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KEY POINTS

e The blood-brain barrier (BBB) and knowledge gaps in tumor biology remain significant ob-
stacles to the development of effective treatments for brain tumors.

o |dentification of shared molecular and genetic pathways that contribute to tumorigenesis
in both dogs and people has been key to the discovery and translation of targeted phar-
macologic and biologic therapies.

e Treatment approaches often utilize targeted or multifunctional antitumor agents, such as
nanocarriers, molecularly targeted agents, immunotherapeutics, and oncolytic viruses in
combination with alternative therapeutic delivery strategies that can overcome the limita-
tions of the BBB.

e Many novel therapeutic strategies have been shown to be feasible, safe, or demonstrated
preliminary evidence of efficacy in dogs with spontaneous brain tumors; however, none of
the treatments discussed here are widely available or approved for clinical use.

INTRODUCTION

Brain tumors are a common etiology of neurologic morbidity and death in middle-aged
to geriatric dogs and cats.'> While numerous neuropathologically discrete brain tumor
entities have been reported, a limited number of tumor types constitute most cases
seen in clinical practice. Meningiomas, oligodendrogliomas, astrocytomas, ependy-
momas (in cats), and choroid plexus tumors (in dogs) account for approximately
80% to 90% of primary brain tumors in dogs and cats, and pituitary tumors, lym-
phomas, and hemangiosarcoma are the most common secondary brain tumors.'2
Significant advances in the diagnosis and treatment of brain tumors have occurred
in the past 3 decades. Veterinary neuro-oncology practice has evolved in large part
due to the parallel development and more widespread availability of advanced neuro-
imaging techniques, which have subsequently been intimately incorporated into
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neurosurgical and radiotherapeutic procedural workflows."* Despite these improve-
ments, with few exceptions, current multimodality treatments do not provide cures
for canine and feline brain tumors, and local disease recurrence and tumor progres-
sion continue to represent common and challenging management scenarios for veter-
inary clinicians.” Thus, there is a clinical need for new and effective brain tumor
therapeutics.

A similar unmet clinical need exists in humans, where malignant brain tumors also
represent aggressive and treatment-refractory cancers for which substantial improve-
ments in survival have not been realized in decades.* The recognition that several
types of naturally occurring canine brain tumors display similar clinicopathologic, neu-
roimaging, and molecular characteristics as their human counterparts has fueled the
use of dogs as translational models in the therapeutic development process, with po-
tential cross-species benefits to both humans and dogs with these difficult tu-
mors."356 The existing literature is heavily biased toward the use of tumor-bearing
dogs as animal models for new treatment options for brain cancer, with no studies
identified that formally investigate novel treatment options in cats with spontaneous
brain tumors. While dozens of novel therapeutics have been evaluated in dogs with
brain cancers, this article focuses on those studies published since the subject was
last systematically reviewed in 2014.3°

CHALLENGES TO AND OPPORTUNITIES FOR THE DEVELOPMENT OF BRAIN TUMOR
THERAPEUTICS

Brain tumors present numerous challenges to the successful design and delivery of
therapeutics. Notable obstacles include the presence of the blood-brain barrier
(BBB) as well as knowledge limitations regarding the biology of tumors and their
unique interactions with the brain microenvironment.®>® Many recent investigations
have attempted to address and overcome aspects of each of these challenging areas
with innovative, multimodality therapeutic approaches.

