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Abstract

With the median survival of 14.6 months following best available standard of care, malignant gliomas (MGs)
remain one of the biggest therapeutic challenges of the modern time. Although the last several decades have
witnessed tremendous advancement in our understanding of MG and evolution of many successful preclinical
therapeutic strategies, even the most successful preclinical therapeutic strategies often fail to cross the phase I/
Il clinical trial threshold. One of the significant, but less commonly discussed, barriers in developing effective
glioma therapy is the lack of a robust preclinical model. For the last 30 years, rodent orthotopic xenograft models
have been extensively used in the preclinical setting. Although they provide a good basic model for understand-
ing tumor biology, their value in successfully translating preclinical therapeutic triumph into clinical success is
extremely poor. Companion dogs, which share the same environmental stress as their human counterparts, also
spontaneously develop MGs. Dog gliomas that develop spontaneously in an immunocompetent host are very
similar to human gliomas and potentially provide a stronger platform for validating the efficacy of therapeutic
strategies proven successful in preclinical mouse models. Integrating this model can accelerate development of

effective therapeutic options that will benefit both human subjects and pet dogs.
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Malignant gliomas (MGs) are high-grade brain tumors of
glial origin that universally carry a poor prognosis. Several
recent early-phase clinical studies have shown improved
survival in selective groups of patients'?; however, very
few studies progressed beyond phase I/l clinical trials, and
no novel interventions have even approached the thresh-
old for challenging the current standard of care.

MGs are inherently heterogeneous, within patients as
well as among patients, and poorly modeled by homoge-
neous xenografts in standardized hosts. There is a large
“translational gap” between highly artificial, orthotopic
xenograft glioma models in generally immunodeficient
rodents of clonal origin versus spontaneously devel-
oping, highly heterogeneous, and constantly evolving
natural human glioma. Moreover, the small size of these
rodents limits imaging and is prohibitive to testing novel

therapeutic strategies in conjunction with surgical resec-
tion, a key component of current standard of care.

Pet dogs share the same environment as their human
counterparts and are also susceptible to various spontane-
ous malignancies that affect the human population, includ-
ing MGs.% These naturally occurring tumors in pet dogs
are very similar to their human counterparts regarding
their clinical presentation and pathophysiology. They carry
similar natural history and prognosis condensed into the
approximately 7 times shorter overall lifespan of dogs. In
the US, cancer is diagnosed in almost 1 million dogs per
year, and the incidence is rising.* Dedicated pet owners
strive to provide the highest level of health care to their
companion dogs and actively seek out novel treatment
options in the form of experimental therapies and clini-
cal trials when available. These factors provide a unique

© The Author(s) 2016. Published by Oxford University Press on behalf of the Society for Neuro-Oncology. All rights reserved. For

permissions, please e-mail: journals.permissions@oup.com


mailto:mdey@iu.edu?subject=

opportunity to advance the care and understanding of can-
cer in both man and companion dogs. Out of this symbi-
otic relationship developed the discipline of comparative
oncology, which integrates the study of naturally occurring
tumors in animals into studies of human cancer biology
and therapeutics (Fig. 1).*Treatment of many tumor types,
such as osteosarcoma, lymphoma, melanoma, etc,* have
directly benefited from this approach; however, it is not
fully utilized in the field of brain tumors.

Comparative Histology

On the basis of histological features, the World Health
Organization (WHO) classifies astrocytomas into 4 grades:
grade | (pilocytic astrocytoma), grade Il (diffuse astrocy-
toma), grade lll (anaplastic astrocytoma), and grade IV
(glioblastoma [GBM]). Grade lll and grade IV are consid-
ered high-grade gliomas or MGs.> Human MGs are his-
tologically characterized by higher cellularity, a greater
degree of pleomorphism, and increased proliferation
compared with lower-grade gliomas. Pseudopalisading
necrosis and vascular proliferation are the hallmark char-
acteristics of GBM.

