
ABSTRACT 

KRANE, GREGORY AARON. Comparative Diagnostics and Immunopathology of 
Canine Glioma (Under the direction of Dr. Matthew Breen). 
 

Glioma is a devastating cancer of the central nervous system with a dismal prognosis. 

Patients with glioblastoma, the most common and aggressive type of glioma, even after 

undergoing invasive maximal resection surgery, radiation therapy, and chemotherapy, 

can expect to survive only slightly beyond a year. Though extensive research utilizing 

predominantly rodent models of glioma has advanced understanding of the disease, this 

work has not translated towards improved clinical outcome in human patients. The pet 

dog, which shares identical environmental exposures to its human owners, 

spontaneously develops glioma at a rate similar to that of humans. Furthermore, canine 

glioma shares similar histologic features and clinical progression to that of humans. As 

such, canine glioma can serve as a useful animal model for human glioma and provide 

opportunities to research pathogenesis and treatments. 

 

The National Cancer Institute recently released a set of diagnostic guidelines as 

determined by a panel of expert veterinary and physician neuropathologists, which 

served to harmonize the diagnostic criteria utilized for canine glioma. Chapter 2 of this 

dissertation provides the first follow-up assessment of inter-pathologist agreement 

utilizing that system. The data show that the system performs well and creates 

diagnoses reproducible between pathologists. As such, different studies from separate 

centers utilizing different pathologists can be compared or multi-institutional studies can 

be undertaken, provided the NCI system is used as the diagnostic criteria. 



Chapter 3 builds on those data by being the first study to collectively report area 

fractions of glioma immunolabels recommended by the NCI panel (Olig2, GFAP, 

CNPase, and Ki-67). Olig2 area fraction is greater in oligodendroglioma than 

astrocytoma, and GFAP area fraction is greater in astrocytoma than oligodendroglioma. 

This chapter also reports the percentage of gliomas that immunolabel for each marker 

as determined by manual detection methods. Olig2 immunolabels nearly all gliomas, 

GFAP favors astrocytoma over oligodendroglioma, and CNPase favors 

oligodendroglioma over astrocytoma. Ki-67 labeling index does not differ between tumor 

subtypes or grades, although mitotic count was greater in high-grade vs low-grade 

tumors. These data can be helpful in creation of diagnostic algorithms for canine glioma. 

 

Chapter 4 reports the most extensive quantitative characterization to date of infiltration 

of glioma by T cells, B cells, regulatory T cells (Tregs), and macrophages, with special 

attention to M1 and M2 polarization. The data provide support for polarization towards 

an M2 phenotype in high-grade oligodendroglioma, and they also identify a 

subpopulation of high-grade gliomas with robust Treg and T cell infiltration. Such data 

can be used to justify research into such features as therapeutic targets.  

 

The body of work presented in this dissertation makes novel and valuable contributions 

to the fields of pathology, neurology, and oncology. By utilizing the dog as a 

translational model for human glioma, this research can positively impact the health of 

both dogs and humans alike. 
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CHAPTER 1: LITERATURE REVIEW 

1.1: Introduction 

Glial cells represent a broad group consisting of oligodendrocytes, astrocytes, microglia 

and ependymal cells that collectively serve to support the nervous system. Neoplastic 

transformation of glial cells, otherwise known as glioma, is a devastating disease in both 

humans and dogs.  Approximately 25,000 people and 2,000 dogs in the United States 

are diagnosed with glioma every year (Bentley et al. 2017). Glioblastoma (GBM) 

represents the most common and most aggressive subtype of glioma in humans. 

Subtypes in the dog are oligodendroglioma, astrocytoma, and undefined glioma, each of 

which can be further subdivided into low and high-grade variants. Gliomas represent 

35% of intracranial tumors in the dog, second only to meningioma (50%) (Miller, Miller, 

and Rossmeisl 2019; Snyder et al. 2006; Song et al. 2013). Gliomas tend to occur in 

middle aged to older dogs (median 8 years), and more so in certain brachycephalic 

breeds (boxer, Boston terrier, English and French bulldog) (Miller, Miller, and Rossmeisl 

2019). 

 

Despite decades of extensive glioma research, therapeutic options are limited and 

prognosis remains dismal. The pathophysiologic diversity, combined with the inter and 

intra-tumoral heterogeneity associated with glioma, have made identification of the cell 

of origin and development of targeted therapies elusive (Alcantara, Llaguno, and 

Parada 2016; Azzarelli, Simons, and Philpott 2018; Cahill and Turcan 2018). In GBM, 

the standard of care is maximal resection surgery, radiation, and chemotherapy with 

temozolomide (TMZ), which results in only a fourteen-month median survival (Stupp et 
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al. 2005). The current standard of care for canine glioma is radiation therapy, which 

results in a median survival of 9-14 months (Bley et al. 2005; Brearley et al. 1999). 

 

There is no shortage of glioma research. The problem is that this research has not 

translated into improved quality of life and extended survival in humans. Increased 

utilization of animal models that develop spontaneous glioma, such as the pet dog, 

presents an opportunity to develop better treatment options for both animals and 

humans alike. This dissertation will provide novel contributions to the understanding of 

canine glioma as a foundation upon which such an opportunity can be further explored. 

 

This literature review will discuss the diagnostic approach to glioma in humans and 

dogs, compare the pet dog to other animal models of human glioma, and review 

aspects of immunopathology of canine glioma relevant to human glioma. There are 

current gaps in the literature with regards to performance of published diagnostic 

guidelines, population metrics of diagnostic immunohistochemistry (IHC), and 

immunopathology of canine glioma. This dissertation will help fill these knowledge gaps, 

and in doing so, help advance both canine and human health. 

 

1.2: Diagnosis of Glioma: Humans 

1.2.1: Human Glioma Categories 

A diagnosis of glioma must be provided prior to determination of prognosis and 

formulation of a treatment plan. Historically, diagnosis had been based on morphologic 

assessment as characterized by the World Health Organization (WHO) (Louis et al. 
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2007). Primary classes of glioma include astrocytic tumors, oligodendroglial tumors, 

oligoastrocytic tumors, and ependymal tumors (Table 1) (Louis et al. 2007). Each tumor 

has multiple subtypes, some of which can also be further classified by grade ranging 

from Grade I (least aggressive) to Grade IV (most aggressive) (Louis et al. 2007). 

Grade IV astrocytoma has historically been referred to as GBM. What unifies the 2007 

classification system is that the tumors are all classified by the pathologist solely based 

on morphologic assessment via histologic evaluation. 

 

1.2.2: Inter-Pathologist Diagnostic Agreement 

Due to the inherent subjectivity of microscopic evaluation, morphologic assessment is 

subject to both intra and inter-observer variability. This is well documented in many 

cancers, including glioma. Up to 20-30% of human gliomas are reclassified after 

independent review by neuropathologists (van den Bent 2010). Percentage agreement 

and kappa values are common methods of assessing the extent to which different 

pathologists agree on diagnoses for a particular condition. Percentage agreement 

represents the percent of total cases for which there is concordance between 

pathologists. Kappa estimates the degree to which pathologists agree compared to 

what would be predicted by chance alone (Table 2) (Funkhouser et al. 2018). 
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Table 1: A comparative overview of the different glioma subtypes as 

defined by the 2007 and 2016 World Health Organization (WHO) 

guidelines. A key difference is the addition of molecular pathology 

attributes associated with the diagnosis to the 2016 guidelines. 
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Table 2: Kappa values can range from +1 to -1. The agreement can be 

slight (0.01 - 0.20), fair (0.21 - 0.40), moderate (0.41 - 0.60), substantial 

(0.61 - 0.80), almost perfect (0.81 < 1), or perfect (1). Values of -0.01 to -1 

represent slight through perfect disagreement. A value of 0 represents 

random chance. 

 

 

 

 

 

 

 

Primary factors affecting inter-observer diagnostic agreement include experience level 

of the pathologist, institution type, and glioma subtype. Inter-observer agreement has 

been shown to be higher between pathologists working at tertiary care centers 

(universities and referral centers) and neuropathology specialists than it is between 

neuropathologists and generalist pathologists working at local hospitals (Gupta et al. 

2012). The kappa value for agreement between generalist pathologists at local hospitals 

and neuropathology specialists is 0.12, which is markedly less than the kappa value for 

agreement between pathologists at referral centers and neuropathology specialists of 

0.51 (Gupta et al. 2012).  Neuropathologists are also more likely to agree with 

pathologists working at academic centers than those from community hospitals; Aldape 

et al (2000) did not report kappa values, but percentage agreement between 

neuropathologists and pathologists from community hospitals was 74%, which was 

lower than the level of 88% percentage agreement reported between neuropathologists 

and pathologists from academic hospitals. When separate panels of neuropathologists 

Kappa Value Interpretation of Agreement Level 

-1 – 0 Disagreement 

0 Random Chance 

0.01 - 0.20 Slight Agreement 

0.21 - 0.40 Fair Agreement 

0.41 - 0.60 Moderate Agreement 

0.61 - 0.80 Substantial Agreement 

0.81 - 0.99 Almost Perfect Agreement 

1 Perfect Agreement 
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and generalist pathologists reviewed the same glioma case series, neuropathologists 

tended to agree more among themselves (kappa value of 0.63) than did generalists 

(kappa value of 0.36), showing the effect of subspecialty training and experience on 

evaluation of brain tumors (Prayson et al. 2000).  

 

Different subtypes of glioma present varying levels of diagnostic difficulty, which also 

affects inter-observer diagnostic variability. GBM has high levels of inter-observer 

agreement compared to other tumor types such as low-grade astrocytoma (Scott et al. 

1995). That phenomenon can be attributed to the dramatic and straightforward 

histologic features of GBM, such as vast regions of necrosis and overt microvascular 

proliferation. Diagnosis of other tumor types may be based on subtle histologic features 

that may be more subject to individual pathologist interpretation. Oligoastrocytomas 

(analogous to canine undefined gliomas) especially present a diagnostic challenge, as 

they exhibit both oligodendroglial and astrocytic features. Their diagnostic subjectivity is 

reflected by low inter-observer agreement of oligoastrocytoma compared to other 

subtypes (Kros et al. 2007; Krouwer et al. 1997).  

 

Cases of recurrent glioma also present diagnostic challenges that lead to low inter-

observer agreement. This is due to prior administration of radiation therapy and 

chemotherapy, which introduce histologic changes that can confound the diagnosis of 

neoplasia and increase the difficulty of interpretation (Holdhoff et al. 2019; Kim, Bae 

Kim, et al. 2012). For example, necrosis can occur post-radiation, even after an 
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extended period of time, and it can be difficult to discern whether the necrosis is caused 

by the tumor or the radiation therapy (Kim, Bae Kim, et al. 2012). 

 

Pathologists evaluate many histologic features during microscopic evaluation. Some of 

these features are more amenable to agreement than others. Features of glioma with 

higher levels of agreement include high cellularity, mitoses, microcalcifications, 

endothelial hypertrophy, endothelial proliferation, and necrosis (Giannini et al. 2001; 

Gilles et al. 2008). Histologic features frequently subject to inter-pathologist 

disagreement include hyperchromasia, pleomorphism, coarseness of chromatin, 

nuclear to cytoplasmic ratio, anaplasia, subpial infiltration, leptomeningeal invasion, 

microcysts, increased vascularity, mini-gemistocytes / gemistocytes, and vascular 

proliferation (Giannini et al. 2001; Gilles et al. 2008; Preusser et al. 2006). Ultimately, it 

is imperative that diagnostic criteria prioritize features with high levels of agreement in 

order to result in reproducible diagnoses regardless of the examiner. 

 

Diagnostic disagreement is not always clinically significant. Reclassification of grade 

without reassignment between low and high-grade status, or subtype adjustment may 

not result in changes to prognosis or therapy. More significant disagreements such as 

changing a diagnosis between neoplastic and non-neoplastic categories or 

reassignment between low and high-grade designation can have a major impact on the 

patient. After a neuropathologist reviewed 500 gliomas diagnosed by generalist 

pathologists, there was serious disagreement with immediate significance for therapy in 

9% of cases (Bruner et al. 1997). Type or grade of glioma was reclassified in 19% of 



   

8 
 

cases, and 10% of disagreements were considered minor without impact (Bruner et al. 

1997). Disagreements are generally of less clinical consequence at academic centers 

as opposed to locations with pathology generalists (Aldape et al. 2000). This speaks 

further to the effect of subspecialty training and experience in neuropathology. 

 

1.2.3: Impact of Molecular Pathology on Glioma Diagnostics 

The aforementioned studies investigating inter-pathologist diagnostic agreement took 

place prior to 2016, when there was a paradigm shift in the WHO guidelines for 

diagnosis of glioma in humans. These guidelines expanded diagnostic assessment 

beyond morphologic criteria and included molecular pathology as part of the diagnostic 

criteria (Louis et al. 2016). This added more objectivity to the diagnostic approach to 

human glioma. The diagnostic guidelines focus on isocitrate dehydrogenase (IDH) 

mutations and codeletion of the 1p and 19q chromosome arms, as these are the 

features with greatest impact on prognosis and response to therapy. 

 

IDH is a gene encoding for a family of five proteins responsible for metabolism of 

isocitrate to -ketoglutarate and the production of nicotinamide adenine dinucleotide 

phosphate (NADPH) (Parsons et al. 2008). Mutations in IDH1 at amino acid 132 

(commonly referred to as R131H) and at amino acid 172 in IDH2 result in replacement 

of arginine with histidine and are thought to inactivate the enzyme, limiting metabolic 

activity of the tumor (Parsons et al. 2008). Patients with IDH mutations have a more 

favorable prognosis and better response to the chemotherapeutic drug TMZ as 

compared to those with wild-type IDH status (13 vs 5 years for Grade II glioma, 7 vs 2 
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years for Grade III glioma, and 2-4 years vs 1 year for GBM) (Gorlia et al. 2013; 

Houillier et al. 2010; Parsons et al. 2008; Sanson et al. 2009). Tumors with IDH 

mutations generally are secondary gliomas that arise from lower grade tumors (Balss et 

al. 2008; Parsons et al. 2008). Tumors with wild-type IDH are more likely to be primary 

GBM (Brat et al. 2015; Wesseling and Capper 2018), which was best shown in Parsons 

et al (2008), where IDH mutations were found in 5 of 6 secondary GBM but only in 7 of 

99 primary GBM.  IDH1 mutation at codon 132 can be detected via IHC and is a routine 

component of glioma assessment in humans (Capper et al. 2010). 

 

The status of sections of chromosomes 1 and 19 is also important in the diagnosis of 

human glioma, specifically the deletion of arms 1p and 19q (referred to as 1p/19 q co-

deletion). 1p/19q co-deletion, which can be detected via array analysis, multiplex 

ligation-dependent probe amplification (MLPA), loss of heterozygosity analysis (LOH), 

or fluorescent in-situ hybridization (FISH), occurs in 60-70% of oligodendroglial tumors 

and always occurs in combination with IDH mutations (92% IDH1 and 8% IDH2) (Bello 

et al. 1994; Bello et al. 1995; Kraus et al. 1995; Labussière et al. 2010; Louis et al. 

