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Interest in exploiting naturally occurring cancers in dogs as an important predictive tool for human oncology
is on the rise. Herein, we discuss the relevance of these comparative oncology studies and our experience in
the field.
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Abstract

Despite the significant progress in tumor prevention, early detection, diagnosis and treatment made over recent
decades, cancer is still an enormous public health challenge all around the world, with the number of people
affected increasing every year. A great deal of effort is therefore being devoted to the search for novel safe,
effective and economically sustainable treatments for the growing population of neoplastic patients. One main
obstacle to this process is the extremely low percentage of therapeutic approaches that, after successfully
passing pre-clinical testing, actually demonstrate activity when finally tested in humans. This disappointing
and expensive failure rate is partly due to the pre-clinical murine models used for in-vivo testing, which cannot
faithfully recapitulate the multifaceted nature and evolution of human malignancies. These features are better
mirrored in natural disease models, i.e., companion animals affected by cancers. Herein, we discuss the
relevance of spontaneous canine tumors for the evaluation of the safety and anti-tumor activity of novel
therapeutic strategies before in-human trials, and present our experience in the development of a vaccine that

targets chondroitin sulphate proteoglycan (CSPG)4 as an example of these comparative oncology studies.
Introduction

Since the concept of translational oncology officially emerged from the National Cancer Institute (NCI) of the
United States in 1992, an increasing number of comprehensive mouse models have been developed and used
to test new therapies before their clinical application, strongly consolidating the bridge between basic research
and clinical practice (1). This has greatly contributed to our knowledge of cancer biology and to the improved
clinical outcomes observed for many types of cancer over recent decades. Nevertheless, the survival benefits
achieved are relatively modest, often measurable in months, and the short- and long-term toxicities of therapies
are quite significant and not predicted by pre-clinical testing in mice. Even though phylogenetic and
physiological similarities between mice and humans do exist, experimental therapies tested in murine models
have, all too often, elicited responses that only poorly predict the outcomes of that therapy being translated to
a human setting (2). Indeed, transplantable models, genetically engineered mice and patient-derived xenograft
models have been shown to not accurately mimic the complexity of human cancer, limiting their reliability for
subsequent translational applications (2-4). One of the main criticisms raised is the limited life-span of mice,
which does not allow several fundamental features of the nature of human cancers, i.e., growth over long
periods of time, genomic instability and tumor heterogeneity, to be reproduced (4, 5). Furthermore, the
microenvironment of the tumors that are modeled in mice is quite different from that which characterizes
human neoplastic lesions, resulting in a favorable predictive response to chemo- and radio-therapy (6).
Importantly, from the safety point of view, murine bone marrow is generally less sensitive to the toxicity
induced by chemotherapy than human bone marrow, suggesting that mice are not suitable for use in the
evaluation of the adverse effects of novel chemotherapies or combinatorial approaches with chemotherapeutic
agents (7). Similar considerations can also be made for the response to immunotherapy, which has now become
the fourth pillar of cancer treatment. The discrepancies between the immune systems of mice and humans, in

terms of both innate and adaptive immunity, highlight the concerns raised as to the use of mouse models for
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the rigorous evaluation of immunotherapeutic strategies (3, 8). Overall, many of these limitations may be
overcome by evaluating novel treatments in companion animals — particularly dogs — that are affected by
naturally occurring malignancies, in accordance with another important concept promoted by the NCI, that of
comparative oncology.

The rationale for evaluating therapeutics in domestic tumor-bearing dogs before carrying out in-human studies
will be discussed in the following sections. In particular, the unique opportunity found in assessing, with high
translational value, both the safety and anti-tumor activity of novel immunotherapies in canine patients will be

uncovered, with a specific focus on the comparative oncology studies that we have performed in recent years.
Why dogs are humans’ best friends, even in disease

Tumor-bearing dogs capture the “essence” of the problem of cancer in a way that is not achievable with other
animal models (4, 5). This awareness comes from decades of investigations into canine oncology. In 1929, the
Nobel laureate August Krogh was the first to propose the study of diseases that naturally occur in animals and
not just those induced experimentally in laboratory animals (9). However, it took more than 30 years for the
first anti-cancer therapy to be evaluated in dogs (5). From that moment on, the concept of comparative
oncology has spread all over the scientific world.

Several different factors have contributed to the solid rationale for the use of naturally occurring cancer in pet
dogs as a translational model for human malignancies. In fact, new dimensions in the comparative oncology
field opened up with the decoding of the canine genome in 2005 (10). Dog-genome sequencing revealed that
all 19,000 identified genes are orthologous, or at least similar, to human genes (11). In particular, comparative
gene expression studies in canine and human tumors have revealed that there is close correspondence in terms
of genetics and molecular markers (4, 12), thus supporting the overlap between canine and human cancer
biology.

Cancer incidence in the pet animal population has increased in recent years, due to pets’ increased life
expectancy (5). It is estimated that 1 out of 3 people develop cancer; almost the same incidence is estimated in
dogs. For certain tumor types, the incidence is higher in dogs than in humans, and this may be important for
those low occurrence-rate human cancers whose treatment is still an unmet need. In this case, studying the
same tumor in dogs could provide a larger patient population for the evaluation of new strategies, with rapid
enrolment and faster study completion (13). Moreover, canine cancers have shown some breed predispositions,
providing us with an opportunity to understand the genetic links to different types of cancer (13).

