs (Hughes et al.,

manuscript under review). We discovered these cells are significantly more common in Golden
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Retrievers than other breeds. However, we did not evaluate other breeds that commonly
develop TZL, such as Shih Tzus. It would be informative to conduct a study to determine
whether all breeds that commonly get TZL have a high prevalence of subclinicals, or whether
Golden Retrievers are unique. This information could also inform expected results for a GWAS
in Shih Tzus; if the prevalence of subclinicals is much lower, we may expect to find a separate
associated peak instead of a shared homozygous region.

Additionally, determining the age dogs tend to develop CD45 T cells and whether there
are risk factors for the initial appearance of these cells would help elucidate TZL etiology. A
prospective study such as the Golden Retriever Lifetime Study could be used to sequentially
test for the presence CD45 T cells and determine the average age at appearance. The
questionnaire and medical data they obtain could subsequently be used to evaluate risk factors
for the presence of CD45 T cells.

Aims 2 and 3 Objective 2 Summary

A clearer understanding of subclinicals could inform future development of biomarkers
to identify dogs that should have more intensive clinical supervision. In addition, gene
expression findings could be used to develop more effective treatments, either to target genes
important in malignant transformation and progression, or to better target malignant cells in
overt cases.

Aims 2 and 3 Summary

While findings from these studies cannot directly evaluate TZL pathogenesis, they
provide insights for future studies. We identified risk factors unique to cases (mange,

gastrointestinal disease, genetic variants on chromosomes 8 and 14) that may reflect risk for
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progression from subclinical to case. Additionally, we found that hypothyroidism and omega-3
supplementation may prevent that progression. We also identified factors that may be
associated with risk of developing CD45 T cells, including eye disease and bladder infection.
We suspect there are additional genetic factors associated with risk of developing CD45 T cells
that we were not able to identify in our GWAS study. These findings are summarized in Figure

5.3 below.

Gastrointestinal
disease, mange,
genetic factors

Eye disease l

Omega-3
supplementation,
hypothyroidism

Bladder
infection,

Figure 5.3. Potential interpretation of results in the context of TZL pathogenesis.

The canine cancer model

While the canine lymphoma model has been accepted for over a decade, the potential for
epidemiologic impacts has largely been untapped. In this dissertation, we utilized canine
populations to demonstrate novel uses of the canine model. In particular, we have
demonstrated the feasibility of conducting observational epidemiologic studies through both
national laboratories and nationwide case-control study recruitment. In this section, I will
review important considerations learned through conducting these studies and how they can

inform future canine epidemiologic studies. Specifically, I will highlight:
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- Feasibility, strengths, and limitations of using national laboratories to conduct
surveillance-type cancer studies (aim 1)

- Considerations when conducting canine GWAS and thoughts about the future of canine
genetic studies (aim 2)

- Feasibility of conducting survey-based observational epidemiology in canine
populations (aim 3)

- Strengths and limitations of clinic and database recruitment strategies for case-control

studies (aim 3)

Aim 1

Conducting large-scale surveillance-type cancer studies in dogs is logistically more
difficult than in humans. In people, there are many programs that work to gather data on an
ongoing basis for the purposes of cancer surveillance. Programs such as the Surveillance,
Epidemiology, and End Results Program (SEER; https://seer.cancer.gov/) provide publically
available population-based data on demographics, tumor characteristics (i.e. grade, stage), and
survival. SEER also links with U.S. mortality and population data to calculate incidence and
compare trends over time. In addition, the National Cancer Database
(https://www.facs.org/quality-programs/cancer/ncdb) is a hospital-based cancer registry in which
data are collected by trained registrars. This database provides detailed tumor, treatment, and
demographic information and is believed to represent more than 70% of newly diagnosed
cancer cases in the U.S. In veterinary medicine, we do not have a systematic way to capture new

cases nor do we have an ongoing census to provide a denominator for incidence or prevalence
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calculations. Attempts have been made to provide similar infrastructure for canine populations,
but have largely been unsuccessful.#” The Veterinary Medical Database is the longest-running
registry and contains data on >500,000 patients since 1996 (https://vmdb.org/). Unfortunately,
currently very few hospitals submit data, so the representativeness is limited.

We do, however, have large national laboratories, such as IDEXX
(https://www.idexx.com/small-animal-health/index.html) and Antech
(http://www.antechdiagnostics.com), that obtain canine tumor samples from throughout the
U.S. For studies that have a descriptive epidemiologic basis, such as our aim 1 analysis, these
laboratories may provide the most comprehensive study population. The Clinical Immunology
Laboratory database is similarly comprehensive, although the scope is smaller in that only
lymphoproliferative diseases are represented. One of the major benefits of the Clinical
Immunology Laboratory is the ability to readily obtain data on patient presentation for a large
population of dogs with one subtype of lymphoma. This population can also form the basis for
prognostic studies, either prospectively or retrospectively.

One of the most important considerations when conducting an analysis like our breed
comparison in aim 1 is the choice of a reference group. Most diagnostic laboratories only obtain
data from sick animals, so the typical case-control comparison where controls are free of disease
is not valid. By nature of the contingency table used when calculating an odds ratio, we have
two comparisons: 1) the reference disease, and 2) the reference breed. When using the Clinical
Immunology Laboratory database, our choice of a reference disease is limited, as it must be
another lymphoproliferative disease. Evidence suggests certain lymphoma subtypes have a

breed predisposition, so care must be taken when choosing a reference subtype as this can skew
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results. We chose all non-CLL LPDs as our comparison group, as we suspect the effect of
subtype-specific breed predispositions may be attenuated by combining all subtypes. Recent
data from our laboratory shows this may be the case as the overall proportion of breeds in our
database closely reflects American Kennel Club breed registration. Thus, our calculated odds of
B-CLL (vs. non-CLL LPD) within each breed may be a relatively unbiased estimate of the
overall odds of B-CLL.

The second comparison choice is the reference breed. Ideally, we would compare to the
overall risk of B-CLL across all breeds. However, since we do not have a defined cohort, the
assumptions to calculate a risk ratio are not met. Instead, we have to choose a particular breed
as a comparison. There are advantages and limitations to each choice, and weighing them
depends on the study goals. Since our main interest was breed predisposition as a surrogate for
genetic risk, we believed mixed breed dogs were an appropriate choice, as they may represent
the genetic heterogeneity of dogs overall. In addition, they had a similar proportion of B-CLL as
the overall population in our database. However, without genetic data we cannot know how
well mixed breed dogs actually represent the genetic heterogeneity of dogs, and their
representativeness could vary from study to study. By chance, we could have a skewed
population of mixed breed dogs that ends up biasing our reference group toward a particular
breed. To have a more homogeneous comparison population, we also looked at Labrador
Retrievers. However, since Labrador Retrievers had a lower proportion of B-CLL, the resulting
odds ratios were correspondingly skewed. As there is no clear “best” reference group, there is
utility in conducting a sensitivity analysis to evaluate how choice of reference group influences

effect estimates.
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While national laboratories do not provide the same level of information as SEER or the
National Cancer Database, they are a great resource for veterinary medicine. If care is taken to
interpret results in the context of the comparison being made, much can be learned about
potential differences in the distribution of disease across breeds. With relatively little time and
cost, we can use diagnostic laboratories to gather a large population of dogs with reasonably
standardized diagnostic criteria. Such studies could also be used to evaluate trends over time to

identify any changes in the distribution of subtypes.

