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KRAS — gene encoding K-Ras protein
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MAPK — gene encoding mitogen-activated protein kinase

MDM?2 — gene encoding mouse double minute 2 homolog

MHC — major histocompatibility complex

MYC — family of regulator genes and proto-oncogenes that code for transcription factors
NF-kB — gene encoding nuclear factor-kappa B

NFI — gene encoding nuclear factor-1

NK — natural killer

NRAS — gene encoding N-Ras protein

PIK3 — gene encoding phosphoinositide-3-kinase

PIK3CA — gene encoding phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic
Subunit Alpha

PLCG1 — gene encoding phospholipase C Gamma 1

POTI — gene encoding protection of telomeres 1

PTEN — gene encoding phosphatase and tensin homolog

PTPNI11 — gene encoding protein tyrosine phosphatase non-receptor type 11
PTPRJ — gene encoding protein tyrosine phosphatase receptor type J

RB1 — gene encoding retinoblastoma transcriptional corepressor 1

S10048/9 — gene encoding S100 calcium-binding protein A8

SETD2 — SET domain containing 2 encodes the Histone-lysine N-methyltransferase
SPRED]I — gene encoding Sprouty related EVH1 domain containing 1

STK11 — gene encoding serine/threonine-protein kinase 11

TAA — tumor-associated antigens

TERT - telomerase reverse transcriptase

TRAF3 — gene encoding tumor necrosis factor receptor associated factor 3 protein
TSA — tumor-specific antigens

WNT/B-catenin — gene encoding wingless-type ligand/B-catenin



Abstract

Pre-clinical studies in rodent models have been important for human clinical research,
but many of them failed in the translational process. Spontaneous tumors in pet dogs
have the potential to bridge the gap between preclinical models and human clinical
trials. Their natural occurrence in an immunocompetent system overcome the
limitations of pre-clinical rodent models. Due to its reasonable cellular, molecular, and
genetic homology to humans, pet dog represents a valuable model to accelerate the
translation of pre-clinical studies to clinical trials in humans, actually with benefits for
both species. Moreover, their unique genetic features of breeding and breed-related
mutations have contributed to assess and optimize therapeutics in individuals with
different genetic backgrounds. This review aims to outline four main immunotherapy
approaches — cancer vaccines, adaptive T cell transfer, antibodies, and cytokines —,
under research in veterinary medicine and how they can serve the clinical application

crosstalk with humans.
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1. Introduction

In the USA, 63.4% of households owned nearly 89.7 million dogs [1]. In the European
Union, the estimated number of owned dogs exceed 87.5 millions in 38% of all
households [2]. Worldwide, Argentina, Mexico, and Brazil are the countries which have
the highest percentage of pet owners, totaling more than 115 million dogs [3]. However,
due to the lack of national census and a global and harmonized system of animals’
registry, the real dimension of pet dog population in the world remains unknown,
though it has been increasing for the last few decades. Additionally, the interaction
between dogs and humans have changed. Once used to perform practical tasks (e.g.,
protection or hunting), dogs are kept today as pets independently the purpose to which
they were originally bred. Shepherd dogs used in the past to herd the flocks, for
example, are now kept indoor as companion animals. Moreover, dogs have earned the
status of family members mainly in Western societies, but also in East Asian societies

like Japan [4,5]. Dog owners are now demanding for more advanced veterinary



healthcare and to invest more resources in diagnosis’ technologies and pioneer

therapeutics like those applied to humans. At the same time, the food industry has

created a wide range of nutritionally balanced diets, specially formulated to provide

tailored nutrition to pet dogs of different body weight, breeds, and health conditions.

Altogether, dog’s health have improved substantially, leading to longer life

expectancies [6,7], and consequently the development of cancers and other age-related

diseases [8—13].

In the pet dog population, cancer represents one of the major causes of death, varying

between 15% to 30% [6,14—-19]. However, very few epidemiological studies have

attempted to estimate population-based rates of cancer incidence in pet dogs, ranging

from 142.8 in Venice and Vicenza provinces, Italy, to 852.0 cases per 100,000

dogs/year in Ontario, Canada (Table 1). This great variability is mainly due to dissimilar

methodologies and base populations, which biases the estimated incidence [20-22].

Three studies used a national population-based registry, two of them an insurance

database [23,24] and the other a national canine cancer registry [25]. The latest — the

Swiss Canine Cancer Registry (SCCR) — is a reference database that compile

retrospectively canine cancer cases across Switzerland, whose diagnosis were based on

histopathological or cytological examination and coded according to the ICD-O-3

standards [25]. Meanwhile, improvement of statistical methods for a more powerful

estimation of canine cancer incidence based on the SCCR have been recently developed

[26,27]. In addition, some studies start focusing on the incidence of certain types of

tumors (e.g., mammary tumors [28,29]).

Table 1 — Estimated incidence of cancer in pet dogs.

Year | Location Scope Population Incidence# References
1968 Alameda county, CA, Regional Car}ine cancer 3812 130]
USA registry
1978 | Tulsa county, OK, USA | Regional | Canine cancer 507.0 [31]
registry
2000 | Ontario, Canada Regional | Practice clinical | 852.0 [32]
records
2002 | UK National | Insured dogs 747.9 [23]
2005 | Sweden National | Insured dogs 500.0 [24]
2008 | Genoa municipality, Regional | Practice clinical | 169.2 males [33]
Italy records 312.0 females
2009 | Venice and Vicenza Regional | Telephone 142.8 [34]




provinces, Italy survey

2015 | Switzerland National | Canine cancer 695.0 [25]
registry

2017 | Piedmont, Italy Regional | Canine cancer 804.0 [35]
registry

# number of cases per 100,000 dogs/year.

Studies on the prevalence of tumors in pet dogs are also scarce and limited by the
existence of few cancer registries (mainly in the USA and some European countries),
inconsistency of the code used (hystiotype versus anatomical site), the type of base
population (insurance databases, referral practice clinical records, primary care practice
clinical records, cancer registries or questionnaire-based data collection), geographical
and environmental features, and non-standardized inclusion/exclusion criteria [20,21].
The need for a computerized technology to the collection of veterinary data using a
standard coded case record was acknowledged in the early 1980s [36], but a harmonized
methodology allowing good quality epidemiological studies continuous to be a claim in
nowadays. Considering these limitations, the SCCR seems to be a reliable source to
extract useful information on the prevalence of tumors in the dog population due to its
methodology and representativeness. Comprising 121,963 diagnostic records for the
period 1955-2008, the multivariate analysis conducted by Griintzig et al. [37] revealed

the prevalence of malignant and non-malignant tumors (Table 2).

Table 2 — Prevalence of tumors (malignant and non-malignant) in pet dogs based on the

Swiss Canine Cancer Registry [37].

Type of tumor Frequency (%)
Adenoma, adenocarcinoma (ICD-O 8140) 18.09
Mast cell tumor (ICD-O 9740) 6.50
Lymphoma (ICD-0O 9590, 9591, 9700) 4.35
Melanocytic tumor (ICD-O 8720, 8730) 3.63
Fibroma, fibrosarcoma (ICD-O 8810, 8812) 3.40
Squamous cell carcinoma (ICD-O 8070, 8071, 8078) 1.95
Osteoma/osteosarcoma (ICD-O 9180) 1.24

Adenoma/adenocarcinoma were the most frequent tumor, with 55.4% to be found in the
mammary gland and 8.3% in the gastrointestinal tract [37]. Other studies have reported
a similar prevalence [25,29,35]. The influence of age and neutering status on the rate of

these tumors is well-established, prevailing in female dogs over 5 years of age and




entire females [31,37-39]. Interestingly, exceptional longevity in dogs seems to have a
cancer-resistant phenotype just like in the oldest-old humans [40]. Overall, the risk of
tumor increases with age, which was confirmed by Griintzig et al. [37] for
adenoma/adenocarcinoma, melanocytic tumors, and squamous cell carcinoma. The
same authors have found a set of purebreds with an increased risk of developing
adenoma/adenocarcinoma tumors in comparison with crossbreds and other purebreds.
Similar findings were reported by other authors strongly suggesting a genetic
predisposition for certain types of tumors [6,15,16,25,30,35,39,41,42]. Skin and female

reproductive system seems to be the most common locations of cancer in pet dogs [39].

In this review, we will start addressing briefly the main features that make the pet dog a
powerful translational model for human cancer research. Then we will focus on the
challenges of comparative oncology, especially in terms of data integration, and how
the research community is coping with these challenges through the creation of
innovative methods and tools. Finally, considering that there are numerous reviews
focusing the translational power of pet dog model in different types of cancer, it is
described four immunotherapy approaches currently under clinical research in
veterinary medicine — cancer vaccines, adaptive T cell transfer, antibodies, and
cytokines —, and discussed to what extent they can serve the clinical application

crosstalk with humans.

2. Pet dog as a powerful cancer model to humans

Rodent models have been extensively used for decades in biomedical research to
understand the mechanisms and genetic pathways in cancer initiation, progression and
metastasis, and to evaluate novel anticancer drugs [43—49]. Many characteristics have
made it an interesting model, including resemblance of human carcinogenesis, ease to
handle and maintain at a low cost, ease of implementation and manipulation,
availability of well-characterized cell lines and immune-deficient lines, controlled
cancer progression in selected organs, a genome that is easily manipulated, and an
impressive volume of published data [44,50]. However, constrains in the representation
of several important features that define human cancer (e.g., spontaneous development
of cancer, immunocompetency, long period of latency, the biology of cancer, including

metabolism, vascularization and inflammation, tumor microenvironment [51]) and



intrinsic limitations of the model (e.g., tolerance to higher drug concentrations than
humans, a bone marrow less sensitive to cytotoxic agents, lower mutational burden of
tumors [52,53]) reduces their translational power [47,54,55]. In fact, Mak et al. [56]
estimated the average rate of successful translational from rodent models into the clinic
to be less than 8%. These limitations have been addressed over the last few decades
through the development of models resembling more closely the humans, namely the
generation of humanized rodent models reconstructed with human immune systems
[57-60]. These models are characterized by improved designs, functionalities and
applications (e.g., the possibility of in vivo evaluation of cellular and antibody-based
immunotherapies [61]) that may potentially contribute to boost human cancer research;
however, some major limitations persist, namely their allogenicity in relation to the
inoculated human tumors, the MHC incompatibility and lack of species-specific growth

factors, cytokines and chemokines [57,61].

Translational research/Clinical research

Complexity

Basic research Translational research Clinical research

Figure 1 — Different models involved in the study of oncogenesis according their
biological complexity and its relative position in the type of research (basic, clinical and
translational). More than a translation model, pet dogs are involved in both translational

and clinical research, which increase its value as a cancer model. (Adapted from [62].)



Pet dogs have been considered valuable additional models that may overpass some

important limitations of rodent models. Numerous studies have highlighted in detail its

relevance for cancer research and pointed out its translational power [8,48,56,62—88],

but one major advantage of this model is their unique position in translational and

clinical research which ultimately benefits both pet dogs and humans (Figure 1). There

are clinical trials involving pet dogs to better understand not only the mechanism and

pathways of oncogenesis in this species, but also to explore novel therapies. The

outcomes of these trials can be useful for human cancer research, which means that pet

dog is simultaneously involved in clinical veterinary studies and in preclinical human

studies. Interestingly, clinical human studies are also informative to pet dog cancer

research. In broad terms, humans may also be a “model” to pet dogs [81]. Table 3

summarize the relevant features of pet dogs as human cancer models comparing to

rodent models.

Table 3 — Comparison of rodent and pet dog model characteristics and similarities with

human tumors (adapted from Gordon & Khanna [70]).

Rodent models Pet dog models
Genetic variability Inbred Outbred
Tumor occurrence Induced Spontaneous
Histopathologic similarities Variable Yes
Physiologic and systemic effects | No Yes
Tumor progression Rarely Yes
Tumor molecular profile Homogeneous Heterogenous
Tumor microenvironment Variable Yes
Genes and pathways involved in
cancer initiation, progression, Variable Frequently
and metastasis

Highly controlled but Less controlled but are

Environmental factors

doesn’t resemble the human
environment

exposed to the same
environment as humans

Response of corresponding

human tumors to therapies Variable Frequently
Assessment of the influence of

germline genetic variation on No Yes

tumor response to drug

Approach Experimental Clinical

Rather than being chemically or genetically induced, pet dogs develop cancer

spontaneously. They are immunocompetent hosts, immunological outbred and show a

reasonable cellular, molecular and genetic homology with humans, including




phenotype, anatomical location, biological behavior, histology, mutational signatures,
signaling pathways, immunological reaction and the influence of tumor
microenvironment in the cancer progression [75,89,90]. Age, diet, sex, hormonal status,
and environment are common factors that influence cancer development both in humans
and pet dogs [9,37,91-96]. More recently, special attention has been given to the
epigenetic mechanisms involved in pet dog cancer initiation and progression and its
potential to elucidate human cancer and eventually therapeutical targets [97,98].
Genome mapping of boxer dog with the shotgun sequencing technique revealed the
existence of approximately 19,300 genes and a high level of homology to those in
human known genomes [99,100]. This homology seems to be associated to a positive
selection during domestication, which overlaps extensively with the corresponding
positively selected genes in humans, in particular those related with digestion and
metabolism, neurological process and cancer [101]. In fact, pet dogs are
phylogenomically closer to humans than the mouse or other rodents [102]. They share
about 650Mb of common ancestral sequences, compared with the 380Mb observed in
the mouse [103]. Overall there is an estimated orthology of 70 to 80% between
mouse/dog/human, with 80% and 75% of all human transcripts and genes in common
[103]. Perhaps one unique feature of pet dogs is its intraspecific variation. Breeding
have changed the canine genome structure, affecting linkage disequilibrium, haplotype
structure, heterozygosity, and eventually the rates of mutation [104]. Notably, a short-
range linkage disequilibrium was found within breeds and a long-range linkage
disequilibrium across breeds, corresponding to the effect of an ancient bottleneck
created by early domestication and to recent breed creation, respectively [99]. This is
very important because certain pure dog breeds have shown a predisposition to develop
specific cancers (e.g., squamous cell carcinoma of the digit in poodles with KIT Ligand
locus mutation in poodles [105] or histiocytic sarcoma risk with mutations of PTPN11
mutations in Burmese mountain dogs [ 106—108]), which allows to understand the
genetic basis of different types of cancer [6,109]. Huskey et al. [110] have recently
conducted a whole genome sequencing analysis in four different purebred dogs to
investigate orthologs of human breast cancer susceptibility genes, BRCAI, BRCA2,
CDHI, PTEN, STK11, and TP53, revealing that variants in BRCA2 and STK11 are

potentially associated with risk in purebred dogs.



Homologies between dogs and human cancers have been explored to study different
types of tumors affecting both pet dogs and humans aiming to shed light to the
mechanisms of cancer, including the mammary gland, prostate and bladder tumors,
osteosarcoma, lymphoma, malignant melanoma and squamous cell carcinomas
[62,88,111-114]. The recent characterization of the genomic landscape of osteosarcoma
in pet dogs revealed a similar mutation burden and complex spectrum of structural
aberrations to that recognized in pediatric human osteosarcoma. Several oncogenes have
been amplified in both humans and pet dogs, including MET, FOS, IGFIR, PVT1/MYC,
RUNX2, and HER? [115]. However, unique features of osteosarcoma in pet dogs, such
as mutations in the epigenetic regulator, SETD2, and deletions in DMD, the gene
encoding dystrophin, may help explain the more aggressive disease biology recognized
in canine osteosarcoma [116—118]. These canine-specific molecular alterations may
inform on the biology of aggressive disease or pinpoint a unique molecular subtype of
aggressive human osteosarcoma. Canine cancers with shared disease biology in humans
include diffuse large B-cell lymphoma and leukemias, urothelial carcinomas, and soft
tissue sarcomas, among others. Another example is the assessment of genomic
landscape of canine hemangiosarcoma through whole-exome sequencing and RNA-
sequencing of golden retrievers revealed similar tumor suppressor TP53, PI3K pathway

and oncogene PIK3CA to that found in human angiosarcoma [119].

Like in humans, the same similar signaling pathways were found to be altered in pet
dog’s cancer. Whole genome sequencing performed in a group of canine cancer cells
from different histotypes was able to identify frequently mutated gene drivers, which
were then cross-referred with a list of somatic mutations from the Cancer Gene Census
(COSMIC). Sixty-one driver mutations were registered from four functional categories,
chromatin organization, regulation kinase activity, GTPase binding and activity and
RNA binding. As consistently found in humans, the most important signaling pathways
identified in canine cancers where phosphoinositide-3-kinase (PI3K), Receptor Tyrosine
Kinase (RTK)/Ras GTPase/MAP kinase (MAPK) (RTK/RAS/MAPK), B-catenin and
Wnt ligand (WNT/B-catenin) or cell cycle signaling, the most predominantly
therapeutic targets [107,120,121]. As expected, TP53 is the most frequently mutated
gene among canine tumors [121]. Canine oral melanoma shares over 80% significant
oncogenes with human melanoma [122]; BRAF mutation is homologous in both species

in bladder transitional cell carcinoma [123]; BCR-ADI translocations in chronic



myelogenous leukemia [124,125]; c-KIT mutations in gastrointestinal stromal tumors

[126]. Although the list is continuously increasing, a selection of the common driver

mutations and the corresponding signaling pathways between humans and pet dogs are

summarized in Table 4.

Table 4 — Common mutated genes and target pathways between pet dogs and humans in

frequent cancer types using comparative genomic hybridization, exome sequencing, or

RNA sequencing.
Tumor type Common mutated genes | Signaling References
pathways
Melanoma P53, NRAS, KRAS, RTK/RAS/MAPK | [121,122,127-132]
PTEN, NF'1, BRAF, PI3K
CDKN2A4, CDK4, pS3
MDM?2, PTPRJ, FATA4, Cell cycle
BUBIB, SPREDI Hippo
Histiocytic sarcoma PTPNI11, NF1, KRAS RTK/RAS/MAPK | [121,133,134]
Transitional cell CDKN2A, KRAS, RTK/RAS/MAPK | [121,123,135-143]
carcinoma of the ARIDIA, BRAF, P53
bladder S10048/9, LRPIB Cell cycle
EGFR, ERBB2 PI3K
Hemangiosarcoma P53, PLCGI, PIK3, PI3K [119,144,145]
ERK, PTEN, NRAS RTK/RAS/MAPK
B cell lymphoma NF-kB, BCL2, MYC PI3K [146-151]
TRAF3, POTI MYC
MAP3K14, TP53 MAPK
Mammary P53, PIK3CA, AKTI, PI3K [110,112,152—158]
PTEN, KRAS, ERBBI, RTK/RAS/MAPK
BRCA2, STK11, WNT/- | WNT/B-catenin
catenin
Osteosarcoma P53, PTEN, SETD2, PIBK [117,118,121,159—
DMD, DLG2, RBI, RTK/RAS/MAPK | 162]

MYC, CDKN2A/B,
AKT2, BCL2

Beyond the biological similarities, pet dogs are by definition owned, which means that

there is an inherent will to keep the animal healthy and alive as long as possible. The

quality of veterinary care provided at different levels (primary, secondary and tertiary)

have resulted in a longer life expectancy, though shorter compared with humans [50].

Exposed to the same environment and therefore to similar environmental risk factors as

humans, including carcinogens, cancer in pet dogs allow a more control over

confounding variables related to lifestyle, diet and hormonal status. Associated to the




fact that dogs develop cancer spontaneously, although the period of latency is quite
similar to that in humans, when it occurs is rapidly diagnosed and treated, which allows
to follow the progression of the disease and the response to therapy over time. Cancer
diagnosis and treatment in pet dogs are now common procedures within the veterinary
clinical practice, including the use of similar imaging technologies as in human clinical
practice (ultrasound, CT and MRI) [163] and tumor staging according to defined
classifications such as the TNM classification of malignant tumors in domestic animals
[164]. In terms of treatment, pet dogs are submitted to similar radiation and
chemotherapy agents and protocols, as well as oncological surgery, resulting in an
overall improvement of the prognosis. The overview of treatment response is also well
defined in pet dogs, and methods are standardized for both adverse effects [165-167]
and tumor response, including the Response Evaluation Criteria in Solid Tumors [168]
and the Lymphoma Response Evaluation Criteria [169]. Clinical case management and
data are of high quality with a relative lower cost compared with similar human clinical
cases [151]. In the advent of cancer, pet dogs can live for longer and longer periods of
time with tumor and metastasis. This means that pet dog (and cat) is perhaps the unique
non-human animal to experience cancer as a chronic disease. The similarities to humans
in disease presentation, response to treatment, and the development of drug-resistance
and metastasis provide an opportunity to interrogate points of therapeutic intervention
and generate a thorough preclinical assessment of novel treatments. Notably, while
many canine cancers exhibit a similar genomic landscape to their human counterparts,
novel features of the disease in pet dogs may also help to explain some of the

differences in behavior of these diseases between species.

Pet dogs have allowed preclinical evaluation in several cancer treatment categories such
as local therapy, including surgery, radiotherapy, target inhibition, minimal residual
disease treatments, immunotherapy and personalized medicine [151,170,171].
Regarding onco-immunotherapy, new molecules and combinations are emerging fast.
Tolerability and potential efficacy of onco-immunotherapies and their combinations can
be done in pet dogs predicting ultimate effectiveness against tumors and metastatic
disease, with valuable translational information that overcomes what is provided in

common rodent models [75,151,172].