Tumor initiation and progression processes in both human and dogs are influenced by the same factors,
including age, nutrition, sex and environment (5). Living in close proximity and sharing the same environment
with their owners, dogs show the same pattern of cancer development, and could, therefore, be considered
epidemiologic or etiologic sentinels of the disease (4, 13).

Pet tumors grow slowly in an intact immune system, allowing immune and cancer cells to interact for a long
period of time, shaping one each other as well as showing the intratumor heterogeneity and genetic instability
that is typical of human lesions (5). Moreover, cancer development in companion animals resembles the natural

step-wise evolution of human tumors, giving rise to spontaneous recurrences and metastasis. Overall, dog
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tumors reflect, better than any other animal model, the complex genetic, environmental, and physiological
aspects present in human malignancies (2, 4, 5, 14). An additional and fundamental point for translational
research is the evidence that canine cancer patients often show the same clinical response to conventional
treatments as those observed in human patients. Indeed, it has been demonstrated that several therapeutic
protocols used in human clinics have a similar spectrum of activity in veterinary application (5). Furthermore,
drugs that have failed to give rise to significant effects in humans are also ineffective in dogs (5).

All these considerations mean that it is now widely accepted that cancer in canine patients faithfully reproduces
fundamental aspects of the corresponding human malignancies. In fact, on one hand, we have growing
scientific interest in exploiting naturally occurring cancers in dogs as an important predictive tool for human
oncology, and, on the other, there are the owners who are increasingly willing to secure innovative
experimental therapies for their pets (5). The combination of these two considerations contributes to the “one
medicine” concept, opening up possibilities to quite easily investigate innovative therapeutic approaches, with
high translational power for human patients, in client-owned dogs. In this panorama, performing clinical trials
in tumor-bearing companion animals could provide such considerable advantages over conventional pre-
clinical mouse testing that a Comparative Oncology Trials Consortium (COTC) was established at the NCI to
provide the infrastructure and resources needed to integrate veterinary oncology studies into the development
pathways of new therapies for human cancers. More recently, not only veterinary teaching hospitals but also
several private veterinary hospitals are contributing to the “one medicine” practice by providing cutting-edge
options and clinical trials for pet cancer patients.

While the patients entering human clinical trials generally have already been treated with standard-of-care
therapies or have a disease in its advanced stages, in-dog trials, also newly diagnosed patients not yet been
exposed to other treatment modalities can be enrolled, especially for those tumors for which standard-of-care
is still inadequate.

As a result, clinical trials for pet patients can enhance and accelerate drug-development efforts by providing
unique information that cannot be obtained from traditional pre-clinical models or trials performed directly on
human patients. However, this does not mean that some limitations cannot be envisaged. Using pet as a model
for studying human tumors and the potential of immunotherapeutic approaches entails possible high cost and
long time to get the proper number of canine patients needed for a single veterinary study. Moreover, non-
homogenous results can be obtained due to the influence of the owners when applying post-operative
treatments and following up the study (15). Moreover, a critical point could be related to the difficulties in the
readout of results coming from veterinary immunotherapy trials, since the availability of tools for immune-

monitoring is reduced as compared to those used in traditional inbreed mouse model experiments (16).
The importance of veterinary clinical trials for translation to human patients

Despite the unquestionable role that murine models have had and still hold for human cancer research, attrition
rates for oncological therapies that move from the pre-clinical stage to human clinics are significantly higher
than those in other therapeutic areas. Indeed, approximately 60% of anti-neoplastic drugs entering Phase III

clinical trials fail, and only around 10% of anti-cancer treatments that proved successful in mice have been
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approved in human oncology (17). This is even more dramatic if we consider that the development of a new
cancer therapy from discovery to the marketplace is extremely time consuming and expensive. These
disappointing results place the emphasis on the need of a “bridge” between murine models and human clinical
trials, which could increase this success rate and improve our ability to select the safest and most promising
therapeutics to be tested in humans. Because of this and all the previously mentioned considerations, we and
others support the translational value of oncological canine patients (2, 4). Interestingly, after the NCI
established the Comparative Oncology Program and a European initiative launched the LUPA project to foster
the use of naturally occurring cancer in dogs as a model for human tumors, several companies also introduced
clinical trials in pet patients into their overall work flow, as was highlighted by the National Academies of
Sciences back in 2015 .

The use of canine models to evaluate innovative therapies has a long-standing history in other branches of
medicine, with the first successful blood transfusion performed in dogs by Richard Lower in 1666; this
technique was perfected much later, in the early 1900s, again in dogs (18). The 1950s was the turn of surgical
techniques for kidney transplantation and for the reduction of rejection risk, which were refined in dogs before
becoming routine in humans (19). Again, in the 1970s, one of the first clinical trials involving dogs assisted in
the development of a regimen for bone marrow transplantation and then for the treatment of lymphoma canine
patients with chemotherapy and myeloablative radiation (20, 21), leading to clinical protocols that were then
used in human medical centers. These early examples of studies in pet dogs paved the way for important
achievements in human clinics, and were a foretaste of how veterinary trials could strongly benefit both
species.

Soon after, a number of studies performed in canine cancer patients collected proofs of clinical efficacy, dose
definitions and toxicity assessments of anti-cancer drugs in a way that would be impossible to achieve in
murine models. For example, two similar molecules, sunitinib and toceranib, which have been approved for
the treatment of gastrointestinal tumors, renal cell carcinoma and pancreatic neuroendocrine tumors in human
patients, and of mastocytoma in canine patients, were demonstrated to have similar toxicities in the two species,
leading to lethargy, weakness and vomiting that could not be observed so easily in mice (22, 23). Clinical trials
on pet patients can therefore also allow graded and standardized toxicity assessments to be performed.

