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Abstract

OBJECTIVE—The diagnosis of glioma remains disheartening in the clinical realm. While a 

multitude of studies and trials have shown promise, improvements in overall survival have 

been disappointing. Modeling these tumors in the laboratory setting has become increasingly 

challenging, given their complex in situ behavior and interactions for therapeutic evasion. Dogs, 

particularly brachycephalic breeds, are known to spontaneously develop gliomas that resemble 
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human gliomas both clinically and pathophysiologically, making canines with sporadic tumors 

promising candidates for study. Typically, survival among these dogs is approximately 2 months 

with palliation alone.

METHODS—The authors have completed the first stage of a unique phase I dose-escalating 

canine clinical trial in which the safety and tolerability of M032, a nonneurovirulent oncolytic 

herpes simplex virus–1 vector genetically engineered to express interleukin-12, are being studied 

in pet dogs with gliomas undergoing maximum safe tumor resection and inoculation of the cavity 

with the viral infusate.

RESULTS—Twenty-five canine patients were enrolled between January 2018 and August 2020. 

One patient was electively withdrawn from the trial by its owner, and 3 did not receive the 

virus. For the 21 dogs that remained, 13 had high-grade gliomas, 5 had low-grade gliomas, 

and 3 were undetermined. According to histopathological analysis, 62% of the tumors were 

oligodendrogliomas. At the time of this report, the median overall survival from the date of 

treatment was 151 days (± 78 days). No significant adverse events attributable to M032 or 

dose-limiting toxicities have been observed to date.

CONCLUSIONS—In this largest study of oncolytic viral therapy for canine brain tumors to 

date, treatment with M032 did not cause harm and the combination of surgery and oncolytic 

viral therapy may have contributed to prolonged survival in pet dogs with spontaneous gliomas. 

Forthcoming in-depth radiographic, immunohistochemical, and genetic analyses will afford a 

more advanced understanding of how this treatment impacts these tumors and the immune system. 

Our goal is to utilize these findings bitranslationally to inform human studies and refine therapies 

that will improve outcomes in both humans and pet dogs with gliomas.
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GLIOMA is a harrowing diagnosis. While the expanded implementations of whole-genome 

sequencing and targeted therapies have afforded above-average outcomes to some patients, 

the overall prognosis for the most malignant of these tumors remains poor, with a 

median survival of approximately 17 months from diagnosis.1 An unprecedentedly vast 

and multifaceted field of research has been dedicated to achieving improved survival and 

cure for this heterogeneous disease entity. Decades of basic science and translational and 

clinical research have led to multiple preclinical and clinical trials investigating experimental 

treatments.2-4

Oncolytic viral vectors comprise a major frontier in the pursuit of effective therapies for 

gliomas.5 The ability to engineer viruses to tame their neurovirulence while enhancing their 

ability to infect and kill tumor cells has proven a major asset to their study. Additionally, the 

ability to recruit and potentiate innate immune responses (which have often been suppressed 

by the tumors) through cross-epitope spreading provides an avenue of intersection with 

immunotherapeutic studies.

In the search for an appropriate preclinical model to inform human glioma clinical trials, 

it can be difficult to extrapolate data from immunologically nude organisms and those with 
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induced pathology. While these laboratory-based studies have yielded essential data, the 

current understanding of the complex in vivo behavior of these tumors and their far-reaching 

systemic consequences pose unique challenges to their study. Notably, some breeds of 

dogs are known to harbor spontaneously and sporadically occurring gliomas that resemble 

those of their human counterparts—clinically, radiographically, immunohistologically, and 

genetically. They also follow similar treatment and outcome patterns, albeit on a different 

scale.6

The “One Health” approach to medicine is a global public health paradigm with an 

integrative and collaborative approach to human and animal health.7,8 The One Health 

Consortium was created to evaluate treatment of innate diseases in pets and correlate the 

resulting data with data from human studies for synergistic benefit to both. Harnessing the 

similarities between human and canine gliomas provides an avenue of great potential and 

exemplifies the One Health approach to medicine.