The ethical implications of using pet dogs as cancer models is a matter of concern. In
fact, being owned dogs that were not designed to intentionally develop diseases, in
opposition to laboratory animal (including lab dogs), and also considering that they can
benefit of the knowledge produced, their use could be viewed in accordance with the
principles of 3Rs. Yet, it may raise ethical issues on the informed consent concerning

the inclusion of pet dogs in preclinical/clinical trials, which needs to be considered.

3. Human oncology meets veterinary oncology

Humans and pet dogs share not only similarities in the initiation and progression of
cancer, and the way they respond to therapies, but also the burden of its epidemiological
impact. In the USA, for example, more than 1.66 million humans and more than 4.2
million pet dogs are diagnosed with cancer annually [83]. This raises great challenges to
both human oncology and veterinary oncology, which can be tackled in a more effective
way through a comparative framework. Therefore, comparative oncology emerged
precisely to bridge human and veterinary cancer research and to explore and understand

cancer risk and tumor biology across different species.

There are numerous studies using pet dog as a model to human cancer, including the
development of nanomedicine compounds [173], and the exploration of novel
immunotherapies that could enhance human cancer research [75,151]. Other studies are
exploring the translation of novel cancer therapies [85], e.g., the development of cancer
immunotherapy targeting pet dog dendritic cells [174], age-related diseases [10,175],
Zirconia dental implants [176], anti-fibrotic and antioxidant therapies for chronic
inflammatory liver disease [177] or antiepileptic drug testing in canine epilepsy [178].
The development of targeted nanoparticles to deliver therapeutic agents to disease sites

is also an interesting topic under research [179-181].

One of the assumptions of comparative oncology is the existence of a synergic
cooperation between human oncology and veterinary oncology. Despite the efforts that
have been made over the last two decades, there is still great challenges in methods’
harmonization and data integration. To address these challenges, the National Cancer
Institute, through its Division of Cancer Treatment and Diagnosis, have launched in

2019 the Integrated Canine Data Commons (ICDC)



(https://caninecommons.cancer.gov/#/home), a cloud-based repository aiming to foster
research on human cancer by enabling comparative analysis with pet dog cancer. One
interesting feature of this platform is that offers the possibility to search the cases within
ICDC and to build cohorts, though its power will depend greatly on the openness and
intensity of submission data by the research community. So far ICDC houses three
studies, corresponding to 225 cases, 509 samples and 765 files. Another initiative
tackling the same challenges is the Clinical and Translational Science Award One
Health Alliance, comprising a multidisciplinary platform aiming to advance the
understanding of diseases shared by humans and pet dogs. One of the key areas
developed within this alliance is clinical research on naturally occurring animal models
of human disease, providing valuable resources and training for veterinary clinical
trials. It also provides a searchable database of clinical trials being developed in

different USA veterinary schools.

Table 5 — Some active digital platforms gathering oncological trials involving pet dogs

with a potential of translation to humans.

Comparative Oncology Trials https://ccr.cancer.gov/comparative-oncology-
Consortium program/consortium

Canine Comparative Oncology & https://ccoge.net/

Genomics Consortium [72]

AVMA Animal Health Studies https://ebusiness.avma.org/aahsd/study search.aspx
Database

Pre-medical Cancer Immunotherapy https://www.precinctnetwork.org/

Network Canine Trials

Comparative Brain Tumor Consortium | https://ccr.cancer.gov/comparative-oncology-

program/cbtc
Integrated Canine Data Commons https://caninecommons.cancer.gov/#/
Purdue Comparative Oncology https://vet.purdue.edu/pcop/index.php
Program
Clinical and Translational Science https://www.ctsaonehealthalliance.org

Award One Health Alliance

Parallel to the need of data sharing and integration, and harmonization of methods, it
was developed collaborative consortia to perform multicenter clinical trials and
databases devoted to the registry of clinical trials (Table 5). The objective of these
consortia is to conduct clinical trials using spontaneously occurring cancers in the pet
dog to study pharmacokinetics and pharmacodynamics end points, correlate drug

exposure in modulation of tumoral markers, informing the cancer drug development



pathway [69,84,182], and ultimately to gather canine patient specimens in a biobank.
Meanwhile, other initiatives were developed focusing specific tumors, like the
Comparative Brain Tumor Consortium [183] promoted by the National Cancer Institute.
More recently, the American Veterinary Medical Association (AVMA) launched the
AVMA Animal Health Studies Database, which intends to be a central registry for
clinical trials involving different animal species. Currently, this database has the registry
of 42 pet dog oncology clinical trials that are studying a wide range of tumors (e.g.,
melanoma, soft tissue sarcoma, osteosarcoma, lymphoma) and innovative therapeutics
(e.g., gene therapy, chemotherapy, electrochemotherapy, immunotherapy). Seven out of

42 are testing vaccines and immunotherapies (Table 6).

Table 6 — Oncology clinical trials of vaccines and immunotherapies registered at the
AVMA Animal Health Studies Database

(https://ebusiness.avma.org/aahsd/study search.aspx).

Type of cancer Location Purpose

To test a ganglioside targeted cancer vaccine in dogs

Melanoma B with malignant melanoma.

To test a HER2/neu targeted cancer vaccine for the
stimulation of anti-tumor immunity.

To assess the effectiveness of cryoablation and an
investigational immunotherapy (STING agonist).

To evaluate the effectiveness and safety of an
autologous prescription product that combines cancer
vaccination pretreatment and activated killer T cell
immunotherapy.

Bone

Appendicular

Osteosarcoma

Appendicular

To evaluate the tumor response to a vaccine that

Tumor Brain
targets cancer stem cells.

Transitional cell Bladder or To test a HeR2/neu targeted cancer vaccine for the
carcinoma prostate stimulation of anti-tumor immunity.

To test a DNA telomerase targeted vaccine for the

Various — . . . : .
stimulation of anti-tumor immunity.

Since 2003, when it was established the Comparative Oncology Program promoted by
the National Cancer Institute, pet dog genomic data is now available through public
platforms and databases, such as the Sequence Read Archive (SRA), the Genome from
the National Center for Biotechnology Information (NCBI) and the ICDC. Other private
organizations are also pursuing the same objective, such as the Dog Disease Mapping
Project (DogDNA) from the Broad Institute. All these initiatives provide valuable data

allowing the map of the most common pet dog tumors using reliable data provided by


https://ebusiness.avma.org/aahsd/study_search.aspx

the latest generation of omics technologies (genomics, transcriptomics, proteomics and
metabolomics). This knowledge altogether improves the selection of the model disease
for preclinical trials in pet dogs as the results may be directly applicable to human
clinical trial design, enhancing to great extent the ability to compare cancer genomics

and transcriptomics in a meaningful way [74,184].

The Comparative Oncology Trials Consortium — part of the NIH’s Comparative
Oncology Program — is currently conducting two clinical trials using spontaneously
occurring cancers in pet dog to study pharmacokinetics and pharmacodynamic end
points, correlating drug exposure to modulation of tumoral markers, and informing the
cancer drug development pathway [69,84]. The Pre-medical Cancer Immunotherapy
Network Canine Trials (PRECINCT) (https://www.precinctnetwork.org) is conducting
two multicenter trials on chimeric human HERs/neu protein for dogs with osteosarcoma
and another on the assessment of a p97 inhibitor in various tumors. The Comparative
Brain Tumor Consortium is conducting two trials, one on the molecular targeted
cytotoxins for canine primary brain tumors and the other to evaluate procaspase-3

combined with hydroxyurea in canine meningiomas [184].

4. Immunological links and break downs between pet dogs and humans

Although the relative concentration of immune cells differ, as would be expected, there
are more similarities than differences in their dynamic interaction with antigens [185].
During the progress of cancer disease, interactions of the immune system with the
cancer changes, especially in more advanced stages. This interaction, as stated before, is

difficult to reproduce in laboratory models.

The relative number of T cells in both pet dogs and humans is notably similar, e.g., the
CD4:CDS8 proportion is approximately 2:1. Neutrophils, monocytes and regulatory T
lymphocytes are also well characterized during health and disease. It was reported that
regulatory T cells changes in pet dogs with cancer [186,187] and it was identified an
association between a decreased ratio of CD8+ and decreased survival in dogs with
osteosarcoma [ 188]. Humoral immunity, immunoglobulin functional subclasses are
functional and suturally similar. Antigen presenting cells, stimulation and inhibition

molecules are also the same. Interactions between TLR ligands and the productions of


https://www.precinctnetwork.org

pro and anti-inflammatory cytokines are also very similar [75]. Homology of cytokines
amino acid sequences is remarkably higher between both species, existing high cross

reactivity of canine cytokines with anti-human monoclonal antibodies [189,190].

Natural Killer (NK) cells are still being studied and characterized, since are not so well
described in pet dog. Nevertheless, it has been encountered homologies with human NK
cells in terms of origin, development and differentiation, and some phenotypic surface

markers, such as CD3, CD16, CD94, NKG2D [191].

Major differences are related to mast cell neoplasms occurring in pet dogs, which are
more frequently than in humans, especially arising in mucosal sites and skin as primary
tumors [192—-194]. Malignancies of dendritic cells or macrophage lineage such as
histiocytic sarcoma also occur more frequently in pet dogs, where there is a known

genetic susceptibility already described [195-197].

5. ImmunoOncotargets: crosstalk between pet dogs and humans

Three categories of antigens can be found in tumors: tumor-specific antigens (TSA),
tumor-associated antigens (TAA) and cancer-germline antigens (CGA). TAA and CGA
are present in both tumor and normal cells, although highly expressed in abnormal cells
secondary to genetic amplification or post translational modifications. TSA can only be
found in cancer cells and not in healthy cells. They are the truly foreign proteins, novel
peptide sequences, also known as neoantigens. Neoantigens result from a variety of
genetic alterations, single nucleotide variants, insertions and deletions, gene fusions,
frameshift mutations and structural variations. Some can be viral induced, such as
tumors resulting from papilloma or herpesvirus infections. Alternative source of
neoantigens can result from transcriptome level modifications, such as errors in RNA

transcription, alternative or mis-splicing [198-200].

Neoantigens, TAA and GSA have been the path followed for the development of
immunotherapy drugs, with some discoveries proven to be clinically very effective.
Transtuzumab is an example of a currently used and approved substance for humans
that can potentially be translated to veterinary medicine [112,201]. From a theoretical

perspective neoantigens are the ideal immunotherapy target. These neoepitopes can



trigger immunogenic responses, recognized by major histocompatibility complex
molecules (MHC) and by T-cell receptors, leading to their selection. Since they are
specifically recognized by T cell receptors as non-self they are less likely to trigger

autoimmunity.

Methods for the identification of neoepitopes are based in gene and exome sequencing
and bioinformatic machine algorithms that are able to predict immunogenicity and the
probability to identify clinically relevant neoepitopes and define the genomic landscape
of cancer [117,121,202]. However, less than 3% of the neoepitopes identified are able to
elicit T cell response [203]. The reason is related with their role in immunoediting,
escape mechanisms and interactions with checkpoint inhibitors [171,204]. These
mechanisms have to be acknowledged in the production of anti-tumor agents, since the
discovery of a neoantigen is not enough to result as a druggable target. Cancers are able
to use the immune system to constrain and promote their own development and this
process is one of the major challenges in immunotherapy since these processes
comprise the main form of immunotherapy resistance. Again, the canine model can
provide an opportunity in the identification of new treatments and the evaluation of its
efficiency, especially understanding the interrelationships between the
molecular/genomic landscape, from the in vitro to the in vivo treatment response in a

dog [171].

In the proliferative field of immunotherapy there are four main immunotherapy
approaches: a) Cancer vaccines, b) Adaptive T cell transfer, c) Antibodies and d)

Cytokines [204].
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Figure 2 — Summary of the immunotherapy agents used in pet dogs with spontaneous
cancers. CART Cell (T lymphocyte with chimeric receptors to target tumor associated
antigens (TAA). Tumor vaccines represent the most frequent immunotherapy
approached applied in the veterinary clinical setting, one is licensed for the treatment of

canine melanoma.

5.1 Cancer vaccines

Currently there are DNA, RNA, synthetic long peptides, and dendritic cell vaccines.
Their production can be personalized and very flexible, allowing easily the
incorporation of multiple genes for tumor antigens, immunostimulatory molecules and
other immunotherapy approaches including nanoparticles [204-206]. In the case of
nanoparticles, clinical trials involving dogs allow longer term follow-up of treated
animals and provide the unique opportunity to assess for the effects of nanoparticle
persistence in tissues [173]. There is high volume of research revealing an increased
efficacy of the combination of cancer vaccines with other immunotherapy approaches
[207]. The production process involves the collection of tumor and normal samples,
identification of neoantigens and formulation of the vaccine itself [204]. However, an

effective neoantigen prediction is still a complex and expensive process which includes



the identification of DNA mutations, its expression from RNA sequencing and MHC
binding prediction to the antigen [208]. The canine model is a valuable alternative to
test and optimize neoantigen cancer vaccines, by prediction CD8 and DC4 recognizable

antigens [208].

The most used pet dog model of spontaneous cancer is oral melanoma. Melanoma
represents 7% of all malignant tumors in dogs [209], appearing most frequently in the
oral cavity, mimics human mucosal melanomas [210]. Thus, due its homologies dog
constitutes a relevant translational model for human malignant melanoma. There are
several publications related to the use of tumor vaccines as a very important hallmark of
treatment combined with surgery and adjuvant treatments [207,208]. With regards to
vaccination there is a currently a commercially available xenogeneic vaccine targeted
against human tyrosinase antigen, licensed for stage II and III oral malignant melanoma
after loco-regional control [211,212]. Other research groups have developed other
vaccine strategies, namely electrovaccination targeting chondroitin sulfate
proteoglycan-4 (CSPG4), allogeneic vaccine carrying human interleukin -2 (IL-2) and
human granulocyte macrophage colony-stimulating factor (hGM-CSF) genes [213] or
dendritic cell vaccines targeting the human melanoma antigen gp100 [214]. Some of
these vaccines can also be classified as gene therapy since there is DNA transfer using

viral vectors resulting in the delivery of cytokines, suicide genes or tumor antigens.

Another relevant model is lymphoma, which includes a large heterogenous group of
lymphoid tumors with remarkable similarities with human Non-Hodgkin lymphomas, of
which 80% are mature B-cell tumors [215]. The telomerase reverse transcriptase
(TERT) is a TAA largely confined in tumor tissues. TERT is processed and presented
by MHCI cells, which can be recognized by T lymphocytes. Like human TERT
vaccines are being tested in phase I trials, the same is being done in dogs [206][216]. A
virus vector based (adenovirus) genetic vaccine targeting canine telomerase (dTERT)
demonstrated efficacy for the treatment of canine lymphoma, associated with

chemotherapy [216].

Vaccines for brain tumors and several sarcomas were also studied as relevant models
[217-221] in phase I or II studies (Table 7). Vaccine development was based in

autologous tumor lysates associated or not with immunological adjuvants. Glioma and



meningioma in dogs have been contributing with important clinical and translational
information for similar human cancers. In pet dogs with high-grade glioma and
glioblastomas, the local intradermal injection of the canine immune checkpoint inhibitor
CD200AR-L prior to the administration of an autologous tumor lysate significantly
enhanced its efficacy[220,221], previously developed by the same group for the
treatment of meningiomas [222]. In this later study tumor lysate vaccine was combined

with toll-like receptor ligands [222].

Considering sarcomas, the autologous dendric cell vaccine of autologous tumor lysate
associated with TNF alpha have not shown very promising effects in the 14 dogs with
osteosarcoma [218]. On the contrary, the efficacy of ADXS31-164 recombinant Listeria
monocytogenes expressing chimeric human HER2/neu construct was tested in 18 dogs
showing improved outcomes [217,219]. However, due to the zoonotic risk associated

with Listeria infection this vaccine was removed from the market.

Table 7 — Tumor vaccines under research using pet dogs with spontaneous tumors as

translational research models.

Cancer type Antigens Comments References
Melanoma Tyrosinase | Bacterial plasmid DNA vaccine [211,212]
CSPG4 Xenogeneic DNA electroporation [223-226]
performed after vaccine delivery
Gpl00 Dendritic cell vaccination [214]
Allogenic Allogeneic formolized tumor [213]
tumor extracts and lipoplexes carrying
human IL-2, and hGM- CSF genes.
Autologous | Autologous tumor lysate vaccine [227]
tumor combined with an immune adjuvant
protein from the small intestine
submucosa
Lymphoma - CD40-activated B cell cancer [228]
vaccine associated with
chemotherapy
TERT Tel-e-vax [206,216]
pDUVS5
Osteosarcoma HER2/neu Listeria vector live chimeric human | [217,219]
HER2/neu
Autologous | Autologous vaccine Combined with | [229]
tumor IL-2 and adoptive T cell transfer
High grade glioma, | HSP60 and | Lysate-based vaccine combined with | [220-222]
glioblastoma and others not the immune checkpoint reversal
meningioma specified CD200AR-L or toll-like receptor
ligands
Hemangiosarcoma Autologous | Tumor cell lysate associated [230]




tumor combined with alpha interferon and
doxorubicin

Autologous tumor lysate associated | [231]
with an immune adjuvant protein
from the small intestine submucosa

Under the scope of cancer prevention, it is worth noting the current trial VACCS:
Vaccination Against Canine Cancer Study, which is hopping to include 800 healthy,
middle-aged pet dogs to test the effectiveness of the new vaccine targeting
approximately 30 neoantigens, resulting from frame-shift mutations
(https://www.csuanimalcancercenter.org/vaccination-against-canine-cancer-study/). In
humans, preventive vaccination against papillomavirus or hepatitis B to prevent cervical
or liver cancer in humans is well known, however, vaccination for nonviral antigens are
also being studied in phase I and II clinical trials [56][207]. Humans trials for such
approach is very limited to healthy individuals who were at risk of cancer recurrence
[207]. A study like this in veterinary patients might contribute to valuable information

in long term cancer prevention.

5.2 Adaptive T cell transfer

Adaptive T cell immunotherapy is based on the transfer of immune cells expressing
chimeric antigen receptors (CAR). These CAR are engineered proteins that combined
the specificity of a monoclonal antibody with the effector function of the immune cell
directed towards a tumor [232]. Is based on two methods isolation of T lymphocytes
from primary tumor sites or gene modification of these cells. A first report suggested
that adoptive T-cell therapy after chemotherapy improved tumor free survival in a group
of dogs with B cell lymphoma where chemotherapy itself was used as an immune

modulating agent [233].

Genetic modification can be accomplished with the expansion of predetermined specific
monoclonal T cells or by receptor gene transfer [234]. Genetically engineered T
lymphocytes with chimeric receptors to target TSA or TAA (CART Cells) was applied
in pet dogs bearing B cell lymphoma in relapse. In this a proof of concept study, the
expansion methods for canine normal and abnormal T cells were developed and
optimized, followed by mRNA electroporation to produce specific CD20-specific
CART cells [235]. Results were transient but promising. Due to the high associated


https://www.csuanimalcancercenter.org/vaccination-against-canine-cancer-study/

costs and some technical drawbacks this approach targeting tumor antigens is still at is
beginning. Recently, using a virus-transfection, CART cells CD20-specific generated
were effective in vitro against canine B cell lymphoma [236]. Side effects cytokine
release syndrome and neurotoxicity observed in humans were not observed in the small

number of studies using the dog’s spontaneous model

5.3 Antibodies

Monoclonal antibodies are used now currently as part of many oncotherapies in
humans. They can be very specific (antiidiotype antibodies, when targeted to a specific
antigen of a specific tumor), conjugated with other components (such as nanoparticles,
toxins, etc.) or engineered [237]. Engineered antibodies can be bispecific, binding to
two targets at the same time, act as artificial T cell receptors and/or as dual modulators.
Some examples are cytotoxic effector cell redirectors, which can engage the neoantigen
and the T cell receptor (CD3), tumor targeted immunomodulators, binding to CD40 and
the neoantigen and dual immunomodulators, e.g., with mutual blockage of PD1 and

CTLA-4.

TAA between dogs and humans are comparable at a biological and molecular level.
This fact has been proved in some studies. There was a 91% and 92% amino acid
homology, respectively, of canine Erb-1 and -2, which were recognized by human
monoclonal antibodies cetuximab and transtuzumab, at identical binding sites [112].
The same humanized antibodies were also able to induce antibody-dependent cellular
cytotoxicity in NK lymphocytes [238]. On the contrary, rituximab, a chimeric anti-
CD20 monoclonal antibody although improved significantly the outcome of patients
bearing B-cell tumors it showed lack of cross reactivity with canine B-lymphocytes

[239].

Another example is the monoclonal antibody targeting the cell surface receptor CCR4
(C-C motif chemokine receptor 4) found mostly on immunosuppressive regulatory T
cells (Tregs). The humanized monoclonal antibody mogamulizumab, provides CCR4
blockage in dogs, resulting into depletion of Tregs [240]. A study showed that tumor
infiltrating Tregs were associated with a poor prognosis in dogs with spontaneous

bladder cancer and that their administration was associated with tumor regression and



improved survival [240]. In half of the cases, it was reported an adverse event after

administration of mogamulizumab, but mostly were mild and transient.

The chimeric antibody 1E4-7-B targeting CD-20 is a new potential antibody that holds
promise, showing a high cytopathic effect on a CD20" canine cell line. Although the
study was mostly in vitro an in a SCID mouse model, it was demonstrated to cause B-
cell depletion in an experimental group of beagle dogs [241] and clinical trials are being

prepared by this research group.