2016; Reifenberger et al. 1994; von Deimling et al. 1992; Wesseling and Capper 2018). 

The co-deletion is due to a translocation event (Griffin et al. 2006; Jenkins et al. 2006). 

Patients with 1p/19q codeletion exhibit improved survival compared to those with intact 

1p/19q status (8 vs 6 years) (Brat et al. 2015; Cairncross et al. 1998; Giannini et al. 

2008; Gorlia et al. 2013; Kouwenhoven et al. 2009; Kros et al. 2007; Smith et al. 2000). 

Inactivation of the TERT promoter occurs in 96% of low-grade gliomas that display 

1p/19q co-deletion and IDH mutation (Brat et al. 2015). Features common in 1p/19q 
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intact tumors include mutations in TP53 (94%) and ATRX (86%) (Brat et al. 2015; 

Reuss et al. 2015). 

  

The subjectivity of histologic assessment of glioma has been mitigated by integrating 

molecular analysis. Though positive predictive values have not been reported, IDH 

mutation combined with 1p/19q intact status is diagnostic for low-grade astrocytoma, 

IDH wild-type status is compatible with GBM, and IDH mutation combined with 1p/19q 

co-deletion confirms oligodendroglioma (Louis et al. 2016). Molecular criteria trump 

histologic characteristics if the two are not in agreement. Utilization of these tools allows 

all gliomas, even those with ambiguous histologic appearances, to be diagnosed as 

oligodendroglioma, astrocytoma, or GBM. WHO discourages the historic diagnosis of 

oligoastrocytoma, and pathologists are advised to make the diagnosis of glioma, not 

otherwise specified (NOS) when molecular diagnostics are not available to resolve an 

uncertain histologic diagnosis (Louis et al. 2014; Louis et al. 2016). 

 

Molecular pathology is used not only to diagnose glioma in humans, but also to 

determine prognosis and therapy, an example of which pertains to epigenetics.          

O6-methylgaunine-DNA methyltransferase (MGMT) is a protein that repairs DNA 

damaged via alkylation by transferring methyl groups from guanine to an internal 

cysteine amino acid (Chakravarti et al. 2006). TMZ is a chemotherapeutic used in the 

treatment of glioma that damages DNA via alkylation (Chakravarti et al. 2006). 

Methylation of the MGMT promoter prevents transcription and translation, in turn 

decreasing the ability of the tumor to repair cells damaged by the chemotherapy and 
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leading to apoptosis of unrepaired tumor cells (Bell et al. 2018; Chakravarti et al. 2006). 

Glioma cell lines and xenografts with MGMT methylation exhibit increased sensitivity to 

chemotherapy (Chakravarti et al. 2006; Ostrowski et al. 1991).  

 

This potentially explains why methylation of the MGMT promoter is a positive prognostic 

indicator in both low and high-grade glioma. Grade II glioma patients with MGMT 

methylation exhibit a survival time of 5 years, as opposed to only 2-3 years for patients 

with unmethylated MGMT (Bell et al. 2018). This survival benefit has also been shown 

in GBM, with Hegi et al (2005) reporting a two-year survival rate of 46% versus 14% 

when assessing the impact of MGMT methylation on GBM patients receiving radiation 

and TMZ. MGMT methylation, when present in combination with IDH1 mutation, results 

in an exaggerated survival benefit (Tanaka et al. 2015; Weller et al. 2009), with a 

survival of Grade II astrocytoma patients with MGMT methylation and IDH1 mutation of 

40 months, as opposed to 18 months with MGMT methylation and wild-type IDH1 

(Roszkowski et al. 2016). Karschnia et al (2020) reported the highest level of MGMT 

methylation to occur in IDH-mutant, 1p/19q co-deleted oligodendroglioma and the least 

level of MGMT methylation to occur in IDH wild-type tumors, which are generally GBM. 

 

MGMT status can be examined via methylation-specific PCR to assess promoter 

methylation or IHC to detect the protein byproduct (Pandith et al. 2018). MGMT 

methylation status can even be assessed in cerebrospinal fluid or peripheral blood 

serum, though sensitivity is only 65 and 37%, respectively (Wang et al. 2015). MGMT 

methylation can be a double-edged sword however, as the lack of ability to repair DNA 
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damage in MGMT-methylated patients has recently been associated with an increased 

risk of tumor hypermutation in recurrent glioma (Mathur et al. 2020). 

  

1.3: Pediatric Glioma 

1.3.1: Pediatric Glioma Demographics  

Gliomas in children are different compared to adult gliomas, and as such, warrant 

separate discussion. Primary central nervous system (CNS) tumors represent the 

second most common group of childhood cancers, eclipsed only by leukemia, although 

primary brain tumors are the leading cause of cancer-related deaths in children (Goel, 

Abdullah, and Lang 2018; Liu et al. 2014). Adult glioma is generally supratentorial 

(cerebral hemispheres and higher midline structures), whereas a subtentorial (aka 

infratentorial) location (brainstem and cerebellum) is more common in pediatric patients 

(Lin et al. 2020). In patients less than 1 year old, astrocytoma is the most common CNS 

tumor (30.5%), followed by medulloblastoma (12.2%), ependymoma (10-11%), choroid 

plexus tumor (11%) and primitive neuroectodermal tumor (PNET) (7.7%) (Amirian et al. 

2012; Larouche et al. 2007). Those data are somewhat skewed, as medulloblastoma is 

generally considered to be a type of PNET and not a subtype of glioma (McNeil et al. 

2002). PNET and medulloblastoma are generally found in children less than 36 months 

of age, with glioma becoming more prevalent as children increase in age (Liu et al. 

2014). 
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In contrast to adults, where high-grade glioma is the most common CNS tumor (30.5% 

of adult brain tumors), pediatric high-grade glioma is less common (8-12% of pediatric 

brain tumors) (McCrea et al. 2015). GBM, the most common type of adult glioma, is rare 

in children. Pediatric cases represent only 3-6% of all GBM, and only 7-12% of pediatric 

brain tumors are GBM (Bilginer et al. 2017). Oligodendroglioma, which represents 25% 

of all gliomas, is also rare in children. Lau et al (2017) examined 7,000 

oligodendroglioma patients, and only reported 6.5% of them to be comprised by 

pediatrics, with 93.5% being adults (Lau, Mahendraraj, and Chamberlain 2017). 

Oligodendroglioma has a predisposition toward patients of African descent in children, 

which is not seen in adults (Goel, Abdullah, and Lang 2018). Ependymoma is 

comparatively more common in children versus adults, representing 8-10% of childhood 

CNS tumors and 3-5% of adult glioma; ependymoma is more likely to be infratentorial 

and anaplastic in children compared to adults, where it is generally supratentorial and 

low-grade (Amirian et al. 2012).  

 

1.3.2: Clinical Course of Pediatric Glioma 

Not only do the demographics differ between childhood and adult glioma, but so do the 

survival characteristics. In adult oligodendroglioma, which generally occurs in the frontal 

lobe, overall survival is 13.6 years, compared to 30.3 years for pediatric 

oligodendroglioma, which generally occurs in the temporal lobe (Lau, Mahendraraj, and 

Chamberlain 2017). 5 and 10-year survival in pediatric oligodendroglioma is 85 and 

81%, respectively, compared to 67 and 51% for adult oligodendroglioma (Goel, 

Abdullah, and Lang 2018). Similarly, Oh et al (2011) reported the 7-year progression-
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free and overall survival of pediatric oligodendroglioma (in patients without 

neurofibromatosis type 1) to be 67 and 94%, respectively. Pediatric oligodendroglioma 

is generally low-grade (70%), which accounts for the large difference in survival, as 

there is no difference in survival between adult and pediatric high-grade 

oligodendroglioma (Goel, Abdullah, and Lang 2018).  

 

There is also a difference with regards to GBM survival rates between children and 

adults, with adult 1, 2, and 5-year survival at 30.9, 11.9, and 4.8% (respectively), 

compared to pediatric 1, 2, and 5-year survival at 50, 19, and 9.5% (respectively) 

(Bilginer et al. 2017). The median progression-free and overall survival for pediatric 

GBM is 12 and 43 months, respectively, which is better than the 14-month survival 

previously discussed for adults (Song et al. 2010). Not all pediatric gliomas exhibit that 

extent of survival, especially brainstem tumors, which account for 10% of childhood 

brain tumors and less than 2% of adult gliomas (Lachi et al. 2015). Diffuse intrinsic 

pontine glioma (DIPG), which is the most common type of pediatric glioma found in the 

brainstem, carries with it a survival of less than 1 year (Lachi et al. 2015; Mueller et al. 

2014).  

 

1.3.3: Molecular Pathology of Pediatric Glioma 

Compared to adults, there is limited information regarding the molecular characteristics 

of pediatric glioma, although it is clear that pediatric glioma behaves differently than 

adult glioma. For example, chromosome 1p/19q co-deletion and IDH1 mutation, both of 

which are common in adult oligodendroglioma, are uncommon in pediatric 
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oligodendroglioma (Goel, Abdullah, and Lang 2018; Jha et al. 2019; Miwa et al. 2011). 

The most common copy number alteration in pediatric glioma is a single copy gain of 

chromosome 1q (50%), which is associated with increased MGMT expression and poor 

prognosis, specifically in anaplastic astrocytoma, as well as other types of pediatric glial 

(ependymoma) and non-glial (medulloblastoma) tumors (Miwa et al. 2011). 

 

One of the important molecular characteristics of pediatric glioma is a mutation in the 

27th amino acid of histone H3 that replaces lysine by methionine, referred to as H3K27M 

mutation, which is more common in children as compared to adults (75.7% of pediatric 

vs 38.2% of adult gliomas) (Ebrahimi et al. 2019; Jha et al. 2019). The majority of high-

grade pediatric astrocytoma, which generally occurs in the midline structures (thalamus, 

brainstem, and spinal cord) and includes DIPG as a subtype, has driver mutations in 

H327M, and although the specific pathways affected by these mutations are unknown, 

these findings are associated with aggressive clinical behavior, even when of low 

histologic grade (Ebrahimi et al. 2019; Jha et al. 2019; Mueller et al. 2014).  

 

ATRX mutation frequency is similar between pediatric and adult diffuse midline gliomas 

(59.6% adults and 62.2% pediatric), although p53 protein expression differs (43.7% 

adults and 62.2% pediatrics) (Jha et al. 2019). Similar to adults, MGMT methylation is 

also associated with outcome in children, with an overall survival of 18.7 vs 7.2 months 

in hypermethylated vs non-methylated pediatric high-grade gliomas, respectively (10.2 

vs 2.6-month progression-free survival) (Schlosser et al. 2010).  Wee1, a gene that 

drives G2-M cell cycle progression, is overexpressed in pediatric high-grade glioma, 
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and inhibition of that pathway has been shown to be beneficial in a xenograft model 

(Mueller et al. 2014). PDGFR amplification is a finding shared between pediatric high-

grade glioma (including DIPG) and adult glioma, and BRAF-activating mutations occur 

in 15% of pediatric high-grade gliomas (Mueller et al. 2014). PD-L1 expression also 

differs between pediatric and adult glioma, with 37% of adult glioma being PD-L1 

positive compared to 18.9% of pediatric glioma; furthermore, PD-L1 expression in adult 

glioma generally exhibits moderate to strong immunolabeling intensity (55%), whereas 

PD-L1 expression in pediatric glioma is generally weak (71%) (Jha et al. 2019). PD-L1 

expression is more common in H3K27M wild-type tumors as compared to mutated 

tumors (48% vs 24%, respectively) (Jha et al. 2019) 

 

1.3.4: Pediatric Glioma Treatment 

Treatment options such as maximal surgical resection, radiation, and chemotherapy can 

be utilized for pediatric glioma just as they can for adult glioma. However, many 

physicians are reluctant to pursue radiation or chemotherapy in pediatric patients, 

although such treatments are considered standard of care in adult glioma. The primary 

reason is that the pediatric brain is still developing and there is increased concern about 

the risk of any neurotoxicity from radiation or chemotherapy. Furthermore, compared to 

adult glioma, many pediatric gliomas are of low-grade and can be treated successfully 

with surgery alone, making it difficult to justify taking the risk of radiation or 

chemotherapy. Unfortunately, given their anatomic location, aggressive brainstem 

tumors are generally not amenable to surgical therapy. With regards to 

oligodendroglioma, 70% of pediatric gliomas are treated with surgery alone (31-year 
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survival), compared to 40% of adults treated with surgery alone (18-year survival) (Lau, 

Mahendraraj, and Chamberlain 2017). Patients treated with both surgery and radiation 

exhibit decreased survival vs those treated with surgery alone (22 years pediatrics and 

11 years adult), though interpretation of such data is difficult, as combination therapy is 

chosen for aggressive cases (Lau, Mahendraraj, and Chamberlain 2017). With the most 

aggressive pediatric tumors such as DIPG, hyperfractionated radiation has not been 

shown to result in any benefit above conventional radiotherapy (Mandell et al. 1999).  

 

1.4: Canine Glioma 

1.4.1: Canine Glioma Categories 

Historically, veterinary pathologists adapted the WHO diagnostic guidelines for human 

glioma to determine criteria for diagnosis of canine glioma, with the most recent 

adaptation in 1999 (Koestner A 1999). Broad types of glioma included astrocytic tumors, 

oligodendroglial tumors, and other gliomas (Table 3) (Koestner A 1999).  

 

Astrocytic tumors were further divided into low-grade tumors (well-differentiated) with 

fibrillary, protoplasmic, and gemistocytic subtypes, medium-grade astrocytic tumors 

(anaplastic), and high-grade astrocytic tumors (GBM) (Koestner A 1999). 

Oligodendroglial tumors were further divided into oligodendroglioma and anaplastic 

(malignant) oligodendroglioma, and other glioma types included mixed glioma 

(oligoastrocytoma), gliosarcoma, gliomatosis cerebri, spongioblastoma, and 

ependymoma (Koestner A 1999). Diagnostic criteria were based solely on histologic 

assessment of morphology, which is highly subject to the inter-pathologist variability 
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previously discussed. The benefit of splitting tumors into these numerous subtypes is 

questionable, as there are no data published as to the relative survival time of each 

tumor type, or how various subtypes respond to different therapies. Without such data, 

excessive splitting of diagnoses can create confusion on the part of pathologists and 

clinicians alike and may not provide any benefit to the patient. 