Aim 2

Hundreds of GWAS studies have been conducted in dogs. However, the body of
methodological literature is far behind what is available for human genomic studies. While
many considerations for human and canine GWAS are shared, information about the
differences discussed in the background section of this dissertation, particularly accounting for
relatedness and stratification both within and between breeds, is not readily available. While
aim 2 taught me a great deal about conducting GWAS in Golden Retrievers, it is likely that
different breeds have their own considerations. For instance, English Bulldogs have far fewer
polymorphic loci than Golden Retrievers (86k vs 114k)! and thus it is possible fewer English
Bulldogs are needed for a GWAS. However, residual population stratification may be a bigger
issue in this breed due to a higher level of inbreeding and fewer founder sires. Thus, nuances in
GWAS study design and analysis may differ for each breed. For any future canine GWAS

studies it would be prudent to obtain pedigrees from all dogs to avoid selecting overly related
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dogs for genotyping. This will prevent unnecessary costs of genotyping dogs who will later be
removed with relatedness filters.

As sequencing costs have declined over time, more researchers are moving toward next-
generation sequencing methods, such as whole exome sequencing and whole genome
sequencing, to identify variants associated with disease. GWAS was designed with the
“common disease-common variant” hypothesis. That is, the belief that common variants (SNPs)
underlie the genetic basis of common diseases. Because of the way SNP chips are designed, it is
unlikely that we will identify causative SNPs. Instead, these SNPs are “markers” for an actual
associated SNP and follow-up work is necessary to identify causative mutations. Identification
of the causative SNP requires next-generation sequencing of areas in linkage disequilibrium
with the associated SNPs. This allows researchers to determine the exact location of variants
and whether they are in coding or non-coding regions to better evaluate genes involved in
disease pathogenesis.

In whole exome sequencing, only areas which code for functional proteins (exons; about
1-2% of the genome) are sequenced. Some researchers argue that 80-90% of inherited disease-
causing mutations in Mendelian disorders are located in exons.?>1® Compared to GWAS,
whole exome sequencing is beneficial in that we have an enhanced ability to identify rare
variants. However, there is an increased cost and computational burden.

Whole genome sequencing has many benefits over whole exome sequencing, but with
an even higher cost and computational burden. With whole genome sequencing, we gain more
information than whole exome sequencing, including both coding and non-coding DNA. Non-

coding DNA was originally thought to be “junk” DNA that served no purpose; however,
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research has shown many of these areas have functional roles, particularly in regulation of gene
expression. Whole genome sequencing allows us to evaluate variants in these areas, as well as
in exons, which may be important in disease pathogenesis. Additionally, it allows the
evaluation of other types of variants, including copy number variation, insertions, deletions,
and inversions. Since whole genome sequencing does not require an enrichment step, there is
more uniform coverage of the genome and thus less bias in read depth.

The increased cost of whole genome sequencing is not directly proportional to the
percent of the genome sequenced, however, because whole exome sequencing requires more
laboratory preparation (PCR and enrichment) and a higher sequencing depth (100x vs 30x).
Overall, the cost of whole genome sequencing is about 3-4 times that of whole exome
sequencing. Researchers must also consider the cost of computing storage space and additional
analytical burden. The computational burden can be substantial, and since less is known about
non-coding regions of DNA, more follow-up laboratory work may be necessary to understand
mechanisms of pathogenesis. As technology improves and sequencing costs decrease, more
researchers will likely move toward whole genome sequencing in order to maximize the
amount of information obtained.

While next-generation sequencing technologies provide many benefits over GWAS, they
are not without limitations: sequencing and subsequent alignment to genomes are error-prone
and limited by the quality of the reference genome. Variants identified must be prioritized
based on quality and likelihood of being “real”. Thus, it is possible that important variants will
go undetected. Computer scientists are working to improve algorithms to reduce these

problems.?'”:218 Choice of genotyping vs. sequencing depends on many considerations, from
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practicalities such as availability of data storage, laboratory capabilities, and available funds
(which is a balance of number of dogs studied and cost per dog) to the research question you
seek to answer and the analytic complexity you want to undertake.

As genetic analyses have increased in popularity, it has become increasingly apparent
that many genetic variants only account for a small percent of disease susceptibility. One
potential explanation for this is that genes do not act in isolation; they have complex
interactions with other genes and with the environment. Regardless of the technology used, we
have not yet developed a systematic way to evaluate gene-gene and gene-environment
interactions. When we evaluate interactions, we quickly end up with sparse data, as the number
of genotype combinations go up exponentially as each SNP is added to the model. In addition,
it is computationally intensive to parse through all possible options when we have thousands of
candidate SNPs, and this approach is prone to false positives. New algorithms are being
developed to evaluate gene-gene interactions, including random forests and multifactor
dimensionality reduction.?’*?* However, many of these algorithms require an initial SNP
screening that often means only SNPs with marginal effects are evaluated further. These
algorithms are still in early development, and have generally only been tested on simulated
data or limited datasets. It is unclear whether they are robust when 1) the effect size of each SNP
is minimal and 2) environmental factors or other covariates play a role in disease pathogenesis.

In general, there is a symbiotic relationship between laboratory-based research and
sequencing-based research. We need to have a better understanding of gene function and
regulation in order to interpret the biologic relevance of sequencing data. However, sequencing

data is continually generating new findings that need to be explored in the laboratory.
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Ultimately, an increased understanding of how the genome and biology relate will allow us to
take a less agnostic approach to our analyses and incorporate what we know about
pathobiology into our analytics. These scientific advances are tightly tied to improvements in
statistical approaches, computing capabilities, and sequencing technologies. As technology
continues to provide larger amounts of higher quality data, both faster and at a reduced cost,
we must continue developing more efficient algorithms and modeling strategies that can
accommodate numbers of variables that far exceed sample sizes. The simultaneous integration
and advancement of these fields are integral to future successes.

Overall, the infrastructure for conducting canine genomic studies has vastly improved
since the first canine genome was released in 2004. For GWAS, the same tools can be used for
human and canine analyses. As the future is moving toward next-generation sequencing, tools
for these analyses need to be optimized for canine analyses. Fortunately, the Broad Institute and
Uppsala University are paving the way with their cutting-edge work. As more dogs are
sequenced, annotations are improving and better references are becoming available. This work

will increase our ability to draw meaningful conclusions from canine genomics studies.

Aim 3
Prior canine observational epidemiology has involved varied exposure assessment and
recruitment strategies. Our work involved two novel approaches: an internet-implemented

owner-completed questionnaire and two recruitment strategies.
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Survey design and approach

We found the online survey resulted in high completion rates (78%) with few technical
problems. The ability to automate emails and reminders in SurveyMonkey® saved time and
allowed for simpler organization. The data was easy to download and only required minor
manipulation for input into R or SAS. Due to the size of this study, it was necessary to use the
upgraded version of SurveyMonkey®, which allows for unlimited questions and responses and
a more customizable survey experience (i.e. question skip logic, custom themes). We only had
two participants without access to a computer and/or internet connection: one completed the
survey on a hard copy and faxed their responses, the other’s veterinarian completed the survey
online on their behalf. Overall, there were very few disadvantages to the use of the online
questionnaire. It is becoming increasingly less common for people to answer phone calls,
particularly from unknown phone numbers, so we believe online recruitment increases
response rate. Additionally, the ability to conduct most communication via email and online
questionnaire was invaluable for a fulltime veterinary student.