Podoplanin (PDPN) is a transmembrane mucin-like glycoprotein TAA, overexpressed
similarly in both human and canine various tissues and tumor types [242,243]. After
being first experimented the anti-human PDPN antibody in a pleural mesothelioma
orthoptic xenograft model, phase I and II clinical trials were attempted in in dogs
[242,244]. The anti-PDPN was first stabilized to recognize only the aberrant
glycosylation of the PDPN (dPDPN) and become tumor specific and induce antibody-
dependent cellular toxicity. In this first trial in a healthy dog and three PDPN-positive
cancer bearing dogs showed that the chimeric mouse-canine anti-dPDPN, P38Bf, was,
at least safe [242]. This antibody was administered intravenously every 2 weeks in three
dogs with malignant melanoma without major adverse effects. Although P38Bf induced
a significant in vitro antitumor activity, it’s in vivo efficacy, still needs evaluated using a

larger number of dogs bearing PDPN positive cancers.

Monoclonal antibodies targeting immune checkpoint inhibitors were also applied in
clinical research studies in dogs with spontaneous tumors, namely melanoma. Anti-PD-
L1 monoclonal antibody (c4G12), was tested in a pilot clinical study in 7 dogs with oral
malignant melanoma and two with undifferentiated sarcoma, showing safety albeit
efficacy results were limited [245]. Canine anti-PD-1 antibody (4F12-E6) was used in
dogs with advance stage melanoma as well as other tumors, and reported as a safe and

of potential clinical benefit [246].

Table 8 — Tumor antibodies under research in canine spontaneous tumors

Type of cancer Antigen | Comments References

B cell lymphoma CD20 Chimeric (4E1-7-B) [241]

Transitional cell CCR4 Mogamulizumab [240]




carcinoma of the bladder

Melanoma and other PD-1 4F12-E6 [246]

tumors

Melanoma PDPN Chimeric (P38Bf) [242]
PD-L1 | Chimeric (c4G12) [245]

5.4 Cytokines

There are several cytokines that can be used ether associated or as monotherapy and
limit tumor growth by a direct anti-proliferative/pro-apoptotic activity or stimulate the
cytotoxic activity of immune cells against tumors. There are only 2 FDA approved
cytokines for the treatment of human tumors are IL-2 and interferon alpha (IFN- o). IL-
2 for use in veterinary medicine is EMA approved for subcutaneous sarcoma. The
recombinant canarypoxvirus (vVCP1338) expressing feline interleukin-2 (IL-2) is applied
at the surgical site after tumor excision. There is no similar product approved for dogs
as a monotherapy, although IL-2 has been reported as an immunological adjuvant
leading to the augmentation of specific T-cell-mediated anti-tumor immunity and the
activation of non-specific cytolytic effector cells. Direct injection of the recombinant
protein in one of the possibilities to increase IL-2 in the tumor microenvironment.

Another option is systemic or intratumoral gene therapy vectors that encode IL-2.

Orally administered Salmonella vector live encoding IL-2 was used as adjuvant in
osteosarcoma, combined with surgery and doxorubicin [247]. The combination
improved survival compared with the doxorubicin and surgery controls, however not
significantly superior to the chemotherapy combination doxorubicin and carboplatin.
Regardless, the administration was safe and potentially interesting. Also in
osteosarcoma, another group reported IL-2 also as an adjuvant, in a combined approach
with vaccine and activated T-cells [229]. The study reported this treatment to be safe,

tolerable and effective compared with historical controls treated with surgery alone.

Human IL-2, along with human GM-CSF was part of a multimodal approach surgical
site injection of gene therapy co-delivering cIFN f gene and bleomycin followed by
subcutaneous administration of an allogenic whole tumor cell vaccine, in a clinical trial

using 364 canine melanoma patients [213]. This study reported an increased 6.5-fold on



the median survival of treated group of patients compared with a complete surgery

control.

6. Discussion

Opportunities for cancer research are emerging from pet dogs. This species provides
valuable opportunities to test theories for cancer treatment that ultimately benefit both
species. On the one hand, pet owners seek the possibility to provide the latest and
ultimate treatment option that science can offer, when standard approaches have failed;
on the other hand, the opportunity to test novel treatments for the first time in a subject
that has a shorter life span can bring forth results that would not be obtained using
human volunteer subjects. At the same time, pet dogs’ intrinsic advantages bring
together what is good in laboratory subjects and adds natural exposure, spontaneous

tumor development and genetic unique backgrounds related with breed.

One of the most advocated advantages of pet dog cancer models rely on the argument
they serve as sentinels for environmental risk factors to which humans are also exposed,
but cancer incidence and geographical distribution in dogs remains unclear. It is now
well known that pet dog have a similar global distribution as humans [248,249] and
they tend to have similar cancer types [25]. However, there is a lack of a coordinated
and worldwide cancer registry of veterinary patients [26], and the incidence and
prevalence of pet dog cancer is only estimated from narrowed sample collections

[25,35].

It is now well recognized that pet dog is a valuable model in human cancer research and
the clinical veterinary setting provides unique emerging translational opportunities for
comparative oncology. But pet dogs are not laboratory animals. This condition may be
seen simultaneously as a strength and a weakness of the model. In fact, they are patients
with caregivers and access to healthcare. Therefore, there is the need to consider some
natural bias, most associated with access to veterinary care. Economic factors can be a
major limitation, since only those pet dogs with access to at least a diagnosis will have
the chance to be conducted to a possible treatment plan. Consequently, there is a limited
pet dog population who will take part of a clinical trial. Still within this scope, funds to

veterinary clinical research is very limited especially compared with the overall



veterinary professional coverage. Food safety and zoonotic diseases hijack the bulk of
overall research funding for veterinary sciences. Although there is a growing support for
the advancement of veterinary oncology treatments and an increase in oncology
research, large scale studies are still very difficult to implement. The ongoing veterinary
clinical trials are still sparse around the world and limited to a small group of academic
institutions. Finally, new ethical challenges related with veterinary clinical trials are
emerging and new concerns have been raised. In general, there is a formal need to

harmonize the informed consent process and improve the clinical trials registry.

Regarding veterinary clinical oncology and immune-oncotherapy research, very
significant advances have provided the pillars to start seeking for druggable targets in
pet dogs with spontaneous cancers. However, there are important gaps that should be
addressed shortly, e.g., there is still no cancer gene census available similar to the
COSMIC cancer gene census for humans. It would be very fruitful to have a
comparative cancer gene census for pet dog in order to identify all genes with mutation

drivers for cancer supported by integrative oncogenomic tools as proposed for humans

[250].

With the available computational algorithms, it is possible to predict neoantigens from
various genome sequences. This computational machinery can identify and/or
prioritizing neopeptides that are most likely to elicit T-cell response, by determining the
neoantigen’s “quality” from a set of biophysical, chemical, and computationally
inferred properties. Based on these properties is it possible to predict affinity of a
neoantigen to MHC, avidity neopeptide-MHC complex to T cell receptor, type of T
cells that respond to the neoantigen and sequence similarity to other known highly
immunogenic epitopes [251]. The neoantigen pipeline includes the several steps that
demand a deep knowledge from the mutated gene driver to the protein 3D structure,
calling upon currently available toolkits for the identification, selection, prioritization
and visualization of neoantigens, such as pVACtools that provide an interactive display
of predicted neoantigens for review by the end user [252]. In the comparative oncology
perspective, at least for now, pet dogs are receiving more from this alliance, especially
due to a gateway access to the most advanced technologies which would not be possible
to achieve otherwise. Veterinary researchers are integrating multidisciplinary teams,

prospecting cancer antigens, and finding immunologic triggers to fight cancer. At this



point, optimization of procedures is critic to fill the many gaps related with the
knowledge of comparative immune response between pet dogs and humans, especially
regarding species-specific antibodies for the recognition of canine immune cells to be

ultimately included in these computational tools.

7. Future perspectives

The absence of a representative, collaborative, and standardized network of animal
cancer registries is a major constraint to the advance of veterinary cancer research and
surveillance and therefore to its translational power [22]. Despite its vivacity in the
1960s and 1970s in the USA [30,253-256], only in the later 1990s and early 2000s were
established the first cancer registries in Europe (Italy [33], Norway [29], Denmark [39]
and Switzerland [25,37]). In 2010 the Norwegian School of Veterinary Science in Oslo
hosted an international workshop to discuss the key challenges of veterinary cancer
registration and foster international collaborations [20]. Separately, in 2019 it was
established the Global Initiative for Veterinary Cancer Surveillance
(https://www.givcs.org) which aims to join animal cancer registries of different
countries and to harmonize methods. However, it is crucial to develop a strategy to
accelerate the implementation in firsthand of effective national animal cancer registries
following international consensual standards and good practices. This strategy

inevitably involves the need for census of the pet population globally.

In perspective the tendency is for immunotherapy to pass from trials to be included in
treatment protocols in veterinary medicine as it is happening now in humans. During
this time, pet dogs can and should be considered as valuable models of cancer research,
bridging the gap between laboratory models and humans. They can contribute with
robust data in a realistic way, some related with the long-term metastatic control
provided by immunotherapies, safety and efficiency trials of therapeutic combinations
involving checkpoint inhibitors, microenvironment targeting, effects of
immunotherapies in the selection of genetic variants that lead to tumor relapse, among

others.

Since immunotherapies tend to become more complex, vectored, and personalized,

bioinformatic methods will become the state of the art in the identification of



neoantigens from mutational cancer gene compendiums of public access, only available
for human research. By integrating information from large- and small-scale sequencing
efforts it will be produced canine gene compendiums as well, and consequently
common mechanisms of tumorigenesis between canine and human cancers will be

further uncovered.

All these developments will obviously increase treatment costs which by itself can be a
major limitation of its application in the context of veterinary clinical practice.

Therefore, cancer research should simultaneously continue to point to the discovery of
monotherapies for individuals at risk of cancer and to increase the immunosurveillance

to prevent disease.

Funding

This work was supported by FCT - Fundagdo para a Ciéncia e Tecnologia IP, grant
UIDB/00276/2020, from CIISA — Centre for Interdisciplinary Research in Animal
Health, Faculty of Veterinary Medicine, University of Lisbon, Portugal.

References

[1]  APPA, 2019-2020 APPA National Pet Owners Surve, Greenwich, CT, 2020.

[2] FEDIAF, FEDIAF Annual Report 2020, Bruxelles, 2020.
https://fediaf.org/images/FEDIAF Annual Report 2020 cor.pdf.

[3] GfK, Pet Ownership: Global Gfk Survey, 2016.
https://cdn2.hubspot.net/hubfs/2405078/cms-
pdfs/fileadmin/user upload/country one pager/nl/documents/global-gfk-
survey pet-ownership 2016.pdf.

[4] C.L. Adams, Companion Animals and Us: Exploring the Relationships between
People and Pets . Anthony L. Podberscek , Elizabeth S. Paul , James A. Serpell ,
Q. Rev. Biol. (2001). https://doi.org/10.1086/420651.

[5] B. Ambros, The necrogeography of pet memorial spaces: pets as liminal family
members in contemporary japan, Mater. Relig. 6 (2010) 304-335.
https://doi.org/10.2752/175183410X12862096296801.

[6] J.M. Dobson, Breed-Predispositions to Cancer in Pedigree Dogs, ISRN Vet. Sci.
(2013). https://doi.org/10.1155/2013/941275.



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

V.J. Adams, P. Watson, S. Carmichael, S. Gerry, J. Penell, D.M. Morgan,
Exceptional longevity and potential determinants of successful ageing in a cohort
of 39 Labrador retrievers: results of a prospective longitudinal study, Acta Vet.
Scand. 58 (2015) 29. https://doi.org/10.1186/s13028-016-0206-7.

D.M. Vail, E.G. MacEwen, Spontaneously occurring tumors of companion
animals as models for human cancer, Cancer Invest. (2000).
https://doi.org/10.3109/07357900009012210.

J.M. Hoffman, K.E. Creevy, A. Franks, D.G. O’Neill, D.E.L. Promislow, The
companion dog as a model for human aging and mortality, Aging Cell. 17 (2018)
e12737. https://doi.org/10.1111/acel.12737.

A. Mazzatenta, A. Carluccio, D. Robbe, C. Di Giulio, A. Cellerino, The
companion dog as a unique translational model for aging, Semin. Cell Dev. Biol.
70 (2017) 141-153. https://doi.org/10.1016/j.semcdb.2017.08.024.

M. Kaeberlein, K.E. Creevy, D.E.L. Promislow, The dog aging project:
translational geroscience in companion animals, Mamm. Genome. 27 (2016)
279-288. https://doi.org/10.1007/s00335-016-9638-7.

S. Séndor, E. Kubinyi, Genetic Pathways of Aging and Their Relevance in the
Dog as a Natural Model of Human Aging, Front. Genet. 10 (2019).
https://doi.org/10.3389/fgene.2019.00948.

M.S. Kent, J.H. Burton, G. Dank, D.L. Bannasch, R.B. Rebhun, Association of
cancer-related mortality, age and gonadectomy in golden retriever dogs at a
veterinary academic center (1989-2016), PLoS One. 13 (2018) e0192578.
https://doi.org/10.1371/journal.pone.0192578.

B.N. Bonnett, A. Egenvall, Age Patterns of Disease and Death in Insured
Swedish Dogs, Cats and Horses, J. Comp. Pathol. (2010).
https://doi.org/10.1016/j.jcpa.2009.10.008.

B.N. Bonnett, A. Egenvall, P. Olson, A. Hedhammar, Mortality in insured
Swedish dogs: rates and causes of death in various breeds, Vet. Rec. 141 (1997)
40—44. https://doi.org/10.1136/vr.141.2.40.

H.F. Proschowsky, H. Rugbjerg, A.K. Ersbell, Mortality of purebred and mixed-
breed dogs in Denmark, Prev. Vet. Med. 58 (2003) 63—74.
https://doi.org/10.1016/S0167-5877(03)00010-2.

J.H. Walter, K. Schwegler, [The frequency of neoplasms in dogs dissected in
Berlin]., Zentralbl. Veterinarmed. A. 39 (1992) 328-41.



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

http://www.ncbi.nlm.nih.gov/pubmed/1496862.

H. Eichelberg, R. Seine, [Life expectancy and cause of death in dogs. 1. The
situation in mixed breeds and various dog breeds]., Berl. Munch. Tierarztl.
Wochenschr. 109 (1996) 292-303.
http://www.ncbi.nlm.nih.gov/pubmed/9005839.

V.J. Adams, K.M. Evans, J. Sampson, J.L.N. Wood, Methods and mortality
results of a health survey of purebred dogs in the UK, J. Small Anim. Pract. 51
(2010) 512—524. https://doi.org/10.1111/j.1748-5827.2010.00974.x.

A. Ngdtvedt, O. Berke, B.N. Bonnett, L. Breonden, Current status of canine
cancer registration - report from an international workshop, Vet. Comp. Oncol.
10 (2012) 95-101. https://doi.org/10.1111/j.1476-5829.2011.00279.x.

D.G. O’Neill, D.B. Church, P.D. McGreevy, P.C. Thomson, D.C. Brodbelt,
Approaches to canine health surveillance, Canine Genet. Epidemiol. 1 (2014) 2.
https://doi.org/10.1186/2052-6687-1-2.

L.B. Bronden, A. Flagstad, A.T. Kristensen, Veterinary cancer registries in
companion animal cancer: a review, Vet. Comp. Oncol. 5 (2007) 133—-144.
https://doi.org/10.1111/j.1476-5829.2007.00126.x.

J.M. Dobson, S. Samuel, H. Milstein, K. Rogers, J.L.N. Wood, Canine neoplasia
in the UK: estimates of incidence rates from a population of insured dogs, J.
Small Anim. Pract. 43 (2002) 240-246. https://doi.org/10.1111/j.1748-
5827.2002.tb00066.x.

A. Egenvall, B.N. Bonnett, A. Hedhammar, P. Olson, Mortality in over 350,000
insured Swedish dogs from 1995-2000: I1. Breed-specific age and survival
patterns and relative risk for causes of death., Acta Vet. Scand. 46 (2005) 121—
36. https://doi.org/10.1186/1751-0147-46-121.

K. Griintzig, R. Graf, M. Hissig, M. Welle, D. Meier, G. Lott, D. Erni, N.S.
Schenker, F. Guscetti, G. Boo, K. Axhausen, S. Fabrikant, G. Folkers, A.
Pospischil, The Swiss canine cancer registry: A retrospective study on the
occurrence of tumours in dogs in Switzerland from 1955 to 2008, J. Comp.
Pathol. (2015). https://doi.org/10.1016/j.jcpa.2015.02.005.

G. Boo, S. Leyk, S.I. Fabrikant, R. Graf, A. Pospischil, Exploring uncertainty in
canine cancer data sources through dasymetric refinement, Front. Vet. Sci.
(2019). https://doi.org/10.3389/fvets.2019.00045.

G. Boo, S. Leyk, C. Brunsdon, R. Graf, A. Pospischil, S.I. Fabrikant, The



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

importance of regional models in assessing canine cancer incidences in
Switzerland, PLoS One. 13 (2018) e0195970.
https://doi.org/10.1371/journal.pone.0195970.

A. Egenvall, B.N. Bonnett, P. Ohagen, P. Olson, A. Hedhammar, H. von Euler,
Incidence of and survival after mammary tumors in a population of over 80,000
insured female dogs in Sweden from 1995 to 2002, Prev. Vet. Med. 69 (2005)
109-127. https://doi.org/10.1016/j.prevetmed.2005.01.014.

L. Moe, Population-based incidence of mammary tumours in some dog breeds.,
J. Reprod. Fertil. Suppl. 57 (2001) 439-43.
http://www.ncbi.nlm.nih.gov/pubmed/11787188.

C.R. Dorn, D.O. Taylor, R. Schneider, H.H. Hibbard, M.R. Klauber, Survey of
animal neoplasms in Alameda and Contra Costa Counties, California. II. Cancer
morbidity in dogs and cats from Alameda County., J. Natl. Cancer Inst. 40 (1968)
307-18. https://doi.org/10.1093/jnci/40.2.307.

D.W. MacVean, A.W. Monlux, P.S. Anderson, S.L. Silberg, J.F. Roszel,
Frequency of Canine and Feline Tumors in a Defined Population, Vet. Pathol. 15
(1978) 700-715. https://doi.org/10.1177/030098587801500602.

R. Reid-Smith, B.N. Bonnett, S.W. Martin, S.A. Kruth, A. Abrams-Ogg, M.J.
Hazlett, The incidence of neoplasia in the canine and feline patient populations of
private veterinary practices in southern Ontario, Proc. 9th Symp. Int. Soc. Vet.
Epidemiol. Econ. Breckenridge, CO. (2000) 935-955.

D.F. Merlo, L. Rossi, C. Pellegrino, M. Ceppi, U. Cardellino, C. Capurro, A.
Ratto, P.L. Sambucco, V. Sestito, G. Tanara, V. Bocchini, Cancer incidence in
pet dogs: findings of the Animal Tumor Registry of Genoa, Italy., J. Vet. Intern.
Med. 22 (n.d.) 976-84. https://doi.org/10.1111/1.1939-1676.2008.0133.x.

M. Vascellari, E. Baioni, G. Ru, A. Carminato, F. Mutinelli, Animal tumour
registry of two provinces in northern Italy: incidence of spontaneous tumours in
dogs and cats., BMC Vet. Res. 5 (2009) 39. https://doi.org/10.1186/1746-6148-5-
39.

E. Baioni, E. Scanziani, M.C. Vincenti, M. Leschiera, E. Bozzetta, M. Pezzolato,
R. Desiato, S. Bertolini, C. Maurella, G. Ru, Estimating canine cancer incidence:
Findings from a population-based tumour registry in northwestern Italy, BMC
Vet. Res. (2017). https://doi.org/10.1186/s12917-017-1126-0.

M. V Thrusfield, Application of computer technology to the collection, analysis



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

and use of veterinary data., Vet. Rec. 112 (1983) 538-43.
https://doi.org/10.1136/vr.112.23.538.

K. Griintzig, R. Graf, G. Boo, F. Guscetti, M. Hassig, K.W. Axhausen, S.
Fabrikant, M. Welle, D. Meier, G. Folkers, A. Pospischil, Swiss Canine Cancer
Registry 1955-2008: Occurrence of the Most Common Tumour Diagnoses and
Influence of Age, Breed, Body Size, Sex and Neutering Status on Tumour
Development, J. Comp. Pathol. 155 (2016) 156-170.
https://doi.org/10.1016/j.jcpa.2016.05.011.

A. Porrello, P. Cardelli, E.P. Spugnini, Oncology of companion animals as a
model for humans. an overview of tumor histotypes., J. Exp. Clin. Cancer Res.
25 (2006) 97—-105. http://www.ncbi.nlm.nih.gov/pubmed/16761625.

L.B. Bronden, S.S. Nielsen, N. Toft, A.T. Kristensen, Data from the Danish
veterinary cancer registry on the occurrence and distribution of neoplasms in
dogs in Denmark., Vet. Rec. 166 (2010) 586-90.
https://doi.org/10.1136/vr.b4808.