The authors have previously published background work and the design of an ongoing 

phase I clinical trial, known as “CANINE,” studying the use of a genetically engineered 

herpesvirus with or without an immune checkpoint inhibitor in pet dogs with sporadic 

gliomas.9 M032 is an oncolytic herpes simplex virus–1 (HSV-1) vector with deletion of its 

neurovirulent γ 34.5 subunit, further engineered to express human interleukin-12 (IL-12).10 

Human IL-12 has previously been shown in veterinary studies to induce a systemic T-cell 

response in dogs.11 HSV-1 is not a pathogenic alphaherpesvirus in dogs and therefore would 

not be expected to cause an active infection in healthy central nervous system or systemic 

tissues. A previous study of a nonneurovirulent HSV-1 strain injected into the brains of 

healthy dogs indicated permissiveness to latent infection, with evidence of latent viral DNA 

as distant as the contralateral hemisphere.12 In unpublished preclinical work by Gillespie 

et al., the cytotoxicity of M032 to canine glioma cells in vitro was equivalent to that of 

mouse and human glioma cell lines (plaque-forming units [pfu]/50% lethal dose [LD50] = 

6.6). The M032 virus is concurrently being studied in a human clinical trial for recurrent 

glioblastoma.13 Thus, in a novel fashion, head-to-head comparison of data from these trials 

should afford combined insight into the tumoral and systemic effects of treatment and 

certain nuances that the human study alone may not feasibly afford.

The CANINE trial has recently completed enrolling patients in its first stage, investigating 

the safety and tolerability of M032 viral inoculation alone following maximum safe tumor 

resection. The second stage of the trial will include intracranial M032 administration with 

addition of the orally administered systemic immune checkpoint inhibitor indoximod, which 

targets the indoleamine dioxygenase (IDO)–mediated immune evasion pathway that human 

gliomas and many canine malignancies are known to exploit.14,15 Herein, the authors 

present a brief interim report on the clinical findings, safety, and survival data to date in 

the stage I cohort receiving M032 alone.

Methods

The Institutional Animal Care and Use Committee (IACUC) approval to conduct this trial 

was obtained from The University of Alabama at Birmingham (IACUC-21115) as well 
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as from respective IACUCs at participating colleges of veterinary medicine. Beginning 

in January 2018, canine patients with presumptive diagnoses of glioma based on history, 

clinical examination, and imaging were screened and enrolled with informed consent from 

pet owners. Dogs were required to be greater than 6 months of age at enrollment and 

otherwise healthy enough to have had a life expectancy of greater than 6 months barring 

their intracranial tumors. Tumors that would require ventricular, basal ganglia, brainstem, or 

posterior fossa inoculation were excluded.

Steroid administration was allowable if the dose did not increase within 2 weeks of surgery 

and the total dose did not exceed a dexamethasone equivalent of 2 mg/kg per day at the time 

of surgery. All patients that were not already therapeutically treated with an antiepileptic 

drug were started on levetiracetam at a daily dose of at least 500 mg and required to continue 

the medication for at least 6 weeks unless an adverse reaction was encountered. Treatment in 

all cases was scheduled within 2 weeks of enrollment.

On the first day of treatment, each dog was placed under general anesthesia and underwent 

a craniotomy for maximum safe resection of their glial tumor by the participating veterinary 

neurosurgeon. Following either gross-total or subtotal resection, a catheter was implanted 

within the resection cavity, with the proximal end fixed to an accessible reservoir in 

the subcutaneous space. The catheter was confirmed to be in an appropriate position via 

postoperative CT imaging.