The Blood-Brain Barrier

The BBB represents the major physical and functional barrier that exists between the
peripheral circulation and the extracellular fluid of the brain and is composed of
specialized, non-fenestrated brain endothelial cells, a capillary basement membrane,
pericytes, and astrocytic foot processes (Fig. 1).° Passive, diffusive transport across
the BBB is limited to small, lipid-soluble and nonpolar molecules, with transcellular
movement of polar ions, nutrients, and macromolecular complexes occurring via high-
ly selective solute carrier systems or receptor-mediated or adsorptive-mediated trans-
port processes.® Paracellular molecular transport across the intact BBB is prevented
by the presence of tight junctions that exist between brain endothelial cells (see Fig. 1).
Brain endothelial cell membranes also contain several families of drug efflux trans-
porters that actively transport endogenous and exogenous compounds out of the
brain endothelial cell cytoplasm.® While the selective permeability of the BBB serves
an essential role in the maintenance of brain homeostasis and function, and protection
from blood-borne toxins, it also prevents the majority of pharmacologic compounds
from reaching therapeutically effective concentrations in the brain. Less than 5% of
small molecule therapeutics effectively penetrate the BBB following systemic admin-
istration.*~% A major aspect of brain tumor therapeutic research revolves around devel-
oping compounds that are BBB penetrant or drug-delivery techniques that bypass the
BBB.1’3‘5’6
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Fig. 1. Cellular and subcellular components (inset) of the BBB. The BBB is a structural and
functional unit that includes brain endothelial cells, pericytes, astrocytic endfeet, and a
basement membrane. Tight junctional complexes (inset) between endothelial cells restrict
paracellular movement of substances across the BBB. (Figure modified from Partridge B,
Eardley A, Morales BE, Campelo SN, Lorenzo MF, Mehta JN, Kani Y, Mora JKG, Campbell
E-OY, Arena CB, Platt S, Mintz A, Shinn RL, Rylander CG, Debinski W, Davalos RV and Ross-
meisl JH. Advancements in drug delivery methods for the treatment of brain disease. Front
Vet Sci 2022; 9:1039745 (CC-BY); with permission.® Figure created with BioRender.com.)

Knowledge Gaps in Tumor Biology and Microenvironmental Interactions

Tremendous strides in the molecular, genetic, and epigenetic characterization of hu-
man brain tumors over the past 2 decades have resulted in major paradigm shifts in
both the diagnostic approach to and prognoses associated with brain tumors.”®
Although numerous and relatively large “omic” datasets for multiple human brain tu-
mor variants exist, there remain considerable knowledge gaps related to genotypic—
phenotypic associations, as well as correlations that may exist between specific mo-
lecular aberrations and tumor clinical features. In veterinary medicine, classifications
of tumor biologic behaviors and molecular landscapes are in their infancy, and prog-
nostically relevant brain tumor morphologic or molecular alterations have yet to be
identified.®'° However, cytogenetic profiling of canine brain tumors to date has iden-
tified several pharmacologically tractable and shared molecular alterations with hu-
man tumors, and some of these have been exploited to develop novel therapeutics
with cross-species applications.®'"12

Findings from the new but rapidly evolving field of cancer neuroscience have further
illustrated the complexity and importance of interactions between cancer cells and the
normal brain microenvironment. For example, certain types of high-grade gliomas are
capable of integrating into neural networks through the formation of functional synap-
ses between glioma cells and neurons.’® Through these connections, tumors can hi-
jack signaling pathways normally used for neuroglial development, communication,
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and plasticity to promote tumor growth and invasion.'® These insights have identified
novel mechanisms that could be targeted by repurposing drugs currently approved for
other neurologic disorders, such as anticonvulsants, that were designed to modulate
several of these tumor-promoting signaling networks. '

NOVEL BRAIN TUMOR THERAPEUTIC APPROACHES

Many of the treatments discussed here, either by necessity or for advantage, leverage the
potential benefits of combining one or more novel therapeutic agent designs or delivery
strategies.>>° For instance, the inherent biophysiochemical properties of many molecu-
lar targeted drugs, oncolytic viruses (OV), and immunotherapeutics render them inca-
pable of penetrating the BBB when administered systemically."® Thus, these
therapeutics require delivery by a method that bypasses or disrupts the BBB, such as
direct intralesional injection, convection-enhanced delivery (CED), or focused ultrasound
BBB permeabilization. Drug-delivery methodologies that have been utilized for the treat-
ment of neurologic disorders in veterinary medicine have recently been reviewed.®