D.M. Cooley, D.L. Schlittler, L.T. Glickman, M. Hayek, D.J. Waters,
Exceptional Longevity in Pet Dogs Is Accompanied by Cancer Resistance and
Delayed Onset of Major Diseases, Journals Gerontol. - Ser. A Biol. Sci. Med.
Sci. (2003). https://doi.org/10.1093/gerona/58.12.b1078.

T. Seim-Wikse, E. Jorundsson, A. Nedtvedt, T. Grotmol, C.R. Bjornvad, A.T.
Kristensen, E. Skancke, Breed predisposition to canine gastric carcinoma - a
study based on the Norwegian canine cancer register, Acta Vet. Scand. 55 (2013)
25. https://doi.org/10.1186/1751-0147-55-25.

A.R. Michell, Longevit of British breeds of dog and its relationships with-sex,
size, cardiovascular variables and disease, Vet. Rec. 145 (1999) 625—629.
https://doi.org/10.1136/vr.145.22.625.

C.R. Ireson, M.S. Alavijeh, A.M. Palmer, E.R. Fowler, H.J. Jones, The role of
mouse tumour models in the discovery and development of anticancer drugs, Br.
J. Cancer. 121 (2019) 101-108. https://doi.org/10.1038/s41416-019-0495-5.
M. de Jong, T. Maina, Of Mice and Humans: Are They the Same?--Implications
in Cancer Translational Research, J. Nucl. Med. 51 (2010) 501-504.
https://doi.org/10.2967/jnumed.109.065706.

M. Landgraf, J.A. McGovern, P. Friedl, D.W. Hutmacher, Rational Design of
Mouse Models for Cancer Research, Trends Biotechnol. 36 (2018) 242-251.



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

https://doi.org/10.1016/j.tibtech.2017.12.001.

W. Zhang, L. Moore, P. Ji, Mouse models for cancer research, Chin. J. Cancer.
30 (2011) 149-152. https://doi.org/10.5732/cjc.011.10047.

R.B. Bankert, S.D. Hess, N.K. Egilmez, SCID mouse models to study human
cancer pathogenesis and approaches to therapy: potential, limitations, and future
directions., Front. Biosci. (2002). https://doi.org/10.2741/a758.

K. Hansen, C. Khanna, Spontaneous and genetically engineered animal models:
Use in preclinical cancer drug development, Eur. J. Cancer. (2004).
https://doi.org/10.1016/j.ejca.2003.11.031.

K. Kersten, K.E. Visser, M.H. Miltenburg, J. Jonkers, Genetically engineered
mouse models in oncology research and cancer medicine, EMBO Mol. Med. 9
(2017) 137-153. https://doi.org/10.15252/emmm.201606857.

M.D. Lucroy, M.A. Suckow, Predictive modeling for cancer drug discovery
using canine models, Expert Opin. Drug Discov. 15 (2020) 731-738.
https://doi.org/10.1080/17460441.2020.1739644.

M. V Guerin, V. Finisguerra, B.J. Van den Eynde, N. Bercovici, A. Trautmann,
Preclinical murine tumor models: a structural and functional perspective, Elife. 9
(2020). https://doi.org/10.7554/eLife.50740.

B.A. Teicher, In Vivo/Ex Vivo and In Situ Assays Used in Cancer Research: A
Brief Review, Toxicol. Pathol. 37 (2009) 114-122.
https://doi.org/10.1177/0192623308329473.

G. Germano, S. Lamba, G. Rospo, L. Barault, A. Magri, F. Maione, M. Russo, G.
Crisafulli, A. Bartolini, G. Lerda, G. Siravegna, B. Mussolin, R. Frapolli, M.
Montone, F. Morano, F. de Braud, N. Amirouchene-Angelozzi, S. Marsoni, M.
D’Incalci, A. Orlandi, E. Giraudo, A. Sartore-Bianchi, S. Siena, F. Pietrantonio,
F. Di Nicolantonio, A. Bardelli, Inactivation of DNA repair triggers neoantigen
generation and impairs tumour growth, Nature. 552 (2017) 116-120.
https://doi.org/10.1038/nature24673.

D.L. Stirland, J.W. Nichols, S. Miura, Y.H. Bae, Mind the gap: A survey of how
cancer drug carriers are susceptible to the gap between research and practice, J.
Control. Release. (2013). https://doi.org/10.1016/j.jconrel.2013.09.026.

A.L. Kung, Practices and Pitfalls of Mouse Cancer Models in Drug Discovery,
Adv. Cancer Res. (2006). https://doi.org/10.1016/S0065-230X(06)96007-2.

I.W. Mak, N. Evaniew, M. Ghert, Lost in translation: animal models and clinical



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

trials in cancer treatment., Am. J. Transl. Res. 6 (2014) 114-8.
http://www.ncbi.nlm.nih.gov/pubmed/24489990.

H. Tian, Y. Lyu, Y.-G. Yang, Z. Hu, Humanized Rodent Models for Cancer
Research, Front. Oncol. 10 (2020). https://doi.org/10.3389/fonc.2020.01696.

A. Onaciu, R. Munteanu, V.C. Munteanu, D. Gulei, L. Raduly, R.-I. Feder, R.
Pirlog, A.G. Atanasov, S.S. Korban, A. Irimie, I. Berindan-Neagoe, Spontaneous
and Induced Animal Models for Cancer Research, Diagnostics. 10 (2020) 660.
https://doi.org/10.3390/diagnostics10090660.

L.D. Shultz, F. Ishikawa, D.L. Greiner, Humanized mice in translational
biomedical research, Nat. Rev. Immunol. 7 (2007) 118-130.
https://doi.org/10.1038/nri2017.

L.D. Shultz, M.A. Brehm, J.V. Garcia-Martinez, D.L. Greiner, Humanized mice
for immune system investigation: progress, promise and challenges, Nat. Rev.
Immunol. 12 (2012) 786—798. https://doi.org/10.1038/nri3311.

P. De La Rochere, S. Guil-Luna, D. Decaudin, G. Azar, S.S. Sidhu, E. Piaggio,
Humanized Mice for the Study of Immuno-Oncology, Trends Immunol. 39
(2018) 748-763. https://doi.org/10.1016/;.1t.2018.07.001.

M. Cekanova, K. Rathore, Animal models and therapeutic molecular targets of
cancer: Utility and limitations, Drug Des. Devel. Ther. (2014).
https://doi.org/10.2147/DDDT.S49584.

C.J. Henry, J.N. Bryan, Not lost in translation: how study of diseases in our pets
can benefit them and us., Mo. Med. 110 (n.d.) 216-9.
http://www.ncbi.nlm.nih.gov/pubmed/23829106.

G. Ranieri, C.D. Gadaleta, R. Patruno, N. Zizzo, M.G. Daidone, M.G. Hansson,
A. Paradiso, D. Ribatti, A model of study for human cancer: Spontaneous
occurring tumors in dogs. Biological features and translation for new anticancer
therapies, Crit. Rev. Oncol. Hematol. 88 (2013) 187-197.
https://doi.org/10.1016/j.critrevonc.2013.03.005.

M.D. Lairmore, C. Khanna, Naturally Occurring Diseases in Animals:
Contributions to Translational Medicine, ILAR J. 55 (2014) 1-3.
https://doi.org/10.1093/ilar/ilu022.

E.G. MacEwen, Spontaneous tumors in dogs and cats: Models for the study of
cancer biology and treatment, CANCER METASTASIS Rev. 9 (1990) 125-136.
https://doi.org/10.1007/BF00046339.



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

A K. LeBlanc, C.N. Mazcko, C. Khanna, Defining the Value of a Comparative
Approach to Cancer Drug Development, Clin. Cancer Res. 22 (2016) 2133-2138.
https://doi.org/10.1158/1078-0432.CCR-15-2347.

A K. LeBlanc, M. Breen, P. Choyke, M. Dewhirst, T.M. Fan, D.L. Gustafson,
L.J. Helman, M.B. Kastan, D.W. Knapp, W.J. Levin, C. London, N. Mason, C.
Mazcko, P.N. Olson, R. Page, B.A. Teicher, D.H. Thamm, J.M. Trent, D.M.
Vail, C. Khanna, Perspectives from man’s best friend: National Academy of
Medicine’s Workshop on Comparative Oncology, Sci. Transl. Med. 8 (2016)
324ps5-324psS. https://doi.org/10.1126/scitranslmed.aaf0746.

I. Gordon, M. Paoloni, C. Mazcko, C. Khanna, The comparative oncology trials
consortium: Using spontaneously occurring cancers in dogs to inform the cancer
drug development pathway, PLoS Med. (2009).
https://doi.org/10.1371/journal.pmed.1000161.

I.K. Gordon, C. Khanna, Modeling Opportunities in Comparative Oncology for
Drug Development, ILAR J. 51 (2010) 214-220.
https://doi.org/10.1093/ilar.51.3.214.

H.L. Gardner, J.M. Fenger, C.A. London, Dogs as a Model for Cancer., Annu.
Rev. Anim. Biosci. 4 (2016) 199-222. https://doi.org/10.1146/annurev-animal-
022114-110911.

C. Khanna, K. Lindblad-Toh, D. Vail, C. London, P. Bergman, L. Barber, M.
Breen, B. Kitchell, E. McNeil, J.F. Modiano, S. Niemi, K.E. Comstock, E.
Ostrander, S. Westmoreland, S. Withrow, The dog as a cancer model, Nat.
Biotechnol. 24 (2006) 1065—-1066. https://doi.org/10.1038/nbt0906-1065b.

R.M. Harman, S.P. Das, A.P. Bartlett, G. Rauner, L.R. Donahue, G.R. Van de
Walle, Beyond tradition and convention: benefits of non-traditional model
organisms in cancer research, Cancer Metastasis Rev. (2020).
https://doi.org/10.1007/s10555-020-09930-6.

A K. LeBlanc, C.N. Mazcko, Improving human cancer therapy through the
evaluation of pet dogs, Nat. Rev. Cancer. (2020). https://doi.org/10.1038/s41568-
020-0297-3.

S. Dow, A Role for Dogs in Advancing Cancer Immunotherapy Research, Front.
Immunol. (2020). https://doi.org/10.3389/fimmu.2019.02935.

L. Tarone, G. Barutello, S. Tussich, D. Giacobino, E. Quaglino, P. Buracco, F.

Cavallo, F. Riccardo, Naturally occurring cancers in pet dogs as pre-clinical



models for cancer immunotherapy, Cancer Immunol. Immunother. 68 (2019)
1839-1853. https://doi.org/10.1007/s00262-019-02360-6.

[77] E.A. Ostrander, D.L. Dreger, J.M. Evans, Canine Cancer Genomics: Lessons for
Canine and Human Health, Annu. Rev. Anim. Biosci. (2019).
https://doi.org/10.1146/annurev-animal-030117-014523.

[78] J. Lawrence, D. Cameron, D. Argyle, Species differences in tumour responses to
cancer chemotherapy, Philos. Trans. R. Soc. B Biol. Sci. 370 (2015) 20140233.
https://doi.org/10.1098/rstb.2014.0233.

[79] J.S. Park, S.S. Withers, J.F. Modiano, M.S. Kent, M. Chen, J.I. Luna, W.T.N.
Culp, E.E. Sparger, R.B. Rebhun, A.M. Monjazeb, W.J. Murphy, R.J. Canter,
Canine cancer immunotherapy studies: linking mouse and human, J.
Immunother. Cancer. 4 (2016) 97. https://doi.org/10.1186/s40425-016-0200-7.

[80] L. van der Weyden, M. Starkey, B. Abu-Helil, A.J. Mutsaers, G.A. Wood,
Companion canines: an under-utilised model to aid in translating anti-metastatics
to the clinic, Clin. Exp. Metastasis. 37 (2020) 7-12.
https://doi.org/10.1007/s10585-019-10002-5.

[81] H. Klingemann, Immunotherapy for Dogs: Running Behind Humans, Front.
Immunol. 9 (2018). https://doi.org/10.3389/fimmu.2018.00133.

[82] A. Di Cerbo, B. Palmieri, G. De Vico, T. lannitti, Onco-epidemiology of
domestic animals and targeted therapeutic attempts: perspectives on human
oncology, J. Cancer Res. Clin. Oncol. (2014). https://doi.org/10.1007/s00432-
014-1664-9.

[83] J.D. Schiffman, M. Breen, Comparative oncology: what dogs and other species
can teach us about humans with cancer, Philos. Trans. R. Soc. B Biol. Sci. 370
(2015) 20140231. https://doi.org/10.1098/rstb.2014.0231.

[84] M.C. Paoloni, C. Khanna, Comparative Oncology Today, Vet. Clin. North Am.
Small Anim. Pract. 37 (2007) 1023—-1032.
https://doi.org/10.1016/j.cvsm.2007.08.003.

[85] M. Paoloni, C. Khanna, Translation of new cancer treatments from pet dogs to
humans, Nat. Rev. Cancer. 8 (2008) 147—156. https://doi.org/10.1038/nrc2273.

[86] D.W. Knapp, D.J. Waters, Opinion, Mol. Med. Today. 3 (1997) 8-11.
https://doi.org/10.1016/S1357-4310(96)20031-0.

[87] K.A.Hahn, L. Bravo, W.H. Adams, D.L. Frazier, Naturally occurring tumors in

dogs as comparative models for cancer therapy research., In Vivo. 8 (n.d.) 133—



[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

43. http://www.ncbi.nlm.nih.gov/pubmed/8054503.

J.L. Rowell, D.O. McCarthy, C.E. Alvarez, Dog models of naturally occurring
cancer, Trends Mol. Med. (2011). https://doi.org/10.1016/j.molmed.2011.02.004.
T.A. de Souza, C.B. de Campos, A. De Biasi Bassani Gongalves, F.C. Nunes,
L.N. Monteiro, R. de Oliveira Vasconcelos, G.D. Cassali, Relationship between
the inflammatory tumor microenvironment and different histologic types of
canine mammary tumors, Res. Vet. Sci. 119 (2018) 209-214.
https://doi.org/10.1016/j.rvsc.2018.06.012.

K.L. Langsten, J.H. Kim, A.L. Sarver, M. Dewhirst, J.F. Modiano, Comparative
Approach to the Temporo-Spatial Organization of the Tumor Microenvironment,
Front. Oncol. 9 (2019). https://doi.org/10.3389/fonc.2019.01185.

G.J. Patronek, D.J. Waters, L.T. Glickman, Comparative Longevity of Pet Dogs
and Humans: Implications for Gerontology Research, Journals Gerontol. Ser. A
Biol. Sci. Med. Sci. 52A (1997) B171-B178.
https://doi.org/10.1093/gerona/52A.3.B171.

John A. Bukowski Daniel Wartenberg, ENVIRONMENTAL CAUSES FOR
SINONASAL CANCERS IN PET DOGS, AND THEIR USEFULNESS AS
SENTINELS OF INDOOR CANCER RISK, J. Toxicol. Environ. Heal. Part A.
54 (1998) 579-591. https://doi.org/10.1080/009841098158719.

G. Torres de la Riva, B.L. Hart, T.B. Farver, A.M. Oberbauer, L.L.M. Messam,
N. Willits, L.A. Hart, Neutering Dogs: Effects on Joint Disorders and Cancers in
Golden Retrievers, PLoS One. 8 (2013) €55937.
https://doi.org/10.1371/journal.pone.0055937.

J.M. Hoffman, K.E. Creevy, D.E.L. Promislow, Reproductive Capability Is
Associated with Lifespan and Cause of Death in Companion Dogs, PLoS One. 8
(2013) e61082. https://doi.org/10.1371/journal.pone.0061082.

J.L. Kelsey, A.S. Moore, T. Glickman, Epidemiologic Studies of Risk Factors for
Cancer in Pet Dogs, Epidemiol. Rev. 20 (1998) 204-217.
https://doi.org/10.1093/oxfordjournals.epirev.a017981.

J.A. Villamil, C.J. Henry, A.W. Hahn, J.N. Bryan, J.W. Tyler, C.W. Caldwell,
Hormonal and Sex Impact on the Epidemiology of Canine Lymphoma, J. Cancer
Epidemiol. 2009 (2009) 1-7. https://doi.org/10.1155/2009/591753.

P.L.P. Xavier, S. Miiller, H. Fukumasu, Epigenetic Mechanisms in Canine

Cancer, Front. Oncol. 10 (2020). https://doi.org/10.3389/fonc.2020.591843.



[98]

[99]

[100]

[101]

[102]

[103]

P.L.P. Xavier, Y.G. Cordeiro, P.A. Alexandre, P.R.L. Pires, B.H. Saranholi, E.R.
Silva, S. Miiller, H. Fukumasu, An epigenetic screening determines BET proteins
as targets to suppress self-renewal and tumorigenicity in canine mammary cancer
cells, Sci. Rep. 9 (2019) 17363. https://doi.org/10.1038/s41598-019-53915-7.

K. Lindblad-Toh, C.M. Wade, T.S. Mikkelsen, E.K. Karlsson, D.B. Jaffe, M.
Kamal, M. Clamp, J.L. Chang, E.J. Kulbokas, M.C. Zody, E. Mauceli, X. Xie,
M. Breen, R.K. Wayne, E.A. Ostrander, C.P. Ponting, F. Galibert, D.R. Smith,
P.J. DeJong, E. Kirkness, P. Alvarez, T. Biagi, W. Brockman, J. Butler, C.W.
Chin, A. Cook, J. Cuff, M.J. Daly, D. DeCaprio, S. Gnerre, M. Grabherr, M.
Kellis, M. Kleber, C. Bardeleben, L. Goodstadt, A. Heger, C. Hitte, L. Kim, K.P.
Koepfli, H.G. Parker, J.P. Pollinger, S.M.J. Searle, N.B. Sutter, R. Thomas, C.
Webber, E.S. Lander, Genome sequence, comparative analysis and haplotype
structure of the domestic dog, Nature. (2005).
https://doi.org/10.1038/nature04338.

M.P. Hoeppner, A. Lundquist, M. Pirun, J.R.S. Meadows, N. Zamani, J. Johnson,
G. Sundstrom, A. Cook, M.G. FitzGerald, R. Swofford, E. Mauceli, B.T.
Moghadam, A. Greka, J. Alfoldi, A. Abouelleil, L. Aftuck, D. Bessette, A.
Berlin, A. Brown, G. Gearin, A. Lui, J.P. Macdonald, M. Priest, T. Shea, J.
Turner-Maier, A. Zimmer, E.S. Lander, F. Di Palma, K. Lindblad-Toh, M.G.
Grabherr, An improved canine genome and a comprehensive catalogue of coding
genes and non-coding transcripts, PLoS One. (2014).
https://doi.org/10.1371/journal.pone.0091172.

G. Wang, W. Zhai, H. Yang, R. Fan, X. Cao, L. Zhong, L. Wang, F. Liu, H. Wu,
L. Cheng, A.D. Poyarkov, N.A. Poyarkov JR, S. Tang, W. Zhao, Y. Gao, X. Lv,
D.M. Irwin, P. Savolainen, C.-1. Wu, Y. Zhang, The genomics of selection in
dogs and the parallel evolution between dogs and humans, Nat. Commun. 4
(2013) 1860. https://doi.org/10.1038/ncomms2814.

G. Cannarozzi, A. Schneider, G. Gonnet, A phylogenomic study of human, dog,
and mouse, PLoS Comput. Biol. (2007).
https://doi.org/10.1371/journal.pcbi.0030002.

E.F. Kirkness, V. Bafna, A.L. Halpern, S. Levy, K. Remington, D.B. Rusch, A.L.
Delcher, M. Pop, W. Wang, C.M. Fraser, J.C. Venter, The dog genome: Survey
sequencing and comparative analysis, Science (80-. ). (2003).

https://doi.org/10.1126/science.1086432.



[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

H.G. Parker, A.L. Shearin, E.A. Ostrander, Man’s Best Friend Becomes
Biology’s Best in Show: Genome Analyses in the Domestic Dog, Annu. Rev.
Genet. 44 (2010) 309-336. https://doi.org/10.1146/annurev-genet-102808-
115200.

D.M. Karyadi, E. Karlins, B. Decker, B.M. VonHoldt, G. Carpintero-Ramirez,
H.G. Parker, R.K. Wayne, E.A. Ostrander, A Copy Number Variant at the
KITLG Locus Likely Confers Risk for Canine Squamous Cell Carcinoma of the
Digit, PLoS Genet. (2013). https://doi.org/10.1371/journal.pgen.1003409.

J. Abadie, B. Hédan, E. Cadieu, C. De Brito, P. Devauchelle, C. Bourgain, H.G.
Parker, A. Vaysse, P. Margaritte-Jeannin, F. Galibert, E.A. Ostrander, C. André¢,
Epidemiology, pathology, and genetics of histiocytic sarcoma in the bernese
mountain dog breed, J. Hered. (2009). https://doi.org/10.1093/jhered/esp039.

T. Thaiwong, S. Sirivisoot, M. Takada, V. Yuzbasiyan-Gurkan, M. Kiupel, Gain-
of-function mutation in PTPN11 in histiocytic sarcomas of Bernese Mountain
Dogs, Vet. Comp. Oncol. (2018). https://doi.org/10.1111/vco.12357.

B. Hédan, M. Rault, J. Abadie, R. Ulvé, N. Botherel, P. Devauchelle, C. Copie-
Bergman, E. Cadieu, M. Parrens, J. Alten, E.L. Zalcman, G. Cario, G. Damaj, K.
Mokhtari, F. Le Loarer, A. Coulomb-Lhermine, T. Derrien, C. Hitte, L. Bachelot,
M. Breen, D. Gilot, J.Y. Blay, J. Donadieu, C. André, PTPN11 mutations in
canine and human disseminated histiocytic sarcoma, Int. J. Cancer. (2020).
https://doi.org/10.1002/ijc.32991.