Other interesting examples include recent Phase I/II veterinary trials using Ibrutinib (24), exportin-1, protein
inhibitor KPT-335 (23) and the GS-9219 drug (25); these trials were all helpful in demonstrating not only the
anti-tumor activity of the drugs, but also in giving important clues regarding the toxicity profile and the re-
definition of the dosing schedule prior to human clinical trials.

A particularly interesting case is that of Ibrutinib, a Bruton’s tyrosine kinase (BTK) inhibitor. This drug was
proved to be effective in the treatment of lymphoma in vitro (8). However, no appropriate in vivo murine
models of lymphoma were available to confirm the efficacy of this inhibitor. The availability of pet dogs
bearing naturally occurring lymphomas with sustained B cell receptor signaling was fundamental to the ability
to demonstrate the drug’s clinical efficacy and to identify a useful biomarker for use as an endpoint in human

clinical trials. Moreover, the regimen of Ibrutinib administration in human patients was re-defined thanks to
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the data, obtained in dogs, on the minimum tolerated and biologically effective dose (8). Another remarkable
story is that of GS-9291, an anti-proliferative nucleotide analog prodrug, which was found to be ineffective in
murine models, while subsequent studies showed that the drug did have effects on canine lymphocytes (26).
When tested in canine patients with hematological malignancies, GS-9291 proved its clinical safety and
efficacy (25), providing the basis for its evaluation in human patients. This molecule was entered into the
process of regulatory approval for veterinary commercialization for the treatment of canine B-cell lymphomas
27).

Another exciting pillar in the comparative oncology field is procaspase-activating compound-1 (PAC-1), a
synthesized chemical product (28), which has now been granted Orphan Drug Designation by the Food and
Drug Administration (FDA) for the treatment of advanced human cancers. PAC-1 is an outstanding paradigm
because of the unique development path that has brought it to the human clinic, since it was first evaluated in
pet dogs with spontaneous cancer to identify the best application for human clinical trials. Indeed, the safety,
tolerability and anti-tumor potential of PAC-1, whether used as a single agent, or in combination with
conventional drugs, was first demonstrated in canine patients (29), leading quite promptly to the approval of a
first human trial (NCT02355535) for the treatment of advanced malignancies, such as breast cancer,
lymphomas, melanomas and other solid tumors. Thanks to the veterinary trials, PAC-1 was also shown to be
able to penetrate the blood-brain barrier, suggesting that this drug may be promising for the treatment of
cancers of the central nervous system (30). All these results drove the approval of an additional clinical trial
for the combination of PAC-1 with temozolomide for the treatment of glioblastoma (NCT03332355).

Other fundamental achievements are found in the immune-oncology field. Indeed, as explained above, canine
patients are of extraordinary relevance for the evaluation of immunotherapeutic strategies since tumors
spontaneously develop in an immune-competent environment, and long-lasting and mutual relationships
develop between host immune system and cancer cells.

In 2003, Bergman and collaborators started veterinary trials in dogs affected by advanced malignant melanoma
(MM) to exploit the safety, immunogenicity and the anti-tumor potential of a xenogeneic DNA vaccine coding
for the human tyrosinase (31-33). The positive results obtained by these studies, led, in 2010, to the approval,
by the United States Department of Agriculture (USDA), of the first anti-human tyrosinase DNA vaccine
(ONCEPT, Merial) for the treatment of MM-bearing dogs and to a rapid translation of the proposed therapeutic
approach to human clinical trials (34, 35). Even though with the coming out of the most recent results from
multiple veterinary and human trials, the therapeutic efficacy of ONCEPT has been questioned in both species
(36-38), in-human trials demonstrated the safety and immunogenicity profile of the vaccine previously found
in dogs. This is currently the only licensed anti-cancer DNA vaccine in any species and has driven several
groups, including our own (see below), to investigate the translational efficacy of the immune-targeting of
other antigens that are relevant for human and canine cancer tumors (39, 40).

The study of another immunomodulatory agent, the liposomal muramyl tripeptide phosphatidyl ethanolamine
(L-MTP-PE), corroborated the valuable potential of canine tumor models for the advancement of human

treatments. L-MTP-PE has been studied because of its ability to activate macrophages and monocytes, which
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in turn can release proinflammatory cytokines with tumoricidal effects. The first evidence of L-MTP-PE’s
potential efficacy in the treatment of osteosarcoma (OSA) came from veterinary studies in OSA-bearing dogs
who showed higher survival when treated with this agent than controls that were treated with the placebo (41).
Considering the strong similarities between canine and human OSA (see below), the results of these veterinary
assessments laid the foundation for L-MTP-PE’s evaluation in human clinical studies (NCT00631631,
NCT02441309, NCT03643133) (42-44) and to its approval in Europe for the adjuvant treatment of patients
with non-metastatic, resectable OSA (45). Interestingly, strong anti-metastatic potential was shown when L-
MTP-PE was tested in a mouse model of OSA. However, no increase in survival was observed, unlike findings
that had previously been described in dogs, and this was most likely because OSA progression in mice was
too rapid (46). This confirms the idea that investigating immunotherapy in models that display the slow and
stepwise progression of spontaneous metastatic disease may be of paramount importance for the identification
of a survival benefit, which may be masked when using fast-progressing tumors in mice.