Passive Tumor Targeting

Passive targeting relies on a phenomenon common to solid tumors termed the
enhanced permeability and retention (EPR) effect. The EPR describes the progressive
entrance into and accumulation of macromolecular compounds within the interstitium
of vascularized tumor regions.'* Several pathophysiologic characteristics of solid tu-
mors contribute to the EPR, including (1) the presence of extensive, but often structur-
ally or functionally deficient, tumor neovasculature; (2) tumor elaboration of cytokines,
such as bradykinin, vascular endothelial growth factor (VEGF), nitric oxide, interleukin-
1 (IL-1), interleukin-2 (IL-2), interleukin-6 (IL-6), and prostaglandins, that directly or
indirectly increase vascular permeability; and (3) impaired lymphatic drainage of tumor
tissue.'*15

The design of nanotherapeutics seeks to further capitalize on the EPR effect by
developing nanoparticles with specific physiochemical properties, such as size, sur-
face charge, lipophilicity, and geometry in order to prolong drug circulation time as
well as accumulation and persistence within the tumor interstitium.'® It has been
demonstrated that the ideal nanoparticular size range to enhance the EPR effect is
10 to 200 nm, and liposomal or polymer encapsulation of drugs is a commonly
used approach to facilitate controlled drug release and the EPR effect, protect drugs
from degradation and clearance, and minimize drug toxicities.’ Several studies in
dogs have utilized passively targeted nanomedical approaches to facilitate delivery
of therapeutics to brain tumors. 618

Arami and colleagues'® utilized a deliver and resect study design to demonstrate the
heterogeneity of the EPR effect in 4 dogs with intracranial meningiomas or oligoden-
drogliomas. In this study, PEGylated gold nanoparticles (GNPs) were administered
intravenously 24 hours prior to planned tumor resection. The excised tumors were
then analyzed using histopathology, Raman spectroscopy, mass spectroscopy, and
scanning electron microscopy to document the presence of GNPs in various tumor
microenvironmental (TME) compartments. While this study demonstrated that an
EPR effect occurs in canine brain tumors, it also illustrated that the distribution of
GNP was variable across tumor types, as well as within tumor regions, with no detect-
able GNP observed within necrotic tumor areas.'®

Two studies have investigated intratumoral delivery of polymeric-controlled release
formulations of temozolomide (TMZ) in dogs with gliomas, as this approach has been
shown to increase cytotoxicity, decrease systemic drug-associated adverse events,
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and improve survival in rodent models of glioma.'”'® Young and colleagues'” per-
formed a feasibility study whose primary endpoint was to demonstrate via MRI that
polymeric magnetite nanoparticles encapsulating temozolomide (TMZ-NP) could be
delivered intratumorally by CED. In this investigation, 10 dogs with presumed brain tu-
mors received a single CED infusion, and the presence of TMZ-NP within the targeted
region was confirmed in 70% of the cases using immediate post-infusion brain MRI."”
Results of this study emphasize the need for incorporation of techniques that confirm
agent delivery to the target when performing locoregional delivery techniques in the
brain. The study design did not include systematic evaluations of antitumor effects
of the TMZ-NP, as some enrolled dogs also received other treatments. Another study
locally implanted biopolymeric microcylinders conjugated with TMZ and gadolinium
into subtotally resected gliomas in 4 dogs.'® The procedure was well tolerated in all
dogs, and serial postimplantation brain MRI confirmed microcylinder placement and
demonstrated further reductions in tumor volume compared to the immediate postop-
erative MRI in 2 out of 4 dogs.'®

Nanomedical approaches have also been utilized to deliver radiotherapeutics to
canine brain tumors. Pasciak and colleagues'® treated 5 dogs with presumptive gli-
omas by trans-arterial radioembolization with Yttrium-90 (°°Y) microspheres. Immedi-
ately after treatment, the procedural technical success and dose distribution were
determined via ®°Y positron emission tomography (PET)-CT, and the dogs were fol-
lowed for 6 months with serial clinical and brain MRl examinations. Trans-arterial de-
livery of °°Y to the lesion was achieved in all dogs in this study, although the vascular
anatomy of the dogs precluded super-selective arterial radioembolizations.'® One dog
died within 24 hours of the procedure, and 3 out of 4 dogs that survived developed
transient interictal neurologic deficits that were possibly attributed to microsphere-
induced cerebral ischemic changes outside the intended target region due to nonse-
lective arterial catheterization.'® Reductions in MRI lesion volumes were observed in 4
dogs 1 month posttreatment. Another case report demonstrated the feasibility of uti-
lizing holmium-166 brachytherapy in a dog with a pituitary macrotumor.?° Stereotactic
intratumoral injection of holmium-166 microspheres in this dog resulted in a 40%
reduction in the tumor volume and transient improvement in neurologic signs.2°