H.G. Parker, Genetic Structure of the Purebred Domestic Dog, Science (80-. ).
304 (2004) 1160-1164. https://doi.org/10.1126/science.1097406.

A.L.W. Huskey, K. Goebel, C. Lloveras-Fuentes, I. McNeely, N.D. Merner,
Whole genome sequencing for the investigation of canine mammary tumor
inheritance - an initial assessment of high-risk breast cancer genes reveal BRCA2
and STK11 variants potentially associated with risk in purebred dogs, Canine
Med. Genet. 7 (2020) 8. https://doi.org/10.1186/s40575-020-00084-w.

A.L. Shearin, E.A. Ostrander, Leading the way: Canine models of genomics and
disease, DMM Dis. Model. Mech. (2010). https://doi.org/10.1242/dmm.004358.
J. Singer, M. Weichselbaumer, T. Stockner, D. Mechtcheriakova, Y. Sobanov, E.
Bajna, F. Wrba, R. Horvat, J.G. Thalhammer, M. Willmann, E. Jensen-Jarolim,
Comparative oncology: ErbB-1 and ErbB-2 homologues in canine cancer are

susceptible to cetuximab and trastuzumab targeting, Mol. Immunol. (2012).



[113]

[114]

[115]

[116]

[117]

[118]

[119]

https://doi.org/10.1016/j.molimm.2012.01.002.

F. Sun, C. Bdez-Diaz, F.M. Sdnchez-Margallo, Canine prostate models in
preclinical studies of minimally invasive interventions: Part I, canine prostate
anatomy and prostate cancer models, Transl. Androl. Urol. (2017).
https://doi.org/10.21037/tau.2017.03.61.

S.M. Abdelmegeed, S. Mohammed, Canine mammary tumors as a model for
human disease (Review), Oncol. Lett. (2018).
https://doi.org/10.3892/01.2018.8411.

J. Varshney, M. Scott, D. Largaespada, S. Subramanian, Understanding the
Osteosarcoma Pathobiology: A Comparative Oncology Approach, Vet. Sci. 3
(2016) 3. https://doi.org/10.3390/vetsci3010003.

J.M. Fenger, C.A. London, W.C. Kisseberth, Canine Osteosarcoma: A Naturally
Occurring Disease to Inform Pediatric Oncology, ILAR J. 55 (2014) 69-85.
https://doi.org/10.1093/ilar/ilu009.

H.L. Gardner, K. Sivaprakasam, N. Briones, V. Zismann, N. Perdigones, K.
Drenner, S. Facista, R. Richholt, W. Liang, J. Aldrich, J.M. Trent, P.G. Shields,
N. Robinson, J. Johnson, S. Lana, P. Houghton, J. Fenger, G. Lorch, K.A.
Janeway, C.A. London, W.P.D. Hendricks, Canine osteosarcoma genome
sequencing identifies recurrent mutations in DMD and the histone
methyltransferase gene SETD2, Commun. Biol. (2019).
https://doi.org/10.1038/s42003-019-0487-2.

S. Sakthikumar, I. Elvers, J. Kim, M.L. Arendt, R. Thomas, J. Turner-Maier, R.
Swofford, J. Johnson, S.E. Schumacher, J. Alfoldi, E. Axelsson, C.G. Couto,
W.C. Kisseberth, M.E. Pettersson, G. Getz, J.R.S. Meadows, J.F. Modiano, M.
Breen, M. Kierczak, K. Forsberg-Nilsson, V.D. Marinescu, K. Lindblad-Toh,
SETD?2 is recurrently mutated in whole-exome sequenced canine osteosarcoma,
Cancer Res. (2018). https://doi.org/10.1158/0008-5472.CAN-17-3558.

K. Megquier, J. Turner-Maier, R. Swofford, J.H. Kim, A.L. Sarver, C. Wang, S.
Sakthikumar, J. Johnson, M. Koltookian, M. Lewellen, M.C. Scott, A.J. Schulte,
L. Borst, N. Tonomura, J. Alfoldi, C. Painter, R. Thomas, E.K. Karlsson, M.
Breen, J.F. Modiano, 1. Elvers, K. Lindblad-Toh, Comparative genomics reveals
shared mutational landscape in canine hemangiosarcoma and human
angiosarcoma, Mol. Cancer Res. (2019). https://doi.org/10.1158/1541-
7786.MCR-19-0221.



[120] F. Sanchez-Vega, M. Mina, J. Armenia, W.K. Chatila, A. Luna, K.C. La, S.
Dimitriadoy, D.L. Liu, H.S. Kantheti, S. Saghafinia, D. Chakravarty, F. Daian,
Q. Gao, M.H. Bailey, W.W. Liang, S.M. Foltz, I. Shmulevich, L. Ding, Z. Heins,
A. Ochoa, B. Gross, J. Gao, H. Zhang, R. Kundra, C. Kandoth, I. Bahceci, L.
Dervishi, U. Dogrusoz, W. Zhou, H. Shen, P.W. Laird, G.P. Way, C.S. Greene,
H. Liang, Y. Xiao, C. Wang, A. lavarone, A.H. Berger, T.G. Bivona, A.J. Lazar,
G.D. Hammer, T. Giordano, L.N. Kwong, G. McArthur, C. Huang, A.D. Tward,
M.J. Frederick, F. McCormick, M. Meyerson, S.J. Caesar-Johnson, J.A.
Demchok, I. Felau, M. Kasapi, M.L. Ferguson, C.M. Hutter, H.J. Sofia, R.
Tarnuzzer, Z. Wang, L. Yang, J.C. Zenklusen, J. (Julia) Zhang, S. Chudamani, J.
Liu, L. Lolla, R. Naresh, T. Pihl, Q. Sun, Y. Wan, Y. Wu, J. Cho, T. DeFreitas,
S. Frazer, N. Gehlenborg, G. Getz, D.I. Heiman, J. Kim, M.S. Lawrence, P. Lin,
S. Meier, M.S. Noble, G. Saksena, D. Voet, H. Zhang, B. Bernard, N. Chambwe,
V. Dhankani, T. Knijnenburg, R. Kramer, K. Leinonen, Y. Liu, M. Miller, S.
Reynolds, I. Shmulevich, V. Thorsson, W. Zhang, R. Akbani, B.M. Broom, A.M.
Hegde, Z. Ju, R.S. Kanchi, A. Korkut, J. Li, H. Liang, S. Ling, W. Liu, Y. Lu,
G.B. Mills, K.S. Ng, A. Rao, M. Ryan, J. Wang, J.N. Weinstein, J. Zhang, A.
Abeshouse, J. Armenia, D. Chakravarty, W.K. Chatila, I. de Bruijn, J. Gao, B.E.
Gross, Z.J. Heins, R. Kundra, K. La, M. Ladanyi, A. Luna, M.G. Nissan, A.
Ochoa, S.M. Phillips, E. Reznik, F. Sanchez-Vega, C. Sander, N. Schultz, R.
Sheridan, S.O. Sumer, Y. Sun, B.S. Taylor, J. Wang, H. Zhang, P. Anur, M. Peto,
P. Spellman, C. Benz, J.M. Stuart, C.K. Wong, C. Yau, D.N. Hayes, J.S. Parker,
M.D. Wilkerson, A. Ally, M. Balasundaram, R. Bowlby, D. Brooks, R. Carlsen,
E. Chuah, N. Dhalla, R. Holt, S.J.M. Jones, K. Kasaian, D. Lee, Y. Ma, M.A.
Marra, M. Mayo, R.A. Moore, A.J. Mungall, K. Mungall, A.G. Robertson, S.
Sadeghi, J.E. Schein, P. Sipahimalani, A. Tam, N. Thiessen, K. Tse, T. Wong,
A.C. Berger, R. Beroukhim, A.D. Cherniack, C. Cibulskis, S.B. Gabriel, G.F.
Gao, G. Ha, M. Meyerson, S.E. Schumacher, J. Shih, M.H. Kucherlapati, R.S.
Kucherlapati, S. Baylin, L. Cope, L. Danilova, M.S. Bootwalla, P.H. Lai, D.T.
Maglinte, D.J. Van Den Berg, D.J. Weisenberger, J.T. Auman, S. Balu, T.
Bodenheimer, C. Fan, K.A. Hoadley, A.P. Hoyle, S.R. Jefferys, C.D. Jones, S.
Meng, P.A. Mieczkowski, L.E. Mose, A.H. Perou, C.M. Perou, J. Roach, Y. Shi,
J. V Simons, T. Skelly, M.G. Soloway, D. Tan, U. Veluvolu, H. Fan, T. Hinoue,
P.W. Laird, H. Shen, W. Zhou, M. Bellair, K. Chang, K. Covington, C.J.



Creighton, H. Dinh, H.V. Doddapaneni, L.A. Donehower, J. Drummond, R.A.
Gibbs, R. Glenn, W. Hale, Y. Han, J. Hu, V. Korchina, S. Lee, L. Lewis, W. Li,
X. Liu, M. Morgan, D. Morton, D. Muzny, J. Santibanez, M. Sheth, E. Shinbrot,
L. Wang, M. Wang, D.A. Wheeler, L. Xi, F. Zhao, J. Hess, E.L. Appelbaum, M.
Bailey, M.G. Cordes, L. Ding, C.C. Fronick, L.A. Fulton, R.S. Fulton, C.
Kandoth, E.R. Mardis, M.D. McLellan, C.A. Miller, H.K. Schmidt, R.K. Wilson,
D. Crain, E. Curley, J. Gardner, K. Lau, D. Mallery, S. Morris, J. Paulauskis, R.
Penny, C. Shelton, T. Shelton, M. Sherman, E. Thompson, P. Yena, J. Bowen,
J.M. Gastier-Foster, M. Gerken, K.M. Leraas, T.M. Lichtenberg, N.C. Ramirez,
L. Wise, E. Zmuda, N. Corcoran, T. Costello, C. Hovens, A.L. Carvalho, A.C. de
Carvalho, J.H. Fregnani, A. Longatto-Filho, R.M. Reis, C. Scapulatempo-Neto,
H.C.S. Silveira, D.O. Vidal, A. Burnette, J. Eschbacher, B. Hermes, A. Noss, R.
Singh, M.L. Anderson, P.D. Castro, M. Ittmann, D. Huntsman, B. Kohl, X. Le,
R. Thorp, C. Andry, E.R. Duffy, V. Lyadov, O. Paklina, G. Setdikova, A.
Shabunin, M. Tavobilov, C. McPherson, R. Warnick, R. Berkowitz, D. Cramer,
C. Feltmate, N. Horowitz, A. Kibel, M. Muto, C.P. Raut, A. Malykh, J.S.
Barnholtz-Sloan, W. Barrett, K. Devine, J. Fulop, Q.T. Ostrom, K. Shimmel, Y.
Wolinsky, A.E. Sloan, A. De Rose, F. Giuliante, M. Goodman, B.Y. Karlan,
C.H. Hagedorn, J. Eckman, J. Harr, J. Myers, K. Tucker, L.A. Zach, B.
Deyarmin, H. Hu, L. Kvecher, C. Larson, R.J. Mural, S. Somiari, A. Vicha, T.
Zelinka, J. Bennett, M. Iacocca, B. Rabeno, P. Swanson, M. Latour, L. Lacombe,
B. Tétu, A. Bergeron, M. McGraw, S.M. Staugaitis, J. Chabot, H. Hibshoosh, A.
Sepulveda, T. Su, T. Wang, O. Potapova, O. Voronina, L. Desjardins, O.
Mariani, S. Roman-Roman, X. Sastre, M.H. Stern, F. Cheng, S. Signoretti, A.
Berchuck, D. Bigner, E. Lipp, J. Marks, S. McCall, R. McLendon, A. Secord, A.
Sharp, M. Behera, D.J. Brat, A. Chen, K. Delman, S. Force, F. Khuri, K.
Magliocca, S. Maithel, J.J. Olson, T. Owonikoko, A. Pickens, S. Ramalingam,
D.M. Shin, G. Sica, E.G. Van Meir, H. Zhang, W. Eijckenboom, A. Gillis, E.
Korpershoek, L. Looijenga, W. Oosterhuis, H. Stoop, K.E. van Kessel, E.C.
Zwarthoff, C. Calatozzolo, L. Cuppini, S. Cuzzubbo, F. DiMeco, G. Finocchiaro,
L. Mattei, A. Perin, B. Pollo, C. Chen, J. Houck, P. Lohavanichbutr, A.
Hartmann, C. Stoehr, R. Stoehr, H. Taubert, S. Wach, B. Wullich, W. Kycler, D.
Murawa, M. Wiznerowicz, K. Chung, W.J. Edenfield, J. Martin, E. Baudin, G.
Bubley, R. Bueno, A. De Rienzo, W.G. Richards, S. Kalkanis, T. Mikkelsen, H.



Noushmehr, L. Scarpace, N. Girard, M. Aymerich, E. Campo, E. Giné, A.L.
Guillermo, N. Van Bang, P.T. Hanh, B.D. Phu, Y. Tang, H. Colman, K. Evason,
P.R. Dottino, J.A. Martignetti, H. Gabra, H. Juhl, T. Akeredolu, S. Stepa, D.
Hoon, K. Ahn, K.J. Kang, F. Beuschlein, A. Breggia, M. Birrer, D. Bell, M.
Borad, A.H. Bryce, E. Castle, V. Chandan, J. Cheville, J.A. Copland, M. Farnell,
T. Flotte, N. Giama, T. Ho, M. Kendrick, J.P. Kocher, K. Kopp, C. Moser, D.
Nagorney, D. O’Brien, B.P. O’Neill, T. Patel, G. Petersen, F. Que, M. Rivera, L.
Roberts, R. Smallridge, T. Smyrk, M. Stanton, R.H. Thompson, M. Torbenson,
J.D. Yang, L. Zhang, F. Brimo, J.A. Ajani, A.M.A. Gonzalez, C. Behrens, J.
Bondaruk, R. Broaddus, B. Czerniak, B. Esmaeli, J. Fujimoto, J. Gershenwald,
C. Guo, C. Logothetis, F. Meric-Bernstam, C. Moran, L. Ramondetta, D. Rice,
A. Sood, P. Tamboli, T. Thompson, P. Troncoso, A. Tsao, I. Wistuba, C. Carter,
L. Haydu, P. Hersey, V. Jakrot, H. Kakavand, R. Kefford, K. Lee, G. Long, G.
Mann, M. Quinn, R. Saw, R. Scolyer, K. Shannon, A. Spillane, J. Stretch, M.
Synott, J. Thompson, J. Wilmott, H. Al-Ahmadie, T.A. Chan, R. Ghossein, A.
Gopalan, D.A. Levine, V. Reuter, S. Singer, B. Singh, N.V. Tien, T. Broudy, C.
Mirsaidi, P. Nair, P. Drwiega, J. Miller, J. Smith, H. Zaren, J.W. Park, N.P.
Hung, E. Kebebew, W.M. Linehan, A.R. Metwalli, K. Pacak, P.A. Pinto, M.
Schiffman, L.S. Schmidt, C.D. Vocke, N. Wentzensen, R. Worrell, H. Yang, M.
Mongcrieff, C. Goparaju, J. Melamed, H. Pass, N. Botnariuc, I. Caraman, M.
Cernat, I. Chemencedji, A. Clipca, S. Doruc, G. Gorincioi, S. Mura, M. Pirtac, I.
Stancul, D. Tcaciue, M. Albert, I. Alexopoulou, A. Arnaout, J. Bartlett, J. Engel,
S. Gilbert, J. Parfitt, H. Sekhon, G. Thomas, D.M. Rassl, R.C. Rintoul, C.
Bifulco, R. Tamakawa, W. Urba, N. Hayward, H. Timmers, A. Antenucci, F.
Facciolo, G. Grazi, M. Marino, R. Merola, R. de Krijger, A.P. Gimenez-
Roqueplo, A. Piché, S. Chevalier, G. McKercher, K. Birsoy, G. Barnett, C.
Brewer, C. Farver, T. Naska, N.A. Pennell, D. Raymond, C. Schilero, K.
Smolenski, F. Williams, C. Morrison, J.A. Borgia, M.J. Liptay, M. Pool, C.W.
Seder, K. Junker, L. Omberg, M. Dinkin, G. Manikhas, D. Alvaro, M.C.
Bragazzi, V. Cardinale, G. Carpino, E. Gaudio, D. Chesla, S. Cottingham, M.
Dubina, F. Moiseenko, R. Dhanasekaran, K.F. Becker, K.P. Janssen, J. Slotta-
Huspenina, M.H. Abdel-Rahman, D. Aziz, S. Bell, C.M. Cebulla, A. Davis, R.
Duell, J.B. Elder, J. Hilty, B. Kumar, J. Lang, N.L. Lehman, R. Mandt, P.
Nguyen, R. Pilarski, K. Rai, L. Schoenfield, K. Senecal, P. Wakely, P. Hansen,



[121]

[122]

[123]

R. Lechan, J. Powers, A. Tischler, W.E. Grizzle, K.C. Sexton, A. Kastl, J.
Henderson, S. Porten, J. Waldmann, M. Fassnacht, S.L. Asa, D. Schadendorf, M.
Couce, M. Graefen, H. Huland, G. Sauter, T. Schlomm, R. Simon, P. Tennstedt,
0. Olabode, M. Nelson, O. Bathe, P.R. Carroll, J.M. Chan, P. Disaia, P. Glenn,
R.K. Kelley, C.N. Landen, J. Phillips, M. Prados, J. Simko, K. Smith-McCune, S.
VandenBerg, K. Roggin, A. Fehrenbach, A. Kendler, S. Sifri, R. Steele, A.
Jimeno, F. Carey, I. Forgie, M. Mannelli, M. Carney, B. Hernandez, B. Campos,
C. Herold-Mende, C. Jungk, A. Unterberg, A. von Deimling, A. Bossler, J.
Galbraith, L. Jacobus, M. Knudson, T. Knutson, D. Ma, M. Milhem, R. Sigmund,
A K. Godwin, R. Madan, H.G. Rosenthal, C. Adebamowo, S.N. Adebamowo, A.
Boussioutas, D. Beer, T. Giordano, A.M. Mes-Masson, F. Saad, T. Bocklage, L.
Landrum, R. Mannel, K. Moore, K. Moxley, R. Postier, J. Walker, R. Zuna, M.
Feldman, F. Valdivieso, R. Dhir, J. Luketich, E.M.M. Pinero, M. Quintero-
Aguilo, C.G. Carlotti, J.S. Dos Santos, R. Kemp, A. Sankarankuty, D. Tirapelli,
J. Catto, K. Agnew, E. Swisher, J. Creaney, B. Robinson, C.S. Shelley, E.M.
Godwin, S. Kendall, C. Shipman, C. Bradford, T. Carey, A. Haddad, J. Moyer, L.
Peterson, M. Prince, L. Rozek, G. Wolf, R. Bowman, K.M. Fong, I. Yang, R.
Korst, W.K. Rathmell, J.L. Fantacone-Campbell, J.A. Hooke, A.J. Kovatich,
C.D. Shriver, J. DiPersio, B. Drake, R. Govindan, S. Heath, T. Ley, B. Van Tine,
P. Westervelt, M.A. Rubin, J. Il Lee, N.D. Aredes, A. Mariamidze, E.M. Van
Allen, A.D. Cherniack, G. Ciriello, C. Sander, N. Schultz, Oncogenic Signaling
Pathways in The Cancer Genome Atlas, Cell. (2018).
https://doi.org/10.1016/j.cell.2018.03.035.

S. Das, R. Idate, K.E. Cronise, D.L. Gustafson, D.L. Duval, Identifying candidate
druggable targets in canine cancer cell lines using whole-exome sequencing,
Mol. Cancer Ther. (2019). https://doi.org/10.1158/1535-7163.MCT-18-1346.
M.M. Rahman, Y.C. Lai, A.A. Husna, H.W. Chen, Y. Tanaka, H. Kawaguchi, H.
Hatai, N. Miyoshi, T. Nakagawa, R. Fukushima, N. Miura, Transcriptome
analysis of dog oral melanoma and its oncogenic analogy with human melanoma,
Oncol. Rep. (2020). https://doi.org/10.3892/0r.2019.7391.

B. Decker, H.G. Parker, D. Dhawan, E.M. Kwon, E. Karlins, B.W. Davis, J.A.
Ramos-Vara, P.L. Bonney, E.A. McNiel, D.W. Knapp, E.A. Ostrander,
Homologous mutation to human BRAF V600E is common in naturally occurring

canine bladder cancer-evidence for a relevant model system and urine-based



[124]

[125]

[126]

[127]

[128]

[129]

[130]

diagnostic test, Mol. Cancer Res. (2015). https://doi.org/10.1158/1541-
7786.MCR-14-0689.

M. Breen, J.F. Modiano, Evolutionarily conserved cytogenetic changes in
hematological malignancies of dogs and humans - Man and his best friend share
more than companionship, Chromosom. Res. (2008).
https://doi.org/10.1007/s10577-007-1212-4.

S. Culver, D. Ito, L. Borst, J.S. Bell, J.F. Modiano, M. Breen, Molecular
characterization of canine BCR-ABL-positive chronic myelomonocytic leukemia
before and after chemotherapy, Vet. Clin. Pathol. (2013).
https://doi.org/10.1111/vcp.12055.