 

As the number of diagnostic options increases for glioma subtypes, so does the 

opportunity for disagreement on diagnoses.  Differences in diagnosis can cause 

substantial changes in case management. In veterinary medicine, an owner may even 

choose to euthanize based on poor prognosis. Recently, the National Cancer Institute 

(NCI) convened a panel of veterinary and medical neuropathologists, who published 

updated consensus recommendations to be used in the diagnosis and grading of canine 

glioma that consolidated the diagnostic options to oligodendroglioma, astrocytoma, and 

undefined glioma, each of which could be then further divided into low and high-grade 

variants (Table 3) (Koehler et al. 2018). The ability of this NCI diagnostic system to 

predict prognosis or response to particular therapies has not yet been established, and 

future research in that area is indicated. 
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Table 3: A comparative overview of the different subtypes of canine 

glioma as defined by the 1999 modified World Health Organization (WHO) 

and 2018 National Cancer Institute (NCI) guidelines. 

 

 

Canine 1999 Modified WHO  Canine 2018 NCI  

Astrocytic Tumors Low-Grade (Well Differentiated) Astrocytoma Astrocytoma 

 - Fibrillary Subtype - High-Grade 

 - Protoplasmic Subtype - Low-Grade 

 - Gemistocytic Subtype  

 Medium-Grade (Anaplastic) Astrocytoma  

 High-Grade Astrocytoma (GBM)  

Oligodendroglial Tumors Oligodendroglioma Oligodendroglioma 

 Anaplastic (Malignant) Oligodendroglioma - High-Grade 

  - Low-Grade 

Oligoastrocytic Tumors Mixed glioma Undefined Glioma 

  - High-Grade 

  - Low-Grade 

Ependymal Tumors Ependymoma  

 

In the cohort used to establish the NCI diagnostic guidelines, the majority of tumors was 

oligodendroglioma (69%), followed by astrocytoma (22%), with few cases of undefined 

glioma (8%); 29% of cases were low-grade, and 71% of cases were high-grade 

(Koehler et al. 2018). The distribution was similar in the glioma cohort in this dissertation 

(approximately 73% oligodendroglioma, 25% astrocytoma, and 3% undefined glioma; 

23% low-grade tumors, and 77% high-grade tumors).  

 

The consolidation of diagnoses and utilization of relatively objective criteria established 

in the NCI diagnostic guidelines would presumably increase inter-pathologist diagnostic 

concordance. Kappa statistics in the NCI study diagnoses to be reproducible within their 

panel of pathologists (Koehler et al. 2018).  Follow-up assessment of inter-pathologist 

agreement utilizing the NCI criteria has not yet been performed. Chapter 2 of this 
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dissertation serves to help fill that gap. With appropriate validation of these diagnostic 

criteria, further work can explore if these broad diagnostic categories of subtype and 

grade have predictive value with regards to prognosis and response to therapy. 

 

1.4.2: Canine Glioma Diagnostic Criteria 

Canine oligodendroglioma is histologically characterized by sheets of round cells with 

round, condensed nuclei often surrounded by perinuclear clearing, which is commonly 

referred to as a “honeycomb” or “fried-egg” appearance (Figure 1) (Koehler et al. 2018; 

Miller, Miller, and Rossmeisl 2019). This perinuclear clearing is an artifact caused by 

cytoplasmic retraction that quickly occurs in the time period between collection and 

fixation and will generally not be present in samples collected via surgical biopsy and 

immediately fixed (as opposed to necropsy samples with a postmortem interval resulting 

in delayed fixation) (Miller, Miller, and Rossmeisl 2019). 

 

Canine astrocytoma is histologically characterized by spindle-shaped cell morphology 

with eosinophilic fibrillar cytoplasm and increased cellular and nuclear pleomorphism, 

relative to oligodendroglioma (Figure 2) (Koehler et al. 2018; Miller, Miller, and 

Rossmeisl 2019). Astrocytoma can sometimes contain gemistocytic cells, which are 

very large cells containing abundant amounts of eosinophilic cytoplasm (Koehler et al. 

2018; Miller, Miller, and Rossmeisl 2019).  



   

21 
 

 

Figure 1: Oligodendroglioma, canine, brain, H&E. Sheets of round cells 

exhibit round, hyperchromatic nuclei, as well as perinuclear clearing, 

which is often referred to as a “honeycomb” or “fried-egg” appearance. 

 

 

Figure 2: Astrocytoma, canine, brain, H&E. Bundles and streams of 

densely packed spindle-shaped cells with elongated nuclei exhibit 

increased nuclear and cytoplasmic pleomorphism as compared to the 

oligodendroglioma shown in Figure 1. 
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Undefined glioma, previously referred to as mixed glioma or oligoastrocytoma, contains 

features of both oligodendroglioma and astrocytoma, with the minor component 

comprising at least 20% of the total tumor population (Koehler et al. 2018; Miller, Miller, 

and Rossmeisl 2019). If the minority component is less than 20% of the total tumor, the 

tumor is diagnosed as the majority phenotype.  

 

Any of the following histologic criteria result in a high-grade designation: regional / 

geographic necrosis +/- peripheral palisading of cells, microvascular proliferation (Figure 

3), mitoses, and increased nuclear or cellular pleomorphism or atypia; infiltration of the 

surrounding brain or single cell necrosis are not characteristics that result in a high-

grade diagnosis (Koehler et al. 2018; Miller, Miller, and Rossmeisl 2019).  

 

Figure 3: High-grade oligodendroglioma, canine, brain. H&E. There are 

regions of microvascular proliferation (arrows) with multiple layers of 

hypertrophied, tortuous endothelial cells. Microvascular proliferation 

designates high-grade status. 
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1.4.3: Immunohistochemistry for Canine Glioma 

As previously discussed, histologic assessment can be difficult and prone to both intra 

and inter-observer disagreement.  In veterinary medicine, when histologic examination 

of H&E sections is unable to determine the type of tumor, IHC is the most commonly 

used ancillary tool to help elucidate the diagnosis. For canine glioma, oligodendrocyte 

transcription factor 2 (Olig2), glial fibrillary acidic protein (GFAP), 2.3’-cyclic-nucleotide 

3’-phosphodiesterase (CNPase), and Ki-67 are the IHC markers recommended by the 

NCI diagnostic guidelines. (Koehler et al. 2018). 

 

Olig2, a transcription factor necessary for oligodendrocyte differentiation, serves as a 

sensitive marker for glioma, as both astrocytic and oligodendroglial tumors exhibit 

nuclear immunolabeling for this marker (Johnson, Coates, and Wininger 2014; Koehler 

et al. 2018; Miller, Miller, and Rossmeisl 2019). Olig2 can be expressed in low levels in 

canine ependymoma and human embryonal tumors, though diffuse immunolabeling is 

considered to be specific for glioma (Miller et al. 2019; Preusser et al. 2007). GFAP, an 

intermediate filament with cytoplasmic immunolabeling, is a marker for astrocytoma, 

though its presence does not definitively rule out oligodendroglioma (Johnson, Coates, 

and Wininger 2014; Koehler et al. 2018; Miller, Miller, and Rossmeisl 2019).  CNPase is 

an enzyme with cytoplasmic immunolabeling that regulates distribution of cytoplasmic 

microtubules in myelin producing cells such as Schwann cells and oligodendrocytes and 

supports a diagnosis of oligodendroglioma (Lyck et al. 2008; Radtke et al. 2011). 

CNPase immunolabeling can be variable and is especially dependent on fixation, as it 
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loses its immunolabeling with an increasing postmortem interval (Johnson, Coates, and 

Wininger 2014; Koehler et al. 2018). 

 

An IHC panel for oligodendroglioma will generally result in positive Olig2 

immunolabeling, variable CNPase immunolabeling, and no GFAP immunolabeling 

(Figure 4), and the same panel for astrocytoma will generally result in positive Olig2 and 

GFAP immunolabeling with no CNPase immunolabeling (Figure 5). Though several 

references provide qualitative recommendations as to the standard IHC profile of canine 

glioma subtypes, there is not a comprehensive study in the literature reporting area 

fractions or quantitative population metrics regarding immunolabeling for each glioma 

subtype and grade (Bentley et al. 2017; Johnson, Coates, and Wininger 2014; Koehler 

et al. 2018). Chapter 3 of this dissertation helps to fill that knowledge gap. 

 

1.4.4: Assessment of Cellular Proliferation in Glioma 

Ki-67 is a nuclear protein expressed in active phases of the cell cycle but absent in 

noncycling cells, and it serves as a marker of cellular proliferation more sensitive than 

mitotic count, which only detects one proliferative segment of the cell cycle (Scholzen 

and Gerdes 2000). Ki-67 labeling index (LI) is defined as the percentage of tumor cells 

that immunolabel for Ki-67 (Nielsen et al. 2018). The Ki-67 LI has been associated with 

prognosis in canine melanoma, mammary cancer, and mast cell tumor (Bergin et al. 

2011; Pena et al. 1998; Smedley et al. 2011; Webster et al. 2007). Studies linking Ki-67 

LI to prognosis in canine glioma have not been performed, though a high Ki-67 LI has 

been linked to decreased survival in human glioma and is correlated with histological 
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tumor grade (Coons, Johnson, and Pearl 1997; Johannessen and Torp 2006; Torp 

2002). Chapter 3 of this dissertation, the first study to report Ki-67 LI in canine glioma as 

part of a complete IHC panel, showed no difference in KI-67 LI between tumor subtypes 

or grades. 

 

Figure 4: Oligodendroglioma, canine, brain. H&E and IHC Olig2, GFAP, 

and CNPase. Tumor cells diffusely immunolabel for Olig2 (nuclear) and 

CNPase (cytoplasmic). They fail to immunolabel for GFAP. Background 

resident astrocytes serve as an internal positive control for GFAP. 

 

There is limited literature on utilization of other assessments of cellular proliferation in 

glioma. There is no link between argyrophilic nucleolar organizer region proteins (Ag-

NORs) with grade or Ki-67 score in human glioma (Maier et al. 1990). Increased PCNA 

score has been associated with increased tumor grade (Louis et al. 1991; Shih et al. 

1994). Increased PCNA labeling is also linked to poor survival, though the PCNA cutoff 

value with regards to decreased survival is variable between studies (Ang et al. 1994; 

Cruz-Sánchez et al. 1997; Karkavelas et al. 1995; Korkolopoulou et al. 1994; Vigliani et 

al. 1994). 
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Figure 5: Astrocytoma, canine, brain. H&E and IHC for Olig2, GFAP, and 

CNPase. Tumor cells diffusely immunolabel for Olig2 (nuclear) and GFAP 

(cytoplasmic) They fail to immunolabel for CNPase. Background resident 

oligodendrocytes serve as an internal positive control. 

 

Measurement of the bromodeoxyuridine (BrdU) LI can be utilized to assess cellular 

proliferation. BrdU LI has been linked to histologic score, Ki-67 LI, and patient outcome 

in human glioma (Lamborn et al. 1999; Onda et al. 1994). However, BrdU use is limited 

to cell culture or the in-life stage of animal experiments, as it requires cells to be alive 

and actively proliferating. In an ideal scenario, it would be best to measure multiple 

variables reflecting cellular proliferation, but given the greater amount of literature for Ki-

67 as a prognostic indicator in canine glioma as compared to PCNA and BrdU, the 

readily available status of Ki-67 IHC in our laboratory as compared to other methods, 

the lack of live tissue for BrdU, and the NCI recommendations to utilize Ki-67 in the 

diagnostic assessment of canine glioma, I decided to use Ki-67 in my research. 
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1.4.5: Molecular Pathology in Canine Glioma 

Though in its infancy compared to human glioma research, the body of literature on 

molecular pathology of canine glioma is an emerging, rapidly growing, and promising 

field of study. IDH1 is expressed in canine glioma (Fraser et al. 2018), and though some 

studies have not found evidence of IDH1 mutations (Reitman et al. 2010), more recent 

work has confirmed the presence of rare IDH1 mutations in canine gliomas (Amin et al. 

2020). Mutations in genes implicated in human glioma also detected in the dog include 

TP53, CDK4, CDKN2A, EGFR, and PDGFRA (Amin et al. 2020; Hicks et al. 2017; 

Miller, Miller, and Rossmeisl 2019). Unlike human glioma, the syntenic equivalent of 

1p/19q co-deletion has not been detected in the dog (Bentley et al. 2017; Hicks et al. 

2017; Miller, Miller, and Rossmeisl 2019; Thomas et al. 2009).  It is possible that the 

syntenic equivalent of 1p/19q co-deletion may not occur in the dog. It is also plausible 

that the aCGH method Thomas et al (2009) utilized would not have detected such co-

deletion if it did not result in genomic imbalance, and such detection would require other 

methods. 

 

Investigation of MGMT methylation in veterinary oncology is sparse. Chakkath et al 

(2015) showed that there was little to no MGMT protein activity or mRNA expression in 

different canine lymphoma cell lines, and Kambayashi et al (2015) added more 

information by showing that co-culturing canine lymphoma cell lines with MGMT 

inhibitors increased their sensitivity to the chemotherapeutic lomustine. Ren et al (2018) 

showed that MGMT was methylated in canine mammary tumors and non-methylated in 

normal blood or tissue, though there was no correlation between MGMT methylation 
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status and survival. Yamazaki et al (2020) performed the only study investigating the 

impact of MGMT methylation on canine cancer survival, which showed that increased 

MGMT protein expression was associated with decreased survival for dogs with small 

intestinal lymphoma treated with chemotherapy (7 vs 23 months). Investigation of 

MGMT IHC in canine glioma would be interesting future work for the cohort utilized in 

this dissertation, as MGMT expression analysis has not been reported in canine glioma. 

 

A recent genetic analysis of canine glioma, particularly with regards to aneuploidy and 

methylation, suggests that canine glioma may molecularly behave more similarly to 

human pediatric glioma than to human adult glioma (Amin et al. 2020). The median 

proportion of the canine genome that was non-diploid (e.g. aneuploid) was 25%, which 

was closer to the pediatric non-diploid medians (19% for H3K27M wild-type and 26% for 

H3K27M mutant) than the adult non-diploid medians (8-9% for IDH mutant and 18% for 

IDH wild-type) (Amin et al. 2020). Amin et al (2020) also reported 78, 13, and 9% of 

canine glioma methylation profiles were analogous to pediatric, IDH wild-type, and IDH-

mutant human glioma, respectively, despite the canine cases occurring in sexually 

mature patients. 

 

The extent to which molecular attributes have an impact on prognosis or response to 

therapy in the dog remains to be determined, as does the translational relevance of the 

mutations identified to date in canine glioma. As previously discussed, the most 

common histologic diagnosis of canine glioma, both in the literature and in the cohort 

utilized for this dissertation, is high-grade oligodendroglioma. In comparison, the most 
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frequent type of glioma in humans is GBM, analogous to canine high-grade 

astrocytoma. As recently mentioned, canine glioma bears more molecular similarity to 

pediatric glioma than it does to adult glioma. Although most pediatric gliomas are of low-

grade, in the present study’s cohort, most canine gliomas are of high histologic grade. 