Active Tumor Targeting

Active targeting refers to ligand-receptor specific interactions between a drug or car-
rier and a target cell.”®" In the context of cancer therapy, targeted agents are typically
designed to modulate signal transduction pathways involved in cell growth, prolifera-
tion, ephrins (EPH) and survival or promotion of antitumor immunity. Active targeting
takes advantage of molecular, genetic, or epigenetic alterations that are exclusively
present or differentially expressed in tumor cells or the TME compared to normal
cells.?! As a result, active targeting theoretically has more specific antitumor activity
and less toxicity than conventional chemotherapeutics or passively targeted drugs.
A significant limitation of targeted therapeutics is that the target of interest must be
present in the tumor to realize the therapeutic effects, and this has many practical im-
plications in veterinary medicine considering the infrequency with which brain tumors
are biopsied prior to treatment.™!"

A diverse repertoire of targeted agents have been tested in early phase studies in
dogs with brain tumors, with candidates consisting of recombinant bacterial cyto-
toxins, functionalized nanoparticles, immune-checkpoint inhibitors (ICl), and
protease-targeted OV."-3%11.1221-25 Although ICI and engineered OV are technically
forms of targeted therapy, these are often classified as their own types of therapeutics
and are reviewed separately.?*25
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Several studies have exploited the overexpression of cell surface tyrosine kinase
and cytokine receptors that occur on human and canine gliomas, including epidermal
growth factor (EGFR), ephrins (EPH), and interleukin-13 receptor alpha 2 (IL-13RA2)
(Fig. 2).%11.12:21.22 A canine phase | trial administered recombinant bacterial cytotoxins
conjugated to IL-13RA2 and EPHA2 receptor ligands by imaging monitored CED to 17
dogs with intracranial gliomas that were confirmed to express these targets.”' Tumors
were successfully infused via CED in all dogs, and no dose-limiting toxicities occurred
in any of the 6 escalating dose cohorts. A single cytotoxin treatment resulted in objec-
tive tumor responses, characterized by 65% or greater reductions in posttreatment
MRI tumor volumes and improvements in clinical signs, in 50% of the dogs, including
at least one dog in each of the 5 highest dosing cohorts.™! This therapeutic approach
has been expanded in an active canine clinical trial investigating single pharmaceutical
agents (QUAD compounds) that are capable of simultaneously targeting IL13-RA2,
EPHA2, EPHAS, and EPHB2 receptors, which are expressed in multiple glioma micro-
environmental compartments (Fig. 3).%"