After a period of postoperative recovery and monitoring, and upon histological confirmation 

of diagnosis within 48 hours of surgery, intracranial inoculation with the M032 virus 

was performed in each patient via a single 1-mL infusion (0.5 mL of viral solution 

and 0.5 mL of sterile vehicle) through the subcutaneous reservoir. The viral dose was 

determined via the previously published dose escalation scheme in subsequent cohorts of 

dogs (Tables 1 and 2).9 A protocolized schedule of inpatient and subsequent outpatient 

clinical, radiographic, and laboratory surveillance for adverse effects and dose-limiting 

toxicities has been previously described through a period of 12 months following treatment 

(Table 3).9

Histological diagnoses of oligodendroglioma, astrocytoma, or undefined glioma and 

assignment of low or high grade were made by the participating veterinary pathologists 

and based on the NCI Comparative Brain Tumor Consortium (CBTC) Pathology Board 

criteria.16

Basic descriptive statistics including mean and standard deviation were calculated using 

the Microsoft Excel (2007) functions “AVERAGE” and “STDEV,” respectively. A Kaplan­

Meier survival plot and median survival values were generated using the SigmaPlot 

software.

Results

Between January 2018 and August 2020, 25 dogs were enrolled in the trial. Table 4 shows 

canine characteristics and basic information about the tumors.
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Two dogs (nos. 004 and 005) had undergone previous treatment of their tumors with 

surgically implanted temozolomide/gadolinium–impregnated beads approximately 8 and 5 

months prior, respectively—both with imaging-confirmed progression. After treatment, 1 

dog (no. 007) left the study to undergo alternate therapies and 3 dogs (nos. 015, 022, 

and 024) underwent tumor resection with catheter implantation but died of postoperative 

aspiration pneumonia prior to intracranial inoculation with the M032 virus. Of the remaining 

21 canines, 16 were male and 5 were female. The mean (± SD) age at treatment was 8 ± 2 

years.

In the remaining 21 cases, 13 tumors were located in the right hemisphere and 8 were 

located in the left. Maximum safe resection was performed in all cases at the discretion of 

the veterinary neurosurgeon. Tumor morphology based on assessment of H&E-stained tissue 

specimens was consistent with oligodendroglioma in 13 cases (62%) (Fig. 1), astrocytoma 

in 5 cases (23%) (Fig. 2), glioblastoma in 1 case (5%), and undefined glioma (low grade, 

with astrocytic features) in 1 case (5%), and was undetermined (imaging and intraoperative 

features clearly representing glioma but tumor histology indeterminate) in 1 case (5%). 

Among the oligodendrogliomas, 9 were high grade,3 were low grade, and 1 lacked sufficient 

tissue for determination. Among the astrocytomas, 3 were high grade, 1 was low grade, and 

1 was undetermined. Intratumoral expression of Ki-67 in 11 of the tumors evaluated to date 

was clearly elevated for both high-grade oligodendrogliomas and astrocytomas relative to 

respective low-grade tumors, although the analysis was not sufficiently powered to reach 

statistical significance (Fig. 3).

As of this writing, of the 21 dogs remaining in the trial, 15 dogs were deceased and 6 were 

still alive, and the median overall survival from the date of treatment was 151 ± 78 days. For 

the deceased dogs (n = 15), the mean survival was 134 ± 128 days, and for the dogs meeting 

or exceeding the designated provisional surveillance period of 12 months ± 12 days (n = 

3), the mean survival was 370 ± 8 days. When stratified by tumor grade, the mean survival 

among dogs with definitively high-grade gliomas (n = 13) was 108 ± 107 days, and among 

low-grade gliomas (n = 5) it was 211 ± 151 days. Current survival data trends are illustrated 

in Fig. 4.

No significant adverse events directly referable to treatment with M032 have been identified 

at any dose level. Three dogs (nos. 001, 008, and 009) required repositioning of their 

inoculation catheters based on immediate postoperative CT imaging. One dog (no. 018) 

developed transient hypertension and tachycardia immediately after the viral injection, 

which resolved with analgesic medication. The same dog developed frequent clusters of 

seizures within the first few weeks of surgery and underwent preemptive removal of the 

intracranial catheter and reservoir system. This did not immediately impact the dog’s seizure 

frequency, but the seizures eventually resolved with escalation of medical therapy. Three 

dogs (nos. 009, 017, and 018) exhibited episodic pyrexia in the first few postoperative days, 

which resolved spontaneously in the first 2 cases. In the third case, fever resolved after 

removal of the dog’s intravenous (IV) catheter. Thirteen dogs were treated with the goal 

maximum tolerated dose of 1 × 109 pfu of M032 with no observed dose-limiting toxicities.