Although there are no studies correlating glioma histol-
ogy with survival in canine brain tumors to parallel the
human grading system, to facilitate translational studies,
it is standard veterinary practice to use the current human
WHO grading system® to grade canine gliomas.” Similar
to the human grading system, within the veterinary WHO
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system® a low-grade astrocytoma is a diffusely infiltrat-
ing glioma composed of well-differentiated astrocytes
without any signs of anaplasia, and low to moderate cellu-
larity, whereas a high-grade astrocytoma is highly anaplas-
tic, with high cellularity and heterogeneous histological
appearance. As in humans, high-grade gliomas are overall
more frequent than low-grade gliomas in dogs.” Canine
GBM shares many gross, microscopic, and immunohisto-
chemical pathological features with human GBM,%"° such
as predominantly cerebral or thalamic location, with gross
hemorrhage, necrosis, and cyst formation. Histological
findings such as pleomorphic cells and coagulative necro-
sis, glomeruloid vascular proliferation, and pseudopali-
sading of neoplastic cells around necrotic areas are key
features and are found to be less pronounced or absent in
rodent xenograft models.%'°

While grade IV astrocytoma is the most common human
glioma, in dogs oligodendrogliomas (or oligoastrocyto-
mas) occur roughly equally to astrocytomas,®’12 and
GBM typically accounts for a minority of the astrocytoma
cases.>" Canine astrocytoma occurs relatively evenly
in each of grades II-IV, whereas most oligodendroglio-
mas are high grade (grade Il1)."¥'* Extensive recurrent
genomic losses of regions corresponding to human chro-
mosome 1p/19g were not seen in any case of canine oli-
godendroglioma, indicating either a lack of evolutionary
conservation or that 1p/19q translocation may occur with-
out incurring genomic imbalance.” As in humans, the dif-
ferentiation of astrocytoma and oligodendroglioma can
be assisted with glial fibrillary acidic protein (GFAP) and
Olig2 immunohistochemistry (Fig. 2). Human and canine
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Fig. 1 Translational gap. Most preclinical studies that progress to human clinical trial fail at phase I/Il stage. This failure is most likely due to
the large translational gap between a orthotopic xenograft murine model and a complex immunocompetent human host. Comparative oncology
provides an ideal platform to bridge this gap.
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Fig. 2 Canine glioma histology. (A) Anaplastic astrocytoma with pleomorphism, anisokaryosis, nuclear atypia, and mitotic activity. (B) GFAP
staining of anaplastic astrocytoma. (C) High-grade oligodendroglioma composed of ovoid to fusiform cells and endothelial vascular proliferation.
(D) Olig2 immunohistochemistry demonstrates strong nuclear positivity of more than 90% of neoplastic cells. Images courtesy of Dr Miller, Purdue

Veterinary Medicine.

GBM show consistent expression of GFAP, which is more
variable in rodent xenograft models.® Most canine glio-
mas are already high grade when tissue analysis is first
performed, and since reoperation for recurrence is not a
common practice, there is not yet any evidence that GBM
progresses from benign astrocytoma.’® Invasion of the
normal brain is a key feature of canine and human GBM
but is variable in rodent xenografts.? Tumors grafted into
rodents often form discrete masses at the injection site and
have been criticized for compressing rather than invading
the surrounding healthy brain.®

In order to fully integrate canine glioma models into
neuro-oncological studies, canine histology grading has
to be further advanced and refined to match the advances
made in the context of human gliomas. The National
Institutes of Health has recently launched a Comparative
Brain Tumor Consortium, one of the first goals of which is
to create an updated canine glioma grading and classifica-
tion system for canine gliomas based on the current WHO
human system, to improve comparison between human
and canine glioma."’”

|
Epidemiology of Brain Tumors in
Humans and Dogs

According to the 2015 annual report of the Central Brain
Tumor Registry of the United States, the incidence rate of

MG is 7.23 per 100 000 people, accounting for a total of 117
023 patients, and an estimated 24 790 new cases of MG
are expected to be diagnosed in 2016. The median age of
diagnosis is 64 years, with peak incidence rates between
75 to 84 years. Thus in the US, with a growing aging pop-
ulation, the incidence rate is projected to increase.'® The
MG incidence rate is 1.6 times higher in men compared
with women and is also higher in Caucasians compared
with other ethnic groups.

The only firmly established risk factor for MG is prior
therapeutic high-dose radiation.” One of the most inter-
esting findings emerging over the past decade from epi-
demiological data is the statistically significant inverse
association between prior history of allergies, chicken
pox, presence of anti-varicella-zoster immunoglobulin
(Ig)G or increased serum IgE and adult glioma.?° This
indicates that MG develops on the backdrop of immune
dysregulation and that the immune system plays a criti-
cal role in gliomagenesis and progression. This also
highlights the most important deficiency of the com-
monly used preclinical model, the immunodeficient
murine orthotopic xenograft model, and the possible
reason why preclinical findings fail to predict clinical
outcome.