Two studies have evaluated EGFR-targeted therapeutics in dogs with brain tu-
mors.'?2% Freeman and colleagues'? treated 8 dogs with oligodendrogliomas with
intratumoral cetuximab conjugated iron oxide nanoparticles (IONPs) delivered via
CED. Cetuximab is an anti-EGFR (anti-erbB1) monoclonal antibody that prevents
downstream signal transduction by inhibiting activation of the EGFR tyrosine kinase.
The cetuximab-IONPs were delivered to all dogs as confirmed with immediate post-
operative MRI, and no dogs developed serious adverse events associated with the
treatment. Tumor volumetric reductions attributable to the cetuximab-IONPs therapy
were observed in 7 out of 8 dogs 1 month following treatment, including at least one
dog whose tumor did not express EGFR, suggesting that clinically relevant off-target
effects may be associated with this therapy.?! In a proof of concept trial, bacterially
derived minicells were packaged with doxorubicin and targeted to EGFR using bispe-
cific antibodies and administered by repeated intravenous (IV) injection to 17 dogs
with a variety of brain tumors.?? In vivo single-photon emission computed tomography
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Fig. 2. IL13R-A2 and EPHA2 receptors are similarly overexpressed in canine (A, B, C) and hu-
man (B, C) gliomas, as demonstrated with gene expression (A), western blotting (B), and
immunohistochemistry (C), with minimal expression in normal brain.""?"22 GBM, glioblas-
toma; LGA, low-grade astrocytoma; HGA, high-grade astrocytoma, LGO, low-grade oligo-
dendroglioma; HGO, high-grade oligodendroglioma; HGU, high-grade undefined glioma.
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Fig. 3. Multireceptor-targeted QUAD therapeutic construct (A) and CED of QUAD-
doxorubicin to a dog with high-grade astrocytoma expressing IL13-RA2, EPHA2, and
EPHA3 (B). Top row (B) tumor features before treatment. Middle row (B) intraoperative
MRI of CED treatment illustrating progressive coverage of the tumor with the QUAD, which
is codelivered with galbumin to allow for quantification of delivery. Bottom row (B) the
T2W and contrast-enhancing tumor burdens are markedly reduced after treatment, being
replaced with a cystic, necrotic treatment cavity.

(SPECT) imaging demonstrated that lodine 123 ('2°) radiolabeled minicells accumu-
lated within canine tumors, and serial minicells infusions were associated with no sig-
nificant toxicities. Durable and objective complete or partial tumor responses were
seen in 4 out of 17 of the dogs, and an additional 10 dogs had stable disease.?®
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ONCOLYTIC VIRUSES

QV are wild type or genetically engineered viruses capable of infecting and selectively
replicating within tumor cells.?>° Using OV for cancer treatment is often considered
to be a form of immunotherapy, as OV possess multiple mechanisms of antitumor ac-
tion (Fig. 4) including selective replication within and subsequent direct death and lysis
of neoplastic cells, as well as induction of a systemic innate and adaptive antitumor
immune responses.>® The relative roles each of these mechanisms plays in the anti-
tumor effect differ based on the type of cancer being treated, inherent characteristics
of the specific viral vector, and complex interactions among the virus, the host’s im-
mune system, and the TME.

There are several potential advantages associated with the use of OV for brain can-
cer therapy. As OV are replication competent, the entire tumor burden does not neces-
sarily need to be initially exposed to the virus.2® Following infection of even a limited
number of tumor cells, a substantial local bystander effect may be anticipated,
whereby viral replication and release of viral particles upon cell lysis into the adjacent
tumor occur with subsequent infection and propagation of virus in new tumor cells
(see Fig. 4).2525 Further, this bystander effect may be amplified through the release
of tumor neo-antigens following oncolytic cell death that promote a systemic adaptive
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Fig. 4. Therapeutic mechanisms of oncolytic viruses (OV). Antineoplastic effects of OV occur
directly through infection and lysis of tumor cells, as well as indirect facilitation of host anti-
tumor immunity. Cellular lysis releases tumor-associated antigens and damage-associated
molecular patterns, such as calreticulin, high mobility group box 1 (HMGB1), adenosine
triphosphate (ATP), and cytokines that activate dendritic cells and stimulate an antitumor
immune response. Natural killer (NK) cells and tumor antigen specific CD8+ cytotoxic and
CD4+ helper T cells are the primary effector cells mediating antitumor immunity. OV may
further alter the immunosuppressive tumor microenvironment by inhibiting (red brackets)
functions of MDSC, TAM and regulatory T cells (Treg). CD, cluster of differentiation; IFN |
R, type | interferon receptor; IL-R, interleukin receptor; MHC I, major histocompatibility com-
plex Class |; P2X7R, purine 2 X7 receptor; TLR4, toll-like receptor 4. (Figure created with
BioRender.com.)
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immune response that has been shown in some preclinical models to be able to cause
regression of distant tumor sites that were never exposed to the virus. Finally, certain
QV vectors, such as Newcastle disease (NDV) and Zika viruses, are naturally neuro-
tropic and capable of effectively crossing the BBB after systemic administration.?®2”