Omar et al. Page 5

Neurosurg Focus. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To date, 3 dogs have anomalously died within 30 days of treatment. One dog (no. 020) 

died suddenly 28 days after treatment, with no evidence of an inciting intracranial or 

systemic complication at necropsy, although there was a suggestion of leptomeningeal tumor 

spread. Another dog (no. 009) was euthanized 11 days after treatment due to cryptogenic 

clinical deterioration. At necropsy the dog was unexpectedly found to have a large invasive 

chemodectoma of the cardiac base and aorta with mediastinal lymphadenomegaly, as 

well as unilateral severe adrenocortical necrosis. The brain examination revealed expected 

postsurgical and neoplastic changes. The third dog (no. 017) was euthanized 28 days after 

surgery in light of failure to improve neurologically, in the setting of a tumor involving 

the right corona radiata and internal capsule with left hemiparesis prohibiting mobilization. 

Necropsy revealed no other complications. In all 3 cases, activated foamy macrophages were 

present in the tumor cavity.

At the time of this report, no dog had exhibited signs of central nervous system or systemic 

alphaherpesvirus infection. With the exception of 1 dog (no. 001) with a single positive 

result that was negative on repeat testing and thus believed to be spurious, none of the 

canines had evidence of HSV-1 on conjunctival or salivary polymerase chain reaction (PCR) 

throughout the course of surveillance. Human IL-12 has not been detected in the plasma 

of any dog tested to date, suggesting a lack of systemic M032 dissemination. Necropsy 

on 1 dog (no. 020) demonstrated lymphocytic cuffing around a few brainstem vessels but 

no frank vasculitis. Analyses of necropsy specimens for evidence of local M032 oncolytic 

activity are forthcoming.

As of this report, further histopathologic studies and in-depth immunohistochemical 

analysis, fluorescence-activated cell sorting (FACS), genetic assays, and quantitative 

radiographic analyses are underway and will be reported as they become available.

Discussion

The canine model of glioma has significant potential in the study of the disease. There 

is a strong emphasis on regular primary care surveillance and preventative medicine 

in pet dogs, allowing for increased detection of central nervous system malignancies.17 

Management options after discovery include euthanasia; palliation with antiepileptic drugs, 

corticosteroids, and pain medication; or treatment with biopsy, surgical resection, and/or 

alkylating agent chemotherapy with or without focused radiation.6 Due to the variety of care 

settings, availability of treatments, variability in documentation, euthanasia, tolerance level 

for neurological complications, and regular use of empirical noninvasive treatment without 

biopsy in some practices, it is difficult to appreciate the natural history of canine brain 

tumors and compile large databases with normative data on survival based on tumor grades 

and management strategy.

According to the current understanding, survival outcomes are generally poor in dogs with 

gliomas, similar to those in humans with high-grade gliomas. There are studies suggesting 

that palliation and surgical resection alone each carry a similar survival prognosis of 

just over 2 months, with the latter being associated with high complication rates.6,18-23 

Studies of other therapies remain experimental, with methodological difficulties and mixed 
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results.6,24-26 Akin to high-grade gliomas in humans, conventional therapies for canine 

gliomas have limited efficacy, and the study of combination therapies targeting unique 

characteristics of these tumors and the pathways by which they evade both endogenous and 

exogenous antitumoral mechanisms is warranted in both species.