A vaccine named ADXS31-164, which is based on recombinant Listeria monocytogenes that express a
chimeric human HER2/neu, has more recently been successfully investigated in canine OSA patients, resulting
in a significant reduction in metastatic disease and increased overall survival (47). Soon afterwards, this
became the first Listeria-based vaccine to gain conditional approval for its clinical use in veterinary clinics,
and a Phase I/Il trial in human patients (NCT02386501) is ongoing. Many other immunotherapies and
immunotherapeutic combination approaches are now under investigation in well-designed clinical trials using
dogs with cancers, and thus provide increasing amounts of evidence to support the value of comparative

oncology approaches to advance both canine and human oncological patient management (see below).
Melanoma and osteosarcoma on the comparative stage

As discussed above, canine oncological patients that spontaneously develop tumors in the same anatomic sites
as humans are an interesting avatar for pre-clinical therapeutic studies endowed with a high translational value
(4). This is particularly true for MM and OSA, which are the two most challenging tumors “under the
microscope” of comparative oncology nowadays.

MM is the most aggressive form of skin cancer in humans. It represents the sixth most common cancer
worldwide and its incidence is increasingly rising (2, 48). Several advantages for MM clinical outcome have
undoubtedly been achieved (2) with the introduction of checkpoint inhibitors (ClIs), i.e., monoclonal antibodies
directed against the Cytotoxic T Lymphocyte Antigen-4 (CTLA-4) and the Programmed Cell Death Receptor-
1 (PD-1) or its ligands. However, Cls have been proven to work well in an, as yet, unsatisfactory percentage
of patients, the vast majority of whom displayed a pre-existing T-cell mediated immune response against the
tumor (49). A high proportion of MM patients, however, exhibit innate or acquired resistance to Cls and suffer
from disease progression despite the treatment, and most display severe toxicity issues. Improvements and
new therapies are therefore needed to increase the survival of patients. Although pre-clinical mouse models
have contributed to our understanding of the molecular mechanisms of melanoma carcinogenesis, they are
inadequate for the study of novel (immune) therapeutic approaches (2). As a consequence, we, and others,

have looked at spontaneous MM-bearing dogs as models because the canine malignancy shares many

8



1812

2013
21
o A4
2315
24
2516
26
277
288
29
379
31
320
331
34
32
36

3723
384
39
4®@5
41

4226
137
44
498
46

4729
480
49
581
51

532
533
54
534
56

5B5
5
236
6@B7
61
62
63
64
65

characteristics with human MM, including overlapping cytological, histopathological and architectural
features (50). Clinical behavior is another important aspect. Indeed, canine MM comes in a very aggressive
form, as in humans, with a strong resistance to treatment (2, 4). Furthermore, conventional therapies are quite
effective in the early stages of the disease both in canine and human MM patients, but not very successful in
the advanced stages, with one third of patients experiencing recurrence and metastasis (4). Moreover, once the
tumor has metastasized, the survival rate of canine MM patients after 1-year is only 30%, resembling the
human-patient 5-year survival rate, which is only 15-20% (4, 48). From the genetic point of view, several
alterations and signaling-pathway abnormalities have been found in canine MM, including phosphorylated
forms of AKT and ERK1/2, alterations in KIT and PTEN, which overlap with some of those widely described
in specific human MM subtypes.

However, it must be noted that the well-known BRAFV¢®E mutation, which has been widely identified in
almost 60% of human MM, is absent in canine MM, which are universally BRAF wild-type (WT). Moreover,
although MM in dogs can affect a range of anatomical sites, such as the lips, skin and digit/footpad, the oral
MM subtype is the most prevalent clinically significant form affecting dogs. Therefore, canine MM can serve,
in particular, to model human mucosal MM, an aggressive histological subtype that is predominantly BRAF,
RAS and NF1 WT (Triple Wild Type or TWT), with markedly poor survival. The possibility of deeply
investigating this subtype in humans is limited by its very low prevalence, increasing the value of canine MM,
which instead accounts for up to 100,000 diagnoses/year in the United States alone (51). These characteristics
mean that canine oral MM has been proposed as an invaluable pre-clinical model of mucosal, TWT MM and
UV-independent melanomagenesis (52). The consequent identification of novel effective therapies may be
successful for both veterinary and human oncology fields.

Another urgent medical need is found in OSA, an aggressive malignancy with poor prognosis and that still has
few therapeutic options (53). OSA is one of the most common malignant bone tumors in both humans and
dogs. Several investigations have brought to light the considerable similarities that exist in OSA biological
behavior in human and canine patients, including an identical site of onset, histology and proclivity for
metastasis (54). Moreover, it has been demonstrated that genomic alterations that have been linked to OSA
pathogenesis and progression are highly conserved in human and canine tumors (13). Moreover, a similar
pattern of response to traditional treatments has been observed in both species. A combination of surgery and
radio- or chemotherapy is the first line treatment and has been shown to enhance the survival time for both
human and dog OSA patients (55). However, for those patients with the metastatic form of the disease, which
is indeed the vast majority, the prognosis remains dismally poor, with a 1-year survival for canine patients (55)
and a 5-year survival for human patients (53) of only about 20%. Therefore, the identification of novel and
effective approaches to improve patient survival is urgently needed. In particular, the use of canine OSA as a
surrogate for pediatric OSA could be of paramount impact. Indeed, there is still a lack of knowledge regarding
the etiology of this tumor and a paucity of therapeutic targets involved in OSA initiation, progression and
development. One of the major challenges to overcome when developing OSA clinical trials in the human

setting is the young age and the low percentage of affected patients. In this condition, the high number of
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canine OSA patients diagnosed each year offers a tremendous opportunity that can accelerate advancements
in the identification of the key initiating events that are involved in the etiopathogenesis and progression of
OSA, thus improving the management of the disease for both humans and dogs.