There are also disadvantages associated with OV. The optimal dosing methods for
QV are not established. As these are live viruses with proliferative capacity, there are
challenges with pharmacologically modeling and defining effective doses, and there is
a paucity of data associating the administered viral dose with in vivo replication effi-
ciency or therapeutic efficacy.?® OV that are not capable of penetrating the BBB
require administration by local injection into the tumor or brain.?®3° A better under-
standing of the complex mechanisms involved in immune responses to OV is also
necessary in order to balance the antitumor effects induced by antigen presentation
and cytokine elaboration that occur during active viral infection against the develop-
ment of neutralizing antiviral responses that inhibit viral replication and oncolysis.?°26
There are also biosafety concerns associated with OV regarding potential transmis-
sion of infectious virus to humans or animals in hospital or community environments.°

Wild-type Oncolytic Viruses for Canine Brain Tumors

Two dogs with intracranial meningiomas and one dog with an oligodendroglioma
received therapy with intrathecal Brazilian Zika virus (ZIKV).2” Although the authors
stated no adverse events attributed to the ZIKV were observed, one dog developed
presumed autoimmune encephalitis (leukoencephalopathy) after viral treatment that
recurred upon subsequent viral rechallenge.?” Improvement in neurologic signs
occurred in all dogs following viral treatment, and serial brain MRI examinations ob-
tained in 2 out of 3 dogs revealed potential tumor pseudoprogression with overall sta-
ble tumor burdens for 78 to 120 days after the first viral injection.?’” Postmortem
evaluations of the CNS from treated dogs demonstrated immunohistochemical evi-
dence of ZIKV within neoplastic cells, while normal neurons were spared.

Oncolytic adenovirus (ICOCAV15) has been administered by direct intratumoral in-
jection to a single dog with an incompletely resected intracranial hemangioma.?® Serial
reductions in tumor volume, as demonstrated with MRI, were observed following the
viral treatment, with a partial tumor response observed at 1 year. A second dose of
ICOCAV15 was administered upon identification of progressive tumor disease at
18 months, and the dog lived for an additional 13 months. No adverse effects directly
attributable to ICOCAV15 were noted in this case. Comparisons of pretreatment tumor
biopsies to samples obtained posttreatment and at necropsy revealed increased
tumor-infiltrating B and T cells, and M1 macrophages following ICOCAV15 treatment,
suggesting tumor immune activation.?®

Engineered Oncolytic Viruses for Canine Brain Tumors

In a phase I/1l trial, an engineered Lasota NDV strain targeting the urokinase plasmin-
ogen activator system (rLAS-uPA) was administered by repetitive IV infusions to 20
dogs with a variety of intracranial tumors that expressed uPA receptor.?®> Dose-
limiting toxicities manifesting as fever, hematologic, and neurologic adverse events
occurred in 2 dogs. Mild, self-limiting adverse events, including infusion reactions,
diarrhea, and fever, were common in dogs treated at or below the maximum tolerated
dose (MTD). Partial tumor volumetric reductions occurred in 2 out of 11 dogs receiving
the MTD, and the 3 month and 6 month progression-free survival fractions were 100%
(9 out of 9 dogs) and 88% (7 out of 8 dogs), respectively for dogs in the Phase Il arm of
the trial.?® Neutralizing antibodies to rLAS-uPA developed rapidly in all dogs, and viral
genetic material was detectable in posttreatment tumor samples from 6 dogs.
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Although systemically administered rLAS-uPA was well tolerated and capable of
infecting tumors, strategies to evade host antiviral immunity are likely needed to opti-
mize this OV approach.?®

Cloquell and colleagues?® treated 10 dogs with rostrotentorial gliomas with 8 weekly
cycles of IV allogenic mesenchymal stem cells infected with the canine oncolytic
adenovirus ICOCAV17 (dCelyvir). Treatment was well tolerated clinically and biochem-
ically, with no documented serious adverse events. Seven dogs underwent serial
follow-up clinical and MRI examinations, with 2 out of 7 demonstrating partial re-
sponses and 3 out of 7 stable disease at 2 months posttreatment. ICOCAV17 was
detected in tumor tissue of 3 out of 9 dogs subjected to necropsy. These findings indi-
cate that systemically administered dCelyvir is safe, capable of entering the brain, and
may result in objective antitumor effects in dogs with gliomas.?®