Canine gliomas are diagnosed almost exclusively at necropsy, in comparison to 

humans, who are generally diagnosed earlier in their clinical course. If earlier diagnosis 

occurred more often in dogs, it is possible that their gliomas would be of histologic 

grade comparable to pediatric patients at a similar clinical timepoint. This disconnect 

between comparisons of histologic appearance and molecular attributes between 

canine and pediatric glioma makes it currently unknown as to if canine glioma better 

models pediatric or adult glioma. It is important that further research be performed to 

help resolve this uncertainty, especially if spontaneous canine glioma is to be used as a 

model to evaluate pre-clinical therapeutics intended for human use. 

 

1.5: Glioma and the Immune System 

1.5.1: Regulatory T cells and Glioma 

Recruitment of regulatory T cells (Tregs) from peripheral blood to the tumor plays a role 

in human glioma pathogenesis (El Andaloussi and Lesniak 2006, 2007; Grauer et al. 

2007; Jacobs et al. 2010; Lowther and Hafler 2012; Ooi et al. 2014; Sonabend, Rolle, 

and Lesniak 2008). Tregs inhibit the functions of effector immune cells, which prevents 

autoimmunity in health but also decreases the ability of effector immune cells to 

recognize and destroy cancer cells (Ooi et al. 2014). They exert their effects through a 

variety of mechanisms, including production of chemokines and cytokines such as TGF-
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 and IL-10, which can directly suppress CD8 effector T cells (Liang et al. 2014). Tregs 

also downregulate factors such as IL-2 or IFN- , which are necessary for simulation of 

effector immune cells (Ooi et al. 2014). Gliomas produce factors such as the chemokine 

CCL2, which directly recruits Tregs from peripheral circulation to the tumor 

microenvironment, and blockade of CCL2 is under investigation as a therapeutic target 

(Chang et al. 2016; Jordan et al. 2008). 

 

Though Tregs are more numerous in high vs low-grade gliomas in humans, there are 

conflicting data as to the effect of the magnitude of Treg infiltration on prognosis 

(Jacobs et al. 2010;,Heimberger et al. 2008; Thomas et al. 2015). The ratio of Tregs to 

effector T cells within the tumor and in the peripheral blood may contribute more to 

prognosis than the absolute number of Tregs (Fecci et al. 2006; Sayour et al. 2015), 

and inhibition or depletion of Tregs as a therapeutic target is an area of intensive 

research (See, Parker, and Waziri 2015; Woroniecka, Chongsathidkiet, et al. 2018).  

 

Indoleamine 2,3 dioxygenase (IDO) is an enzyme expressed by human glioma cells that 

converts tryptophan to kynurenine and in doing so, both activates Tregs and decreases 

proliferation and infiltration of T effector cells (Adams et al. 2012; Kesarwani et al. 2018; 

Wainwright et al. 2012; Wainwright et al. 2013; Zhai et al. 2018). Though inhibition of 

IDO has not been shown to be helpful as a sole therapy, drugs such as Indoximod or 

Epacadostat that inhibit IDO function are synergistic with other therapies in the 

treatment of glioma in humans (Zhai et al. 2018). Chapter 4 of this dissertation is the 

first report to investigate IDO expression in canine glioma. 
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1.5.2: Macrophages and Glioma 

Resident microglia and macrophages comprise up to 30% of cells in human glioma 

(Roggendorf, Strupp, and Paulus 1996). Macrophages can be polarized towards an M1 

or M2 phenotype with regards to their function. M2 macrophages are a macrophage 

phenotype associated with an anti-inflammatory, hypoxic, pro-tumor state (Robinson et 

al. 2001;,Wei et al. 2011). They can be identified in tissue section in part by IHC detection 

of CD163 or CD206, and they have been associated with decreased survival in GBM 

(Gjorgjevski et al. 2019; Zeiner et al. 2019). Gliomas can directly polarize macrophages 

towards an M2 phenotype as a means of immune evasion, and there is evidence that this 

occurs via the STAT3 pathway (Komohara et al. 2008; Wu et al. 2010). Inhibition of 

STAT3 is one of the therapeutic approaches towards inhibiting M2 macrophage mediated 

immunosuppression (See, Parker, and Waziri 2015). The hypoxic nature of the glioma 

microenvironment has also been shown to contribute towards M2 polarization of tumor 

associated macrophages (Guo et al. 2016). Suppression of the immune system’s anti-

cancer response by M2 macrophages may be partly responsible for failure of many 

glioma immunotherapeutics, as such therapies require a functional immune system in 

order to be successful (Kennedy et al. 2013). 

 

In contrast, M1 macrophages are associated with a pro-inflammatory, normoxic, anti-

tumor state (Robinson et al. 2001;,Wei et al. 2011). Increased proportions of M1 

macrophages have been associated with longer survival in GBM (Gjorgjevski et al. 2019). 

Macrophage function lies on a spectrum between M1 and M2 phenotypes, and cells can 

rapidly switch between M1 and M2 polarization (Annovazzi et al. 2018; Lisi et al. 2014). 
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This plasticity makes it possible to repolarize M2 macrophages towards an M1 phenotype 

with certain therapeutic agents, which is a mechanism of action for some drugs in clinical 

development (Roesch et al. 2018). Other methods such as mRNA expression analysis, 

in-situ hybridization, matrix metalloproteinase measurement, and cytokine measurement 

can detect other markers reflective of M1 or M2 macrophage polarization. Such markers 

for M1 polarization include ADAM10, ADAM17, iNOS, TNF-, IL-1, and IL-12, and 

markers for M2 polarization include CD206, CCL13, MMP9, MMP14, IL-10, IL-6, and 

TGF- (Gjorgjevski et al. 2019; Guadagno et al. 2018; Kennedy et al. 2013; Lisi et al. 

2017; Mignogna et al. 2016; Zeiner et al. 2019).   

 

1.5.3: Immunotherapy and Glioma 

Immunotherapy, which harnesses the power of the immune system to combat cancer 

through a variety of methods such as Treg inhibitors, macrophage repolarization, 

checkpoint inhibitors, tumor vaccines, T cell collection and manipulation, and more, must 

overcome tumor immune system evasion, T cell dysfunction, and a multitude of other 

obstacles in order to result in a meaningful therapeutic response, which has yet to be fully 

realized in glioma (Lynes et al. 2018; Vinay et al. 2015). This is a continuous battle, as 

even if the therapy has an initial anti-cancer effect, a tumor can undergo immunoediting, 

a process where the cancer eliminates recognizable antigens and select antigens that 

evade the immune system, further promoting its growth (Dunn et al. 2002). 
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Dysfunction of T cells is an important area of research in glioma, as it is thought to 

contribute towards poor treatment efficacy for immunotherapy to date. Historically, 

dysfunctional T cells were broadly classified under the category of anergy, but more 

recently, that classification system has been expanded to include senescence, tolerance, 

anergy, exhaustion, and ignorance (Woroniecka, Rhodin, et al. 2018). Senescence refers 

to a state of dysfunction due to shortened telomeres as a result of chronic proliferation or 

DNA damage, at which point the cell can no longer divide; tolerance describes a state 

where T cells ignore a stimulus, which can occur via physiologic or pathologic means 

such as thymic negative selection, self-antigen presentation or inhibitory chemokine 

production by tumor cells, or inhibition by immunosuppressive cells such as Tregs; T cell 

anergy reflects inactivity of T cells after exposure to antigen, and can occur with 

insufficient co-stimulatory signaling (clonal / in-vitro anergy) or persistently low levels of 

antigen exposure (adaptive tolerance / in-vivo anergy); T cell exhaustion is similar to 

anergy and occurs after repeated antigen exposure, though the pathways differ from 

adaptive tolerance and often include checkpoint molecules such as PD-1, which is 

involved in inactivation of the immune system and further discussed in Chapter 5 of this 

dissertation,(Dunn et al. 2002; Mirzaei, Sarkar, and Yong 2017; Woroniecka, Rhodin, et 

al. 2018). T cell ignorance refers to fully functional T cells that are prevented from exerting 

their effect by mechanisms such as anatomic barriers (e.g. blood brain barrier) or 

insufficient antigen (Woroniecka, Rhodin, et al. 2018).  
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1.6: Animal Models of Glioma 

1.6.1: Rodent Models of Glioma 

Rodent models are the most common pre-clinical animal model utilized for glioma 

research. As spontaneous glioma in the rodent is quite rare, models must be induced 

(Fraser 1986). The estimated incidence of spontaneous rodent glioma in the historical 

control database of the National Toxicology Program (NTP) is less than 1% (personal 

communication, Dr. David Malarkey (Head of Pathology Group at NIEHS/NTP), March 

2020). Broad methods of inducing glioma in rats and mice include genetic engineering 

(+/- viral induction), xenografts and allografts, and chemical induction. 

 

A variety of transgenic mice have been created that develop glioma. Models include 

genetic manipulations that result in astrocytoma, oligodendroglioma, and GBM. 

Pathways manipulated include IDH1, TP53, CDKN2, and PTEN (Miyai et al. 2017). 

Unfortunately, these models are limited by high cost, extended latency to development 

of tumors, and lack of multiple genetic aberrations that are more characteristic of 

spontaneous human glioma with extensive intra-tumoral heterogeneity.  

 

Xenografts consist of implanting glioma cells (generally from another species and often 

cultured from human tumors) to an immunosuppressed rodent model and can be either 

heterotopic (placed on a different tissue site such as the subcutaneous flank) or 

orthotopic (intracranial). An allograft is similar, except the tumor tissue originates in the 

same species, generally by induction (versus spontaneous). Numerous studies 

assessing aspects of glioma such as pathophysiology and response to therapy have 
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been performed in xenograft or allograft models. Assessment of response to therapy is 

especially popular in xenografts, as size measurement to detect tumor regression is 

easily performed. For example, an antibody against glucocorticoid-induced tumor 

necrosis factor related protein (GITR), a protein constitutively expressed in Tregs, was 

shown to result in tumor regression in murine transplantation models (Patel et al. 2016). 

IDO inhibition in combination with TMZ, the standard chemotherapeutic used in human 

glioma, was shown to result in tumor regression in murine transplantation models 

(Hanihara et al. 2016). Combination of blockade to IDO, CTLA-4, and PD-L1 in mice 

was shown to improve survival in a mouse transplantation model and even cure some 

subjects (Wainwright et al. 2014). 

 

Unfortunately, despite extensive research investigating glioma therapeutics in rodent 

xenograft models, these therapies generally have failed to translate to humans, and 

prognosis for human glioma remain essentially unchanged over the last several 

decades. The primary reason for this is that a xenograft model does not capture the 

complexity of the human condition. Xenograft-bearing rodents are 

immunocompromised, negating the vital interaction of the immune system with the 

tumor and therapeutics employed against it.  This is an important reason why 

treatments successful in rodent xenograft models often do not translate to success in a 

human patient suffering from glioma. 
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Chemical induction is one of the original methods of glioma induction, going back to the 

1970’s, when injection of N-ethyl-nitrosourea (ENU), a genotoxic chemical, to pregnant 

rats resulted in formation of brain tumors in nearly all of the offspring (Bosch 1977; 

Schiffer et al. 1978). Since the development of the ENU model, cell lines to generate 

glioma in mice have been produced from chemically induced tumors (Stylli et al. 2015). 

Though chemically induced models take place in immunocompetent hosts (in contrast 

to xenograft models), generation of tumor cell lines has historically required the need for 

large numbers of animals, handling of toxic compounds, and the induction of other (non-

glial) tumors (Lenting et al. 2017). 

 

1.6.2: A Canine Model of Glioma 

Pet dogs present a tremendous opportunity to study comparative oncology, and glioma 

is no exception. In contrast to induced rodent models, where cells are often artificially 

implanted into the brain, canines develop glioma spontaneously. These tumors share 

similar environmental exposures, clinical behavior, and histologic appearance to human 

glioma (Bentley et al. 2017; Hicks et al. 2017). Furthermore, canine glioma, unlike many 

rodent models, occurs in an immunocompetent host, which may make immune system 

research in the dog more translatable and predictive than that of rodent models (Filley 

et al. 2018; Hicks et al. 2017).  Even if a rodent model is immunocompetent, it is 

generally a young animal with a robust immune system. In contrast, canine and human 

tumors tend to occur in older patients, where the immune system is unlikely to be as 

functional as a younger patient. In these spontaneous cases, tumors are generally 

diagnosed late in the disease process, at which point immunoediting has already 
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occurred and allowed the tumor to evade the immune system. Canine models also 

recapitulate the intra and inter-tumor heterogeneity seen in human gliomas, providing 

another advantage of their use as a comparative disease model. Additionally, canine 

tumors are much larger than rodent tumors, allowing wider application of studying 

therapy that may be used in humans. However, as previously discussed, it remains to 

be determined if gliomas best model adult or pediatric glioma. 

 

Of particular relevance to this dissertation is the work published on canine glioma 

immunopathology. In Pi Castro et al’s (2019) study investigating lymphocyte infiltration 

in canine glioma, high-grade tumors contained more T lymphocytes, B lymphocytes, 

and Tregs than did low-grade tumors. Increased intratumoral Tregs and T cells, 

especially in comparison to B cells, have also been shown in other studies (Filley et al. 

2018; Sloma et al. 2015), and these findings are further supported in Chapter 4 of this 

dissertation. However, Pi Castro D et al (2019) showed increased numbers of Tregs in 

astrocytic tumors as compared to oligodendroglial tumors, a finding not replicated in this 

dissertation. Amin et al (2020) reported low numbers of T cells and B cells in 

comparison to macrophages / microglia, and that CD163+ (M2 polarized) macrophages 

were present in high numbers.  Sloma et al (2015) reported low numbers of Mac387+ 

(M1 polarized) macrophages in canine oligodendroglioma.  Chapter 4 of this 

dissertation utilized computerized image analysis to support the hypothesis that tumor 

associated macrophages in canine glioma are polarized towards an M2 phenotype.  
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1.7: Summary 

Chapter 2 of this dissertation serves as an assessment of the performance of the NCI 

classification system by investigating inter-pathologist diagnostic concordance utilizing 

that system. This is the first follow-up evaluation of the NCI system’s reproducibility with 

regards to inter-pathologist diagnostic agreement. In order to be a useful research tool, 

the diagnoses must be reasonably reproducible between pathologists. Chapter 2 

reports that the inter-pathologist agreement as defined by kappa scoring is moderate 

and discusses the impact of such results on diagnostic pathology, as well as on 

comparative canine neuro-oncology. This chapter will serve as the basis for a 

manuscript to be submitted in 2021 to the Journal of Veterinary Internal Medicine. Data 

from this chapter were presented as a virtual abstract and poster at the 2020 annual 

meeting of the American College of Veterinary Pathology. 