Overall, spontaneously occurring canine MM and OSA are, in our opinion, attractive models for the

identification and development of novel therapeutic strategies.
CSPG4: “all for one and one for all”

The power of comparative oncology studies obviously relies on the identification of shared tumor antigens,
that are significantly relevant for both human and canine cancers. This would allow unique therapeutic
strategies, which can benefit both species, to be developed.

Of the numerous tumor antigens that have been identified so far, our attention has been focused on chondroitin
sulphate proteoglycan (CSPG)4. CSPG4 is restrictedly present in normal healthy tissues, as it was widely
stated (56-61) and recently supported by Rivera and colleagues (62) which performed an IHC analysis of an
FDA Standard Frozen Tissue Array, including 30 different organs, demonstrating that no CSPG4 expression
was found in healthy tissues. Indeed, in adults CSPG4 expression is mainly limited to stem-cells and adult
progenitor cells, while it is post-translationally down-regulated at terminal differentiation (63).

It is becoming increasingly clear from the literature that CSPG4 is implicated in several of the most aggressive
and treatment-resistant forms of cancer, including MM, basal-like breast cancers, leukaemia, mesothelioma,
glioblastoma, soft-tissue sarcomas, pancreatic carcinoma and squamous-cell carcinoma of the head and neck,
where it plays a key, and indispensable, oncogenic role (56, 64). CSPG4 therefore meets all the requirements
of the definition of “oncoantigen” (40, 65, 66), i.e., it is an ideal target for anti-tumor (immuno)therapy.
CSPG4 is endowed with multivalent functions, which make it a sort of master regulator of several cancer cell-
associated pathways. A great deal of data have demonstrated that CSPG4 can be involved in the sustenance of
tumor cell proliferation through its ability to sequester growth factors and concomitantly to associate with the
corresponding receptors to form ternary complexes (56). This has been demonstrated for platelet derived
growth factor AA and several fibroblast growth factors (67). CSPG4 perceive and capture these mitogens,
while promoting ligand-binding and dimerization of the corresponding receptors. In this way, CSPG4 can
potentiate the activation of the MAPK pathway, resulting in the selective growth of CSPG4-positive tumor
cells and providing a survival advantage. Moreover, its extended extracellular arm means that CSPG4 can link
different components of the extracellular matrix (ECM), such as tenascin-C, laminin, perlecan and collagens
(types 11, V and VI) (68). Its strong interplay with ECM molecules suggests that CSPG4 is involved in optimal
cancer-cell adhesion and migration. Furthermore, CSPG4 has been demonstrated to interact with several
integrins, and thus to cooperate in the activation of integrin-dependent cellular phenomena, such as cell
proliferation, motility and survival. Filopodial CSPG4 can also sequester plasminogen and has consequently
been implicated in the control of matrix degradation (69, 70). All these data suggest that binding through the
extracellular portion of CSPG4 to a huge variety of molecules in the extracellular space means that this unique
proteoglycan may be involved in numerous steps in cancer progression, from sustained proliferation to

migration and invasion. Indeed, the CSPG4 cytoplasmic tail is directly linked to a multitude of different
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signaling cascades, with the two major involved pathways being PI3K—AKT-1 and focal adhesion kinase
(FAK) (71).

As mentioned above, the oncogenic role of CSPG4 in a number of tumor histotypes has recently been revealed.
Nevertheless, the best-established implication is with MM, because of its widespread expression in the
majority of human MM patients (72). In this regard, we have evaluated two publicly available comprehensive
microarray datasets that include gene expression data from 214 samples of primary MM (73) and 44 samples
from MM metastatic lesions (74). Interestingly, we observed, by querying the R2 Kaplan Meier scanner

(https://hgserver]l.amc.nl/cgi-bin/r2/main.cgi) for prognostic studies, that CSPG4 over-expression in MM

tumors showed a significant correlation with shorter overall survival (Fig. 1a). Furthermore, CSPG4 over-
expression was associated with significantly reduced overall survival in a selected metastatic setting (Fig. 1b).
These data corroborate the link between high CSPG4 expression and poor prognosis, supporting the idea of
the potential direct implication of CSPG4 in melanoma progression (64, 72).

These considerations and evidence that the amino-acid sequence of CSPG4 is highly evolutionarily conserved,
showing over 82% homology with its canine counterpart, led us to evaluate the potential relevance of CSPG4
for comparative oncology in MM. We were the first to investigate, by means of immunohistochemical analysis,
CSPG4 expression in canine MM. After evaluating a cohort of 65 canine MM samples, collected between
2000 and 2010 at the Diagnostic Laboratory of the Department of Animal Pathology at the University of Turin
(Italy), we demonstrated the over-expression of CSPG4 antigen in almost 60% of canine MM, in which the
staining was mostly restricted to the tumor cell membrane (75). Moreover, positive staining was more frequent,
albeit not significantly so, in amelanotic rather than in melanotic tumors, and this correlation with a more
aggressive phenotype was also suggested by the Kaplan-Meyer curve, which indicate lower survival in cases
of higher CSPG4 expression levels (40). In addition to the well-known role of CSPG4 in human MM, this
molecule therefore also constitutes a potential IHC marker and a promising targetable antigen in canine MM.
These results laid the foundation for the evaluation of CSPG4 as a prototype oncoantigen for translational
immunotherapy studies against MM (66).