Canine brain tumors, spontaneously originating in an
immunocompetent host, have an estimated incidence
rate of 20 cases/100 000 dogs/year.?’ As in humans,
dogs' nervous system cancers are thought to be the
cause of 1%-3% of deaths,” and brain tumors account



for about 1 in 6 dogs presenting with intracranial dis-
ease.?? In dogs, gliomas represent over one-third of all
primary brain tumors," second only to meningiomas.
In addition, metastatic tumors are almost as common
as primary brain tumors, with metastatic hemangio-
sarcoma and lymphoma being most common.? As in
people, glioma occurs in middle-age dogs continuing
through into the geriatric population, with the peak
age of diagnosis at 7-8 years.? In the canine popula-
tion, the major identifiable risk factor thus far is breed,
with short-nosed (brachycephalic) breeds harboring the
highest incidence.The most commonly presented breed
is the Boxer dog, while Boston Terriers develop glio-
mas almost to the complete exclusion of other primary
brain tumors.3”1" Although there is significant variation
among breeds, within each dog breed there is signifi-
cant inbreeding and genetic homogeneity; this genetic
bottleneck within each breed could have limitations in
the generalizability to humans. However, any 2 groups
of dogs (even closely related breeds such as the Boxer
and the Boston Terrier) exhibit considerably more phe-
notypic variation than any 2 groups of purpose-bred
laboratory rodents.

Breed also appears to be connected to the glioma type.
In the Boxer and French Bulldog, oligodendrogliomas are
more common than astrocytomas, whereas the Boston
Terrier has a statistically significant increased risk of both
astrocytoma and oligodendroglioma.®?® Male and female
dogs are affected roughly equally.' 1423

Currently, there is no standard-of-care treatment of brain
tumors in dogs, and treatment modalities range from
symptom management to surgery, radiation, and chemo-
therapy. Traditionally, most cases have been diagnosed
presumptively on advanced imaging without histological
confirmation and treated with symptomatic therapy or
radiation therapy.2*

The average survival of dogs receiving only sympto-
matic treatment (glucocorticoids and anticonvulsants) for
primary brain tumors is around 2 months.?5?6 Median sur-
vival with radiation is around 9-14 months for presumed
gliomas and other intra-axial masses.'*?’” A more recent
study of stereotactic radiosurgery revealed a median sur-
vival of 15 months for 3 dogs with presumed or histo-
logically confirmed glioma.?® However, dogs with glioma
treated with CyberKnife may have a poorer prognosis
compared with other tumor types.?® Although the median
survival of dogs with glioma is higher than the median
survival of around 17-48 days for rodents implanted with
glioma,® '8 the former still represents a more economically
attractive model when accounting for the cost associated
with failed human clinical trials based on mouse preclini-
cal data.

Comparison of Frequently Altered
Pathways in Glioma

Systematic analysis of human GBM by The Cancer
Genome Atlas network revealed that 3 critical path-
ways—pb3, retinoblastoma signaling, and epidermal
growth factor receptor (EGFR)/receptor tyrosine kinase /
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Ras/phosphatidylinositol-3 kinase—play a central role in
human gliomagenesis.’® Shared molecular biology has
been seen in many aspects of canine and human glioma
(Fig. 3), often with a similar relationship with tumor
grade.