E. Gregory-Bryson, E. Bartlett, M. Kiupel, S. Hayes, V. Yuzbasiyan-Gurkan,
Canine and human gastrointestinal stromal tumors display similar mutations in c-
KIT exon 11, BMC Cancer. (2010). https://doi.org/10.1186/1471-2407-10-559.
K. Poorman, L. Borst, S. Moroff, S. Roy, P. Labelle, A. Motsinger-Reif, M.
Breen, Comparative cytogenetic characterization of primary canine melanocytic
lesions using array CGH and fluorescence in situ hybridization, Chromosom.
Res. (2015). https://doi.org/10.1007/s10577-014-9444-6.

K. Wong, L. van der Weyden, C.R. Schott, A. Foote, F. Constantino-Casas, S.
Smith, J.M. Dobson, E.P. Murchison, H. Wu, 1. Yeh, D.R. Fullen, N. Joseph,
B.C. Bastian, R.M. Patel, 1. Martincorena, C.D. Robles-Espinoza, V. Iyer, M.L.
Kuijjer, M.J. Arends, T. Brenn, P.W. Harms, G.A. Wood, D.J. Adams, Cross-
species genomic landscape comparison of human mucosal melanoma with canine
oral and equine melanoma, Nat. Commun. (2019).
https://doi.org/10.1038/s41467-018-08081-1.

W.P.D. Hendricks, V. Zismann, K. Sivaprakasam, C. Legendre, K. Poorman, W.
Tembe, N. Perdigones, J. Kiefer, W. Liang, V. DeLuca, M. Stark, A. Ruhe, R.
Froman, N.S. Duesbery, M. Washington, J. Aldrich, M.W. Neft, M.J.
Huentelman, N. Hayward, K. Brown, D. Thamm, G. Post, C. Khanna, B. Davis,
M. Breen, A. Sekulic, J.M. Trent, Somatic inactivating PTPRJ mutations and
dysregulated pathways identified in canine malignant melanoma by integrated
comparative genomic analysis, PLoS Genet. (2018).
https://doi.org/10.1371/journal.pgen.1007589.

D. Giannuzzi, L. Marconato, R. Elgendy, S. Ferraresso, E. Scarselli, P. Fariselli,

A. Nicosia, S. Pegolo, G. Leoni, P. Laganga, V.F. Leone, M. Giantin, F. Troise,



[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

M. Dacasto, L. Aresu, Longitudinal transcriptomic and genetic landscape of
radiotherapy response in canine melanoma, Vet. Comp. Oncol. (2019).
https://doi.org/10.1111/vco.12473.

A. Prouteau, C. André, Canine melanomas as models for human melanomas:
Clinical, histological, and genetic comparison, Genes (Basel). (2019).
https://doi.org/10.3390/genes10070501.

G. Brocca, S. Ferraresso, C. Zamboni, E.M. Martinez-Merlo, S. Ferro, M.H.
Goldschmidt, M. Castagnaro, Array Comparative Genomic Hybridization
Analysis Reveals Significantly Enriched Pathways in Canine Oral Melanoma,
Front. Oncol. (2019). https://doi.org/10.3389/fonc.2019.01397.

M. Takada, L.A. Smyth, T. Thaiwong, M. Richter, S.M. Corner, P.Z. Schall, M.
Kiupel, V. Yuzbasiyan-Gurkan, Activating mutations in PTPN11 and KRAS in
canine histiocytic sarcomas, Genes (Basel). (2019).
https://doi.org/10.3390/genes10070505.

M. Takada, J.M.L. Hix, S. Corner, P.Z. Schall, M. Kiupel, V. Yuzbasiyan-
Gurkan, Targeting MEK in a translational model of histiocytic sarcoma, Mol.
Cancer Ther. (2018). https://doi.org/10.1158/1535-7163.MCT-17-1273.

J. Grassinger, S. Merz, H. Aupperle-Lellbach, H. Erhard, R. Klopfleisch,
Correlation of BRAF Variant V595E, Breed, Histological Grade and
Cyclooxygenase-2 Expression in Canine Transitional Cell Carcinomas, Vet. Sci.
6 (2019) 31. https://doi.org/10.3390/vetsci6010031.

H.G. Parker, D. Dhawan, A.C. Harris, J.A. Ramos-Vara, B.W. Davis, D.W.
Knapp, E.A. Ostrander, RNAseq expression patterns of canine invasive urothelial
carcinoma reveal two distinct tumor clusters and shared regions of dysregulation
with human bladder tumors, BMC Cancer. (2020).
https://doi.org/10.1186/s12885-020-06737-0.

V. Vitti Gambim, R. Laufer-Amorim, R.H. Fonseca Alves, V. Grieco, C.E.
Fonseca-Alves, A Comparative Meta-Analysis and in silico Analysis of
Differentially Expressed Genes and Proteins in Canine and Human Bladder
Cancer, Front. Vet. Sci. 7 (2020). https://doi.org/10.3389/fvets.2020.558978.
D.W. Knapp, D. Dhawan, J.A. Ramos-Vara, T.L. Ratliff, G.M. Cresswell, S.
Utturkar, B.C. Sommer, C.M. Fulkerson, N.M. Hahn, Naturally-Occurring
Invasive Urothelial Carcinoma in Dogs, a Unique Model to Drive Advances in

Managing Muscle Invasive Bladder Cancer in Humans, Front. Oncol. (2020).



[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

https://doi.org/10.3389/fonc.2019.01493.

S.G. Shapiro, S. Raghunath, C. Williams, A.A. Motsinger-Reif, J.M. Cullen, T.
Liu, D. Albertson, M. Ruvolo, A. Bergstrom Lucas, J. Jin, D.W. Knapp, J.D.
Schiffman, M. Breen, Canine urothelial carcinoma: genomically aberrant and
comparatively relevant, Chromosom. Res. (2015).
https://do1.org/10.1007/s10577-015-9471-y.

H. Mochizuki, M. Breen, Sequence analysis of RAS and RAF mutation hot spots
in canine carcinoma, Vet. Comp. Oncol. (2017).
https://doi.org/10.1111/vco.12275.

R.M. Heilmann, Z.M. Wright, D.J. Lanerie, J.S. Suchodolski, J.M. Steiner,
Measurement of urinary canine SI00A8/A9 and SI00A 12 concentrations as
candidate biomarkers of lower urinary tract neoplasia in dogs, J. Vet. Diagnostic
Investig. 26 (2014) 104—112. https://doi.org/10.1177/1040638713516625.

D. Dhawan, M. Paoloni, S. Shukradas, D.R. Choudhury, B.A. Craig, J.A. Ramos-
Vara, N. Hahn, P.L. Bonney, C. Khanna, D.W. Knapp, Comparative gene
expression analyses identify luminal and basal subtypes of canine invasive
urothelial carcinoma that mimic patterns in human invasive bladder cancer, PLoS
One. (2015). https://doi.org/10.1371/journal.pone.0136688.

K.E. Cronise, B.G. Hernandez, D.L. Gustafson, D.L. Duval, Identifying the
ErbB/MAPK Signaling Cascade as a Therapeutic Target in Canine Bladder
Cancer, Mol. Pharmacol. 96 (2019) 36—46.
https://doi.org/10.1124/mol.119.115808.

G. Wang, M. Wu, M.A. Maloneyhuss, J. Wojcik, A.C. Durham, N.J. Mason,
D.B. Roth, Actionable mutations in canine hemangiosarcoma, PLoS One. (2017).
https://doi.org/10.1371/journal.pone.0188667.

G. Wang, M. Wu, A.C. Durham, E. Radaelli, N.J. Mason, X.W. Xu, D.B. Roth,
Molecular subtypes in canine hemangiosarcoma reveal similarities with human
angiosarcoma, PLoS One. (2020). https://doi.org/10.1371/journal.pone.0229728.
L. Aresu, S. Ferraresso, L. Marconato, L. Cascione, S. Napoli, E. Gaudio, I.
Kwee, C. Tarantelli, A. Testa, C. Maniaci, A. Ciulli, P. Hillmann, T. Bohnacker,
M.P. Wymann, S. Comazzi, M. Milan, F. Riondato, G.D. Rovere, M. Giantin, D.
Giannuzzi, F. Bertoni, New molecular and therapeutic insights into canine diffuse
large B-cell lymphoma elucidates the role of the dog as a model for human

disease, Haematologica. (2019). https://doi.org/10.3324/haematol.2018.207027.



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

D. Giannuzzi, L. Marconato, L. Cascione, S. Comazzi, R. Elgendy, S. Pegolo, A.
Cecchinato, F. Bertoni, L. Aresu, S. Ferraresso, Mutational landscape of canine
B-cell lymphoma profiled at single nucleotide resolution by RNA-seq, PLoS
One. (2019). https://doi.org/10.1371/journal.pone.0215154.

M.A.V. Mudaliar, R.D. Haggart, G. Miele, G. Sellar, K.A.L. Tan, J.R. Goodlad,
E. Milne, D.M. Vail, I. Kurzman, D. Crowther, D.J. Argyle, Comparative Gene
Expression Profiling Identifies Common Molecular Signatures of NF-xB
Activation in Canine and Human Diffuse Large B Cell Lymphoma (DLBCL),
PLoS One. (2013). https://doi.org/10.1371/journal.pone.0072591.

K.R. Bushell, Y. Kim, F.C. Chan, S. Ben-Neriah, A. Jenks, M. Alcaide, D.
Fornika, B.M. Grande, S. Arthur, R.D. Gascoyne, C. Steidl, R.D. Morin, Genetic
inactivation of TRAF3 in canine and human B-cell lymphoma, Blood. (2015).
https://doi.org/10.1182/blood-2014-10-602714.

I. Elvers, J. Turner-Maier, R. Swofford, M. Koltookian, J. Johnson, C. Stewart,
C.Z. Zhang, S.E. Schumacher, R. Beroukhim, M. Rosenberg, R. Thomas, E.
Mauceli, G. Getz, F. Di Palma, J.F. Modiano, M. Breen, K. Lindblad-Toh, J.
Alfoldi, Exome sequencing of lymphomas from three dog breeds reveals somatic
mutation patterns reflecting genetic background, Genome Res. (2015).
https://doi.org/10.1101/gr.194449.115.

D.H. Thamm, Canine Cancer: Strategies in Experimental Therapeutics, Front.
Oncol. (2019). https://doi.org/10.3389/fonc.2019.01257.

T. Muto, S. Wakui, H. Takahashi, S. Maekawa, T. Masaoka, S. Ushigome, M.
Furusato, p53 gene mutations occurring in spontaneous benign and malignant
mammary tumors of the dog, Vet. Pathol. (2000). https://doi.org/10.1354/vp.37-
3-248.

P. Uva, L. Aurisicchio, J. Watters, A. Loboda, A. Kulkarni, J. Castle, F.
Palombo, V. Viti, G. Mesiti, V. Zappulli, L. Marconato, F. Abramo, G. Ciliberto,
A. Lahm, N. La Monica, E. de Rinaldis, Comparative expression pathway
analysis of human and canine mammary tumors, BMC Genomics. (2009).
https://doi.org/10.1186/1471-2164-10-135.

K.H. Lee, H.J. Hwang, H.J. Noh, T.J. Shin, J.Y. Cho, Somatic mutation of
PIK3ca (H1047R) is a common driver mutation hotspot in canine mammary
tumors as well as human breast cancers, Cancers (Basel). (2019).

https://doi.org/10.3390/cancers11122006.



[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

T. Maués, K.B. El-Jaick, F.B. Costa, G.E.F. Araujo, M.V.G. Soares, A.S.
Moreira, M.L.G. Ferreira, A.M.R. Ferreira, Common germline haplotypes and
genotypes identified in BRCA2 exon 11 of dogs with mammary tumours and
histopathological analyses, Vet. Comp. Oncol. (2018).
https://doi.org/10.1111/vco.12389.

Y. Yoshikawa, K. Ochiai, M. Morimatsu, Y. Suzuki, S. Wada, T. Taoda, S. Iwai,
S. Chikazawa, K. Orino, K. Watanabe, Effects of the Missense Mutations in
Canine BRCA2 on BRC Repeat 3 Functions and Comparative Analyses between
Canine and Human BRC Repeat 3, PLoS One. (2012).
https://doi.org/10.1371/journal.pone.0045833.

A. Canadas, M. Santos, A. Nogueira, J. Assis, M. Gomes, C. Lemos, R.
Medeiros, P. Dias-Pereira, Canine mammary tumor risk is associated with
polymorphisms in RAD51 and STK11 genes, J. Vet. Diagnostic Investig. (2018).
https://doi.org/10.1177/1040638718789231.

A. Sammarco, C. Gomiero, R. Sacchetto, G. Beffagna, S. Michieletto, E.
Orvieto, L. Cavicchioli, M.E. Gelain, S. Ferro, M. Patruno, V. Zappulli, Wnt/j-
Catenin and Hippo Pathway Deregulation in Mammary Tumors of Humans,
Dogs, and Cats, Vet. Pathol. 57 (2020) 774-790.
https://doi.org/10.1177/0300985820948823.

M. Paoloni, S. Davis, S. Lana, S. Withrow, L. Sangiorgi, P. Picci, S. Hewitt, T.
Triche, P. Meltzer, C. Khanna, Canine tumor cross-species genomics uncovers
targets linked to osteosarcoma progression., BMC Genomics. (2009).
https://doi.org/10.1186/1471-2164-10-625.

S. Mendoza, T. Konishi, W.S. Dernell, S.J. Withrow, C.W. Miller, Status of the
p53, Rb and Mdm?2 genes in canine osteosarcoma, Anticancer Res. (1998).

E.K. Karlsson, S. Sigurdsson, E. Ivansson, R. Thomas, I. Elvers, J. Wright, C.
Howald, N. Tonomura, M. Perloski, R. Swofford, T. Biagi, S. Fryc, N. Anderson,
C. Courtay-Cahen, L. Youell, S.L. Ricketts, S. Mandlebaum, P. Rivera, H. von
Euler, W.C. Kisseberth, C.A. London, E.S. Lander, G. Couto, K. Comstock, M.P.
Starkey, J.F. Modiano, M. Breen, K. Lindblad-Toh, Genome-wide analyses
implicate 33 loci in heritable dog osteosarcoma, including regulatory variants
near CDKN2A/B, Genome Biol. 14 (2013) R132. https://doi.org/10.1186/gb-
2013-14-12-r132.

Y.W. Shao, G.A. Wood, J. Lu, Q.L. Tang, J. Liu, S. Molyneux, Y. Chen, H.



[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

Fang, H. Adissu, T. McKee, P. Waterhouse, R. Khokha, Cross-species genomics
identifies DLG2 as a tumor suppressor in osteosarcoma, Oncogene. (2019).
https://doi.org/10.1038/s41388-018-0444-4.

A K. LeBlanc, Cancer and Comparative Imaging, ILAR J. 55 (2014) 164-168.
https://doi.org/10.1093/ilar/ilu014.

L. Owen, TNM Classification of tumours in domestic animals, World Heal.
Organ. (1980).

T. Ladue, M.K. Klein, Toxicity criteria of the veterinary radiation therapy
oncology group., Vet. Radiol. Ultrasound. (2001). https://doi.org/10.1111/j.1740-
8261.2001.tb00973 x.

Veterinary cooperative oncology group - common terminology criteria for
adverse events (VCOG-CTCAE) following chemotherapy or biological
antineoplastic therapy in dogs and cats v1.1, Vet. Comp. Oncol. 14 (2016) 417—
446. https://doi.org/10.1111/vco.283.

L.B. AK, M. Atherton, R.T. Bentley, C.E. Boudreau, J.H. Burton, K.M. Curran,
S. Dow, M.A. Giuffrida, H.B. Kellihan, N.J. Mason, M.L. Oblak, L.E. Selmic,
K.A. Selting, A. Singh, S. Tjostheim, D.M. Vail, K.M. Weishaar, E.P. Berger,
J.H. Rossmeisl, C. Mazcko, Veterinary Cooperative Oncology Group - Common
Terminology Criteria for Adverse Events ( <scp>VCOG-CTCAE</scp>v2)
Following Investigational Therapy in Dogs and Cats, Vet. Comp. Oncol. (2021)
vco.12677. https://doi.org/10.1111/vco.12677.

S.M. Nguyen, D.H. Thamm, D.M. Vail, C.A. London, Response evaluation
criteria for solid tumours in dogs (v1.0): a Veterinary Cooperative Oncology
Group (VCOG) consensus document, Vet. Comp. Oncol. 13 (2015) 176-183.
https://doi.org/10.1111/vco.12032.

D.M. Vail, G.M. Michels, C. Khanna, K.A. Selting, C.A. London, Response
evaluation criteria for peripheral nodal lymphoma in dogs (v1.0)-a veterinary
cooperative oncology group (VCOG) consensus document, Vet. Comp. Oncol. 8
(2010) 28-37. https://doi.org/10.1111/j.1476-5829.2009.00200.x.

M. Sato, J. Yamazaki, Y. Goto-Koshino, A. Setoguchi, M. Takahashi, K. Baba,
Y. Fuyjino, K. Ohno, H. Tsujimoto, Minimal residual disease in canine
lymphoma: An objective marker to assess tumour cell burden in remission, Vet.
J. (2016). https://doi.org/10.1016/.tvjl.2016.05.012.

S.R. Rao, J.A. Somarelli, E. Altunel, L.E. Selmic, M. Byrum, M.U. Sheth, S.



[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

Cheng, K.E. Ware, S.Y. Kim, J.A. Prinz, N. Devos, D.L. Corcoran, A. Moseley,
E. Soderblom, S.D. Hsu, W.C. Eward, From the Clinic to the Bench and Back
Again in One Dog Year: How a Cross-Species Pipeline to Identify New
Treatments for Sarcoma Illuminates the Path Forward in Precision Medicine,
Front. Oncol. (2020). https://doi.org/10.3389/fonc.2020.00117.

W. KONG, S. SENDER, S.V. PEREZ, A. SEKORA, B. RUETGEN, C.
JUNGHANSS, I. NOLTE, H.M. ESCOBAR, Pan- and Isoform-specific
Inhibition of the Bromodomain and Extra-terminal Proteins and Evaluation of
Synergistic Potential With Entospletinib in Canine Lymphoma, Anticancer Res.
40 (2020) 3781-3792. https://doi.org/10.21873/anticanres.14367.

C.J. Henry, Unleashing the power of comparative oncology models in
nanomedicine research, Eur. J. Nanomedicine. (2015).
https://doi.org/10.1515/ejnm-2014-0046.

V. Qeska, W. Baumgirtner, A. Beineke, Species-specific properties and
translational aspects of canine dendritic cells, Vet. Immunol. Immunopathol. 151
(2013) 181-192. https://doi.org/10.1016/j.vetimm.2012.12.003.

M. Romanucci, L. Della Salda, Oxidative Stress and Protein Quality Control
Systems in the Aged Canine Brain as a Model for Human Neurodegenerative
Disorders, Oxid. Med. Cell. Longev. 2015 (2015) 1-8.
https://doi.org/10.1155/2015/940131.

A. Siddiqi, A.S. Khan, S. Zafar, Thirty Years of Translational Research in
Zirconia Dental Implants: A Systematic Review of the Literature, J. Oral
Implantol. 43 (2017) 314-325. https://doi.org/10.1563/aaid-joi-D-17-00016.
R.P. Favier, B. Spee, L.C. Penning, J. Rothuizen, Copper-induced hepatitis: the
COMMDI1 deficient dog as a translational animal model for human chronic
hepatitis, Vet. Q. 31 (2011) 49-60.
https://doi.org/10.1080/01652176.2011.563146.

H. Potschka, A. Fischer, E.-L. von Riiden, V. Hiilsmeyer, W. Baumgértner,
Canine epilepsy as a translational model?, Epilepsia. 54 (2013) 571-579.
https://doi.org/10.1111/epi.12138.

Q. Yin, L. Tang, K. Cai, R. Tong, R. Sternberg, X. Yang, L.W. Dobrucki, L.B.
Borst, D. Kamstock, Z. Song, W.G. Helferich, J. Cheng, T.M. Fan, Pamidronate
functionalized nanoconjugates for targeted therapy of focal skeletal malignant

osteolysis, Proc. Natl. Acad. Sci. 113 (2016) E4601-E4609.



[180]

[181]

[182]

[183]

[184]

[185]

[186]

https://doi.org/10.1073/pnas.1603316113.

S. Eliasof, D. Lazarus, C.G. Peters, R.I. Case, R.O. Cole, J. Hwang, T. Schluep,
J. Chao, J. Lin, Y. Yen, H. Han, D.T. Wiley, J.E. Zuckerman, M.E. Davis,
Correlating preclinical animal studies and human clinical trials of a
multifunctional, polymeric nanoparticle, Proc. Natl. Acad. Sci. 110 (2013)
15127-15132. https://doi.org/10.1073/pnas.1309566110.

H. Arami, C.B. Patel, S.J. Madsen, P.J. Dickinson, R.M. Davis, Y. Zeng, B.K.
Sturges, K.D. Woolard, F.G. Habte, D. Akin, R. Sinclair, S.S. Gambhir,
Nanomedicine for Spontaneous Brain Tumors: A Companion Clinical Trial, ACS
Nano. 13 (2019) 2858-2869. https://doi.org/10.1021/acsnano.8b04406.