What makes anti-CSPG4 directed therapies an even more attractive approach is the recently recognized
widespread expression of this oncoantigen in a huge variety of other aggressive tumors (66). We have recently
expanded our focus of research to another challenging malignancy with very poor prognosis and few treatments
available; OSA. We demonstrated that CSPG4 is over-expressed in both human and canine OSA biopsies and
that an evident correlation exists between CSPG4 over-expression and a shorter survival for both OSA-affected
humans and dogs (Riccardo et al., under revision). This study indicates that CSPG4 may possibly be clinically
implicated in OSA progression, highlighting that CSPG4 is also an interesting therapeutic target in the
comparative oncology field of OSA.

Finally, it has been emerging in recent decades that a minority of cells inside a tumor, named cancer stem cells
(CSC), are endowed with more resistant behavior to conventional therapies, i.e., chemo- and radio-therapy,
than more differentiated cancer cells (76, 77). This implies that CSC are the cells that are principally

responsible for treatment failure and local or distant recurrences/metastases. Considering that conventional
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anti-cancer therapies are predominantly directed against the bulk of differentiated tumor cells, the CSC model
has important clinical implications, and suggests that there is a need for innovative approaches that can also
impact upon the CSC compartment. Against this background, the potential of immunotherapies against CSC
has recently become an appealing field of research that may yet succeed where conventional therapies have
failed.

Considering its significant oncogenic role, it is not surprising that CSPG4 over-expression has been identified
in CSC subsets in several tumor histotypes (56, 78). We have also confirmed the overexpression of CSPG4 in
human (Fig. 2a) and canine (Fig. 2b) MM- and OSA-derived CSC (Riccardo et al., under revision), thanks to
the generation of “melanospheres” and “osteospheres” (79).These findings make CSPG4 an even more
interesting target for the design of approaches to target both differentiated cells and CSC.

In conclusion, the development of effective anti-CSPG4 therapies may represent a “crosswise bullet” that can
simultaneously strike a wide range of tumors, and impair a number of oncogenic features in tumor cells. , We
consider the possibility of investigating anti-CSPG4 targeting in spontaneous canine tumors that express
CSPG4 to be a priceless opportunity for the development of advancements in the veterinary field that can be

successfully and rapidly translated into treatment in human clinics.
Testing anti- CSPG4 DNA vaccines

Once an appealing tumor antigen has been identified, as in the case of CSPG4, the rational design of
immunotherapeutic strategies becomes a precious opportunity in the fight against cancer.

The potential of targeting CSPG4 by means of passive and active immunotherapeutic strategies has been well
documented in recent decades. For this reason, monoclonal antibody (mAb)-based anti-tumor approaches (78,
80), and genetically engineered T cells with chimeric antigen receptors (CAR-T) (81) that are reactive against
CSPG4 have been developed. These techniques have demonstrated the efficacy of anti-CSPG4 immune-
targeting in impairing cancer cell proliferation, migration and invasion in a number of cancer types and in
various experimental settings. Furthermore, active immunization approaches, such as anti-idiotypic antibodies
or mimotopes (82, 83) have been investigated. These approaches never reached clinics because of the
difficulties in the standardization and the induction of a frequent and efficient immune response. Nevertheless,
they have shown evidence of immunogenicity and clinical effectiveness, without collateral effects. This has
provided a strong rationale for the development of innovative and more effective strategies of immunization
against CSPG4. DNA vaccination may well represent an easy and versatile strategy with which to achieve this
aim (84). DNA vaccination offers many advantages over other immunotherapies, as DNA plasmids are
relatively simple and inexpensive to design and produce on large scales, as well as being well tolerated and
safe (40). Indeed, it has been demonstrated in preclinical models and by many clinical trials that the risk for
plasmid genomic integration is very low, and no evidence of anti-DNA immune response following
vaccination have been reported so far, which allows multiple administrations to be carried out. We therefore
investigated the immunogenic potential of two plasmids, one carrying the human (Hu; Gene ID_1464) and one
the dog (Do; Gene ID_487658) sequence of CSPG4, initially in a murine model, where both Hu- and Do-