The p53 Pathway

Known as the “guardian of the genome,” the p53 path-
way acts as the cellular gatekeeper in response to vari-
ous stress-induced signaling, including DNA activation,
hypoxia, and oncogenic activation; orchestrates bio-
logical counterresponses such as DNA repair, cell cycle
arrest, and cellular senescence; and initiates apopto-
sis cascades in damaged cells.?' Because of its potent
tumor suppressor activity, the majority of human can-
cers acquire mutations that abrogate the p53 function. In
human GBM, a single nucleotide polymorphism-based
analysis revealed that chromosome 17p containing p53
is the most significant region on loss of heterozygosity.3?
About 70% of the 206 tested human samples harbored
various kinds of somatic alteration in the p53 pathway.
The p53 gene product in humans is 393 amino acids with
an 87% sequence homology compared with 381 amino
acids in the canine p53 gene product.®® In humans, about
90% of p53 mutations are located in the DNA bind-
ing domain (exon 4-8).3* The rates of overexpression of
p53 show overlap between human and canine gliomas,
whereas actual p53 mutation is more prevalent in human
astrocytoma, especially in secondary GBM progressing
from lower-grade tumors.3335There is overexpression of
p53 based on immunohistochemistry in 35% of canine
astrocytomas®® compared with around 60% of human
astrocytomas depending upon the grade.®’3® However,
mutations of p53 were found in just 2 cases of GBM out
of a total of 30 canine astrocytomas analyzed across 2
studies.3%3% Mutations in p53 are present in 20%-40%
of human astrocytomas®3’ and occur with increasing
grade.®® However, these p53 mutations are found in only
10% of primary de novo human GBM, compared with
around 65% of secondary GBM.38 A study by York and col-
leagues showed that only about 3.4% of canine samples
had p53 exonic mutations compared with about 26% of
human brain tumors.?*3Twenty-five percent of all muta-
tions in human brain tumor occur at the genomic hotspot
within the critical DNA binding domain of the p53 pro-
tein, specifically human codons 273, 248, 175, and 245 in
descending order of frequency. The codon 233 mutation
that corresponds to codon mutation 245 in humans is the
only similar hotspot mutation detected in the canine brain
tumor.3% Additional mechanisms of p53 pathway inactiva-
tion identified in human GBM may also be responsible
for an aberrant p53 pathway in canine GBM. DNA dam-
aging agents such as doxorubicin induced expression of
the p53 gene product and 3 other p53 family proteins in
canine tumors, indicating that the function of p53 may be
conserved between human and dog.%%#' Based on this, it
is conceivable that additional mechanisms of p53 path-
way inactivation besides those identified in human GBM
may also be responsible for the aberrant p53 pathway in
canine GBM.
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Fig.3 Common signaling pathways. Spontaneously occurring canine glioma share several molecular abnormalities with human glioma. PDGFRA,

platelet derived growth factor receptor alpha.

Epidermal Growth Factor Receptor

Aberrant EGFR signaling is critical for many human
cancers and has been extensively investigated in brain
tumors. EGFR gene amplification and overexpression
are associated with GBM.*? Hyperactive EGFR signal-
ing can activate downstream Shc-Grb2-Ras signaling as
well as phosphatidylinositol-3 kinase signaling cascades
and regulate various critical cellular responses, such
as apoptosis, angiogenesis, and aberrant cell prolif-
eration.*® About 30%-40% of human GBM carries EGFR
amplification, and 10% of GBM overexpress EGFR at the
protein level without any gene amplification.** A domi-
nant EGFR mutation in human GBM is known as EGFR
variant (v)lll, which contains an in-frame deletion of 267
amino acids from the extracellular domain of wild-type
EGFR and leads to abolishing the ligand binding capacity
as well as constitutive activation of downstream signal-
ing. Approximately 31% of human GBM overexpresses
both wild-type EGFR and EGFRvIII.*> At the protein level,
tissue microarray analysis in dogs revealed that about
57% of GBM, 40% of grade lll astrocytomas, and 28%
of grade Il astrocytomas expressed an elevated level
of EGFR.%¢ The canine orthologue of EGFR, located on
chromosome 18, is increased in genomic copy number’;
however, a canine counterpart of EGFRvIIl has yet to be
identified.