We sought to design a questionnaire that was relatively quick and easy for owners to
complete, but was still comprehensive. With this goal in mind, there are a few modifications
that would improve the questionnaire for future use. First, I would alter health history
questions to incorporate all potential ages at diagnosis (rounded to nearest year) as opposed to
preset age categories. While age groups may ultimately need to be collapsed, this would allow
greater flexibility in doing so, particularly for sensitivity analyses assessing diagnoses prior to a
certain age. Second, I would expand the list of diseases within each disease category. We

originally tried to limit these lists to keep the survey short, but in hindsight most dogs did not
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have substantial disease history and owners probably knew what disease they were looking for
based on the initial category grouping (i.e. eye disease, endocrine disorder, etc.). Thus, this
likely would only have a minor impact on survey completion time. An extended disease list
would be beneficial for several reasons, including decreasing the amount of free text to parse
through (in the “other” category) and a better ability to subsequently group diseases based on
shared mechanisms. Ideally, we would also be able to obtain medical records to validate survey
findings.

Participant recruitment

Clinic recruitment of cases was fairly successful and not remarkably time-intensive. We
identified cases through submissions to the Clinical Immunology laboratory and contacted
veterinarians to inform them of our study. Successful enrollment required cooperation from the
veterinarian and willingness to contact the owner, obtain a consent form on a subsequent visit,
and submit another blood sample (if necessary). Case owners and veterinarians were generally
invested in helping to understand this disease; of dogs who were eligible for our study, about
75% ultimately consented and completed the survey. While we do not have comprehensive data
on why the other 25% did not enroll, it appears a large portion were diagnosed through an
oncology clinic and then returned to their referring veterinarian for subsequent care. Thus, the
submitting veterinarian did not see the patient again to discuss enrollment with owners. This
number could be improved in future studies by contacting referring veterinarians about
enrollment in these circumstances.

The clinic-recruited control population was less successful than for cases and required

more contact from our laboratory. Many veterinarians either were unable to find controls or did
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not respond to our email requests. Among the 140 cases enrolled in the study, only 73 had
controls recruited from the same clinic (total 135 control dogs), and 10 of the control dogs did
not meet enrollment criteria (<9 years or had another lymphoproliferative disorder). However,
enrollment was generally successful among the dogs that were recruited and met enrollment
criteria, with 93% completing enrollment. It is understandable that veterinarians have busy
schedules and recruiting dogs for our study is not a high priority. Future studies may better
promote the benefits of participation (free CBCs and diagnostics) or provide an incentive for the
veterinarian. Interestingly, follow-up with clinic-recruited control owners for the prospective
study had a low success rate. Because veterinarians recruited this population, there was less
contact between owners and researchers. We suspect that not having an established relationship
reduced their interest in participating in follow-up studies. Additionally, these owners may
have been less invested initially because they were randomly recruited as opposed to a vested
interest driving them to volunteer (as is the case in CLHP-recruited owners).

CLHP-recruitment was largely successful, albeit time-intensive. The initial participation
invitation sent to these owners resulted in a surge of calls and emails and subsequent surge of
samples that overloaded our laboratory. Ideally, we would spread this out in the future through
staging the email blasts over a multi-week period. Recruitment among this population required
pre-screening to ensure dogs were the correct age and lymphoma-free (other than TZL),
followed by contacting the owners to relay enrollment information (provide a survey link and
sample shipping information). Additional contact with owners was often required to coordinate
sample shipment and send reminders for both the survey and blood sample. This group of

owners were generally quite invested in participating in this research project, which required a
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greater researcher time commitment, but had many benefits. Specifically, many of these owners
recruited other participants, further increasing enrollment. Additionally, there has been a high
willingness to participate in follow-up studies. As we do not have access to the original
database, it is unknown what percent of owners who received the initial callout ultimately
contacted us. However, of those who expressed interest in participating, 70% completed
enrollment.

There are strengths and limitations to each recruitment strategy. Clinic-recruited
controls are likely more representative of the case source population and thus are superior from
an epidemiological perspective. However, recruitment from this source was less successful and
ultimately did not provide enough samples for adequately analysis. This recruitment strategy
placed a large burden on veterinarians who are busy and have less incentive to help. If we
could reduce veterinarian burden and increase enrollment rate, this would likely be the
preferred recruitment strategy. CLHP-recruited controls represent a great source of a large
number of geographically distributed dogs. These owners were very responsive and invested in
the research topic. However, this population may not be representative of the case source
population, thereby causing a selection bias. This bias could be mitigated to some degree if we
could create a variable that quantified systematic differences due to recruitment strategy. As use
of the CLHP database increases, evaluation of demographics and behaviors of these owners

may shed light on a way to quantify these differences.
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Overall conclusions
Summary of conclusions in the context of lymphoma research

Overall, our research contributes to the body of evidence that genetic and antigenic risk
factors play a role in both B-CLL and TZL pathogenesis. We identified a strong breed
predisposition for B-CLL and specific genetic risk factors for TZL. Additionally, we identified
multiple inflammatory factors associated with TZL, providing evidence for a role of chronic
antigen stimulation. Although not part of this dissertation, continued work in our laboratory
has identified restricted IgVu gene usage in canine B-CLL, which also suggests a role of chronic
antigen stimulation.

Findings from this dissertation can be used to inform future mechanistic studies, which
can subsequently benefit all aspects of lymphoma research, including disease prevention,
screening and early diagnosis, identification of prognostic factors, and development of novel
treatments. In particular, the identification of a precursor T cell neoplasm is novel, and future
evaluation of subclinical dogs may provide valuable insights into T cell lymphoma
pathogenesis. This would not only help the large numbers of dogs who are affected by T cell
lymphoma, but also the human populations in which epidemiologic studies have been

challenging to conduct due to low numbers of cases.

Summary of conclusions in the context of the canine cancer model
This dissertation sheds light on novel uses of the canine cancer model and the utility of
epidemiologic studies in dogs. Our research demonstrated multiple ways to relatively quickly

and inexpensively recruit large canine populations. We showed a high response rate in our
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case-control study, highlighting the importance of such research to owners and their investment
in participating. Despite the fact that there is less infrastructure to conduct large studies than we
have in human populations, they are feasible to implement. The value of canine research
extends beyond furthering veterinary medicine, and is particularly useful for human diseases

that are comparatively rare and thus more difficult to study.
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APPENDIX 1: SUPPLEMENTARY FIGURES AND TABLES FOR AIM 1
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Suppl. Figure 2.1. Gating strategy for evaluation of class Il MHC levels on B cells in
peripheral blood. Propidium iodide (PI) positive cells were first gated out to remove dead cells
from the analysis. Then a gate was drawn around CD21 positive cells (blue, left column). Class
II MHC levels were evaluated on CD21 positive cells (histogram, right column). The grey cells
in the left column consist of neutrophils, monocytes and T cells, as determined by staining
reactions in other tubes. (A) 11 year old MN Maltese with a CD21 count of 60,600 cells/uL,
exhibiting high levels of class Il MHC. (B) 12- year old FS Bichon Frise with a CD21 count of
8,000 cells/pL, exhibiting intermediate levels of class I MHC. (C) 6 year old MN English
Bulldog with a CD21 count of 55,412 cells/uL, exhibiting low levels of class I MHC.
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Suppl. Figure 2.2. Gating strategy to detect CD25 expression on B cells. Anti-CD25 and anti-
CD21 were not in the same staining reaction, so the strategy shown above was used to measure
CD25 expression on B cells. First, a gate was drawn around all peripheral blood cells. Then
gates were drawn around CD4 expressing cells (T cells and neutrophils), CD8 expressing cells,
and any cells expressing CD3 and CD5 (to eliminate CD4-CD8- T cells). These three gates were
combined to create a single “not” Boolean gate, which eliminates these cells. The panel on the
far right of the top row shoes that this gating strategy leaves primarily small lymphocytes,
which is where the CD21 expressing cells are concentrated. A gate is then drawn around these
small cells (B cells), and CD25 expression is evaluated (second row). (A) English Bulldog with B
cells that do not express CD25. (B) Mixed breed dog in which all the B cells express CD25.
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Suppl. Table 2.1. Detailed CBC findings for 128 anemic dogs with B-CLL.