CSPG4 are xenogeneic antigens. Specifically, we vaccinated C57BL/6 mice twice, at 2-week intervals, with
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either the Hu- or Do-CSPG4 plasmids. DNA vaccination was performed by plasmid intramuscular injection
followed by electroporation, one of the most effective methods for securing safe and efficient DNA
immunization (85). Sera of vaccinated mice were collected two weeks after the last vaccination and tested, by
flow cytometry, for their ability to stain B16 murine melanoma cells that had been stably transfected with
either the Hu- or Do-CSPG4. No staining was found on the B16 WT cells with all the tested sera. However,
as shown in Fig. 3, sera from Hu-CSPG4 DNA vaccinated mice were effective in binding the B16-Hu-CSPG4
(Fig. 3a, left panel) and to a lesser extent the B16-Do-CSPG4 (Fig. 3a, right panel) cell lines, indicating the
presence of anti-CSPG4 antibodies. Similarly, Do-CSPG4 DNA vaccination was effective in inducing a
significant antibody response that could bind B16-Do-CSPG4 cells (Fig. 3a, right panel), but the induced
antibodies had a very low ability to bind B16-Hu-CSPG4 cells (Fig. 3a, left panel). The empty plasmid did not
induce antibodies that were able to bind any of the two cell lines tested. Overall, these results demonstrate that
both Hu-CSPG4 and Do-CSPG4 DNA vaccines can be immunogenic in a xenogeneic host. However, one of
the major limitations in anti-cancer vaccination is host immune tolerance to the self-target antigen. Indeed, the
homologous sequence used as an immunogen frequently fails to induce an effective immune response. To
overcome this issue, we decided to test the Hu-CSPG4 vaccine in dogs in order to circumvent immune
tolerance and induce a proper immunogenic response.

To this aim, we conducted a non-randomized prospective veterinary clinical trial of adjuvant vaccination with
the xenogeneic Hu-CSPG4 DNA plasmid in client-owned dogs with en bloc surgically resected CSPG4-
positive oral MM (39, 40). This trial included, after written informed consent signed by the owners, dogs
without concurrent life-threatening diseases and with histologically confirmed oral stage II and III surgically
resected MM and a minimum follow-up of 6-months. Basically, after primary MM resection, canine patients
included in the vaccination group were injected intramuscularly with the Hu-CSPG4 DNA plasmid, and then
in-vivo electroporation was performed (40). The purpose of this adjuvant vaccination was to eliminate the
tumor cells that may remain after surgery, hampering the development of recurrences and metastasis, which
are actually the main causes of MM-related death.

The trial demonstrated the safety, immunogenicity and clinical efficacy of the vaccine. No evidence of acute
or late (up to 3-years for some of the vaccines), local or systemic side effects were observed. Moreover, the
vaccine was able to induce, in the sera of all the vaccinated dogs, an IgG antibody response that was able to
bind not only the Hu- CSPG4, but also the Do-CSPG#4 antigen (39, 40). In addition, recent preliminary data
suggest that the vaccine also induces IgA antibodies (Fig. 3b). This could be of paramount relevance for
mucosal protection and consequently for blocking recurrences in the oral cavity. A deeper analysis of the
immunoglobulin repertoire, not only in the sera, but also in the saliva of vaccinated dogs, may provide
interesting insights to better explain the clinical-protection mechanisms observed in the vaccines. Indeed, the
most important result from this veterinary trial is the significant prolongation of the overall and the disease-
free survival of vaccinated dogs compared to dogs treated with conventional therapies alone (39, 40) and Fig.

4).
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The polyvalent role that CSPG4 plays in regulating numerous pathways of the “life” of cancer cells means that
there may be many different mechanisms of action by which anti-CSPG4 antibodies exert their therapeutic
effects. We demonstrated that sera derived from both vaccinated mice and dogs were able to interfere with
MM cell proliferation (40), by inducing CSPG4 down-regulation (39) and CSPG4 internalization (data not
shown). Moreover, after demonstrating the over-expression and clinical relevance of CSPG4 in human and
canine OSA (see above), we explored whether CSPG4 immune-targeting by monoclonal antibodies, or sera
derived from vaccinated dogs, were able to inhibit both human and canine OSA cell proliferation and
osteosphere viability (Riccardo et al., under revision). The results show that this is indeed the case, suggesting
that anti-CSPG4 DNA vaccination also exerts a potential therapeutic effect in the treatment of OSA. It is highly
likely that other mechanisms, such as the ability of vaccine-induced antibodies to interfere with cancer cell
migration and/or adhesion, may impact upon the clinical efficacy of Hu-CSPG4 DNA vaccination, and these
are currently under investigation.

Overall, the results reported in these studies ((39, 40); Riccardo et al., under revision) have endorsed DNA
vaccination against CSPG4 as a valid adjuvant option for the treatment of strongly aggressive diseases, such
as MM and OSA, while also indicating that it has the potential to be extended to the treatment of a wide range
of CSPG4-expressing tumors. To this end, we are now testing a second-generation anti-CSPG4 DNA vaccine
that codes for a chimeric human/dog protein. The chimeric CSPG4 protein provides xenogeneic epitopes to

both human and dog patients, granting a tolerance brake in both species.
Conclusions

As discussed, companion animals naturally develop tumors in a chronologically relevant time and in an
immunocompetent environment, realistically reproducing most of the fundamental processes involved in
human tumor development, which are major clinical hurdles in the treatment of human patients. For these
reasons, tumors arising in companion dogs are becoming an increasingly recognized tool with which to study
the therapeutic potential of anti-cancer treatments. This is particularly true for some types of tumors, for which
physiological, anatomical, biological and clinical features are shared by the canine and human diseases, as has
been clearly demonstrated.

In recent years, several groups have performed veterinary studies in order to test their innovative strategies in
a high translational setting, against a wide range of comparative tumors, such as lymphomas (86-89),

melanoma (90-92), osteosarcomas (47) and many others (http://vetcancersociety.org/pet-owners/clinical-

trials/; https://ebusiness.avma.org/aahsd/study_search.aspx).