Whereas the human M032 trial targets patients with multiply recurrent glioblastoma for 

which standard therapeutic options have been exhausted, the CANINE trial has mostly 

recruited pet dogs with newly diagnosed gliomas of varying histopathology and grade. We 

have taken advantage of the lack of standard-of-care options in dogs with gliomas to study 

the effects of surgery and oncolytic viral therapy in treatment-naïve tumors, a potential 

avenue for the development of primary therapies. Unlike the human M032 trial, which 

involves stereotactic placement of externalized intratumoral catheters that are removed 

after viral administration, the CANINE trial has employed a fully implanted catheter to 

allow the option for future redosing and sampling and to serve as a fiducial marker on 

subsequent imaging. This also reduces the risk of accidental displacement of the catheter 

by the dog. In both trials, viral administration is performed postoperatively via catheter to 

establish a more controlled volume, speed, and accuracy of delivery, with the patient awake 

to monitor for adverse reactions. Both trials follow similar dose escalation schemes and 

clinical, radiographic, and laboratory surveillance schedules.

The dominant tumor in our cohort has been oligodendroglioma. In dogs, oligodendrogliomas 

are currently thought to comprise up to 70% of all gliomas, with smaller incidences 

of astrocytomas (20%) and undefined gliomas (10%).6 High-grade oligodendrogliomas 

are more common than low-grade oligodendrogliomas in dogs, and glioblastomas are 

rare.27 It has been shown that canine oligodendrogliomas are more genetically similar to 

human glioblastomas than human oligodendrogliomas, particularly in terms of upregulated 

genes.28 Favorable IDH1 mutations and 1p/19q codeletions are rare in canine tumors.28 

Due to differences in arrangement of the dog and human genome, it may be that canine 

oligodendrogliomas possess sufficient genetic information to behave as aggressively as 

WHO grade IV glioblastomas in humans, as evidenced by similar patterns of resistance to 

antitumoral agents and systemic immune interference.29

Overall, survival in our cohort has been favorable and is clearly superior to that in published 

data on outcomes in palliated dogs with gliomas.22 A number of patients have survived 

well beyond what would be expected within the limits of comparison to historical controls. 

A few dogs, on the other hand, experienced poorer survival, although these appear to be 

outliers for reasons previously noted. In-depth tumoral and systemic assays will hopefully 

shed light on these differences. While the study is currently not sufficiently powered 

to perform conclusive univariate and multivariate analyses to determine predictors for 

increased survival, this is primarily a feasibility and tolerability study, and the current 

data are presented to illustrate that the therapy is safe and exhibits a definite trend toward 

prolonged survival in comparison with normative data. A prospective randomized trial with 

a control arm would be needed to validate these findings, although this may not be ethically 

feasible if results continue to demonstrate significantly prolonged survival with treatment.
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It is very encouraging that none of the dogs enrolled in the trial to date have exhibited 

adverse effects attributable to the oncolytic virus and that no dose-limit toxicities have 

been encountered at the goal maximum tolerable dose of 1 × 109 pfu. Preclinical studies 

in mice30 and nonhuman primates (Aotus nancymae)31 using the M032 murine IL-12–

expressing HSV-1 counterpart, M002, previously demonstrated the safety of intratumoral 

oncolytic herpes simplex virus (oHSV) inoculation in animal models. All subjects enrolled 

have tolerated the intracranial infusion well, with no significant symptoms or clinical 

signs attributable to the treatment. Importantly, no dog developed clinical or radiographic 

evidence of meningitis, encephalitis, vasculitis, ependymitis, ventriculitis (or complicating 

hydrocephalus), or systemic alphaherpesvirus infection. For the patients that underwent 

necropsy, sequelae of alphaherpesvirus infection have not been detected in systemic tissues.

Beyond the safety and tolerability of M032 therapy, as data are collected, the evaluation 

of multiple secondary outcome measures is currently underway to provide crucial 

perspective to the promising survival trends. These include comprehensive volumetric 

radiographic analyses for quantification of the extent of tumor resection, treatment 

response determination, assessment for treatment-mediated pseudoprogression, and defining 

progression-free survival. Analysis of postmortem central nervous system tissues for 

evidence of intratumoral viral replication and oncolytic activity is also forthcoming. Serum 

immunological studies from before and after treatment will further shed light on systemic 

immune changes in response to the viral therapy. These data will serve as an important 

source of comparison with results of both the human M032 trial and the next stage of this 

CANINE trial.