A phase | trial investigated the safety and tolerability of M032, an oncolytic herpes sim-
plex virus-1 engineered to express interleukin-12, in 21 dogs with intracranial gliomas.*°
Following tumor resection, M032 was locally delivered via a catheter implanted in the
resection cavity. No significant adverse events attributable to M032 or dose-limiting tox-
icities were observed in any of the 4 escalating dosing cohorts.®° A subset of dogs under-
went comparative analyses of peripheral blood, and pretreatment and posttreatment
tumor samples using multiplex cytokine arrays, flow cytometric, immunohistochemical,
and gene expression analyses. In the blood, M032 treatment resulted in CD4+ T-cell acti-
vation and modulation of interleukin-4 (IL-4) and interferon gamma (IFNy) production in
CD4+ and CD8+ T cells, and upregulation of multiple cytokines.®' Treated tumors
demonstrated transcriptional signatures consistent with activation of interferon signaling,
lymphoid and myeloid cell activation, and T-cell and B-cell immune pathways, findings
supporting modulation of the TME by M032.2" An extension of this study is currently
ongoing, in which the ICl indoximod is being added to the M032 virotherapy.>°

IMMUNOTHERAPIES

Cancer immunotherapies (IT) comprise a broad array of mechanistic strategies whose
common goal is to initiate, potentiate, or otherwise facilitate an antitumor host immune
effector response.®*323% Compared to results achieved in other cancers, IT for brain
tumors has largely been disappointing.>* Conventional wisdom regarding the brain
being an immunologically privileged organ has shifted based on evidence illustrating
the unique nature of immune responses, as well as the multiple, inherent resistance
mechanisms to IT that exist in the brain.®

The majority of recent IT approaches for brain tumors in humans and dogs are
designed to promote host antitumor T-cell responses.*?* In the TME of many types
of human and canine brain tumors, myeloid cells comprise a significant proportion
of immune cells.*®%27 In addition to the intended effects of inducing T-cell infiltration
into brain tumors, T-cell-directed IT may initiate and perpetuate a cascade of counter-
balancing pro-inflammatory events that recruit immunosuppressive myeloid cells to
the TME. These immunosuppressive myeloid cells have phenotypic and functional
similarities to those that are responsible for attenuating T-cell responses in chronic
viral infections and thus may negate antitumor T-cell responses induced by dendritic
cell or tumor lysate vaccinations. Given the role these myeloid cells play in mediating
adaptive immune resistance in response to T-cell activation, newer IT approaches are
emerging that specifically target the immunosuppressive TME.3? Further elucidating
the biology of these cells and the mechanisms by which they negatively regulate anti-
tumor immune responses will likely be critical to inducing effective and durable ther-
apeutic responses to IT in brain tumors.
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Tumor production of the immune checkpoint inhibitor CD200 has been shown to
suppress host antitumor immune responses through interactions with its inhibitory re-
ceptor (CD200R1) on antigen-presenting cells (APC).2* In addition, CD200-like activa-
tion receptors (CD200R4) also exist on APC that have opposing functions to the
CD200R1, which facilitate antigen presentation and antitumor immunity when
stimulated. One study explored intradermal administration of a canine-specific
CD200-like activation receptor peptide ligands (CD200AR-L) in 20 dogs with intracra-
nial gliomas in conjunction with an autologous tumor lysate vaccination following
surgical resection of the tumor.?* Dogs that received combination tumor lysate
and CD200AR-L experienced a significant overall survival (OS) benefit (median
12.7 months) compared to a historic control cohort of dogs that received tumor lysate
only (median OS 6.3 months). Preliminary data from this study also suggest that
soluble CD200 concentrations in blood may have value as a biomarker of the glioma
burden. Canine-specific mechanistic data directly supporting modulation of the TME
by either the tumor lysate or the CD200AR-L were not provided.?*