 

Chapter 3 provides a quantitative assessment of diagnostic IHC markers commonly 

used in canine glioma, with regards to both computer-determined area fractions and 

manually-evaluated immunolabeling detection. This is the first report of area fraction of 

such markers in canine glioma and thus represents a novel contribution to the field of 

veterinary pathology. This chapter will serve as the basis for a manuscript to be 

submitted in 2021 to the Journal of Veterinary Diagnostic Investigation. 
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Chapter 4 performs the most complete and extensive characterization of the immune 

cell landscape of canine glioma to date and helps shed light into the immune response 

to canine glioma and justify future research into potential therapeutic targets.  A 

manuscript based on this chapter was accepted with minor revisions requested 

(December 2020) for publication in a special issue of Veterinary Pathology focusing on 

oncologic pathology. Data from this chapter were also presented as an abstract and 

poster at the 2019 annual meeting of the American College of Veterinary Pathologists, 

where it received the Wendy Coe Resident / Graduate Student Travel Award. 

 

This dissertation provides data that can help validate a new canine glioma classification 

system, support a diagnostic algorithm for glioma, and better understand potential 

targets in canine glioma immunopathology. Methods and results common to all chapters 

are provided in Sections 1.8 and 1.9. Chapter 5 will discuss future research 

opportunities such as initiation of preclinical trials utilizing canine spontaneous glioma 

as a model for human glioma. My hope is that continued translational research utilizing 

canine glioma as a model for the human condition will one day help make the current 

dismal prognosis and limited treatment options for glioma become things of the past. 

 

1.8: Materials and Methods 

1.8.1: Case Selection 

The data presented in this dissertation were generated from the same cohort of 

spontaneous canine glioma cases. A search was performed at the North Carolina State 

University’s College of Veterinary Medicine (JB) for canine glioma cases from their 
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pathology archives spanning years 2006-2018, with search terms (glioma, astrocytoma, 

oligodendroglioma, mixed glioma, glioblastoma, and gliomatosis) provided by the 

pathologist (GAK). Case demographic data (age at sample collection, weight, sex), time 

from death to necropsy examination, antemortem imaging, and treatment administered 

were obtained from the medical records (BR). For these archival samples preserved in 

paraffin blocks, brains had been fixed whole in 10% neutral buffered formalin (standard 

institutional protocol of 48-72 hours), routinely processed for histology, and embedded 

in paraffin. In order to maintain histologic and IHC consistency between cases, new 

slides were generated by the NIEHS/NTP histology laboratory in partnership with 

Charles River Laboratories (Durham, NC, USA) to section paraffin-embedded samples 

at 5 m, mount them on charged glass slides, and stain them with hematoxylin and 

eosin (H&E) or use them for IHC. The NTP Archives, maintained at Experimental 

Pathology Laboratories (Research Triangle Park, NC, USA) digitally scanned the slides 

and uploaded them to an electronic database for diagnostic review (Aperio AT Turbo, 

Leica Biosystems, Buffalo Grove, IL, USA).  

 

1.8.2: Diagnostic Review 

A panel of four board-certified (ACVP) veterinary anatomic pathologists (GAK, DM, AM, 

DT) and one physician neuropathologist (CRM) reviewed all 85 specimens, with all H&E 

and IHC slides available digitally. Two pathologists were veterinary neuropathologists 

(AM, DT), two were toxicologic veterinary pathologists (GAK, DM), and one was a 

physician neuropathologist (CRM). These pathologists, all of whom donated their time to 
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participate in this study, were selected for recruitment to this project based on their 

experience with neuropathology and/or pathology working groups.  

 

The pathologists independently reviewed hematoxylin & eosin (H&E) stained sections, as 

well as IHC stains for Olig2, GFAP, CNPase, and Ki-67, which is the recommended 

histologic database as specified in recently published consensus guidelines for diagnosis 

of canine glioma (Koehler et al. 2018). Pathologists were instructed to diagnose each 

case as oligodendroglioma, astrocytoma, undefined glioma, or other (non-glioma), and 

for cases diagnosed as glioma, to provide the grade (low or high-grade) based on the NCI 

canine glioma diagnostic criteria (Koehler et al. 2018).  Any mitoses, regional / geographic 

necrosis, or microvascular proliferation justified a high-grade designation; single cell 

necrosis or infiltration of the surrounding brain did not designate high-grade status. 

Increased cellular pleomorphism or atypia also justified a high-grade designation, though 

such designation was a subjective assessment by the pathologists. Pathologists were not 

instructed to provide justification or a rationale for each diagnosis and grade provided. 

Pathologists, who were blinded to each other’s analyses, provided their assessments to 

a single pathologist (GAK), who collated the data after performing his analysis (so as not 

to be biased by others). Pathologists utilized their own discretion regarding number of 

fields evaluated, what magnification(s) to utilize, the order in which to review cases, and 

how many slides provided from each case to examine before providing a diagnosis.  
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This experimental design is akin to that of a pathology working group (PWG), a construct 

commonly used in the toxicologic pathology field, especially at the National Toxicology 

Program, which uses PWG’s to validate pathology findings for all studies. The job of a 

toxicologic pathologist is to determine if a particular substance is associated with any 

treatment-related effects and if such effects pose any adverse effects to the animal. The 

standard workflow is for the initial review of specimens to be performed by a study 

pathologist, with a review of the findings performed by a peer-review pathologist. When 

the study pathologist and peer-review pathologist cannot resolve their differences, a PWG 

may be convened. A PWG consists of a panel of pathologists, generally experts in the 

field pertaining to that particular study, who review cases and resolve treatment-related 

differences between the study and peer-review pathologist. The PWG determination is 

generally determined by majority vote, and although they generally have five voting 

members, PWG’s can have upwards of a dozen participants (Mann and Hardisty 2014). 

Utilization of digital slides for a PWG exhibits similar performance to traditional glass 

slides, and digital slides are even more sensitive than glass slides for the evaluation of 

rodent CNS tumors (Malarkey et al. 2015). These industry standards and literature 

support the use of the experimental design utilized in this dissertation with regards to the 

pathology review. Given the impact of the COVID-19 pandemic, it is my opinion that the 

utilization of digital pathology peer review will become the new standard. 
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1.8.3: Immunohistochemistry 

IHC was performed by the NIEHS/NTP IHC core laboratory (HJ), with oversight of 

optimization by ACVP board-certified veterinary pathologists (GAK and KJ) (Table 4). 

Slides were deparaffinized in xylene, and the tissues were rehydrated through graded 

ethanols. Antigen retrieval was performed using various buffers within a heated 

Decloaker® pressure chamber (Biocare Medical, Concord, CA, USA) or using an 

enzymatic technique, depending on antibody requirements. Endogenous peroxidase 

was blocked with 3% hydrogen peroxide, and non-specific binding was blocked by 

incubating slides with normal serum from the appropriate species for 20 minutes. IHC 

staining was performed using primary antibodies against a variety of immune cell 

markers, and positive control tissue was canine (brain, spleen, and/or lymph node).  

 

Immune cell markers were considered to be for diagnostic use (Olig2, GFAP, CNPase, 

Ki-67) or for assessment of immune cells (CD3 (T cells), forkhead box 3 (FoxP3, Tregs), 

CD20 (B cells), Iba1 (macrophages/microglia), calprotectin (Mac387, M1-polarized 

macrophages), CD163 (M2-polarized macrophages), and IDO), all of which utilized 

appropriate secondary detection systems. Isotype matched antibodies were used for 

negative control tissues (Janardhan et al. 2018). Antigen-antibody complexes were 

detected using 3,3-diaminobenzidine (DAB, Dako, Agilent, Santa Clara, CA). Slides 

were counterstained with hematoxylin, dehydrated in graded ethanols, cleared with 

xylenes and cover-slipped.  
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1.9: Results 

1.9.1: Case Cohort Demographics 

A majority diagnosis of glioma subtype and grade was achieved for 73 of 85 cases: 9 

low-grade oligodendrogliomas (12%), 8 low-grade astrocytomas (11%), 44 high-grade 

oligodendrogliomas (60%), 10 high-grade astrocytomas (14%), and 2 high-grade 

undefined gliomas (3%). For the 12 remaining cases, 6 were diagnosed as other (non-

glial) tumors: histiocytic sarcoma (n = 3), embryonal tumor (n = 2), undetermined  

(n = 1). 3 cases did not have any tumor in available sections, 2 were diagnosed as 

inflammatory lesions, and 1 was diagnosed as meningioangiomatosis.  

 

All tumor samples were collected at necropsy and the time from death until necropsy, 

which was available for 69 cases, ranged from 0-120 hours (0-24 hours, n = 24; 24-48 

hours, n = 39; 48-72 hours, n = 4; 72-96 hours, n = 1; 96-120 hours, n = 1). The mean 

age and weight of the patients were 8.2 years (range 2.9-14.5 years) and 23.6 kg 

(range 3.7-50.9 kg), respectively. There were 39 spayed females, 28 castrated males, 

and 6 intact males represented. Glucocorticoid therapy status was recorded in 71 

patients, of which 34 received glucocorticoids. Radiation therapy status was recorded 

for 35 patients, of which 1 received radiation therapy. No patients in this cohort received 

chemotherapy. Demographic data are presented in Table 5.   
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Table 4: IHC Details. The top part of the table shows diagnostic IHC 

(GFAP, Olig2, CNPase, and Ki-67), and the bottom part of the table shows 

IHC for evaluation of the immune cell microenvironment (CD20, FoxP3, 

Iba1, Mac387, CD163, and IDO). 
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Table 5 (Continued on Page 47): Demographic data including breed 

(owner reported), sex, tumor location, brain MRI status, date of death, and 

status of immune-altering therapy (steroids, nsaids, or radiation), is 

presented for each glioma for which a consensus diagnosis was achieved. 
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Table 5 (Continued) 
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CHAPTER 2: DIAGNOSTIC AGREEMENT FOR CANINE GLIOMA 
 

2.1 Introduction 

Though MRI can confirm the presence of an intracranial mass, histopathologic 

examination is necessary to confirm the diagnosis of canine glioma, including its 

subtype (oligodendroglioma, astrocytoma, or undefined glioma) and grade (low or high-

grade) (Miller, Miller, and Rossmeisl 2019).  Historically, diagnosis of canine glioma has 

been based on a modification of the World Health Organization (WHO) guidelines 

(Koestner A 1999). That system, which is now over 20 years old, splits canine gliomas 

into 13 different subtypes, and to date, there are no published data investigating 

whether those subtypes are linked to different outcomes or responses to particular 

therapies.  New consensus recommendations have recently been provided by a panel 

convened by the National Cancer Institute (NCI) consisting of veterinary and medical 

neuropathologists (Koehler et al. 2018). That panel consolidated the diagnostic criteria 

to 3 broad categories of astrocytoma, oligodendroglioma, and undefined glioma, each of 

which can be further classified into low and high-grade tumors.  

 

Diagnostic histopathology is a subjective methodology that can be prone to intra and 

inter-observer variability, as discussed in Section 1.2.2. Up to 20-30% of human gliomas 

are reclassified after independent review by neuropathology specialists, largely due to 

the subjective nature of diagnostic criteria (van den Bent 2010). Agreement between 

observers can be measured by statistical methods. Percentage agreement and kappa 

values are common methods of assessing such agreement and are described in 
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Section 1.2.2. Assessment of agreement of diagnosis of brain tumors amongst 

veterinary pathologists is limited to two studies (Belluco et al. 2019; Koehler et al. 2018). 

 

In Belluco et al (2019), agreement was reported for all intracranial tumors (glial and non-

glial tumors), and the authors did not split glioma into subtype or grade. Therefore, it is 

reasonable to expect that the level of agreement in Belluco et al (2019) would be lower 

if the authors had divided glioma into their respective subtypes and grades. Belluco et al 

(2019) did demonstrate that IHC and special histochemical stains increased diagnostic 

agreement from 63% to 74%. This helps to support the utilization of IHC to diagnosis 

canine glioma, especially in cases that may be difficult to assess on H&E 

histopathology.  

 

The strength of Koehler et al (2018) is that inter-observer agreement was assessed 

utilizing the recent NCI guidelines. However, these data were reported in the same 

manuscript introducing the NCI guidelines, which is a potential source of bias. Though 

agreement in Koehler et al (2018) was moderate as defined by kappa scoring, as for 

any diagnostic criteria, it is important to perform follow up assessments of such criteria 

to determine if the system can perform well and result in reproducible diagnoses. This 

chapter provides data towards fulfillment of that goal. The goal of this study was to 

characterize the degree of inter-pathologist agreement for diagnosis of spontaneous 

canine glioma using the most recently published guidelines (Koehler et al. 2018), and I 

hypothesized that these guidelines would result in high-levels of inter-pathologist 

agreement with respect to tumor subtype and grade. 
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2.2: Materials and Methods 

2.2.1: Sample Preparation and Diagnostic Review:  

See Sections 1.8.1 and 1.8.2. 

 

2.2.2: Immunohistochemistry:  

See Section 1.8.3.  

 

2.2.3: Statistical Analysis 

In this study, a rater is an individual pathologist providing diagnoses and grades of 

canine gliomas and have consistently been designated as pathologists 1 through 5. 

Inter-rater agreement for all 85 original cases was assessed for diagnoses of tumor 

subtype (oligodendroglioma, astrocytoma, undefined glioma, no tumor, and other) and 

tumor grade (low and high-grade). Percentage agreement was calculated as the 

number of agreement diagnoses divided by the total number of diagnoses. Cohen’s 

kappa (Cohen 1960) was used to assess inter-rater agreement beyond chance for pairs 

of raters and Fleiss’s kappa (Fleiss 1969) was used to assess inter-rater agreement 

beyond chance across multiple raters. Bootstrap 95% confidence intervals for 

percentage agreement and kappa were calculated based on the adjusted bootstrap 

percentile (BCa) method with 1,000 bootstrap replicates using the R / boot package. 

The BCa approach adjusts for bias and skewness in the bootstrap distribution (Efron 

1987). All calculations were conducted in the R software environment (R Core Team 

2019, Vienna, Austria) (KS). 
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2.3: Results 

2.3.1: Inter-observer Agreement 

Individual case data with the original archival diagnosis, diagnosis by each pathologist 

on the peer review panel, and resulting majority diagnosis are presented in Table 1, 

which also displays the concordance rate for each case (5/5, 4/5, or 3/5) as a function of 

combined subtype and grade, as well as concordance for subtype only and grade only. 

34% of cases had 100% concordance, 30% of cases had 80% concordance, and 33% 

of cases had 60% concordance with respect to combined subtype and grade. With 

respect to subtype only, 59% of cases had 100% concordance, 23% of cases had 80% 

concordance, and 16% of cases had 60% concordance. With respect to grade only, 

58% of cases had 100% concordance, 29% of cases had 80% concordance, and 14% 

of cases had 60% concordance.  Table 2 presents subtype diagnoses only, and Table 3 

presents grade diagnoses only. 