Building on prior canine research, data on toxicity studies with non–nervous system cancers 

will inform the dosing of indoximod in the second stage of this trial, in which the addition 

of the checkpoint inhibitor will be studied with the intent of enhancing the oncolytic 

herpesvirus effect. Although the degree of IDO signaling has not been directly assayed 

in canine glioma, the pathway is known to drive the pathogenesis of non–central nervous 

system tumors in dogs.32-34 Indoximod is commercially available and has shown promising 

immunomodulatory effects in canine metastatic melanoma and sarcoma when used in 

combination therapies.35,36 Prior studies have demonstrated elevated numbers of CD4+ 

Foxp3+ regulatory T cells intratumorally and in the peripheral blood of dogs with gliomas, 

as well as an increased proportion of plasmacytoid dendritic cells.29,37 In humans, the IDO 

pathway has been shown to play an important role in plasmacytoid dendritic cell–induced 

Foxp3+ regulatory T-cell differentiation.38 Forthcoming immunohistochemical analyses of 

our tumor specimens will allow us to validate the importance of IDO expression in canine 

gliomas. As with prior work on systemic malignancies, evaluation of immunotherapeutics in 

pet dogs with gliomas so starkly resembling those of their human counterparts is a rational 

step in validating therapies that will eventually be tested in humans.

It is important to consider that dogs in this trial are not being unduly maintained for 

experimental purposes and continue to experience a good quality of life as pet dogs, as 

the trial is in compliance with the American Veterinary Medical Association Guidelines for 

the Euthanasia of Animals, with strict criteria for inclusion of animals based on the canine 

Karnofsky score.39,40 While this may limit assessment of maximum survival potential or 
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introduce some degree of bias, the policy is in congruence with the true-to-life care of pet 

dogs that, like their human glioma counterparts, are treated as patients rather than subjects.

Ultimately, this comparative oncological endeavor is intended to enhance understanding 

of glioma pathophysiology and aid in the development of novel primary and secondary 

therapies for this complex disease. As we continue to learn more about how pet dogs with 

brain tumors respond to therapies available to humans, the pathophysiological similarities 

become increasingly salient. Expanding upon this understanding through the work of this 

trial will help further validate the utility of the pet dog as a large-animal model for brain 

tumor research. Early data have suggested great potential in this realm. Additionally, the 

simultaneously running trial of M032 in adult human patients with recurrent glioblastoma,13 

the newly enrolling adult trial of the chimeric oHSV C134,41 the recently completed trial 

of the oHSV G207 in pediatric patients with progressive/recurrent supratentorial tumors,42 

and the ongoing trial of G207 in refractory/recurrent pediatric cerebellar tumors43 at our 

institution provide unique opportunities to compare data and methodology. This distinctive 

collaboration will help inform the design of future human and canine studies, with the goal 

of improving outcomes in both species in a bitranslational fashion.

Conclusions

At the present time, it is clear that oncolytic viral therapy with M032 is safe in canine 

patients, with no dose-limiting toxicities or adverse events attributable to the treatment 

identified. Preliminary data suggest that this treatment may prolong survival in pet dogs 

with gliomas. Forthcoming in-depth radiographic volumetrics, tumoral assays, and analysis 

of the immunological and genetic data from these dogs will allow better characterization 

of correlates for increased survival. The addition of systemic indoximod therapy during the 

second stage of this trial and comparison with data from the ongoing human M032 trial will 

provide additional avenues for data interpretation and application. Ultimately, the goal of 

these studies is to further corroborate the validity of the pet dog as a large-animal model for 

glial tumors and, through the One Health approach to medicine, enhance the understanding 

of therapeutic modalities that will improve outcomes in both people and pets.
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HSV-1 herpes simplex virus–1