The study by Ammons and colleagues®? combined 2 novel methods of IT in 10 dogs
with intracranial gliomas. Treatment involved modulation of the immunosuppressive
TME associated with tumor-associated macrophages (TAM) and myeloid-derived sup-
pressor cells (MDSC) in conjunction with allogenic anticancer stem cell vaccination
(CSCV) to promote antitumor immunity. Daily oral treatment with off-the-shelf drugs
losartan and propranolol, which inhibit monocyte migratory capacity and cause deple-
tion of MDSCs, respectively, was utilized to modify the immunosuppressive TME, and
dogs received CSCV via subcutaneous injection on a biweekly to monthly schedule.
Clinical and MRI tumor responses and patient peripheral immune responses were seri-
ally monitored for 1 year.*? Significant local or systemic toxicities were not observed, 2
out of 10 dogs experienced partial tumor responses, and 6 out of 10 dogs had durable
stable disease. Dogs that developed measurable anticancer stem cell antibodies expe-
rienced prolonged survival (median OS, 500 days) when compared to dogs that did not
generate antibody responses (median OS, 218 days).>? Results of this study were
promising regarding the feasibility, safety, and preliminary efficacy of a non-invasive
combinatorial IT strategy that employs myeloid immunodepletion and CSCV vaccina-
tion, which may allow for treatment of surgically inaccessible tumors.

The stimulator of interferon genes (STING) protein functions as a sensor of cellular
stress, particularly the presence of DNA in the cytoplasm.*® Activation of STING pro-
motes downstream signaling that induces transcription of type | interferons and in-
flammatory cytokines that promote innate antitumor immune responses. Five dogs
with gliomas were treated via intratumoral injections of escalating doses of a small-
molecule STING agonist. Injections were repeated after 4 to 6 weeks for a total of 2
treatments.®® One dog experienced a serious procedural adverse event, characterized
by a rapidly progressive local inflammatory response to the treatment, that resulted in
euthanasia, and an MTD of 15 pg/injection was identified. In the 4 dogs in which post-
treatment tumor responses could be evaluated, objective dose-dependent reductions
in tumor volumes were observed, including one dog that experienced a complete tu-
mor response following the second injection.>® Results of this study were encouraging
from the standpoints of the safety profile, relatively simple stereotactic method of de-
livery required, and the radiographic responses observed.

SUMMARY AND FUTURE DEVELOPMENTS

In dogs with naturally occurring brain tumors, multiple novel therapeutic strategies
have been shown to be safe and feasible, demonstrated preliminary efficacy signals,
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contributed to the characterization of the mechanism of action of the tested therapeu-
tic, or been translated for human indications. However, none of the treatments dis-
cussed here are available or approved for routine clinical use. Advancement of
veterinary neuro-oncology, in the context of both conventional and investigational
therapeutics, will require major practice paradigm shifts that recognize and embrace
the need for histopathologic tumor diagnosis prior to treatment, as well as regular use
of harmonized, objective, and clinically relevant therapeutic response and adverse
event assessments, as are routinely done for other cancers'>° These practices will
be fundamental to better characterize the natural history and biology of brain tumors,
identify standard of care therapies (which are necessary for the assessment of relative
risks and benefits offered by new treatments), and develop individualized patient man-
agement plans. In the current and coming ages of novel targeted-therapeutics and im-
munotherapeutics, the ability to define and compare the TME of naive and treated
tumors will be crucial for elucidating mechanisms of therapeutic efficacy and resis-
tance, as well as selecting appropriate patients for treatment.’"*" Comprehensive
morphologic and molecular characterization of tumors has revolutionized the diag-
nostic and prognostic landscapes of human brain tumors.” 2 Given the improvements
in tools available for the molecular, genetic, and epigenetic analyses of veterinary
brain tumors, adopting a similar approach will likely provide the greatest future oppor-
tunities for improving therapeutic outcomes, as well as identifying additional novel
oncogenic pathways that could be exploited for the potential benefit of animals and
humans with brain tumors.®~'"
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