 

For high-grade oligodendroglioma, approximately 46% of cases had 100% 

concordance, 27% had 80% concordance, and 25% had 60% concordance. For one 

high-grade oligodendroglioma (noted as + in Table 1), only 2 pathologists agreed on 

combined subtype and grade, though this majority diagnosis was justified based on 3 of 

5 pathologists diagnosing the subtype as oligodendroglioma and 4 of 5 pathologists 

diagnosing the grade as high. For low-grade oligodendroglioma, approximately 22% of 

cases had 100% concordance, 44% of cases had 80% concordance, and 33% of cases 

had 60% concordance. For high-grade astrocytoma, 20% of cases had 100%  



   

52 
 

concordance, 30% of cases had 80% concordance, and 50% of cases had 60% 

concordance. For low-grade astrocytoma, approximately 13% of cases had 100% 

concordance, 25% of cases had 80% concordance, and 63% of cases had 60% 

concordance. In one high-grade undefined glioma, 80% of pathologists agreed on the 

diagnosis. In the other high-grade undefined glioma (noted as ++ in Table 1), only 1 

pathologist diagnosed the tumor as a high-grade undefined glioma, though the majority 

diagnosis was justified based on 100% concordance on high-grade status, and subtype 

being split evenly between oligodendroglioma and astrocytoma amongst the other 4 

pathologists.  

 

The original archival case series consisted of 85 cases previously diagnosed as glioma. 

Of the 73 for which a consensus diagnosis was achieved by the pathology working 

group of the present study, 37 had previously been diagnosed as oligodendroglioma 

(51%), sixteen as astrocytoma (22%), nine as GBM (12%), seven as mixed glioma 

(10%), and four as gliomatosis cerebri (6%). With regards to the 37 oligodendrogliomas, 

the present study reclassified 1 to an astrocytoma (high-grade), representing a 

reclassification rate of 3%. Regarding the 16 astrocytomas, 7 were reclassified to 

oligodendroglioma (2 low-grade and 5 high-grade), and 1 was reclassified to undefined 

glioma (high-grade), resulting in a reclassification rate of 50%. For the purposes of the 

present study, an archival diagnosis of GBM was considered to be analogous to high-

grade astrocytoma. In that context, of the 9 GBMs, 5 were reclassified, with 4 being 

changed to oligodendroglioma (high-grade), and 1 being changed to low-grade 

astrocytoma, representing a reclassification rate of 56%. GBM was changed to a low-
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grade tumor in only 1 case, representing a grade reclassification rate of 11%. Only 1 of 

the mixed gliomas was considered to be an undefined glioma (high-grade) after panel 

review. 5 were changed to oligodendroglioma (2 low-grade and 3 high-grade), and 1 

was changed to astrocytoma (high-grade), reflecting a reclassification rate of 86%. 

Being that gliomatosis is not one of the diagnostic options presented by the NCI 

guidelines, assessment of reclassification rate is not appropriate; 1 of these cases was 

determined to be an oligodendroglioma (low-grade), and 3 were determined to be 

astrocytoma (2 low-grade and 1 high-grade). 

 

Overall percentage agreement for tumor subtype was 74.4% (95% CI 67.5 – 79.9%), 

with a kappa value of 0.530 (moderate agreement, 95% CI 0.441 – 0.628). Individual 

inter-rater agreement for tumor type is presented in Table 4. Kappa values for 

astrocytoma, oligodendroglioma, undefined gliomas, and non-glial diagnoses were 

0.481 (moderate agreement, 95% CI 0.366 – 0.606), 0.603 (substantial agreement, 

95% CI 0.496 – 0.711), 0.205 (fair agreement, 95% CI 0.324 – 0.558) and 0.426 

(moderate agreement, 95% CI 0.324 – 0.558), respectively. 

 

Overall percentage agreement for tumor grade was 83.2% (95% CI 76.8 – 88.7%), with 

a kappa value of 0.589 (moderate agreement, 95% CI 0.442 – 0.734). Individual inter-

rater agreement for grade is presented in Table 5.  Agreement for low-grade tumors had 

a kappa value of 0.589 (moderate agreement, 95% CI 0.434 - 0.726), and agreement 

for high-grade tumors had a kappa value of 0.589 (moderate agreement, 95% CI 0.452 

- 0.735).  
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Table 1 

 

 

The original archival diagnoses, diagnoses 
by each pathologist, majority diagnoses, and 
percentage agreements are presented for all 
of the 73 cases that achieved a consensus 
diagnosis for combined subtype and grade. 
 
OG = Original Diagnosis 
  

  Oligodendroglioma 

  Astrocytoma 

  GBM 

  Mixed Glioma 

  Gliomatosis 
 
P1-5 = Pathologists 1 Through 5 
 
Maj = Majority Diagnosis 
  

  High-Grade Oligodendroglioma 

  Low-Grade Oligodendroglioma 

  High-Grade Astrocytoma 

  Low-Grade Astrocytoma 

  High-Grade Undefined Glioma 

  Low-Grade Undefined Glioma 

  Embryonal Tumor 

  No Tumor 
 
 
CB = Combined Subtype and Grade 
ST = Subtype Only 
Gr = Grade Only 
  

  5/5 Agreement 

  4/5 Agreement 

  3/5 Agreement 

  2/5 Agreement 

  1/5 Agreement 
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Table 2 

 

 

Subtypes from the original archival 
diagnosis, diagnoses by each pathologist, 
and majority diagnoses are presented for 
all of the 73 cases that achieved a 
consensus diagnosis for combined 
subtype and grade, along with the 
percentage agreements with regards to 
subtype. 
 
 
OG = Original Diagnosis 
  

  Oligodendroglioma 

  Astrocytoma 

  Mixed Glioma 

  Gliomatosis 
 
 
P1-5 = Pathologists 1 Through 5 
 
Maj = Majority Diagnosis 
  

  Oligodendroglioma 

  Astrocytoma 

  Undefined Glioma 

  Embryonal Tumor 

  No Tumor 
 

  5/5 Agreement 

  4/5 Agreement 

  3/5 Agreement 

  2/5 Agreement 

  1/5 Agreement 
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Table 3 

  

 

 

 

Grades from the diagnoses by each 
pathologist and majority diagnoses are 
presented for all of the 73 cases that 
achieved a consensus diagnosis for 
combined subtype and grade, along with 
percentage agreement with regards to 
grade. 
 
 
P1-5 = Pathologists 1 Through 5 
 
Maj = Majority Diagnosis 
  

  High-Grade Glioma 

  Low-Grade Glioma 

  Embryonal Tumor 

  No Tumor 
 

  5/5 Agreement 

  4/5 Agreement 

  3/5 Agreement 

  2/5 Agreement 

  1/5 Agreement 
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Table 4: Inter-rater agreements for tumor subtype. Percent agreement 

ranged from 67.1 – 91.8% (mean 74.4%). Kappa ranged from 0.323 – 

0.859 (fair to almost perfect) (mean 0.523, moderate). 

Raters % Agreement CohensKappa CohensKappa_SE CohensKappa_95%CI_lower_boot CohensKappa_95%CI_upper_boot 

1_2 0.812 0.674 0.067 0.538 0.804 

1_3 0.918 0.859 0.074 0.742 0.944 

1_4 0.682 0.369 0.076 0.205 0.558 

1_5 0.718 0.509 0.076 0.34 0.644 

2_3 0.776 0.618 0.066 0.48 0.768 

2_4 0.671 0.323 0.071 0.159 0.489 

2_5 0.706 0.49 0.069 0.366 0.634 

3_4 0.694 0.403 0.075 0.224 0.56 

3_5 0.741 0.555 0.075 0.395 0.704 

4_5 0.718 0.43 0.083 0.248 0.606 

 

Table 5: Inter-rater agreements for tumor grade. Percent agreement 

ranged from 76.8 – 100 % (mean 83.2 %). Inter-rater kappa ranged from 

0.464 – 1 (moderate to perfect) (mean 0.598, moderate). 

Raters % Agreement CohensKappa CohensKappa_SE CohensKappa_95%CI_lower_boot CohensKappa_95%CI_upper_boot 

1_2 0.826 0.517 0.117 0.272 0.730 

1_3 0.971 0.905 0.120 0.594 1.000 

1_4 0.768 0.464 0.106 0.243 0.642 

1_5 0.768 0.464 0.106 0.277 0.677 

2_3 0.855 0.597 0.117 0.346 0.783 

2_4 0.768 0.486 0.116 0.270 0.700 

2_5 0.768 0.486 0.116 0.292 0.695 

3_4 0.797 0.531 0.106 0.324 0.715 

3_5 0.797 0.531 0.106 0.321 0.723 

4_5 1.000 1.000 0.120 NA* NA* 

    

*Cannot calculate confidence 
intervals  
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2.4: Discussion 

This study characterized the degree of inter-pathologist agreement with regards to 

determining spontaneous intracranial canine glioma subtype and grade. Such 

agreement was found to be moderate as defined by kappa scoring, though it 

approached the cutoff for substantial agreement. This concurs with Koehler et al (2018), 

which has also shown overall moderate agreement as defined by kappa scoring with 

regards to canine glioma diagnosis. Individual inter-rater agreements in the present 

study ranged from fair to almost perfect as defined by kappa scoring for tumor subtype 

(Table 4) and from moderate to perfect as defined by kappa scoring for tumor grade 

(Table 5). This suggests that pathologists tend to agree more on tumor grade than they 

do on tumor type with regards to canine glioma. The kappa statistic was higher in the 

present study for oligodendroglioma (substantial agreement) than it was for astrocytoma 

(moderate agreement), suggesting that pathologists tend to agree more on a diagnosis 

of oligodendroglioma than they do on a diagnosis of astrocytoma. This is also reflected 

by the low reclassification rate of archival oligodendroglioma as compared to other 

types of gliomas, and the higher rate of unanimous diagnostic agreement by the PWG 

for oligodendroglioma as compared to other tumor subtypes. Insufficient numbers of 

undefined gliomas were available in the present study to make meaningful 

interpretations regarding their diagnostic agreement.  
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There are no currently accepted statistical methods to compare a single rater within a 

consensus group to the remainder of that group. Vanbelle and Albert (2009) proposed 

the notion of making such a comparison, but they make the assumption that the isolated 

rater and the consensus group come from two different populations, which does not 

apply to the experimental design of the present study. One can approximate if a single 

rater has skewed the group by examining differences in inter-rater kappa scores 

(personal communication, Dr. Keith Shockley, NIEHS/NTP Biostatistics, October 2020), 

although there are no statistical tests widely accepted by statisticians to measure such 

differences.  

 

In this study, one may argue that pathologist number 4 may have skewed the tumor 

subtype results, as inter-rater kappa subtype scores involving pathologist 4 were 

subjectively lower than those involving other pairs of pathologists (Table 4). However, 

such a difference was not present involving pathologist 4 with regards to tumor grade 

(Table 5). Interestingly, pathologist 4 is a physician pathologist, as opposed to the 4 

other raters, who are all veterinary pathologists. This suggests a potential difference in 

approach to diagnosis of tumor subtypes but not grade between medical and veterinary 

pathologists, though in order to adequately test such a hypothesis, a larger PWG 

comprised of both medical and veterinary pathologists would be necessary. Otherwise, 

the range of kappa scores between raters was relatively narrow, suggesting, that at 

least in this study, subspecialty experience in veterinary neuropathology or years of 

experience did not affect the diagnoses provided. The diversity of backgrounds (medical 

neuropathology, veterinary pathology, and toxicologic pathology) and years of 
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experience (early career, mid-career, and late career) is a strength of this study, as it 

can be difficult to achieve moderate to substantial kappa scores with heterogenous 

groups of raters. 

 

There are several variables that have been demonstrated to affect inter-pathologist 

diagnostic agreement with regards to human glioma (discussed in Section 1.2.2). 

Primary factors are subspecialty status (generalist pathologist vs neuropathology 

specialist) and employment sector (community hospital vs referral center), with higher 

agreement levels amongst specialists at referral centers compared to generalists in 

primary care settings (Aldape et al. 2000; Gupta et al. 2012; Prayson et al. 2000). This 

shows the impact of experience in neuropathology on inter-pathologist diagnostic 

agreement. The tumor subtype, along with particular histologic features, are other 

variables that affect inter-pathologist agreement (discussed in Section 1.2.2). Though 

up to 20-30% of human gliomas can be reclassified after review by neuropathology 

specialists, usually the changes are minor, with only 9% of disagreements resulting in 

significant clinical impact to the patient (Bruner et al. 1997; van den Bent 2010).  

 

Assessment of agreement of diagnosis of brain tumors amongst veterinary pathologists 

is limited to 2 studies. Belluco et al (2019) examined multiple types of nervous system 

tumors in cats and dogs and reported substantial agreement based on H&E diagnosis 

(kappa = 0.66), with improvement after utilization of a combination of IHC and special 

histochemical stains (kappa = 0.76). The high level of agreement in Belluco et al (2019) 

may be due to utilization of broad diagnoses across different tumor entities (e.g. glioma, 
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meningioma), as opposed to the present study, which further split glioma into subtype 

and grade. In Koehler et al (2018), assessment of glioma by a panel of veterinary and 

physician neuropathologists showed moderate agreement as defined by kappa scoring, 

with agreement dependent on glioma subtype [intraclass correlation coefficient 

(analogous to kappa) 0.4 overall, 0.5 for astrocytoma, 0.55 for oligodendroglioma, and 

0.18 for undefined glioma]. Similar to human studies, Koehler et al (2018) showed 

variable agreement for different histologic criteria, with substantial agreement on 

necrosis, moderate agreement on microvascular proliferation, pseudo-palisading, and 

mitoses, and fair agreement on tumor infiltration. Agreement on grade was similar to the 

present study’s findings (moderate, though nearly substantial, as defined by kappa 

scoring) (Koehler et al. 2018). Future studies are indicated to determine to what degree 

tumor subtype or grade affects prognosis and response to therapy. Differences in 

therapeutic response and prognosis between glioma subtypes or grades would 

reinforce the importance of strong inter-pathologist diagnostic agreement. 

 

There are limited studies assessing inter-pathologist agreement regarding other 

conditions in veterinary medicine. Wobeser et al (2007) investigated agreement 

between a review panel of two pathologists and the original examiner in 513 cases of 

amputated digits from dogs and cats. Wobeser et al (2007) found complete agreement 

in 80% of cases, though kappa scoring was not performed. This is similar to findings of 

the present study, which reports 83% overall agreement for tumor grade and 74% 

overall agreement for tumor subtype. However, an important difference is the frequency 

with which disagreements are clinically significant. In Wobeser et al (2007), of 104 
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cases with disagreement, 77 (74%) were clinically significant. This is in stark contrast to 

the human glioma literature, which reports serious clinical impact in 9% of 

disagreements and substantial clinical impact in 19% of cases (Bruner et al. 1997). 