Dogs with
available
data (%) n %
Neutrophil Total Neutropenia (< 2,000/ul) 99.2 2 1.6
Normal (2,000 - 12,000/ul) 88 69.3
Neutrophilia (> 12,000/ul) 37 29.1
Platelet Total Thrombocytopenia (<175,000/ul) 71.9 14 15.2
Normal (175,000-500,000/ul) 63 68.5
Thrombocytosis (>500,000/ul) 15 16.3
Regenerative Anemia? Yes (Reticulocytes >100,000/ul) 523 21 31.3
No (Reticulocytes <100,000/ul) 46 68.7
Hematocrit Median (IOR) 100 30 (26 -34)
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Suppl. Table 2.2. Number of cases, total number of submissions, and percent of submissions
diagnosed as B-CLL for each breed. Odds ratios and 95% confidence intervals comparing B-
CLL among each breed are compared using mixed breed dogs and Labrador Retrievers as a
reference. Only breeds with at least 30 overall submissions were considered. Bolded values are
statistically significant (p<0.05).

vs Mixed Breed vs Labrador Retriever
Breed CLL Total %CLL OR 95% CI OR 95% CI
Dachshund 14 49 29% 448  (2.34-8.57) 8.10 (3.84-17.12)
Pomeranian 9 34 26% 4.03 (1.84-8.84) 7.29 (3.06 - 17.40)
Cairn Terrier 8 31 26% 3.89 (1.70-8.90) 7.05 (2.85-17.45)
Bichon Frise 11 46 24% 3.52 (1.74-7.12) 6.37 (2.87-14.12)
English Bulldog 23 99 23% 339 (2.04-5.61) 6.13 (3.28 -11.48)
Boston Terrier 7 34 21% 290 (1.24-6.81) 5.25 (2.07 - 13.32)
Jack Russell Terrier 14 69 20% 2.85 (1.54-5.28) 5.16 (2.51 -10.60)
Maltese 11 56 20% 2.74 (1.38-5.44) 4.95 (2.27 -10.81)
Yorkshire Terrier 11 61 18% 2.46  (1.25-4.86) 4.46 (2.05-9.68)
Shih Tzu 28 177 16% 210 (1.34-3.29) 3.81 (2.13-6.81)
Cocker Spaniel 14 91 15% 2.03 (1.12-3.71) 3.68 (1.82-7.47)
Chihuahua 9 64 14% 1.83 (0.88-3.80) 3.32 (1.46 - 7.53)
Pit bull 15 108 14% 1.81 (1.01 -3.22) 3.27 (1.64 - 6.50)
West Highland White Terrier 8 60 13% 1.72  (0.80-3.72) 3.12 (1.33-17.32)
Doberman 5 39 13% 1.65 (0.63-4.29) 2.98 (1.07 - 8.33)
Boxer 31 261 12% 1.51 (0.99 -2.30) 2.73 (1.56 - 4.79)
Siberian Husky 5 44 11% 1.44  (0.55-3.71) 2.60 (0.94-7.21)
Border Collie 6 61 10% 122 (0.51-2.90) 221 (0.86 - 5.606)
Miniature Schnauzer 5 52 10% 1.19  (0.46-3.05) 2.16 (0.78 - 5.93)
Shetland Sheepdog 4 44 9% 1.12  (0.39-3.19) 2.03 (0.67 - 6.15)
Mixed Breed 111 1353 8% Ref 1.81 (1.14 - 2.87)
Cavalier King Charles Spaniel 3 39 8% 0.93 (0.28-3.08) 1.69 (0.48 - 5.89)
French Bulldog 2 42 5% 056  (0.13-2.35) 1.01 (0.23 -4.45)
Labrador Retriever 23 489 5% 0.55 (0.35-0.88) Ref
Beagle 6 140 4% 0.50 (0.22-1.16) 0.91 (0.36-2.27)
Australian Shepherd 3 77 4% 0.45 (0.14-1.46) 0.82 (0.24 - 2.80)
Greyhound 1 30 3% 039  (0.05-2.86) 0.70 (0.09 - 5.36)
Scottish Terrier 1 32 3% 036  (0.05-2.67) 0.65 (0.09 - 5.00)
Mastiff 1 37 3% 0.31 (0.04-2.29) 0.56 (0.07 - 4.29)
Rhodesian Ridgeback 1 39 3% 029  (0.04-2.17) 0.53 (0.07 - 4.006)
Basset Hound 1 62 2% 0.18  (0.03-1.34) 0.33 (0.04 - 2.50)
German Shepherd 1 134 1% 0.08 (0.01-0.61) O0.15 (0.02-1.14)
Golden Retriever 3 836 0% 0.04  (0.01-0.13) 0.07 (0.02 - 0.24)
Rottweiler 0 85 0% - -- -- --
Welsh Corgi 0 75 0% - -- -- --
Bernese Mountain Dog 0 66 0% - -- -- --
Standard Poodle 0 50 0% -- -- -- --
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Suppl. Table 2.3. Signalment, physical examination findings, and laboratory findings for 491
cases of B-CLL. Findings are compared between Labrador Retrievers, mixed breed dogs, and all

other breeds.
Dogs with Labrador Retrievers Mixed Breeds  All Other Breeds
available (n=23) (n=111) (n=357)
data (%) n % n % n %
Signalment Sex Male (intact or neutered) 99.2 7 30.4 48 43.6 187 52.8
Female (intact or neutered) 16 69.6 62 56.4 167 47.2
Age, Median (IQR) 98.4 11 9-13)* 11 9-13) 11.0 (9-13)
Veterinarian-reported Peripheral Lymphadenopathy 62.7 11 73.3 37 52.3 93 41.7
Physical Exam Findings Splenomegaly 46.0 4 40.0 26 54.2 85 50.6
Hepatomegaly 41.1 1 12.5 12 26.7 45 30.2
Mediastinal Mass 340 0 0.0 0 0.0 5 4.0
Visceral Lymphadenopathy 358 3 37.5 10 26.3 28 21.5
Veterinarian-reported  Hyperglobulinemia 62.7 2 12.3 16 232 63 28.0
Laboratory Findings Hypercalcemia 589 0 0.0 2 32 11 5.2
CBC findings Neutrophil Neutropenia (<2,000/ul) 0 0.0 1 1.0 4 1.1
Total Normal (2,000 - 12,000/ul) 17 77.3 94 84.7 283 79.5
Neutrophilia (>12,000/ul) 99.6 5 22.7 16 14.4 69 19.4
Platelet Thrombocytopenia (<175,000/ul
Total and no clumps noted) 2 12.5 5 54 21 7.1
Normal (175,000-500,000/ul) 13 81.3 77 82.8 220 74.6
Thrombocytosis (>500,000/ul) 823 1 6.3 11 11.8 54 18.3
Anemia Hematocrit <36 994 0 0.0 28 255 99 279
Lymphocyte Total, Median cells x 10°/ul (IQR) 100 45.8 (17.1-69.5) 219 (14.3-52.9) 24.6 (13.7-47.0)

*: values for age and lymphocyte total are given as median (IQR)
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APPENDIX 2: SUPPLEMENTARY FIGURES AND TABLES FOR AIM 2

Suppl. Table 3.1. Antibody panels used for immunophenotyping.