We focused our research on CSPG4, demonstrating that it is expressed by both human and canine MM and
OSA, and that its targeting with antibodies can reduce tumor proliferation in vitro. Moreover, our DNA vaccine
coding for Hu-CSPG4 was safe and immunogenic in dogs with surgically resected MM and significantly
increased their survival (39, 40). Interestingly, our results also demonstrate that CSPG4 is over-expressed by
human and canine melano- and osteospheres, suggesting that the use of immunotherapeutic strategies against
CSPG4 might not only be effective against the tumor bulk population, but also against CSC (Riccardo et al.,

under revision). This could be of paramount importance for the ability to target cells with more aggressive and
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stem features, in order to more efficiently counteract the onset of recurrences and metastatic lesions. In
conclusion, our observations i) support the idea that comparative oncology may have a significant impact on
the development of effective new anti-cancer therapies; and ii) underline the relevance of anti-CSPG4
vaccination for the treatment of the wide range of CSPG4-expressing tumors, starting from MM and OSA.

As a final, more general consideration, we believe that, on one hand, new therapies that are developed in dogs
can be quickly translated for the management of human patients. On the other hand, it may be also true that
human therapies that have already been approved (e.g., Cls) could be used to treat canine tumors, making the
investigation of combinatorial approaches that can be added to clinical protocols easier. This mutual benefit
for the veterinary and the human clinical worlds is also starting to capture the attention of industry and financial
markets, leading to the hope that there will be a time reduction in the jump from pre-clinic to in-human clinical

trials and a consequent acceleration in the drug-development process.
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Animal source

Mice used for the vaccination experiments reported in this paper were purchased from Charles River
Laboratories or bred at the Molecular Biotechnology Center, University of Turin, where all mice were
maintained and treated in accordance with University Ethical Committee and European Union guidelines under
Directive 2010/63. The canine patients that were enrolled in veterinary trials were client-owned dogs, whose
institutes of reference were the Veterinary Teaching Hospital of the University of Turin and the Veterinary
clinics of South Rome, Italy. Dogs were treated according to the Good Clinical Practice guidelines for animal

clinical studies, and rules imposed by the Ethical Committee of the University of Turin (Italy).
Figure legends

Figure 1. CSPG4 clinical impact on melanoma patient survival. The mRNA expression levels of CSPG4 in
human MM samples were determined by querying the R2 Kaplan Meier scanner (https://hgserverl.amc.nl/cgi-
bin/r2/main.cgi) using previously deposited gene expression analysis datasets from a) (73) (GSE65904,
including 214 melanoma tumor samples) and b) (74) (GSE19234, including 44 metastatic melanoma biopsies).
For prognostic studies, R2 analysis software was used and patients were stratified according to CSPG4
expression.

Kaplan-Meier curves depict overall survival probability, in years, for melanoma patients stratified by high
(blue) or low (red) mRNA CSPG4 expression. In order to define the cutoff between high and low gene
expression, all percentiles between the lower and upper quartiles were computed; the best performing threshold

was used as a cutoff. Overall survival data were tested for significance using the log-rank test.

Figure 2. CSPG4 expression in melanospheres. a, b) Representative images of human SK-Mel28- (a) and
canine CMM-12- (b) derived melanospheres. Both human and canine melanospheres were generated
according to the protocol described in (79). ¢, d) Flow cytometry analysis of CSPG4 expression on Ep and P1-
derived human SK-Mel28 (¢) and canine CMM-12 (d) cells. Flow cytometry was performed using a FACS
Verse (BD Biosciences) and the results were analyzed using BDFacs Suite software. Results are expressed as
percentage (%) of CSPG4 positive cells (left panels) and as P1/Ep fold-change of CSPG4 mean fluorescence
intensity (MFI, right panels).

Figure 3. Anti CSPG4 vaccine-induced antibody response. a) Anesthetized C57BL/6 mice were vaccinated as
previously described in (93) and sera collected 2 weeks after vaccination were tested for their ability to stain
murine B16 melanoma cells stably transfected with either the human (left panel) or canine (right panel) CSPG4
antigen. Results are expressed as percentage (%) of CSPG4 positive cells. Student’s t-test *** P < 0.0006;
**kx% P <(0.0001. b) Canine MM patients were vaccinated with the Hu-CSPG4 DNA plasmid, as previously

described in (39, 40), and sera collected before the first immunization (Pre-Vax) and after the fourth
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vaccination (Post-Vax) were selected for further analysis. Sera were tested for their ability to stain the canine
CSPG4 antigen on the canine CSPG4" MM cell line (CMM-12). The IgA specific binding was revealed using
a goat anti-dog IgA secondary antibody. Results are expressed as percentage (%) of CSPG4 positive cells.

Flow cytometry was performed using a FACS Verse (BD Biosciences) and the results were analyzed using

BDFacs Suite software.

Figure 4. Clinical efficacy of the Hu-CSPG4 vaccine in canine MM patients. Swimmer plot depicting the
overall survival of canine MM patients enrolled in the veterinary trials (39, 40). Briefly, the survival (in days)
of dogs with surgically resected CSPG4-positive MM, either vaccinated (Vax) or non-vaccinated (Ctrl), is
reported. Arrows indicate that the patients were still alive at the time of publication (39). The purple dots
indicate, for each patient, the day of recurrence or metastasis (Rec/Mets) detection, if any. Black dots indicate
patients who died because of unrelated reasons, while red dots indicate patients who died because of MM.
Percentage of canine patients, vaccinated or treated with conventional therapies alone, which are still alive at

1-year after the diagnosis, is indicated in the plot.
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