 

Yap et al (2017) investigated intra and inter-observer agreement in the setting of canine 

soft tissue sarcoma utilizing a panel of three observers. Inter-observer kappa scores 

were reported as 0.60 and 0.43 for diagnosis and grade, respectively. This is similar to 

the present study, which reported overall kappa scores of 0.53 and 0.59 for tumor 

subtype and grade, respectively. Yap et al (2017) reported that necrosis and presence 

of mitoses had much higher levels of agreement (kappa = 0.46 and 0.57, respectively) 

than did assessment of cellular pleomorphism and differentiation (kappa = 0.11). The 

remaining studies in veterinary medicine investigating inter-pathologist diagnostic 

agreement focus on the interpretation of liver biopsies (poor agreement) (Lidbury et al. 

2017), intestinal biopsies (poor agreement) (Willard et al. 2002), or mast cell tumors 

(agreement variable depending on diagnostic system utilized) (Kiser et al. 2018; 

Northrup, Harmon, et al. 2005; Northrup, Howerth, et al. 2005). 

 

Histopathologic evaluation is only part of the diagnostic process with regards to human 

glioma. The most recent WHO guidelines for diagnosis of human glioma represented a 

paradigm shift, as they integrate molecular diagnostics with histologic assessment for 

the first time (discussed in Section 1.2.3).  The most important molecular factors in 

humans are 1p/19q co-deletion and IDH-mutation status, both of which impact 

diagnosis, prognosis, and treatment choice. Molecular analysis of canine glioma is an 
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emerging field (discussed in Section 1.4.5). Though some molecular changes have 

been characterized in the dog, no studies have been published investigating if 

molecular attributes have an impact on prognosis or response to therapy. Should 

particular molecular attributes be linked to tumor subtype or grade in canine glioma, 

assessment for such findings could help provide a diagnosis or grade in cases where 

histology is uncertain. As discussed earlier, glioma can display marked intra-tumoral 

heterogeneity, and multiple large sections from different regions sometimes need to be 

examined in order to provide a histologic diagnosis. In contrast, molecular diagnostics 

can often be performed on small amounts of tissue. Should stereotactic brain biopsy 

become more available to veterinary neurologists, it may be possible to obtain a 

diagnosis on samples obtained via minimally invasive techniques that are subjected to 

molecular analysis. Ideally, molecular attributes could also be linked to prognosis and 

utilized to help guide treatment in dogs, as is currently done in humans.  

In the current paradigm, canine glioma is often suspected based on signalment, clinical 

history, and advanced imaging (MRI), though it is generally not definitively confirmed 

until necropsy and microscopic examination. In a single study with 3 observers 

evaluating MRI’s in the absence of clinical information, 10-47% of cerebrovascular 

accidents in dogs were misdiagnosed as glioma, and 0-12% of gliomas were 

misclassified as cerebrovascular accidents, which illustrates the importance of clinical 

context and biopsy to confirm a diagnosis so that a patient can receive appropriate 

therapy (Cervera et al 2011).  

 



   

64 
 

Stereotactic brain biopsy presents an emerging method by which to provide antemortem 

diagnosis of canine glioma. Stereotactic brain biopsy is less invasive than an open 

approach and results in reliable diagnoses: In Kani et al’s (2019) study that included 

assessment of 24 gliomas and 7 meningiomas, stereotactic brain biopsy concurred with 

traditional biopsy with regards to diagnosis in 30 / 31 cases. Grade was slightly less 

predictive, as stereotactic brain biopsy concurred with traditional biopsy with regards to 

grade only in 18 / 23 cases, where stereotactic biopsy tended to underestimate grade 

severity in cases of disagreement (Kani et al. 2019). This can be explained by the vast 

intra-tumoral heterogeneity of glioma. Though the cell type may be relatively consistent 

in most gliomas, higher-grade features may be variably dispersed throughout the tumor. 

This can make it difficult to capture such regions with small stereotactic biopsy samples. 

Should stereotactic brain biopsy become more widespread in dogs, it will be important 

to optimize technique in order to ensure accurate diagnosis, especially if it is shown that 

prognosis and response to therapy differs based upon subtype and grade. 

 

Limitations of the present study are that agreement between individual diagnostic 

criteria (e.g. microvascular proliferation, necrosis, increased mitoses) were not 

assessed.  Agreement before and after utilization of IHC stains was not incorporated 

into the original study design and would have been useful to allow for evaluation of the 

effect of IHC availability on diagnostic agreement. Unfortunately, such an analysis can 

only be performed with assembly of a new PWG. In the original experimental design, 

each pathologist read the slides only once. Should each pathologist have read each 

slide multiple times, in different orders, with an interim break between assessments, 
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intra-observer variability could have been assessed to ensure each pathologist was 

consistent in provision of diagnoses. Given that all the pathologists volunteered their 

time to participate in this study despite their busy work schedules, such an experimental 

design was not pursued. Nonetheless, this study adds useful information to the 

literature regarding agreement levels between pathologists with regards to diagnosis 

and grading of spontaneous intracranial canine glioma utilizing the NCI guidelines. 

 

Given the moderate level of agreement, assessment of glioma by a single pathologist is 

likely sufficient for routine veterinary diagnostic pathology, provided the NCI guidelines 

are utilized. This study reports levels of agreement similar to those reported in human 

glioma and either similar to (canine soft tissue sarcoma) or better than (mast cell tumor) 

that of well-established systems in veterinary medicine. The moderate to nearly 

substantial agreement supports the use of the NCI diagnostic criteria to consistently 

deliver diagnoses from different pathologists.  Pathologists are still encouraged to 

consult with other pathologists, including neuropathology experts, as needed for difficult 

cases. In high-stakes situations (e.g. clinical trials, drug development), where diagnostic 

precision potentially impacts the health of numerous animals and humans, standard 

peer-review as is regularly utilized in the field of toxicologic pathology is advised (Mann 

and Hardisty 2014; Morton et al. 2010). All pathologists involved in the study (study 

pathologist, peer review pathologist, pathology working group members) should utilize 

the NCI guidelines to ensure harmonization of data. In the future, molecular pathology 

will likely assist in the provision of diagnoses in cases of canine glioma and may even 

supersede histologic assessment as is the case in human medicine 
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CHAPTER 3: DIAGNOSTIC IMMUNOHISTOCHEMISTRY OF CANINE GLIOMA 

3.1: Introduction 

IHC is a useful adjunct to diagnose canine gliomas that may not be certain on H&E 

examination and has been shown to increase inter-pathologist diagnostic agreement in 

the setting of canine brain tumors (Belluco et al. 2019). Though there is discussion in 

the veterinary literature of qualitative immunolabeling patterns in canine glioma, 

quantitative assessment of immunolabeling patterns has not been reported (Bentley et 

al. 2017; Johnson, Coates, and Wininger 2014; Koehler et al. 2018). This chapter 

provides quantitative data upon which diagnostic algorithms utilizing IHC can be 

developed, both with regards to area fractions as measured by computerized image 

analysis and immunolabeling incidences as determined by manual evaluation.  The 

hypothesis of this study was that different subtypes of canine glioma would have 

different IHC profiles, but that IHC would not be able to differentiate grade.  

 

3.2: Materials and Methods 

3.2.1: Sample Preparation and Diagnostic Review:  

See Sections 1.8.1 and 1.8.2. 

 

3.2.2: Immunohistochemistry:  

See Section 1.8.3. 
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3.2.3: Image Analysis 

Slides immunohistochemically stained for Olig2, GFAP, CNPase, and Ki-67 were 

shipped to Charles River Laboratories (Durham, NC, USA), digitally converted to .svs 

files (Hamamatsu Nanozoomer NDP.scan, Hamamatsu City, Japan), and subjected to 

quantitative image analysis with commercially available software (Visiopharm Version 

2020.05.0.7761, Visiopharm, Westminster, CO). A region of interest (ROI) was 

manually generated by the pathologist (GAK) around the entire tumor of each section 

with exclusion of geographic areas of necrosis (Figure 1). With consultation from the 

pathologist (GAK), the software was trained to detect immunolabeling within tumor cells 

above a threshold specific to each marker (Figures 2-4) (CO). Artificial intelligence 

algorithms were used to train the software to differentiate immunolabeled tumor cells 

from those of background astrocytes and oligodendrocytes (CO). 

 

For Olig2 (Figure 2), an artificial intelligence Deep Learning U-Net classifier was trained 

to detect nuclei from background. A “separate objects” step separated nuclei close 

together. Pixels were dilated by 4 pixels to ensure the label completely covered the 

nucleus. Areas less than 5 µm2 were excluded to remove false positives. A “change by 

intensity” step labeled nuclei as Olig2 positive for mean pixel intensity values in the 

HDAP color channel between 0-160.  
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For GFAP (Figure 3), a threshold was applied, which classified and labeled areas with 

pixel intensity values between 0-115 in the HDAB color channel as GFAP-positive 

(yellow). Areas with pixel intensity values of 116-255 were classified as background. 

 

For CNPase (Figure 4), a threshold was applied, which classified and labeled areas with 

pixel intensity values between 0-130 in the HDAB color channel as CNPase-positive. 

Pixel intensity values of 131-255 were classified as background. 

 

For Ki-67 (Figure 5), an artificial intelligence Deep Learning U-Net classifier was trained 

to detect nuclei from background. A “separate objects” step separated nuclei close 

together. Pixels were dilated by 4 pixels to ensure the label completely covered the 

nucleus. Areas less than 10 µm2 were excluded to remove false positives. A “change by 

intensity” step labeled nuclei as Ki-67 positive for mean pixel intensity values in the 

HDAP color channel between 0-190 and also identified nuclei with no Ki-67 

immunolabeling. 
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Figure 1: Glioma, canine, brain. A region of interest (ROI) is enclosed by 

the green line, which represents the tumor-brain interface. The ROI’s were 

provided by the pathologist (GAK) to the image analyst (CO).  

 

Figure 2: Olig2, glioma, canine, brain. The image analysis platform was 

utilized to label Olig2-positive cells, which were prepared by 

immunohistochemistry (left) as turquoise (right).  
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Figure 3: GFAP, glioma, canine, brain. The image analysis platform was 

utilized to label GFAP-positive cells, which were prepared by 

immunohistochemistry (left) as yellow (right).  

 

 

Figure 4: CNPase, glioma, canine, brain. The image analysis platform 

was utilized to label CNPase-positive cells, which were prepared via 

immunohistochemistry (left) as blue (right).  
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Figure 5: Ki-67, glioma, canine, brain. The image analysis platform was 

utilized to label Ki-67-positive cells, which were prepared via 

immunohistochemistry (left) as pink (right). Nuclei lacking an immunolabel 

for Ki-67 (left) are labeled as green (right).  

 

For CNPase, GFAP, and Olig2, the percentage of the ROI immunolabeled for that 

particular marker (area fraction) was calculated by dividing the total immunolabeled 

area by the size of the ROI (CO). The Ki-67 LI was calculated by dividing the number of 

immunolabeled tumor nuclei within the ROI by the total number of nuclei within the ROI 

(CO).  Additionally, mitotic counts were manually calculated by counting the number of 

mitoses in ten randomly selected high-powered fields (400X, FN 22 mm, 0.237 mm2) 

(Meuten et al 2016) for each tumor via examination of H&E-stained glass slides (GAK). 
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3.2.4: Manual Evaluation 

Slides immunolabeled for Olig2, GFAP, and CNPase were manually examined and 

diagnosed as positive or negative for each marker (GAK). Cases were evaluated with 

zero threshold, meaning that any degree of immunolabeled tumor cells resulted in a 

positive designation. Background astrocytes and oligodendrocytes were excluded. 

 

3.2.5: Age of Blocks 

The age of the blocks were determined for each case (in years) and designated as 

follows (2018: 0, 2017: 1, 2016: 2, 2015: 3, 2014: 4, 2013: 5, 2012: 6, 2011: 7, 2010: 8, 

2009: 9, 2008: 10, 2007: 11, 2006: 12). Correlations between block age and each area 

fraction or Ki-67 labeling index were statistically tested as described in Section 3.2.6. 

 

3.2.6: Statistical Analysis 

A D’Agostino-Pearson test for normality was used to determine that the area fractions, 

age of the blocks, and aggregated immunolabeling proportions did not follow Gaussian 

distributions, and nonparametric tests were used to compare differences across tumor 

subtypes and grades. 

 

Comparisons between two groups of data were made with a Mann-Whitney test. 

Correlation analysis was performed with a Spearman approach. These calculations were 

performed in commercially available software (Graphpad Prism, San Diego, CA, USA) 

(GAK). P values less than 0.05 were considered to be significant.   
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Comparisons of two proportions determined via manual methods were made with a Chi-

squared test for proportions using the Yates continuity correction to correct for small 

sample sizes. Calculations were performed in a software package (R, Vienna, Austria) 

(KS). P values less than 0.05 were considered to be significant.  

 

3.3: Results 

3.3.1: Diagnostic IHC 

Antibody localization was appropriate for all antibodies (Olig2: nuclear; GFAP: 

cytoplasmic; CNPase: cytoplasmic; Ki-67: nuclear). The morphology of immunolabeled 

cells was consistent with neoplastic cells, and background astrocytes and 

oligodendrocytes were not represented in the data.  

 

3.3.1.a: Area Fractions (Table 1) 

With regards to Olig2, oligodendroglioma had a significantly higher area fraction 

compared to astrocytoma (p = 0.0009). No differences were found between low and high-

grade tumors (p = 0.084), between low and high-grade oligodendrogliomas (p = 0.48), or 

between low and high-grade astrocytomas (p = 0.76). There was no correlation between 

Olig2 area fraction and age of the blocks (r = - 0.17, p = 0.15). 
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With regards to GFAP, astrocytoma had a significantly larger area fraction compared to 

oligodendroglioma (p = 0.0002). Low-grade tumors had a significantly larger area fraction 

compared to high-grade tumors (p = 0.0023). No differences were in area fractions 

between low and high-grade tumors for oligodendroglioma (p = 0.18) or astrocytoma (p = 

0.15).  There was no correlation between GFAP area fraction and age of the blocks (r = 

0.12, p = 0.32). 

 

No differences in CNPase area fraction were detected between astrocytoma and 

oligodendroglioma (p = 0.72), between low and high-grade tumors (p = 0.26), between 

low and high-grade oligodendrogliomas (p = 0.81), or between low and high-grade 

astrocytomas (p = 0.20). There was no correlation between CNPase area fraction and 

age of the blocks (r = - 0.16, p = 0.18). 