M.C. Paoloni, A. Tandle, C. Mazcko, E. Hanna, S. Kachala, A. LeBlanc, S.
Newman, D. Vail, C. Henry, D. Thamm, K. Sorenmo, A. Hajitou, R. Pasqualini,
W. Arap, C. Khanna, S.K. Libutti, Launching a Novel Preclinical Infrastructure:
Comparative Oncology Trials Consortium Directed Therapeutic Targeting of
TNFa to Cancer Vasculature, PLoS One. 4 (2009) e4972.
https://doi.org/10.1371/journal.pone.0004972.

A K. LeBlanc, C. Mazcko, D.E. Brown, J.W. Koehler, A.D. Miller, C.R. Miller,
R.T. Bentley, R.A. Packer, M. Breen, C.E. Boudreau, J.M. Levine, R.M.
Simpson, C. Halsey, W. Kisseberth, J.H. Rossmeisl, P.J. Dickinson, T.M. Fan, K.
Corps, K. Aldape, V. Puduvalli, G.E. Pluhar, M.R. Gilbert, Creation of an NCI
comparative brain tumor consortium: informing the translation of new knowledge
from canine to human brain tumor patients, Neuro. Oncol. 18 (2016) 1209-1218.
https://doi.org/10.1093/neuonc/now051.

A K. Leblanc, C. Mazcko, D.E. Brown, J.W. Koehler, A.D. Miller, C.R. Miller,
R.T. Bentley, R.A. Packer, M. Breen, C.E. Boudreau, J.M. Levine, R.M.
Simpson, C. Halsey, W. Kisseberth, J.H. Rossmeisl, P.J. Dickinson, T.M. Fan, K.
Corps, K. Aldape, V. Puduvalli, G.E. Pluhar, M.R. Gilbert, Creation of an NCI
comparative brain tumor consortium: Informing the translation of new
knowledge from canine to human brain tumor patients, Neuro. Oncol. (2016).
https://doi.org/10.1093/neuonc/now051.

S. Dow, A Role for Dogs in Advancing Cancer Immunotherapy Research, Front.
Immunol. 10 (2020). https://doi.org/10.3389/fimmu.2019.02935.

B.J. Biller, R.E. Elmslie, R.C. Burnett, A.C. Avery, S.W. Dow, Use of FoxP3

expression to identify regulatory T cells in healthy dogs and dogs with cancer,



[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

Vet. Immunol. Immunopathol. 116 (2007) 69-78.
https://doi.org/10.1016/j.vetimm.2006.12.002.

K. O’Neill, A. Guth, B. Biller, R. Elmslie, S. Dow, Changes in Regulatory T
Cells in Dogs with Cancer and Associations with Tumor Type, J. Vet. Intern.
Med. 23 (2009) 875—-881. https://doi.org/10.1111/1.1939-1676.2009.0333.x.

B.J. Biller, A. Guth, J.H. Burton, S.W. Dow, Decreased Ratio of CD8+ T Cells to
Regulatory T Cells Associated with Decreased Survival in Dogs with
Osteosarcoma, J. Vet. Intern. Med. 24 (2010) 1118-1123.
https://doi.org/10.1111/j.1939-1676.2010.0557 .x.

M.L. Moreira, E.M.S. Dorneles, R.P. Soares, C.P. Magalhaes, C. Costa-Pereira,
A.P. Lage, A. Teixeira-Carvalho, O.A. Martins-Filho, M.S.S. Araujo, Cross-
reactivity of commercially available anti-human monoclonal antibodies with
canine cytokines: Establishment of a reliable panel to detect the functional profile
of peripheral blood lymphocytes by intracytoplasmic staining, Acta Vet. Scand.
(2015). https://doi.org/10.1186/s13028-015-0142-y.

J.T. Soller, H. Murua-Escobar, S. Willenbrock, M. Janssen, N. Eberle, J.
Bullerdiek, I. Nolte, Comparison of the Human and Canine Cytokines IL-1(a/p)
and TNF-a to Orthologous Other Mammalians, J. Hered. 98 (2007) 485—490.
https://doi.org/10.1093/jhered/esm025.

A.A. Gingrich, J.F. Modiano, R.J. Canter, Characterization and Potential
Applications of Dog Natural Killer Cells in Cancer Immunotherapy, J. Clin.
Med. 8 (2019) 1802. https://doi.org/10.3390/jcm8111802.

M. Willmann, E. Hadzijusufovic, O. Hermine, M. Dacasto, L. Marconato, K.
Bauer, B. Peter, S. Gamperl, G. Eisenwort, E. Jensen-Jarolim, M. Miiller, M.
Arock, D.M. Vail, P. Valent, Comparative oncology: The paradigmatic example
of canine and human mast cell neoplasms, Vet. Comp. Oncol. (2019).
https://doi.org/10.1111/vco.12440.

J.W. Elliott, P. Cripps, L. Blackwood, D. Berlato, S. Murphy, [.A. Grant, Canine
oral mucosal mast cell tumours, Vet. Comp. Oncol. 14 (2016) 101-111.
https://doi.org/10.1111/vco.12071.

W. Misdorp, Mast cells and canine mast cell tumours. A review, Vet. Q. 26
(2004) 156-169. https://doi.org/10.1080/01652176.2004.9695178.

A K. Fulmer, G.E. Mauldin, Canine histiocytic neoplasia: an overview., Can.

Vet. J. = La Rev. Vet. Can. 48 (2007) 1041-3, 1046-50.



[196]

[197]

[198]

[199]

[200]

http://www.ncbi.nlm.nih.gov/pubmed/17987966.

V.K. Affolter, P.F. Moore, Localized and Disseminated Histiocytic Sarcoma of
Dendritic Cell Origin in Dogs, Vet. Pathol. 39 (2002) 74-83.
https://doi.org/10.1354/vp.39-1-74.

K.M. Boerkamp, M. van der Kooij, F.G. van Steenbeek, M.E. van Wolferen,
M.J.A. Groot Koerkamp, D. van Leenen, G.C.M. Grinwis, L.C. Penning, E.A.C.
Wiemer, G.R. Rutteman, Gene expression profiling of histiocytic sarcomas in a
canine model: the predisposed flatcoated retriever dog., PLoS One. 8 (2013)
e71094. https://doi.org/10.1371/journal.pone.0071094.

L. Shen, J. Zhang, H. Lee, M.T. Batista, S.A. Johnston, RNA Transcription and
Splicing Errors as a Source of Cancer Frameshift Neoantigens for Vaccines, Sci.
Rep. (2019). https://doi.org/10.1038/s41598-019-50738-4.

M.B. Uddin, Z. Wang, C. Yang, Dysregulations of functional RNA modifications
in cancer, cancer stemness and cancer therapeutics, Theranostics. (2020).
https://doi.org/10.7150/thno.41687.

A. Kahles, K. Van Lehmann, N.C. Toussaint, M. Hiiser, S.G. Stark, T.
Sachsenberg, O. Stegle, O. Kohlbacher, C. Sander, S.J. Caesar-Johnson, J.A.
Demchok, I. Felau, M. Kasapi, M.L. Ferguson, C.M. Hutter, H.J. Sofia, R.
Tarnuzzer, Z. Wang, L. Yang, J.C. Zenklusen, J. (Julia) Zhang, S. Chudamani, J.
Liu, L. Lolla, R. Naresh, T. Pihl, Q. Sun, Y. Wan, Y. Wu, J. Cho, T. DeFreitas,
S. Frazer, N. Gehlenborg, G. Getz, D.I. Heiman, J. Kim, M.S. Lawrence, P. Lin,
S. Meier, M.S. Noble, G. Saksena, D. Voet, H. Zhang, B. Bernard, N. Chambwe,
V. Dhankani, T. Knijnenburg, R. Kramer, K. Leinonen, Y. Liu, M. Miller, S.
Reynolds, I. Shmulevich, V. Thorsson, W. Zhang, R. Akbani, B.M. Broom, A.M.
Hegde, Z. Ju, R.S. Kanchi, A. Korkut, J. Li, H. Liang, S. Ling, W. Liu, Y. Lu,
G.B. Mills, K.S. Ng, A. Rao, M. Ryan, J. Wang, J.N. Weinstein, J. Zhang, A.
Abeshouse, J. Armenia, D. Chakravarty, W.K. Chatila, I. de Bruijn, J. Gao, B.E.
Gross, Z.J. Heins, R. Kundra, K. La, M. Ladanyi, A. Luna, M.G. Nissan, A.
Ochoa, S.M. Phillips, E. Reznik, F. Sanchez-Vega, C. Sander, N. Schultz, R.
Sheridan, S.O. Sumer, Y. Sun, B.S. Taylor, J. Wang, H. Zhang, P. Anur, M. Peto,
P. Spellman, C. Benz, J.M. Stuart, C.K. Wong, C. Yau, D.N. Hayes, J.S. Parker,
M.D. Wilkerson, A. Ally, M. Balasundaram, R. Bowlby, D. Brooks, R. Carlsen,
E. Chuah, N. Dhalla, R. Holt, S.J.M. Jones, K. Kasaian, D. Lee, Y. Ma, M.A.
Marra, M. Mayo, R.A. Moore, A.J. Mungall, K. Mungall, A.G. Robertson, S.



Sadeghi, J.E. Schein, P. Sipahimalani, A. Tam, N. Thiessen, K. Tse, T. Wong,
A.C. Berger, R. Beroukhim, A.D. Cherniack, C. Cibulskis, S.B. Gabriel, G.F.
Gao, G. Ha, M. Meyerson, S.E. Schumacher, J. Shih, M.H. Kucherlapati, R.S.
Kucherlapati, S. Baylin, L. Cope, L. Danilova, M.S. Bootwalla, P.H. Lai, D.T.
Maglinte, D.J. Van Den Berg, D.J. Weisenberger, J.T. Auman, S. Balu, T.
Bodenheimer, C. Fan, K.A. Hoadley, A.P. Hoyle, S.R. Jefferys, C.D. Jones, S.
Meng, P.A. Mieczkowski, L.E. Mose, A.H. Perou, C.M. Perou, J. Roach, Y. Shi,
J. V Simons, T. Skelly, M.G. Soloway, D. Tan, U. Veluvolu, H. Fan, T. Hinoue,
P.W. Laird, H. Shen, W. Zhou, M. Bellair, K. Chang, K. Covington, C.J.
Creighton, H. Dinh, H.V. Doddapaneni, L.A. Donehower, J. Drummond, R.A.
Gibbs, R. Glenn, W. Hale, Y. Han, J. Hu, V. Korchina, S. Lee, L. Lewis, W. Li,
X. Liu, M. Morgan, D. Morton, D. Muzny, J. Santibanez, M. Sheth, E. Shinbrot,
L. Wang, M. Wang, D.A. Wheeler, L. Xi, F. Zhao, J. Hess, E.L. Appelbaum, M.
Bailey, M.G. Cordes, L. Ding, C.C. Fronick, L.A. Fulton, R.S. Fulton, C.
Kandoth, E.R. Mardis, M.D. McLellan, C.A. Miller, H K. Schmidt, R.K. Wilson,
D. Crain, E. Curley, J. Gardner, K. Lau, D. Mallery, S. Morris, J. Paulauskis, R.
Penny, C. Shelton, T. Shelton, M. Sherman, E. Thompson, P. Yena, J. Bowen,
J.M. Gastier-Foster, M. Gerken, K.M. Leraas, T.M. Lichtenberg, N.C. Ramirez,
L. Wise, E. Zmuda, N. Corcoran, T. Costello, C. Hovens, A.L. Carvalho, A.C. de
Carvalho, J.H. Fregnani, A. Longatto-Filho, R.M. Reis, C. Scapulatempo-Neto,
H.C.S. Silveira, D.O. Vidal, A. Burnette, J. Eschbacher, B. Hermes, A. Noss, R.
Singh, M.L. Anderson, P.D. Castro, M. Ittmann, D. Huntsman, B. Kohl, X. Le,
R. Thorp, C. Andry, E.R. Duffy, V. Lyadov, O. Paklina, G. Setdikova, A.
Shabunin, M. Tavobilov, C. McPherson, R. Warnick, R. Berkowitz, D. Cramer,
C. Feltmate, N. Horowitz, A. Kibel, M. Muto, C.P. Raut, A. Malykh, J.S.
Barnholtz-Sloan, W. Barrett, K. Devine, J. Fulop, Q.T. Ostrom, K. Shimmel, Y.
Wolinsky, A.E. Sloan, A. De Rose, F. Giuliante, M. Goodman, B.Y. Karlan,
C.H. Hagedorn, J. Eckman, J. Harr, J. Myers, K. Tucker, L.A. Zach, B.
Deyarmin, H. Hu, L. Kvecher, C. Larson, R.J. Mural, S. Somiari, A. Vicha, T.
Zelinka, J. Bennett, M. Iacocca, B. Rabeno, P. Swanson, M. Latour, L. Lacombe,
B. Tétu, A. Bergeron, M. McGraw, S.M. Staugaitis, J. Chabot, H. Hibshoosh, A.
Sepulveda, T. Su, T. Wang, O. Potapova, O. Voronina, L. Desjardins, O.
Mariani, S. Roman-Roman, X. Sastre, M.H. Stern, F. Cheng, S. Signoretti, A.
Berchuck, D. Bigner, E. Lipp, J. Marks, S. McCall, R. McLendon, A. Secord, A.



Sharp, M. Behera, D.J. Brat, A. Chen, K. Delman, S. Force, F. Khuri, K.
Magliocca, S. Maithel, J.J. Olson, T. Owonikoko, A. Pickens, S. Ramalingam,
D.M. Shin, G. Sica, E.G. Van Meir, H. Zhang, W. Eijckenboom, A. Gillis, E.
Korpershoek, L. Looijenga, W. Oosterhuis, H. Stoop, K.E. van Kessel, E.C.
Zwarthoff, C. Calatozzolo, L. Cuppini, S. Cuzzubbo, F. DiMeco, G. Finocchiaro,
L. Mattei, A. Perin, B. Pollo, C. Chen, J. Houck, P. Lohavanichbutr, A.
Hartmann, C. Stoehr, R. Stoehr, H. Taubert, S. Wach, B. Wullich, W. Kycler, D.
Murawa, M. Wiznerowicz, K. Chung, W.J. Edenfield, J. Martin, E. Baudin, G.
Bubley, R. Bueno, A. De Rienzo, W.G. Richards, S. Kalkanis, T. Mikkelsen, H.
Noushmehr, L. Scarpace, N. Girard, M. Aymerich, E. Campo, E. Giné, A.L.
Guillermo, N. Van Bang, P.T. Hanh, B.D. Phu, Y. Tang, H. Colman, K. Evason,
P.R. Dottino, J.A. Martignetti, H. Gabra, H. Juhl, T. Akeredolu, S. Stepa, D.
Hoon, K. Ahn, K.J. Kang, F. Beuschlein, A. Breggia, M. Birrer, D. Bell, M.
Borad, A.H. Bryce, E. Castle, V. Chandan, J. Cheville, J.A. Copland, M. Farnell,
T. Flotte, N. Giama, T. Ho, M. Kendrick, J.P. Kocher, K. Kopp, C. Moser, D.
Nagorney, D. O’Brien, B.P. O’Neill, T. Patel, G. Petersen, F. Que, M. Rivera, L.
Roberts, R. Smallridge, T. Smyrk, M. Stanton, R.H. Thompson, M. Torbenson,
J.D. Yang, L. Zhang, F. Brimo, J.A. Ajani, A.M. Angulo Gonzalez, C. Behrens,
J. Bondaruk, R. Broaddus, B. Czerniak, B. Esmaeli, J. Fujimoto, J. Gershenwald,
C. Guo, A.J. Lazar, C. Logothetis, F. Meric-Bernstam, C. Moran, L. Ramondetta,
D. Rice, A. Sood, P. Tamboli, T. Thompson, P. Troncoso, A. Tsao, I. Wistuba,
C. Carter, L. Haydu, P. Hersey, V. Jakrot, H. Kakavand, R. Kefford, K. Lee, G.
Long, G. Mann, M. Quinn, R. Saw, R. Scolyer, K. Shannon, A. Spillane, J.
Stretch, M. Synott, J. Thompson, J. Wilmott, H. Al-Ahmadie, T.A. Chan, R.
Ghossein, A. Gopalan, D.A. Levine, V. Reuter, S. Singer, B. Singh, N.V. Tien,
T. Broudy, C. Mirsaidi, P. Nair, P. Drwiega, J. Miller, J. Smith, H. Zaren, J.W.
Park, N.P. Hung, E. Kebebew, W.M. Linehan, A.R. Metwalli, K. Pacak, P.A.
Pinto, M. Schiffman, L.S. Schmidt, C.D. Vocke, N. Wentzensen, R. Worrell, H.
Yang, M. Moncrieff, C. Goparaju, J. Melamed, H. Pass, N. Botnariuc, .
Caraman, M. Cernat, I. Chemencedji, A. Clipca, S. Doruc, G. Gorincioi, S. Mura,
M. Pirtac, I. Stancul, D. Tcaciuc, M. Albert, I. Alexopoulou, A. Arnaout, J.
Bartlett, J. Engel, S. Gilbert, J. Parfitt, H. Sekhon, G. Thomas, D.M. Rassl, R.C.
Rintoul, C. Bifulco, R. Tamakawa, W. Urba, N. Hayward, H. Timmers, A.
Antenucci, F. Facciolo, G. Grazi, M. Marino, R. Merola, R. de Krijger, A.P.



[201]

Gimenez-Roqueplo, A. Piché, S. Chevalier, G. McKercher, K. Birsoy, G.
Barnett, C. Brewer, C. Farver, T. Naska, N.A. Pennell, D. Raymond, C. Schilero,
K. Smolenski, F. Williams, C. Morrison, J.A. Borgia, M.J. Liptay, M. Pool, C.W.
Seder, K. Junker, L. Omberg, M. Dinkin, G. Manikhas, D. Alvaro, M.C.
Bragazzi, V. Cardinale, G. Carpino, E. Gaudio, D. Chesla, S. Cottingham, M.
Dubina, F. Moiseenko, R. Dhanasekaran, K.F. Becker, K.P. Janssen, J. Slotta-
Huspenina, M.H. Abdel-Rahman, D. Aziz, S. Bell, C.M. Cebulla, A. Davis, R.
Duell, J.B. Elder, J. Hilty, B. Kumar, J. Lang, N.L. Lehman, R. Mandt, P.
Nguyen, R. Pilarski, K. Rai, L. Schoenfield, K. Senecal, P. Wakely, P. Hansen,
R. Lechan, J. Powers, A. Tischler, W.E. Grizzle, K.C. Sexton, A. Kastl, J.
Henderson, S. Porten, J. Waldmann, M. Fassnacht, S.L. Asa, D. Schadendorf, M.
Couce, M. Graefen, H. Huland, G. Sauter, T. Schlomm, R. Simon, P. Tennstedt,
0. Olabode, M. Nelson, O. Bathe, P.R. Carroll, J.M. Chan, P. Disaia, P. Glenn,
R.K. Kelley, C.N. Landen, J. Phillips, M. Prados, J. Simko, K. Smith-McCune, S.
VandenBerg, K. Roggin, A. Fehrenbach, A. Kendler, S. Sifri, R. Steele, A.
Jimeno, F. Carey, 1. Forgie, M. Mannelli, M. Carney, B. Hernandez, B. Campos,
C. Herold-Mende, C. Jungk, A. Unterberg, A. von Deimling, A. Bossler, J.
Galbraith, L. Jacobus, M. Knudson, T. Knutson, D. Ma, M. Milhem, R. Sigmund,
A K. Godwin, R. Madan, H.G. Rosenthal, C. Adebamowo, S.N. Adebamowo, A.
Boussioutas, D. Beer, T. Giordano, A.M. Mes-Masson, F. Saad, T. Bocklage, L.
Landrum, R. Mannel, K. Moore, K. Moxley, R. Postier, J. Walker, R. Zuna, M.
Feldman, F. Valdivieso, R. Dhir, J. Luketich, E.M. Mora Pinero, M. Quintero-
Aguilo, C.G. Carlotti, J.S. Dos Santos, R. Kemp, A. Sankarankuty, D. Tirapelli,
J. Catto, K. Agnew, E. Swisher, J. Creaney, B. Robinson, C.S. Shelley, E.M.
Godwin, S. Kendall, C. Shipman, C. Bradford, T. Carey, A. Haddad, J. Moyer, L.
Peterson, M. Prince, L. Rozek, G. Wolf, R. Bowman, K.M. Fong, 1. Yang, R.
Korst, W.K. Rathmell, J.L. Fantacone-Campbell, J.A. Hooke, A.J. Kovatich,
C.D. Shriver, J. DiPersio, B. Drake, R. Govindan, S. Heath, T. Ley, B. Van Tine,
P. Westervelt, M.A. Rubin, J. Il Lee, N.D. Aredes, A. Mariamidze, G. Rétsch,
Comprehensive Analysis of Alternative Splicing Across Tumors from 8,705
Patients, Cancer Cell. (2018). https://doi.org/10.1016/j.ccell.2018.07.001.

J. Fazekas, 1. Flirdos, J. Singer, E. Jensen-Jarolim, Why man’s best friend, the
dog, could also benefit from an anti-HER-2 vaccine (Review), Oncol. Lett.

(2016). https://doi.org/10.3892/01.2016.5001.