Tube Antibody specificity and fluorochrome

1 MIgG1-FITC/ M IgG1-PE/ M IgG1-Alexa 647 / M IgG1-Alexa 700 /
M 1gG1-PE-750 / M IgG1-Pacific Blue
CD3-FITC/ CD25-PE/CD5-APC/ CD8-Alexa 700 / CD4-Pacific Blue
Class Il MHC-FITC /CD22-PE/ CD21-Alexa 647
Class Il MHC-FITC / CD34-PE / CD5-APC - CD14-PE-Alexa 750
Class Il MHC-FITC /CD18-PE/ CD5-APC/ CD14 PE-Alexa 750 / CD4-
Pacific Blue
6 CD5-FITC/ CD45-PE/CD21-Alexa 647

u b WN

*M= mouse

Unless otherwise noted, all antibodies were purchased from AbD Serotec. Clones are as
follows: CD45 =YKIX716.13,CD18 =YFC118.3 (human CD18), CD4 =YKIX302.9, CD8 = YCATE
55.9,CD5 =YKIX322.3,CD21 =CA2.1D6, CD22 =RFB4 (human CD22, purchased from AbCam),
CD3 =CA17.2A12,CD14 =UCHM (human, used in panel 1) and CD14 =TUK4 (human, used in
panel 2), class Il MHC =YKIX334.2, CD34 =1H6, CD25=P2A10 (purchased from eBiosciences)
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Suppl. Fig 3.1. Flow cytometric analysis of peripheral blood samples. (A) Sample considered
diagnostic for TZL due to homogeneous expansion of CD5*CD45" T cells (red cells). (B) Sample

diagnosed as subclinical due to smaller population of CD5*CD45" T cells and absence of
lymphocytosis or lymphadenopathy. (C) Sample considered a control; all T cells are
CD5+CD45+ (green cells; normal)
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Suppl. Fig 3.2. Multidimensional scaling plot showing clustering of European dogs. Dogs

marked in red met our threshold for European origin based on clustering and were

subsequently removed from the analysis.

Suppl. Table 3.2. Signalment, GWAS haplotype, and coverage for 16 resequenced dogs.

Chromosome 8

Chromosome 14

Resequencing Resequencing
Age GWAS coverage GWAS coverage
Run ID Sex (years) State Phenotype  haplotype [median (IQR)] Hypothyroid? haplotype  [median (IQR)]

1 MAF029 MI 18 CO  Subclinical nn 129 (14 - 160) No nn 135 (98 - 159)
3 MAFI106 MC 15 CO  Control nn 125 (15 - 153) Yes m 133 (99 - 156)
1 MAF146 FS 11 IL Control nn 114 (14 -141) Yes m 121 (88 - 144)
4 RFCo038 MC 11 OK  Subclinical nn 141 (20 - 170) No m 149 (111 -172)
2 RFCa066 FS 10 MA Case nn 136 (21 - 165) No T 143 (108 - 166)
3  RFCall0 FS 9 NJ  Case m 128 (16 - 157) No T 137 (101 - 159)
2 RFCall5 MC 12 WA  Case nn 131 (19 - 158) No T 154 (118 - 177)
3 RFCal36 MC 11 VA  Case m 133 (17 - 162) No m 139 (103 - 162)
2 MAF285 MC 10 X Subclinical nn 135 (20 - 164) No nn 142 (107 - 164)
2 RFCa093 FS 12 TX  Case m 134 (20 - 163) No T 179 (141 - 201)
1 MAF109 FS 7 NV  Case nn 115 (12 - 143) No T 123 (89 - 146)
4  MAF290 MC 10 UT  Subclinical T 137 (18 - 166) Yes n-recomb 145 (107 - 168)
1 MAF301 MC 9 AR  Control nn 127 (15 - 156) Yes m 134 (99 - 158)
3 RFCal43 MC 12 TN  Case m 107 (13 - 133) No m 115 (84 - 136)
4 RFCa085 FS 13 OK  Case m 132 (17 - 161) No T 141 (104 - 164)
4  RFCol05 MC 9 GA  Subclinical nn 140 (20 - 168) No nn 148 (111 -171)
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TZL case + subclinical vs. control
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Suppl. Fig. 3.3. GWAS results for all TZL combinations. QQ plot (left) and Manhattan plot
(right). (A) TZL case + subclinical vs. control. (B) TZL case vs. control. (C) TZL case vs.

subclinical. (D) Subclinical vs. control.
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Suppl. Fig. 3.4. GWAS results for combined TZL and MCT datasets. QQ plot (left) and
Manhattan plot (right). (A) All TZL + MCT cases (B) All TZL + MCT controls. (C) TZL
subclinical + TZL control + all MCT.



Suppl. Table 3.3. Summary of SnpEff annotations for single nucleotide variants.

GeneName

BioType

Approximate gene
location

& & & &-f
& éy «s‘g& s‘& o

R4

&

%‘e"

00

ENSCAFG00000027706
ENSCAFG00000035649
CEP128
ENSCAFG00000039638
GTF2A1
ENSCAFG00000026835
ENSCAFG00000037858
STON2
ENSCAFG00000033948
SEL1L
ENSCAFG00000039987

IMPDH1

PRRT4

LEP
ENSCAFG00000036574
ENSCAFG00000032858
ENSCAFG00000034487
SND1

PAX4

FSCN3

ARF5

GCCl1
ENSCAFGO0000035664
ZNF800

GRMS

cif-mir-592
ENSCAFG00000037039
ENSCAFG00000036162
POT1

GPR37
ENSCAFG00000001759
ENSCAFG00000032124
LSM3

TMEM229A

SPAM1

HYAL4
ENSCAFG00000024436
ENSCAFG00000026099
WASL

LMOD2

ASB15
ENSCAFG00000025112
GRM3

KIAA1324L

DMTF1

TMEM243
ENSCAFG00000039543
CROT

ABCB4

MDR1

RUNDC3B

DBF4
ENSCAFG00000038610
ADAM22

SRI

STEAP4

ZNF804B
ENSCAFG00000037438
ENSCAFGO0000038636
ENSCAFG00000021475
ENSCAFG00000040353
ENSCAFG00000034336
STEAP1

snoRNA
lincRNA
Protein coding
lincRNA
Protein coding
snoRNA
lincRNA
Protein coding
lincRNA
Protein coding
lincRNA

Protein coding
Protein coding
Protein coding
lincRNA
lincRNA
lincRNA
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
lincRNA
Protein coding
Protein coding
miRNA
lincRNA
lincRNA
Protein coding
Protein coding
Protein coding
Processed pseudogene
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
snoRNA
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
lincRNA
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding
lincRNA
Protein coding
Protein coding
Protein coding
Protein coding
lincRNA
lincRNA
snRNA
lincRNA
lincRNA
Protein coding

52,401,055-52,401,186
52,843,084-52,872,396
52,914,417-53,290,253
53,309,256-53,312,473
53,519,940-53,564,001
53,551,375-53,551,519
53,566,146-53,579,803
53,597,941-53,725,688
53,746,557-53,759,679
53,771,761-53,824,492
53,805,971-53,840,850