Vascular Endothelial Growth Factor

The vascular endothelial growth factor (VEGF) family of
growth factors and associated receptors are considered
critical for promoting angiogenesis in GBM. In human GBM,
VEGF expression at the mRNA level not only is unregulated,
but its expression is also directly correlated with the vascu-
larity in the glioma.*” VEGF upregulation in human GBM is
mediated by various signaling events associated with onco-
genic transformation such as p53 or EGFR mutations.*’ The
human VEGF gene consists of 8 exons that produce 9 dif-
ferent VEGF isoforms via alternative splicing.® VEGF, ;. and
VEGF,,, are the predominant isoform presence in human
brain tumors.*® VEGF also correlates with canine glioma
grade; an overlap exists between GBM and high-grade oli-
godendroglioma, with expression being significantly higher
in MG compared with low-grade glioma or meningioma.5%5
Plasma levels are higher in astrocytoma compared with oli-
godendroglioma or meningioma, and highest in GBM.>'The
expression of VEGF mRNA is significantly elevated in canine
GBM compared with grade 11.5° Expression of VEGF recep-
tors 1 and 2 are also highest in GBM and high-grade oligo-
dendroglioma.”®The canine counterpart of VEGF, ., VEGF,,
(one amino acid shorter), is the dominant isoform present in
CNS tumors. Even though the VEGF mRNA level in canine
GBM is significantly elevated, its expression at the protein
level has yet to be investigated.
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Fig. 4 Human and canine glioma on MRI imaging. (A, B) Classical human high-grade glioma with the hallmark ring-enhancing lesion. (C, D)
Canine high-grade gliomas that can also show similar ring-enhancing pattern on contrast T1 sequence MRI. (E, F) Human oligodendroglioma
with minimal to no contrast enhancement and T2 signal changes. (G, H) Canine oligodendroglioma with T2 signal changes and minimal contrast
enhancement.

Fig.5 Effect of treatment on human and canine glioma on MRI imaging. Human and canine high-grade oligodendroglioma. (A, Ac) T2-weighted
image, a hyperintense and heterogeneous mass is present. (B, Bc) Surgical photo during craniectomy and gross total resection. (C, Cc) Three-
month postoperative MRI, complete remission. (D, Dc) Nine-month postoperative MRI, early recurrence. Stereotactic radiosurgery was
performed. (E, Ec) Fifteen-month postoperative MRI (4 months after radiosurgery), a small, highly T2-hyperintense area is suggestive of encepha-
lomalacia rather than persistent tumor.

antiglioma treatment strategies.®?> Immunocompetent
Immunology spontaneous canine gliomas provide the ideal opportunity
for further optimizing the promising outcomes of antigli-
Immunotherapy in the form of antiglioma vaccine, anti- ©Maimmunotherapy.
bodies targeting immune checkpoints, or adoptive T-cell Similarities between the canine and human immune
transfer is emerging as one of the most promising novel ~ Systems and their involvement in cancer have been
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documented; although, much of this work has been done
outside of brain tumors. For example, the EGFR family
members ErbB1 and ErbB2 are molecules of homology
between dogs and humans, and antibody targeting of
these molecules results in the same signaling and biologi-
cal effects.®® Similar conservations have been found in car-
cinoembryonic antigen receptor (99% sequence identity)
and subtypes of transforming growth factor (TGF)-8 and
TGF-B receptors (>87% sequence identity). In both human
and canine cancers, TGF-$ is generally derived from Foxp3+
regulatory T cells (Tregs), and the appearance of Tregs
negatively correlated with prognosis in dogs, as observed
in human glioma patients.’¥% In the tumor microenvi-
ronment, TGF-B promotes tumorigenesis, by mediating
proliferation, migration, invasion, and metastasis. In this
respect, dogs are much closer to humans than are mice.%

Programmed death 1 (PD-1) is an immunoinhibitory
receptor with shared biology between human and canine
cancer.’®Together with its ligand (PD-L1), it can induce T-cell
“exhaustion” and immune evasion by tumor cells. Analysis
of the PD-L1 phylogenetic tree reveals that dogs diverged
from humans more recently than rodents.%® Blockade of
PD-1 to PD-L1 binding enhances interferon (IFN)-y, and anti—
PD-L1 antibody was reported to restore antitumor immu-
nity and cause regression in a subset of human tumors.%6
Similar results were seen in a canine cancer model, where
anti-PD-L1 antibody blockade in mononuclear cell culture
leads to enhanced IFN-y production. PD-L1 was expressed
on the same canine cancers as in human cancers.%® Studies
are under way to assess whether canine glioma also shares
PD-1 and PD-L1 expression patterns with human glioma.