IDO indoleamine dioxygenase

IL-12 interleukin-12
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oHSV oncolytic herpes simplex virus

pfu plaque-forming units
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FIG. 1. 
Representative histopathology for low- and high-grade canine oligodendrogliomas. A: 
Low-grade oligodendroglioma (no. 017), H&E stain. The neoplasm is densely cellular, 

composed of cells with a classic “fried egg” cytoplasmic retraction artifact and bland, 

monotonous nuclei with minimal atypia. This tumor had only rare mitotic activity, and 

no geographic necrosis or microvascular proliferation. B and C: Neoplastic cells have 

diffuse, strong nuclear immunolabeling for oligodendrocyte transcription factor 2 (Olig2; 

B) and lack immunolabeling for glial fibrillary acidic protein (GFAP; C). D: High-grade 

oligodendroglioma (no. 011), H&E stain. The neoplasm is densely cellular, with round 

to ovoid cells aggregated in sheets admixed with minimal stroma, with numerous dilated 

blood vessels (arrows). In other areas (not pictured), this tumor had striking microvascular 

proliferation. Cells have variably defined, eosinophilic cytoplasm and plump ovoid or 

cleaved nuclei with clumped chromatin and 1–2 nucleoli. There are 1–2 mitotic figures 

(asterisk indicates telophase) per ×40 field, and cells have moderate anisocytosis and 

anisokaryosis. E and F: Neoplastic cells have diffuse, strong nuclear immunolabeling 

for Olig2 (E) and lack immunolabeling for GFAP (F). All images were taken at ×400 

magnification.
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FIG. 2. 
Representative histopathology for low- and high-grade canine astrocytomas. A: Low-grade 

astrocytoma (no. 004). H&E staining reveals a moderately cellular neoplasm consisting of 

loosely arranged streams and sheets of elongate cells supported by a scant fibrovascular 

stroma and faintly basophilic mucinous material. Neoplastic cells have mild pleomorphism 

and indistinct cytoplasmic borders, with a moderate amount of eosinophilic, finely fibrillar 

cytoplasm. Nuclei are round to elongate and have dense to finely stippled chromatin with 

1–2 nucleoli and a low mitotic figure count. B and C: Neoplastic cells exhibit diffuse, 

strong nuclear immunolabeling for Olig2 (B) and strong cytoplasmic immunolabeling for 

GFAP (C). D: High-grade astrocytoma (no. 009, necropsy specimen). H&E staining reveals 

a densely cellular neoplasm consisting of pleomorphic spindloid to polygonal cells that 

have indistinct cytoplasmic borders. Nuclei are irregularly round to elongate with coarsely 

stippled chromatin and variably distinct nucleoli. Extensive mitotic figures are present 

throughout the tumor (28/10 per high-power field) and there are multifocal areas of necrosis 

and hemorrhage throughout the tumor. E and F: Neoplastic cells exhibit multifocal, weak 

nuclear immunolabeling for Olig2 (E) and strong cytoplasmic immunolabeling for GFAP 

(F).

Omar et al. Page 14

Neurosurg Focus. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 3. 
High-grade oligodendrogliomas and astrocytomas have an increased percentage of Ki-67+ 

tumor cells. A: Representative image of Ki-67 expression in a field with ×400 

magnification. B and C: Ki-67 expression in tumors was assessed in noncontiguous images 

(n = 10 images/sample), and the average percentage of Ki-67 expression was calculated and 

graphed for both low- and high-grade oligodendrogliomas (B; high grade, n = 4; low grade, 

n = 2) and astrocytomas (C; high grade, n = 3; low grade, n = 2). The degree of Ki-67 

expression trended in favor of high-grade tumors but did not reach statistical significance at 

this level of power (p = 0.09 for oligodendrogliomas, p = 0.2 for astrocytomas on unpaired 

t-testing). ns = not statistically significant; * indicates glioblastoma.

Omar et al. Page 15

Neurosurg Focus. Author manuscript; available in PMC 2021 August 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIG. 4. 
Kaplan-Meier survival plot for 21 dogs treated with intratumoral infusion of M032 HSV. At 

the time of this report, 15 dogs had died and 6 were still alive (the 6 dogs that were still alive 

were censored in the plot, but their current survival times are denoted by the red stars on the 

plot).
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