7,996,893-8,013,287
8,029,236-8,038,095

8,114,472-8,131,160

8,141,376-8,144,851

§,148,588-8,152,852

8,212,887-8,226,291

§,260,919-8,685,952

8,714,949-8,719,371

8,724,865-8,730,729

8,728,365-8,735,331

8,738,782-8,742,022

8,779,984-8,787,289

§,866,900-8,884,790

8,993,463-9,719,899

9,182,237-9,182,331

9,988,593-9,989,896

10,190,965-10,354,356
10,986,871-11,070,651
11,114,415-11,132,395
11,350,342-11,351,840
11,447,820-11,448,038
11,481,430-11,481,735
11,646,915-11,648,024
11,703,906-11,723,178
11,736,206-11,743,786
11,760,627-11,770,158
11,780,392-11,780,603
11,828,687-11,901,682
11,918,483-11,925,130
11,931,570-11,958,359
11,995,994-12,008,054
12,980,180-13,071,783
13,076,932-13,245,320
13,338,261-13,377,136
13,378,676-13,381,317
13,424,493-13,432,523
13,474,854-13,534,793
13,542,668-13,614,146
13,644,042-13,743,053
13,803,600-13,930,733
13,983,320-14,019,701
13,984,440-13,996,438
14,032,475-14,250,288
14,260,113-14,275,207
14,319,840-14,345,870
15,146,202-15,247,064
15,322,541-15,348,896
15,404,763-15,519,171
15,626,361-15,626,464
15,711,267-15,714,286
15,948,486-15,996,712
16,074,785-16,088,182

- e

Chromosome 8§

7
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Suppl. Table 3.4. Summary of SnpEff annotations for indels.

“&g . #C‘e s QS‘& &»&
Approximate gene &é’ & < f’ \S& 66' &
GeneName BioType location C - “ KR °
Chromosome 8§
ENSCAFG00000035649 lincRNA 52,843,084-52,872,396 - - 6 - - 6
CEP128 Protein coding 52,914,417-53,290,253 - - 52 - 8 43
TSHR Protein coding 53,327,081-53,483,111 - - 2 - - 2
GTF2A1 Protein coding 53,519,940-53,564,001 - - 16 - 2 14
ENSCAFGO0000026835 snoRNA 53,551,375-53,551,519 - - 3 - 3 -
ENSCAFG00000037858 lincRNA 53,566,146-53,579,803 - - 5 1 1 3
STON2 Protein coding 53,597,941-53,725,688 - - 29 - - 29
ENSCAFG0000033948 lincRNA 53,746,557-53,759,679 - - 2 1 1 -
SELIL Protein coding 53,771,761-53,824,492 - - 68 6 5 57
ENSCAFG00000039987 lincRNA 53,805,971-53,840,850 - - 30 10 - 20
Chromosome 14

ENSCAFG00000001744 Protein coding 10,151,131-10,151,999 - - 1 - 1 -
ENSCAFG00000036162 lincRNA 10,190,965-10,354,356 - - 16 - - 16
POT1 Protein coding 10,986,871-11,070,651 - - 6 - - 6
GPR37 Protein coding 11,114,415-11,132,395 - - 2 1 - 1
ENSCAFG00000001759 Protein coding 11,350,342-11,351,840 - - 3 - -
ENSCAFG00000032124 Processed pseudogene  11,447,820-11,448,038 - - 1 1 - -
SPAM1 Protein coding 11,703,906-11,723,178 - - 10 2 1 7
HYAL4 Protein coding 11,736,206-11,743,786 - - 18 5 7 4
ENSCAFG00000024436 Protein coding 11,760,627-11,770,158 - - 13 1 4 8
ENSCAFG00000026099 snoRNA 11,780,392-11,780,603 - - 4 2 2 -
WASL Protein coding 11,828,687-11,901,682 - - 52 9 - 43
LMOD2 Protein coding 11,918,483-11,925,130 2 1 4 2 2
ASB15 Protein coding 11,931,570-11,958,359 - - 7 1 3 3
GRM3 Protein coding 12,980,180-13,071,783 - - 21 - 21
KIAA1324L Protein coding 13,076,932-13,245,320 - - 3 - - 3
DMTF1 Protein coding 13,338,261-13,377,136 - - 10 2 1 7
TMEM243 Protein coding 13,378,676-13,381,317 - - 4 1 2 1
CROT Protein coding 13,474,854-13,534,793 - - 51 - 6 44
ABCB4 Protein coding 13,542,668-13,614,146 - - 8 1 1 6
MDR1 Protein coding 13,644,042-13,743,053 - - 31 - - 31
RUNDC3B Protein coding 13,803,600-13,930,733 - - 2 - - 2
SLC25A40 Protein coding 13,930,683-13,984,374 - - 2 - - 2
DBF4 Protein coding 13,983,320-14,019,701 - - 5 1 2 2
ENSCAFG00000038610 lincRNA 13,984,440-13,996,438 - - 3 1 1 1
ADAM22 Protein coding 14,032,475-14,250,288 - - 2 - - 2
STEAP4 Protein coding 14,319,840-14,345,870 - - 5 -
ZNF804B Protein coding 15,146,202-15,247,064 - - 1 - 1
ENSCAFG00000037438 lincRNA 15,322,541-15,348,896 - - 16 1 2 13
ENSCAFG00000021475 snRNA 15,626,361-15,626,464 - - 4 3 1 -
ENSCAFG00000040353 lincRNA 15,711,267-15,714,286 - - 2 - 2 -
ENSCAFG00000034336 lincRNA 15,948,486-15,996,712 - - 1 - - 1
STEAP1 Protein coding 16,074,785-16,088,182 - - 2 2 - -
ENSCAFG00000036574 lincRNA §,141,376-8,144,851 - - 1 1 - -
ENSCAFG00000032858 lincRNA 8,148,588-8,152,852 - - 1 - - 1
ENSCAFG0000020499 miRNA 8,165,107-8,165,179 - - 1 - 1 -
SND1 Protein coding 8,260,919-8,685,952 - - 4 2 - 1
PAX4 Protein coding 8,714,949-8,719,371 - - 2 1 1 -
FSCN3 Protein coding 8,724,865-8,730,729 - - 1 - 1 -
ARF5 Protein coding 8,728,365-8,735,331 - - 1 1 - -
GCCl1 Protein coding 8,738,782-8,742,022 - - 1 1 - -
ZNF800 Protein coding 8,866,900-8,884,790 - - 1 - - 1
GRMS Protein coding 8,993,463-9,719,899 - - 61 - - 61
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Suppl. Table 3.5. Summary of potential regulatory elements.