Infiltration of macrophages and T cells occurs in canine
GBM, as with human GBM.® Both species express interleu-
kin (IL)-13RA2 in varying degrees.’” In dogs and humans,
expression was significantly higher in high-grade oligo-
dendrogliomas and GBM compared with other brain tumor
types but was virtually negative in normal brain. I.-13RA2
was identified as a treatment target, and monoclonal anti-
bodies directed against it are currently being evaluated in a
canine glioma clinical trial.58

Comparative Radiology

MRI plays a central role in the clinical diagnosis, grading,
surgical planning, response to therapy, and tumor recur-
rence in MG. Standard T1-weighted sequences with and
without contrast, fluid attenuated inversion recovery, and
T2-weighted sequences are mainstays of glioma diagno-
sis and monitoring.®® MRI is critical to assessing tumor
response to therapy, and several response criteria have
been proposed that measure the change in the maximal
area of contrast-enhancing tumor over time.5%8" One of
the biggest challenges in neuro-oncology clinical practice
today is the differentiation of treatment-related changes
(particularly radiation-related) and true tumor progression,
both of which result in an increase in contrast enhance-
ment. In addition, recent development of anti-VEGF ther-
apy that directly decreases tumor vascular permeability
by targeting angiogenesis renders the monitoring criteria
based on contrast enhancement alone ineffective. To keep

up with the emerging novel treatment strategies for MG,
several new imaging modalities are being developed and
validated with the goal of effectively and noninvasively
monitoring tumor response to therapy.*® Imaging studies
for orthotopic xenograft glioma models are highly limited
to basic tumor visualization and are completely ineffective
for studying recurrence and pseudoprogression.

The MRI features of canine gliomas have been well
studied.'96283 Several guiding criteria are available for
differentiating brain tumors from cerebrovascular acci-
dents and inflammatory syndromes.?*%5 Common fea-
tures of most canine gliomas include T2-hyperintensity
and T1l-isointensity to hypointensity'2636667 (Fig. 4).
Heterogeneous signal intensities are common and useful in
predicting neoplasia over other similar MRI lesions.®® Most
often, they have a clear intra-axial origin, but they may
appear intraventricular or even extra-axial.?*’% Case-to-
case variation is also seen in other characteristics, includ-
ing variable intensity and pattern of contrast enhancement,
the presence of gradient echo (T2* weighted) signal voids
and cystic regions, the degree of peritumoral edema, the
regularity of margins, and the degree of mass effect.'263

A canine glioma study demonstrated that MRI is more
sensitive and correlated more effectively with microscopic
findings than CT, which tends to underrepresent tumors.”’
Similar to humans, the strongest and most reproducible
predictor of high-grade glioma in dogs by MRl is the pres-
ence of contrast enhancement.'?63 Ring-like enhancement
with a central nonenhancing core is seen in high-grade
glioma but can also occur in low-grade glioma,'®'? mim-
icking the situation in humans.’? As in people, the detec-
tion of cystic regions and possible necrosis may also be of
use in predicting a higher grade. Differentiating between
astrocytoma and oligodendroglioma is less complete, but
T1-hypointensity and ventricular distortion are more com-
mon in oligodendrogliomas, whereas peritumoral edema
is more pronounced in astrocytoma.’?There is much over-
lap in the appearance of high-grade astrocytoma and high-
grade oligodendroglioma.”® MR spectroscopy of dogs with
brain tumors also mirrors results from human patients.”®

Pseudoprogression on MRI has not been reported in
dogs, although radiation-induced necrosis has’ (Fig. 5).
At this time, there are no studies concerning the differen-
tiation of progression and pseudoprogression for canine
models. Early postoperative MRI findings have recently
been reported,® largely describing the same features seen
in human patients,’”® including thin borders of contrast
enhancement at the edges of resection cavities and adja-
cent regions of restricted diffusion. Perfusion imaging (eg,
dynamic contrast-enhanced MRI) has been used as a non-
invasive method of differentiating brain tumor types®7#
and could prove useful in distinguishing between progres-
sion and pseudoprogression (in humans, perfusion imag-
ing aids differentiation of treatment-related necrosis from
recurrent glioma*?). While pseudoprogression has not yet
been reported in dogs, pseudoresponse associated with
bevacizumab (reduction in contrast enhancement) has
been observed, matching the MRI response seen in human
studies.”*The first generation of guidelines for neuro-imag-
ing in the assessment of treatment response is available
for canine brain tumors, developed with translational clini-
cal trials in mind.”*
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canine populations.