[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

K.K. Kim, B.J. Seung, D. Kim, H.M. Park, S. Lee, D.W. Song, G. Lee, J.H.
Cheong, H. Nam, J.H. Sur, S. Kim, Whole-exome and whole-transcriptome
sequencing of canine mammary gland tumors, Sci. Data. (2019).
https://doi.org/10.1038/s41597-019-0149-8.

A .M. Bjerregaard, M. Nielsen, V. Jurtz, C.M. Barra, S.R. Hadrup, Z. Szallasi,
A.C. Eklund, An analysis of natural T cell responses to predicted tumor
neoepitopes, Front. Immunol. (2017). https://doi.org/10.3389/fimmu.2017.01566.
T. Jiang, T. Shi, H. Zhang, J. Hu, Y. Song, J. Wei, S. Ren, C. Zhou, Tumor
neoantigens: From basic research to clinical applications, J. Hematol. Oncol.
(2019). https://doi.org/10.1186/s13045-019-0787-5.

P.J. Hoopes, R.J. Wagner, K. Duval, K. Kang, D.J. Gladstone, K.L. Moodie, M.
Crary-Burney, H. Ariaspulido, F.A. Veliz, N.F. Steinmetz, S.N. Fiering,
Treatment of Canine Oral Melanoma with Nanotechnology-Based
Immunotherapy and Radiation, Mol. Pharm. (2018).
https://doi.org/10.1021/acs.molpharmaceut.8b00126.

J. Thalmensi, E. Pliquet, C. Liard, G. Chamel, C. Kreuz, T. Bestetti, M. Escande,
A. Kostrzak, A.-S. Pailhes-Jimenez, E. Bourges, M. Julithe, L. Bourre, O.
Keravel, P. Clayette, T. Huet, S. Wain-Hobson, P. Langlade-Demoyen, A DNA
telomerase vaccine for canine cancer immunotherapy, Oncotarget. 10 (2019)
3361-3372. https://doi.org/10.18632/oncotarget.26927.

O.J. Finn, The dawn of vaccines for cancer prevention, Nat. Rev. Immunol.
(2018). https://doi.org/10.1038/nri.2017.140.

L. Aurisicchio, M. Pallocca, G. Ciliberto, F. Palombo, The perfect personalized
cancer therapy: Cancer vaccines against neoantigens, J. Exp. Clin. Cancer Res.
(2018). https://doi.org/10.1186/s13046-018-0751-1.

S.H. Smith, M.H. Goldschmidt, P.M. Mcmanus, A Comparative Review of
Melanocytic Neoplasms, Vet. Pathol. (2002). https://doi.org/10.1354/vp.39-6-
651.

B. Hernandez, H.A. Adissu, B.R. Wei, H.T. Michael, G. Merlino, R. Mark
Simpson, Naturally occurring canine melanoma as a predictive comparative
oncology model for human mucosal and other triple wild-type melanomas, Int. J.
Mol. Sci. (2018). https://doi.org/10.3390/ijms19020394.

P.J. Bergman, J. McKnight, A. Novosad, S. Charney, J. Farrelly, D. Craft, M.
Wulderk, Y. Jeffers, M. Sadelain, A.E. Hohenhaus, N. Segal, P. Gregor, M.



[212]

[213]

[214]

[215]

[216]

[217]

[218]

Engelhorn, I. Riviere, A.N. Houghton, J.D. Wolchok, Long-term survival of dogs
with advanced malignant melanoma after DNA vaccination with xenogeneic
human tyrosinase: A phase I trial, Clin. Cancer Res. (2003).

E. Treggiari, J.P. Grant, S.M. North, A retrospective review of outcome and
survival following surgery and adjuvant xenogeneic DNA vaccination in 32 dogs
with oral malignant melanoma, J. Vet. Med. Sci. (2016).
https://doi.org/10.1292/jvms.15-0510.

L.M.E. Finocchiaro, L. Agnetti, C. Fondello, G.C. Glikin, Combination of
cytokine-enhanced vaccine and chemo-gene therapy as surgery adjuvant
treatments for spontaneous canine melanoma, Gene Ther. (2019).
https://doi.org/10.1038/s41434-019-0066-7.

S. Gyorfty, J.C. Rodriguez-Lecompte, J.P. Woods, R. Foley, S. Kruth, P.C.Y.
Liaw, J. Gauldie, Bone marrow-derived dendritic cell vaccination of dogs with
naturally occurring melanoma by using human gp100 antigen, J. Vet. Intern.
Med. (2005). https://doi.org/10.1892/0891-
6640(2005)19<56:BMDCV0>2.0.CO;2.

F. Ponce, T. Marchal, J.P. Magnol, V. Turinelli, D. Ledieu, C. Bonnefont, M.
Pastor, M.L. Delignette, C. Fournel-Fleury, A morphological study of 608 cases
of canine malignant lymphoma in France with a focus on comparative similarities
between canine and human lymphoma morphology, Vet. Pathol. (2010).
https://doi.org/10.1177/0300985810363902.

J.A. Impellizeri, A. Gavazza, E. Greissworth, A. Crispo, M. Montella, G.
Ciliberto, G. Lubas, L. Aurisicchio, Tel-eVax: A genetic vaccine targeting
telomerase for treatment of canine lymphoma, J. Transl. Med. (2018).
https://doi.org/10.1186/s12967-018-1738-6.

N.J. Mason, J.S. Gnanandarajah, J.B. Engiles, F. Gray, D. Laughlin, A. Gaurnier-
Hausser, A. Wallecha, M. Huebner, Y. Paterson, Immunotherapy with a HER2-
Targeting listeria induces HER2-Specific immunity and demonstrates potential
therapeutic effects in a phase I trial in canine osteosarcoma, Clin. Cancer Res.
(2016). https://doi.org/10.1158/1078-0432.CCR-16-0088.

S. Miwa, H. Nishida, Y. Tanzawa, A. Takeuchi, K. Hayashi, N. Yamamoto, E.
Mizukoshi, Y. Nakamoto, S. Kaneko, H. Tsuchiya, Phase 1/2 study of
immunotherapy with dendritic cells pulsed with autologous tumor lysate in

patients with refractory bone and soft tissue sarcoma, Cancer. 123 (2017) 1576—



[219]

[220]

[221]

[222]

[223]

[224]

[225]

1584. https://doi.org/10.1002/cncr.30606.

M.L. Musser, E.P. Berger, C.D. Tripp, C.A. Clifford, P.J. Bergman, C.M.
Johannes, Safety evaluation of the canine osteosarcoma vaccine, live Listeria
vector, Vet. Comp. Oncol. (2020). https://doi.org/10.1111/vco.12642.

Z. Xiong, E.A. Mesias, G. Elizabeth Pluhar, S.K. Rathe, D.A. Largaespada, Y.Y.
Sham, C.L. Moertel, M.R. Olin, CD200 checkpoint reversal: A novel approach to
immunotherapy a C, Clin. Cancer Res. (2020). https://doi.org/10.1158/1078-
0432.CCR-19-2234.

M.R. Olin, E. Ampudia-Mesias, C.A. Pennell, A. Sarver, C.C. Chen, C.L.
Moertel, M.A. Hunt, G.E. Pluhar, Treatment combining CD200 immune
checkpoint inhibitor and tumor-lysate vaccination after surgery for pet dogs with
high-grade glioma, Cancers (Basel). (2019).
https://doi.org/10.3390/cancers11020137.

B.M. Andersen, G.E. Pluhar, C.E. Seiler, M.R. Goulart, K.S. SantaCruz, M.M.
Schutten, J.P. Meints, M.G. O’Sullivan, R.T. Bentley, R.A. Packer, S.A.
Thomovsky, A. V Chen, D. Faissler, W. Chen, M.A. Hunt, M.R. Olin, J.R.
Ohlfest, Vaccination for invasive canine meningioma induces in situ production
of antibodies capable of antibody-dependent cell-mediated cytotoxicity, Cancer
Res. (2013). https://doi.org/10.1158/0008-5472.CAN-12-3366.

M. Camerino, D. Giacobino, S. Iussich, U. Ala, F. Riccardo, F. Cavallo, M.
Martano, E. Morello, P. Buracco, Evaluation of prognostic impact of
pre-treatment neutrophil to lymphocyte and lymphocyte to monocyte ratios in
dogs with oral malignant melanoma treated with surgery and adjuvant
<scp>CSPG4</scp>-antigen electrovaccination: an explorative study, Vet.
Comp. Oncol. (2021) vco.12679. https://doi.org/10.1111/vco.12679.

V. Rolih, G. Barutello, S. Tussich, R. De Maria, E. Quaglino, P. Buracco, F.
Cavallo, F. Riccardo, CSPG4: A prototype oncoantigen for translational
immunotherapy studies, J. Transl. Med. (2017). https://doi.org/10.1186/s12967-
017-1250-4.

F. Riccardo, S. Iussich, L. Maniscalco, S.L. Mayayo, G. La Rosa, M. Arigoni, R.
De Maria, F. Gattino, S. Lanzardo, E. Lardone, M. Martano, E. Morello, S.
Prestigio, A. Fiore, E. Quaglino, S. Zabarino, S. Ferrone, P. Buracco, F. Cavallo,
CSPG4-specific immunity and survival prolongation in dogs with oral malignant

melanoma immunized with human CSPG4 DNA, Clin. Cancer Res. (2014).



https://doi.org/10.1158/1078-0432.CCR-13-3042.

[226] L.A. Piras, F. Riccardo, S. Iussich, L. Maniscalco, F. Gattino, M. Martano, E.
Morello, S. Lorda Mayayo, V. Rolih, F. Garavaglia, R. De Maria, E. Lardone, F.
Collivignarelli, D. Mignacca, D. Giacobino, S. Ferrone, F. Cavallo, P. Buracco,
Prolongation of survival of dogs with oral malignant melanoma treated by en
bloc surgical resection and adjuvant CSPG4-antigen electrovaccination, Vet.
Comp. Oncol. (2017). https://doi.org/10.1111/vco.12239.

[227] R.A. CROSSLEY, A. MATZ, T. DEW, A. KALINAUSKAS, N. FAUCETTE,
B. POFF, L.K. SILBART, M.A. SUCKOW, Safety Evaluation of Autologous
Tissue Vaccine Cancer Immunotherapy in a Canine Model, Anticancer Res. 39
(2019) 1699-1703. https://doi.org/10.21873/anticanres.13275.

[228] K.U. Sorenmo, E. Krick, C.M. Coughlin, B. Overley, T.P. Gregor, R.H.
Vonderheide, N.J. Mason, CD40-activated B cell cancer vaccine improves
second clinical remission and survival in privately owned dogs with non-
Hodgkin’s lymphoma, PLoS One. (2011).
https://doi.org/10.1371/journal.pone.0024167.

[229] B.K. Flesner, G.W. Wood, P. Gayheart-Walsten, F.L. Sonderegger, C.J. Henry,
D.J. Tate, S.M. Bechtel, L.L. Donnelly, G.C. Johnson, D.Y. Kim, T.A. Wahaus,
J.N. Bryan, N. Reyes, Autologous cancer cell vaccination, adoptive T-cell
transfer, and interleukin-2 administration results in long-term survival for
companion dogs with osteosarcoma, J. Vet. Intern. Med. (2020).
https://doi.org/10.1111/jvim.15852.

[230] V. Konduri, M.M. Halpert, Y.C. Baig, R. Coronado, J.R. Rodgers, J.M. Levitt, B.
Cerroni, S. Piscoya, N. Wilson, L. DiBernardi, Z. Omarbekov, L. Seelhoff, V.
Ravi, L. Douglass, W.K. Decker, Dendritic cell vaccination plus low-dose
doxorubicin for the treatment of spontaneous canine hemangiosarcoma, Cancer
Gene Ther. (2019). https://doi.org/10.1038/s41417-019-0080-3.

[231] M.D. Lucroy, R.M. Clauson, M.A. Suckow, F. El-Tayyeb, A. Kalinauskas,
Evaluation of an autologous cancer vaccine for the treatment of metastatic canine
hemangiosarcoma: a preliminary study, BMC Vet. Res. (2020).
https://doi.org/10.1186/s12917-020-02675-y.

[232] M. Mata, S. Gottschalk, Man’s best friend: Utilizing naturally occurring tumors
in dogs to improve chimeric antigen receptor T-cell therapy for human cancers,

Mol. Ther. (2016). https://doi.org/10.1038/mt.2016.173.



[233]

[234]

[235]

[236]

[237]

[238]

[239]

[240]

[241]

[242]

C.M. O’Connor, S. Sheppard, C.A. Hartline, H. Huls, M. Johnson, S.L. Palla, S.
Maiti, W. Ma, R.E. Davis, S. Craig, D.A. Lee, R. Champlin, H. Wilson, L.J.N.
Cooper, Adoptive T-cell therapy improves treatment of canine non-Hodgkin
lymphoma post chemotherapy, Sci. Rep. (2012).
https://doi.org/10.1038/srep00249.

T. Soundara Rajan, A. Gugliandolo, P. Bramanti, E. Mazzon, In Vitro-
Transcribed mRNA Chimeric Antigen Receptor T Cell IVT mRNA CAR T)
Therapy in Hematologic and Solid Tumor Management: A Preclinical Update,
Int. J. Mol. Sci. 21 (2020) 6514. https://doi.org/10.3390/ijms21186514.

M.K. Panjwani, J.B. Smith, K. Schutsky, J. Gnanandarajah, C.M. O’Connor, D.J.
Powell, N.J. Mason, Feasibility and safety of RNA-transfected CD20-specific
chimeric antigen receptor T cells in dogs with spontaneous B cell lymphoma,
Mol. Ther. (2016). https://doi.org/10.1038/mt.2016.146.

0. Sakai, M. Igase, T. Mizuno, Optimization of canine CD20 chimeric antigen
receptor T cell manufacturing and in vitro cytotoxic activity against B-cell
lymphoma, Vet. Comp. Oncol. (2020). https://doi.org/10.1111/vco.12602.

P.J. Bergman, Cancer Immunotherapies, Vet. Clin. North Am. - Small Anim.
Pract. (2019). https://doi.org/10.1016/j.cvsm.2019.04.010.

Y. Kim, S.-H. Lee, C.-J. Kim, J.-J. Lee, D. Yu, S. Ahn, D.-J. Shin, S.-K. Kim,
Canine non-B, non-T NK lymphocytes have a potential antibody-dependent
cellular cytotoxicity function against antibody-coated tumor cells, BMC Vet.
Res. 15 (2019) 339. https://doi.org/10.1186/s12917-019-2068-5.

J.A. Impellizeri, K. Howell, K.P. McKeever, S.E. Crow, The role of rituximab in
the treatment of canine lymphoma: An ex vivo evaluation, Vet. J. (2006).
https://doi.org/10.1016/j.tvj1.2005.03.005.

S. Maeda, K. Murakami, A. Inoue, T. Yonezawa, N. Matsuki, CCR4 blockade
depletes regulatory T cells and prolongs survival in a canine model of bladder
cancer, Cancer Immunol. Res. (2019). https://doi.org/10.1158/2326-6066.CIR-
18-0751.

T. Mizuno, Y. Kato, M.K. Kaneko, Y. Sakai, T. Shiga, M. Kato, T. Tsukui, H.
Takemoto, A. Tokimasa, K. Baba, Y. Nemoto, O. Sakai, M. Igase, Generation of
a canine anti-canine CD20 antibody for canine lymphoma treatment, Sci. Rep. 10
(2020) 11476. https://doi.org/10.1038/s41598-020-68470-9.

S. Kamoto, M. Shinada, D. Kato, S. Yoshimoto, N. Ikeda, M. Tsuboi, R.



[243]

[244]

[245]

[246]

[247]

[248]

[249]

Yoshitake, S. Eto, Y. Hashimoto, Y. Takahashi, J. Chambers, K. Uchida, M.K.
Kaneko, N. Fujita, R. Nishimura, Y. Kato, T. Nakagawa, Phase I/II Clinical Trial
of the Anti-Podoplanin Monoclonal Antibody Therapy in Dogs with Malignant
Melanoma, Cells. 9 (2020) 2529. https://doi.org/10.3390/cells9112529.

M. Shinada, D. Kato, S. Kamoto, S. Yoshimoto, M. Tsuboi, R. Yoshitake, S. Eto,
N. Ikeda, K. Saeki, Y. Hashimoto, Y. Takahashi, J. Chambers, K. Uchida, M.K.
Kaneko, N. Fujita, R. Nishimura, Y. Kato, T. Nakagawa, PDPN Is Expressed in
Various Types of Canine Tumors and Its Silencing Induces Apoptosis and Cell
Cycle Arrest in Canine Malignant Melanoma, Cells. (2020).
https://doi.org/10.3390/cells9051136.

S. Abe, M.K. Kaneko, Y. Tsuchihashi, T. Izumi, S. Ogasawara, N. Okada, C.
Sato, M. Tobiume, K. Otsuka, L. Miyamoto, K. Tsuchiya, K. Kawazoe, Y. Kato,
Y. Nishioka, Antitumor effect of novel anti-podoplanin antibody NZ-12 against
malignant pleural mesothelioma in an orthotopic xenograft model, Cancer Sci.
(2016). https://doi.org/10.1111/cas.12985.

N. Maekawa, S. Konnai, S. Takagi, Y. Kagawa, T. Okagawa, A. Nishimori, R.
Ikebuchi, Y. Izumi, T. Deguchi, C. Nakajima, Y. Kato, K. Yamamoto, H.
Uemura, Y. Suzuki, S. Murata, K. Ohashi, A canine chimeric monoclonal
antibody targeting PD-L1 and its clinical efficacy in canine oral malignant
melanoma or undifferentiated sarcoma, Sci. Rep. (2017).
https://doi.org/10.1038/s41598-017-09444-2.

M. Igase, Y. Nemoto, K. Itamoto, K. Tani, M. Nakaichi, M. Sakurai, Y. Sakai, S.
Noguchi, M. Kato, T. Tsukui, T. Mizuno, A pilot clinical study of the therapeutic
antibody against canine PD-1 for advanced spontaneous cancers in dogs, Sci.
Rep. 10 (2020) 18311. https://doi.org/10.1038/s41598-020-75533-4.

S.E. Fritz, M.S. Henson, E. Greengard, A.L. Winter, K.M. Stuebner, U. Yoon,
V.L. Wilk, A. Borgatti, L.B. Augustin, J.F. Modiano, D.A. Saltzman, A phase |
clinical study to evaluate safety of orally administered, genetically engineered
Salmonella enterica serovar Typhimurium for canine osteosarcoma, Vet. Med.
Sci. (2016). https://doi.org/10.1002/vms3.32.

M. Downes, M.J. Canty, S.J. More, Demography of the pet dog and cat
population on the island of Ireland and human factors influencing pet ownership,
Prev. Vet. Med. (2009). https://doi.org/10.1016/j.prevetmed.2009.07.005.

J.K. Murray, W.J. Browne, M.A. Roberts, A. Whitmarsh, T.J. Gruffydd-Jones,



[250]

[251]

[252]

[253]

[254]

[255]

[256]

Number and ownership profiles of cats and dogs in the UK, Vet. Rec. (2010).
https://doi.org/10.1136/vr.b4712.

F. Martinez-Jiménez, F. Muifios, 1. Sentis, J. Deu-Pons, I. Reyes-Salazar, C.
Arnedo-Pac, L. Mularoni, O. Pich, J. Bonet, H. Kranas, A. Gonzalez-Perez, N.
Lopez-Bigas, A compendium of mutational cancer driver genes, Nat. Rev.
Cancer. (2020). https://doi.org/10.1038/s41568-020-0290-x.

V. Roudko, B. Greenbaum, N. Bhardwaj, Computational Prediction and
Validation of Tumor-Associated Neoantigens, Front. Immunol. (2020).
https://doi.org/10.3389/fimmu.2020.00027.

J. Hundal, S. Kiwala, J. McMichael, C.A. Miller, H. Xia, A.T. Wollam, C.J. Liu,
S. Zhao, Y.Y. Feng, A.P. Graubert, A.Z. Wollam, J. Neichin, M. Neveau, J.
Walker, W.E. Gillanders, E.R. Mardis, O.L. Griffith, M. Griffith, PVACtools: A
computational toolkit to identify and visualize cancer neoantigens, Cancer
Immunol. Res. (2020). https://doi.org/10.1158/2326-6066.CIR-19-0401.

A.C. Strafuss, Sebaceous gland adenomas in dogs., J. Am. Vet. Med. Assoc. 169
(1976) 640-2. http://www.ncbi.nlm.nih.gov/pubmed/965289.

A.C. Strafuss, J.E. Cook, J.E. Smith, Squamous cell carcinoma in dogs., J. Am.
Vet. Med. Assoc. 168 (1976) 425-7.
http://www.ncbi.nlm.nih.gov/pubmed/1254515.

A.C. Strafuss, Basal cell tumors in dogs., J. Am. Vet. Med. Assoc. 169 (1976)
322-4. http://www.ncbi.nlm.nih.gov/pubmed/956018.

C.R. Dorn, D.O. Taylor, F.L. Frye, H.H. Hibbard, Survey of animal neoplasms in
Alameda and Contra Costa Counties, California. I. Methodology and description
of cases., J. Natl. Cancer Inst. 40 (1968) 295-305.
http://www.ncbi.nlm.nih.gov/pubmed/5694271.



Graphical abstract

O O

Druggable targets

* Cancer vaccines

* Adaptive T cell transfer
5 * Antibodies

Pet dog cancer model e Preclinical trials for humans
|

Translation

Clinical trials for pet dogs G Clinical trials for humans