Enhancer name Human location

Gene targets

Variants in location

GH14F080149

GH14F080490

GH14F081218

GH14F081422

GH14F081434

GH14F081473

GH14F081516

GH14F081529

GH14F081532

chrl4 80149793-
80152533

chrl4 80490741-
80492445

chrl4 81218244-
81223058

chr14 81422801-
81428583

chrl4 81434277-
81437366

chrl4 81473257-
81475664

chr14 81516304-
81520717

chrl4 81529402-
81530399

chrl4 81532659-
81536926

DIO2,
LOC105370591,
LOC105370593

DIO2, PIR42122,
HMGN2P2

GTF2A1, CEP128,
LOC101928504,
SNORA?79,
GC14M081203

STONZ2,
LOC100506700,
DYNLL1P2

GTF2A1, STON2,
LOC100506700,
DYNLL1P2

GTF2A1, SEL1L,
SNORA?79, CEP128,
LOC100506700

SELI1L,
LOC100506700

SEL1L,
LOC100506700
GTF2A1, SEL1L,
LINCO01467

cfa8:52637369C>T, cfa8:52637577C>T,
cfa8:52638277ATTC>A, cfa8:52638688T>G,
cfa8:52638807T>C, cfa8:52638810C>T,
cfa8:52638841T>C, cfa8:52638957G>A,
cfa8:52638968T>C, cfa8:52639257T>C,
cfa8:52639425T>C

cfa8:52908241T>G, cfa8:52909750C>A,
cfa8:52909963C>A, cfa8:52910636A>G,
cfa8:52910641G>A, cfa8:52910725G>T,
cfa8:52910779AGC>A,
cfa8:52910782ACTTCTC>A,
cfa8:52911069GAATGCTTCA>G,
cfa8:52911079A>AGGGGG

cfa8:53562158G>A, cfa8:53564825A>C,
cfa8:53569483CTT>CT, cfa8:53569932TAAC>T

cfa8:53721593G>T, cfa8:53724541C>A

cfa8:53733232T>C, cfa8:53733863C>A,
cfa8:53736400T>TA

cfa8:53768127C>T, cfa8:53768170ACAAT>A,
cfa8:53768224T>C, cfa8:53768739C>T,
cfa8:53768749GA>G, cfa8:53769789T A>T

cfa8:53808023G>C, cfa8:53812372G>A,
cfa8:53812505T>G, cfa8:53812691T>C,
cfa8:53812902G>C, cfa8:53812949A>G,
cfa8:53812956T>A, cfa8:53812962C>A,
cfa8:53813064G>C, cfa8:53813354T>C

cfa8:53820166G>A, cfa8:53820327T>C,
cfa8:53820384G>A

cfa8:53822344T>C, cfa8:53825141G>C,
cfa8:53825250G>A, cfa8:53825410G>GT,
cfa8:53826199C>T, cfa8:53826369T>TACCC,
cfa8:53826727C>T, cfa8:53826790G>A,
cfa8:53826797AT>A, cfa8:53826992T>C,
cfa8:53827032G>A, cfa8:53827044C>T,
cfa8:53827076 A>G, cfa8:53827088C>A,
cfa8:53827096 A>C
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APPENDIX 3: SUPPLEMENTARY FIGURES AND TABLES FOR AIM 3

Suppl. Figure 4.1. Collapsing of variables from questionnaire for use in analysis.

A. Signalment

Male intact (not neutered)

Male neutered Male

1B

* 6 months to 1
year Female <1year

* 5 months or less
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B. Preventive care

¢ Other dental disease

Less frequently than
every 3years
Never

Not as directed
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D. Health history

Patellar luxation (‘trick knee’)

¢ Seizures

* Other musculoskeletal/orthopedic or neurologic
condition

Kidney infection or stones
¢ Kidney failure

* Prostate infection or enlargement

* Pyometra (uterine infection)

e Other urinary or reproductive condition
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Patellar luxation (‘trick knee’)

Seizures

Other musculoskeletal/orthopedic or neurologic
condition

Kidney infection or stones

Kidney failure

Prostate infection or enlargement
Pyometra (uterine infection)

Other urinary or reproductive condition
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D. Medications, environmental exposures, and diet

<1 hour per day Infrequent

Never

Occasionally

Infrequent
Never 9

Occasionally

Infrequent
Never

Occasionally
Never

Infrequent
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Suppl. Table 4.1. Modeling results for case vs control sensitivity analyses. Final model
indicates the model reported as our main results (n=140 cases, n=147 controls). Age sensitivity
analysis removed 20 cases that were <9 years of age (n=120 cases, n=147 controls). Cancer
sensitivity analysis removed both cases and controls with a history of or concurrent non-
lymphoma cancer (n=119 cases, n=111 controls). % change indicates the percent change in the
OR estimate compared to the final model.

Final model Age sensitivity analysis Cancer sensitivity analysis
Indiv  Type3 Indiv  Type3 % Indiv  Type3 %
OR (95%CI) p-value p-value OR (95% CI) p-value p-value change OR (95% CI) p-value p-value change

Age at Female >1yr 0.34 (0.16 - 0.74) 0.007 0.39  (0.17-0.85) 0.018 12% 0.39 (0.17-0.90) 0.028 12%
spay/neuter Male <1yr 062 (0.3-1.3) 0.206 0.65 (0.30 - 1.40) 0.274 5% 0.74 (0.32-1.70) 0.474 19%
(vs Female <lyr) Male >1yr 093 (0.4-2.16) 0.862 091 (0.37-222) 0.827 2% 0.84 (0.33-2.11) 0.704 10%
Missing 1.44 (0.46 - 4.46) 0.530 0.031 172 (0.55-5.42) 0.352 0.054 20% 1.26 (0.36 - 4.43) 0.723 0.175 13%

DHPP As directed (vsnot) 3.21 (1.58-6.51) 0.001 0.001 3.03 (1.47-6.24) 0.003 0.003 6% 3.45 (1.58-7.55) 0.002 0.002 8%
Bladder infection  Yes (vs no) 349 096-1267)  0.057 0.057 295 0.77-11.35) 0.116 0.116 16% 294 0.64-1336)  0.164 0.164 16%
Mange Yes (vs no) 550 (1.44-21.1 0.013 0.013 578 1.49-2239) 0.011 0.011 5% 1152 1.36-97.29) 0.025 0.025 109%

)
)

Eye disease Yes (vs no) 225 (0.97-5.22 0.059 0.059 249 (1.06 - 5.88) 0.037 0.037 11% 152 (0.58-3.94) 0.394 0.394 33%
Gastrointestinal

discase Yes (vs no) 2.38 (0.98 - 5.76) 0.055 0.055 220 (0.90 - 5.40) 0.085 0.085 7% 3.30 (1.13-9.65) 0.030 0.030 39%
Hypothyroidism Yes (vs no) 0.25 (0.1-0.66) 0.005 0.005 0.27 (0.10-0.74) 0.011 0.011 8% 0.40 (0.14-1.15) 0.089 0.089 60%
Omega-3 Yes 029 (0.13-0.63) 0.002 0.007 027 (0.12-0.62) 0.002 6% 0.32  (0.14-0.79) 0.012 0.026 12%
supplements (vs Missing 0.88 (0.44-1.73) 0.704 094 (0.47-1.88) 0.857 7% 1.20  (0.56 - 2.56) 0.643 37%

Suppl. Table 4.2. Modeling results for subclinical vs control sensitivity analysis. Final model
indicates the model reported as our main results (n=221 subclinicals, n=147 controls). Cancer
sensitivity analysis removed both subclinicals and controls with a history of or concurrent non-
lymphoma cancer (n=166 subclinicals, n=111 controls). % change indicates the percent change in
the OR estimate compared to the final model.

Final model Cancer sensitivity analysis
Indiv Type3 Indiv.  Type3 %
OR (95%CI) p-value p-value OR (95% CI) p-value p-value change
Age at spay/neuter Female >lyr 1.07 (0.59-1.95) 0.831 0.050 142 (0.71-2.87) 0.325 33%
(vs Female <lyr) Male<lyr 0.82 (0.42-1.6)  0.566 0.91 (0.40-2.05) 0.815 10%

Male >1yr 222 (1.13-4.37) 0.021 232 (1.07-5.03) 0.034 4%
Missing 1.16 (0.37-3.68)  0.800 1.39 (0.38-5.05) 0.615 0.142 20%
Bladder infection  Yes (vsno) 5.10 (1.9-13.69)  0.001 0.001 5.39 (1.52-19.05) 0.009 0.009 6%
( )

Eye disease Yes (vsno) 1.92 (0.99 -3.75 0.056 0.001 210 (0.98-4.48) 0.056 0.056 9%
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Suppl. Figure 4.2. Questionnaire used in aim 3 analysis.