Advantages and Limitations

It has been proposed that veterinary clinical trials should
take a position between preclinical research and human
clinical trials’® (Fig. 6). A major proposed benefit is
decreased failure rate in human clinical trials. Since there
is no standard of care for treatment of cancer in dogs, this
population provides a relatively less pretreated cohort
compared with the human cancer patient population for
testing novel therapeutic agents.

Even with several limitations, the rodent xenograft
model remains an effective and economical preclinical
model for performing initial molecular studies. Murine
models can also be used for dog glioma xenograft mod-
els to parallel the studies of human xenografts and deline-
ate the molecular biology, including role of specific genes
in regulating canine glioma. However, toxicities initially
encountered in human phase l/ll trials are not often ini-
tially identified in rodent studies, thus utilizing pet dogs

may facilitate early detection of such side effects and save
the larger cost associated with failed human clinical tri-
als.”” Although canine glioma studies are more expensive
and time-consuming compared with rodent models, they
are within the cost range of other large animal toxicity
studies necessitated for investigational new drug applica-
tions and may be more cost-effective if the cost of failed
human clinical trials due to weak preclinical data is taken
into consideration.* One of the limitations of spontane-
ous canine glioma is that unlike the transgenic mouse
model, it is not useful for studying the effect of single
gene mutations and has limited experimental manipula-
tion potential.

Another limitation of using a canine model for regular
neuro-oncology studies is the availability of an adequate
number of dogs with glioma for the studies on a regular
basis. Studies suggest that there are 12 000 spontaneous
canine brain tumors per year in the United States’® and that
a veterinary teaching hospital could accrue 18-20 dogs per
year for a GBM clinical trial.® Thus strategic collaborations
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Table1 Current canine clinical trials in malignant glioma

ClinicalTrial Veterinary School Enrollment Status
Surgery and Metronomic Chemotherapy for Purdue Open
BrainTumors in Dogs

TheTreatment of Canine BrainTumors with University of Georgia Open

Temozolomide Incorporated into Poly Lactic-Co-
Glycolic-Acid (PLGA) Microcylinders

TheTreatment of Canine BrainTumors with Cetuximab University of Georgia Closed
Administered Using Convection Enhanced Delivery

(CED)

Phase | Clinical Trial of Recombinant Newcastle Disease Virginia-Maryland College of Veterinary Closed
Virus for Canine Intracranial Meningiomas Medicine

Molecular Combinatorial Therapy for Canine Malignant Virginia-Maryland Regional College of Open
Gliomas Veterinary Medicine

Surgery and Chemotherapy, Surgery/Vaccine Therapy, University of Minnesota Open
Surgery/GeneTherapy and Combinations of theThree

Immunotherapy Using Intravenously Administered, Texas A & M Open
Encapsulated Micro-RNA (LUNAR-301) to Inhibit STAT3

Activity in Immune Cells

Convection-Enhanced Delivery of Liposomal CPT-11 University of California Davis Closed
with Real-Time MRI in Canine Primary Gliomas

Toca 511 &Toca FC GeneTransfer with Surgical University of California Davis Open

Resection & Radiation Therapy

and organized referral patterns between veterinarians need
to be developed to take full advantage of this model. In the
true meaning of bridging the translational gap, the ideal
place for the spontaneous canine model will be to validate
and further develop the therapeutic strategies proven suc-
cessful in preclinical mouse models before advancing into
human clinical trials.

An ethical advantage of this approach over the experi-
mental rodent model is that treatment studies do not
involve induction of a disease state but rather involves
treating a spontaneous disease and therefore ameliorat-
ing suffering and extending survival. Dogs who are not
included in such studies face a median survival of just
2 months until euthanasia/death, when managed with
symptomatic therapy due to owners' financial constraints.
Pet dogs with primary brain tumors recruited to neuro-
oncology trials (Table 1) may experience remissions last-
ing many months or over a year.>®

Conclusion

Spontaneous canine gliomas can effectively bridge the
translational gap between preclinical mouse studies and
human clinical trials. Developing a systematic and multi-
disciplinary approach to incorporate this model is likely to
result in speedy development of effective antiglioma thera-
pies and improved care for both human and canine glioma
patients. Collaborative effort among research scientists,
clinician scientists, clinicians, and veterinarians is essential
for building multifaceted trials that systematically progress
from preclinical stages to canine trials to successful human
trials.
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