Dog Health Survey

Section 1: General Information

1. Your name

- | |

- | |

- | |

2. Your dog's name

3. Your dog's date of birth (as much detail as you know)

Month I |

Day I |

Year I |

4. Your dog's sex
Female intact (not spayed)
Female spayed
Male intact (not neutered)

Male neutered

5. Approximately how old was your dog when s/he was spayed/neutered?
5 months or less
6 months to 1 year
1102 years
QOver 2 years
I don't know

My dog is not spayed/neutered
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Section 2: Health Information - Preventive Care

170
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Section 2: Health Information - Health History

16. Has your dog ever been diagnosed with CANCER?

Yes
No
Section 2: Health Information - Cancer

17. Please indicate any CANCER your dog has been diagnosed with and the age at diagnosis.

Diagnosed with

this condition,

but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
Sreastormammary (] [] [} (] [] []
Hemangiosarcoma (] [ (] (] [] [
Histiocytoma [ ] [ [ ] [ ] [] n
LymphomalLeukemia || [ [ ] [ ] [] L
Mast cell tumor ] [ ] [ ] ] [ ] [ ]
Melanoma [ ] [ [ ] [ ] [] L
Osteosarcoma (] [ (] (] [] u
Sauamos cel (] u ] (] u ]
o (] [] [ (] (] (]
Other cancer (] [ (] (] [] u

If other, please specify type and age at diagnosis

| |

18. Is your dog CURRENTLY receiving any of the following treatments for cancer? Check all that apply
|| Chemotherapy

|| Radiation

|| Steroids (e.g. Prednisone)
[:] Other therapy

Please elaborate on treatment and cancer type
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Section 2: Health Information - Health History

20. Has your dog ever been diagnosed with an EYE, EAR, NOSE, or THROAT condition (e.g. ear infection, uveitis,
cataracts)?

Yes
No
Section 2: Health Information - ENT

21. Please indicate any EAR, NOSE, THROAT, or EYE conditions your dog has been diagnosed with and the age at
diagnosis.

Diagnosed with
this condition,
but can't
<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
Cataracts (] [] ] (] [] []
O [] ] (] [] []
Giaucoma (] [] [] (] [] []
Ueitis (] [] (] (] ] []
Progressive retinal
degeneration
e oSt [ [ [] (] [ [
e e ] ] (] (] ] ]

or eye condition

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

22. Has your dog ever been diagnosed with an INFECTIOUS DISEASE (e.g. worms, parvovirus, ehrlichiosis, kennel
cough)?

Yes
No
Section 2: Health Information - Infectious Disease

23. Please indicate any INFECTIOUS DISEASES your dog has been diagnosed with and the age at diagnosis.

Diagnosed with
this condition,
but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
Giardia (] ] ] (] ] ]
Intestinal disease
suspected 1o be (] [] (] (] ] []
infectious
ubanes U R L] ] L] L]
Leptospirosis [] [] ] [] [] []
Parvovirus E] D D D D D
Tnd(-bo.m dnsoaso (e.g.
Aot ] L] ] L] N
Spotted Fever)
heartwonm toomom)| L ] (] (] ] ]
Do miectors (] ] ] (] ] ]

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

24. Has your dog ever been diagnosed with a SKIN condition (e.g. itchy skin, allergies, skin infection, mange)?

Yes

No
Section 2: Health Information - Skin

25. Please indicate any SKIN conditions your dog has been diagnosed with and the age at diagnosis.

Diagnosed with
this condition,
but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
"Hot Spots’ [ ] | | || n | | | |
lchy skin/allergies ] [ ] [ ] [ ] [ | [ |
s L L || L L L
o ] [] L] ] L] []
Other skin condition u || L L L] ||

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

26. Has your dog ever been diagnosed with a GASTROINTESTINAL condition (e.g. chronic diarrhea, colitis)?

Yes
No
Section 2: Health Information - Gl

27. Please indicate any GASTROINTESTINAL conditions your dog has been diagnosed with and the age at
diagnosis.

Diagnosed with
this condition,
but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
Chronic colitis ] [ ] [] ] [ | [ |
Chronic diarrhea ] [] [ ] ] [ ] [ ]
Gastritis ] [ ] [ | L] [ | [ |
bl [ ] L L] [ ] [ ]

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

28. Has your dog ever been diagnosed with an ORTHOPEDIC or NEUROLOGIC condition (e.g. hip dysplasia,
osteoarthritis, patellar luxation)?

Yes
No
Section 2: Health Information - Orthopedic

29. Please indicate any ORTHOPEDIC or NEUROLOGIC conditions your dog has been diagnosed with and the age
at diagnosis.

Diagnosed
with this
condition, but

<1 year 1-3 years 4-6 years 7-10years  Over 10 years rem:nanb:rage

Cruciate ligament rupture L] ] { | [ ] [ | [ ]

Elbow dysplasia L] L] ] ] L] ]

Hip dysplasia L] [ ] [ | [ | [ | [ |

Invertebral disc disease ] ] [] [ ] [ ] [ |

Osteoarthritis ] ] [ ] [ | [ | [ |

mebmmos SO OO

Seizures L L] [ | [ | [ | ||

Other

musculoskeletaliorthopedic | L] [ ] ] [ ] L]

or neurologic condition

If other, please specify type and age at diagnosis

178



Section 2: Health Information - Health History

30. Has your dog ever been diagnosed with a URINARY or REPRODUCTIVE condition?

Yes
No
Section 2: Health Information - Urinary/Repro

31. Please indicate any URINARY OR REPRODUCTIVE conditions your dog has been diagnosed with and the age at
diagnosis.

Diagnosed with

this condition,

but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
o oserinsctoner (] ] ] (] ] ]
ey infectener (] [] (] (] ] []
Kidney failure [] [] [ ] [] [] []
gemen | L [] L] [] [] L]
oy e (] [] [ (] [] []
oeteandton L [] [ (] (] []

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

32. Has your dog ever been diagnosed with an ENDOCRINE condition (e.g. hypothyroidism, diabetes, Cushing's
disease, Addison's disease)?

Yes
No
Section 2: Health Information - Endocrine

33. Please indicate any ENDOCRINE conditions your dog has been diagnosed with and the age at diagnosis.

Diagnosed with
this condition,
but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
ey L1 OO
. OO OO OO
Diabetes L] || L] [ | L] ||
Hypothyroidism L L] L] L] L L]
romonaconton | (] (] [] (] []

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History

34. Has your dog ever been diagnosed with a CARDIOVASCULAR or BLOOD condition (e.g. cardiomyopathy,
arrhythmia, thrombocytopenia)?

Yes
No
Section 2: Health Information - Cardio

35. Please indicate any CARDIOVASCULAR or BLOOD conditions your dog has been diagnosed with and the age at
diagnosis.

Diagnosed with
this condition,
but can't

<1 year 1-3 years 4-6 years 7-10years  Over 10 years remember age
Cardiomyopathy ] [] [ ] [ ] [ | [ ]
Heart failure ] [] [] ] [ ] [ ]
o (] [ [ (] [ []
Thrombocytopenia L] [ ] L L] L] [ ]
c?:oo? condition L || L L] [ [ |

If other, please specify type and age at diagnosis
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Section 2: Health Information - Health History
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Section 3: Environmental Information
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