 

3.3.1.b: Ki-67 Labeling Index and Mitotic Index 

No differences in Ki-67 labeling index were detected between astrocytoma and 

oligodendroglioma (p = 0.40), between low and high-grade tumors (p = 0.36), between 

low and high-grade oligodendrogliomas (p = 0.72), or between low and high-grade 

astrocytomas (p = 0.27). There was no correlation between Ki-67 labeling index and age 

of the blocks (r = 0.27, p = 0.02). 
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Table 1: Area fractions are shown for Olig2, GFAP, and CNPase for all 

gliomas, oligodendroglioma (oligo), astrocytoma (astro), high-grade 

tumors (HG), low-grade tumors (LG), high-grade oligodendroglioma, low-

grade oligodendroglioma, high-grade astrocytoma, low-grade 

astrocytoma, and high-grade undefined (undef) gliomas. Ki-67 labeling 

index is also presented for each glioma population. 

 

 

 

Mitotic index data is presented in Table 2. High-grade tumors had significantly higher 

mitotic counts than low-grade tumors (p = 0.0005), which was driven by high-grade 

oligodendroglioma mitotic count being higher than that of low-grade oligodendroglioma 

(p = 0.0017). There were no differences in mitotic count between oligodendroglioma and 

astrocytoma (p = 0.10) or between low and high-grade astrocytoma (p = 0.35). There 

was no correlation between Ki-67 and mitotic count (r = 0.098, p = 0.41, Figure 6). This 

lack of correlation persisted with removal of cases with a mitotic count of zero (r = 

0.048, p = 0.79, n = 32). 
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Table 2: Mitoses per ten high-powered fields for each glioma population 

(abbreviation key in Table 1). 

 

 

 

 

Figure 6: Mitotic index is plotted against the Ki-67 labeling index. Though 

there was no correlation between mitotic index and Ki-67 LI, 4 of the 5 

highest mitotic counts occurred in cases with Ki-67 LI of greater than 90%. 

 

There was no correlation between postmortem intervals (Section 1.9.1) and area 

fractions or Ki-67 LI (r = 0.16, - 0.13, 0.006, 0.11; p = 0.18, 0.29, 0.96, 0.38 for Olig2, 

GFAP, CNPase, and Ki-67, respectively). 

 

3.3.1.c: Manually Detected Immunolabeling 

The general immunohistochemical (IHC) profile for oligodendroglioma was Olig2 

positive, GFAP negative, and variable CNPase (Chapter 1, Figure 4). The general IHC 

profile for astrocytoma in this study was Olig2 positive, GFAP positive, and CNPase 
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negative (Chapter 1, Figure 5). The quantitative results of IHC for Olig2, GFAP, and 

CNPase are presented in Table 3. IHC results for every case are shown in Table 4.  

Table 3: Glass slides were manually examined for immunolabeling by 

tumor cells for Olig2, GFAP, and CNPase with zero threshold (GAK). Total 

numbers of positive and negative cases, along with relative percentages 

for each population are shown. 

 

 

 

Manual detection of GFAP immunolabeling was higher in astrocytoma than 

oligodendroglioma (p < 0.01), and manual detection of CNPase immunolabeling was 

higher in oligodendroglioma than astrocytoma (p = 0.01) (Figure 7). No difference was 

found in Olig2 immunolabeling between oligodendroglioma and astrocytoma (p = 0.57) 

(Figure 7). No differences were found in Olig2 (p = 1), GFAP (p = 1), or CNPase (p = 

0.10) immunolabeling between high and low-grade oligodendroglioma (Figure 8). No 
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differences were found in Olig2 (p = 1), GFAP (p = 1), or CNPase (p = 1) 

immunolabeling between high and low-grade astrocytoma (Figure 9). 

 

3.4: Discussion  

This is first study to collectively report area fractions for Olig2, GFAP, and CNPase and 

the Ki-67 LI for canine glioma. Area fraction for Olig2 was greater in oligodendroglioma 

than astrocytoma. Area fraction for GFAP was greater in astrocytoma than 

oligodendroglioma. Otherwise, there were no differences in area fractions for Olig2, 

GFAP, or CNPase between oligodendroglioma and astrocytoma, low and high-grade 

tumors, low and high-grade oligodendroglioma, or low and high-grade astrocytoma. 

There were no differences in Ki-67 LI between oligodendroglioma and astrocytoma, low 

and high-grade tumors, low and high-grade oligodendroglioma, or low and high-grade 

astrocytoma. There were no differences in mitotic count between tumor subtypes, 

although mitotic count was greater in high-grade tumors as compared to low-grade 

tumors. This difference persisted for low versus high-grade oligodendroglioma, though 

not for low versus high-grade astrocytoma. There was no correlation between mitotic 

index and Ki-67 LI, though 4/5 of the highest mitotic indices had Ki-67 LI greater than 

90%. Insufficient numbers of undefined gliomas were present in this study to make 

useful comparisons to other groups. 
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Table 4: IHC was manually evaluated and diagnosed as positive or 

negative with zero threshold (GAK). All 73 gliomas achieving consensus 

diagnosis are shown (Chapter 2). 

 

 

 LG Astro 

  HG Astro 

  LG Oligo 

  HG Oligo 

  HG Undef 

  

  Positive 

  Negative 

Majority Diagnosis 
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7  

8  

 

9  

Figures 7 – 9: Cases were manually examined for Olig2, GFAP, and 

CNPase immunolabeling. GFAP was detected more frequently in 

astrocytoma than oligodendroglioma, and CNPase was detected more 

frequently in oligodendroglioma than astrocytoma. 

 



   

81 
 

This study adds to the current literature with regards to manual assessment of canine 

glioma immunolabeling for Olig2, GFAP, and CNPase. The manual evaluation shows 

that the vast majority of both oligodendroglioma (96%) and astrocytoma (89%) 

immunolabel for Olig2.  Oligodendroglioma was more likely to immunolabel for CNPase 

than astrocytoma, and astrocytoma was more likely to immunolabel for GFAP than 

oligodendroglioma, which is consistent with the general descriptions in the veterinary 

literature (Bentley et al. 2017; Johnson, Coates, and Wininger 2014; Koehler et al. 

2018; Miller, Miller, and Rossmeisl 2019). There was no difference in immunolabeling 

for Olig2, GFAP, and CNPase between low and high-grade tumors, either for 

oligodendroglioma or for astrocytoma. Insufficient numbers of undefined gliomas were 

present in this study to make useful comparisons to other groups. 

 

Olig2, a transcription factor necessary for differentiation of oligodendrocytes, serves as 

a sensitive marker for glioma, as both astrocytic and oligodendroglial tumors 

immunolabel for Olig2 (Johnson, Coates, and Wininger 2014; Koehler et al. 2018; Miller, 

Miller, and Rossmeisl 2019). The present study is the first to provide data that show 

although both oligodendroglioma and astrocytoma immunolabel for Olig2 (96% and 

89%, respectively, as detected via manual examination), the immunolabeling area 

fraction for Olig2 is higher in oligodendroglioma than astrocytoma (16.4 vs 8.1%, p = 

0.0009).  The extent of immunolabeling is important with regards to Olig2 specificity for 

glioma, as Olig2 immunolabeling has been shown to occur in low levels (as detected by 

manual evaluation) in other tumors such as canine ependymoma and human embryonal 

tumors (Miller et al. 2019; Preusser et al. 2007). 
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GFAP, an intermediate filament, is a marker for astrocytoma, though its presence does 

not definitively rule out oligodendroglioma (Johnson, Coates, and Wininger 2014; 

Koehler et al. 2018; Miller, Miller, and Rossmeisl 2019). The present study supports 

such literature, as GFAP area fraction was higher in astrocytoma than 

oligodendroglioma (47.8 vs 23.7%, p = 0.0002). Manual detection of GFAP 

immunolabeling was also greater in astrocytoma than oligodendroglioma (83.3 vs 

17.0%, p < 0.01). GFAP area fraction was also higher in low-grade tumors as compared 

to high-grade tumors (43.9 vs 25.6%, p = 0.0023). A potential explanation for this is that 

high-grade tumors could be less differentiated and decrease expression of GFAP. If 

future experiments can identify characteristic markers of low-grade canine glioma, 

patterns of differentiation in low versus high-grade tumors could be explored to 

investigate such a hypothesis. Manually detected expression of GFAP was not different 

between low and high-grade tumors, showing that GFAP expression, although it may be 

decreased in higher grade with regards to area fraction, is still detectable to the eye.  

 

CNPase is an enzyme regulating distribution of cytoplasmic microtubules in myelin 

producing cells such as Schwann cells and oligodendrocytes, and as such, it has been 

reported to be a marker for oligodendroglioma (Lyck et al. 2008; Radtke et al. 2011). In 

the present study, there were no differences in CNPase area fraction between 

oligodendroglioma and astrocytoma, low and high-grade tumors, low and high-grade 

oligodendroglioma, or low and high-grade astrocytoma. With regards to manual 

detection of CNPase immunolabeling, CNPase served as a relatively specific marker for 

oligodendroglioma, as only three of eighteen (17%) astrocytomas immunolabeled for 
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CNPase. However, it was not particularly sensitive, as only 29/53 (61%) of 

oligodendrogliomas immunolabeled for CNPase. This supports prior literature, which 

states that CNPase immunolabeling can be variable, depending especially on fixation 

(Johnson, Coates, and Wininger 2014; Koehler et al. 2018). Unfortunately, the amount 

of time between death and sample fixation immersion was not available in the 

retrospectively acquired data in the present study, precluding analysis of such a factor. 

Postmortem interval, though not the same as fixation interval, was used as a surrogate, 

and there were no correlations between postmortem interval (in days) and area 

fractions or Ki-67 LI. The present study does show that there is no correlation between 

CNPase area fraction and age of the blocks. The area fraction and manual detection 

data are not necessarily in disagreement. It is plausible that the computer software 

detected CNPase staining at intensities not visible to the human eye, which could 

explain differences seen in manually evaluated immunolabeling but not as determined 

by computerized methods.  

 

Further work is indicated to better assess the impact of delayed fixation on CNPase 

immunolabeling. IHC for CNPase could be performed with fixation initiated at sequential 

post-mortem intervals. In doing so, the utility of CNPase can be better understood. This 

is especially important as surgical biopsy sampling of gliomas becomes more 

commonplace in veterinary medicine, as CNPase may be more applicable for such 

samples which are placed in fixative immediately after being removed from a live 

animal, as compared to necropsy samples, which are subject to variable post-mortem 

intervals. Such work requires immediate access to glioma tissue once obtained from the 
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patient and therefore must be done in a prospective fashion, as opposed to the present 

retrospective study. The postmortem interval provided in this retrospective cohort was 

given in days, which is not precise enough to make meaningful interpretations regarding 

fixation time, as an appropriate experimental design would look at intervals starting in 

the realm of minutes to hours. 

 

Ki-67 represents a nuclear protein expressed in phases of the active cell cycle but 

absent in noncycling cells, and as such, it serves as a marker of active cellular 

proliferation more sensitive than mitotic count (Scholzen and Gerdes 2000). The manual 

calculation of Ki-67 LI is labor intensive and subject to high intra and inter-observer 

variability (Grzybicki et al. 2001; Nielsen et al. 2018). Therefore, the present study 

utilized computerized image analysis methods for calculation of Ki-67 LI. For some 

canine tumors, an increased Ki-67 LI has been associated with worse prognosis 

(melanoma, mammary cancer, and mast cell tumor) (Bergin et al. 2011; Pena et al. 

1998; Smedley et al. 2011; Webster et al. 2007). Studies linking Ki-67 LI to prognosis in 

canine glioma have not been performed, though a high Ki-67 LI has been linked to 

decreased survival in human glioma and is correlated with histological tumor grade 

(Coons, Johnson, and Pearl 1997; Johannessen and Torp 2006; Torp 2002). As such, 

the most recent guidelines for diagnosis of both human and canine glioma recommend 

utilization of Ki-67 IHC in tumor assessment (Koehler et al. 2018; Louis et al. 2016).   
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In the present study, there were no differences in Ki-67 LI between oligodendroglioma 

and astrocytoma, between low and high-grade tumors, between low and high-grade 

oligodendroglioma, or between low and high-grade astrocytoma. Though there was no 

statistical correlation between Ki-67 LI and mitotic index, close examination of Figure 6 

shows that 4 of the 5 tumors with the highest mitotic indices also had a high Ki-67 LI (> 

90%). A potential explanation for this lack of statistical correlation is that many canine 

gliomas have no to low mitotic activity, which likely negatively affects any correlation 

measurements between mitotic index and Ki-67 LI. Given that Ki-67 measures multiple 

phases of cell-cycle proliferation and that mitotic index evaluation only captures one 

proliferative phase of the cell cycle, this lack of statistical correlation is considered to be 

neither surprising nor troublesome. Since any detection of mitoses automatically 

qualifies a canine glioma as high-grade, it was expected that high-grade tumors had 

higher mitotic counts than low-grade tumors. The lack of any significant difference in 

mitotic count between low-grade and high-grade astrocytoma is considered to be due to 

the low number of astrocytomas in this cohort, given that only one of the eight low-grade 

astrocytomas in this study had any detectable mitoses. It is likely other PWG members 

did not see the microscopic field(s) containing such mitoses, explaining the consensus 

diagnosis of low-grade for that tumor. In any case, the relationship of Ki-67 LI and 

mitotic index to prognosis or response to particular therapies in canine glioma is 

unknown and a needed area of future research.  
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Diagnosis of glioma type and grade can be challenging with H&E examination alone, 

and IHC provides further data that can assist in determination of a diagnosis. Although 

different subtypes and grades of glioma are not managed differently at the present day 

in the dog, accurate determination of glioma subtype and grade can help to provide 

future data that can hopefully be associated with prognosis and response to particular 

therapies. This study reinforces that Olig2 can be a reliable indicator of glioma. Though 

manual assessment of Olig2 cannot distinguish between oligodendroglioma and 

astrocytoma, computerized measurement of area fraction may. Though GFAP 

immunolabeling does not definitively rule out a diagnosis of oligodendroglioma, it 

strongly favors a diagnosis of astrocytoma, both with regards to area fraction and 

manual detection. CNPase immunolabeling makes the manual diagnosis of astrocytoma 

unlikely, though there is no difference between tumor subtypes or grades with regards 

to CNPase area fraction. However, lack of immunolabeling for CNPase does not 

preclude the possibility of oligodendroglioma, as only 61% of oligodendroglioma 

immunolabeled for CNPase as determined by manual methods. The tumor subtype or 

grade did not affect Ki-67 LI, which raises the hypothesis that growth inhibitors may not 

result in differential treatment response between canine gliomas of different subtype or 

grade. Insufficient numbers of undefined tumors were present in this study to make 

meaningful conclusions regarding their immunolabeling patterns.  
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A limitation of this study is that diagnoses were not collected both before and after 

provision of IHC to evaluators, which would have assessed the impact of IHC on 

diagnosis. Though not considered as part of the original study decision, such a study 

may be useful in the future. Unfortunately, such analysis could not be performed after 

the fact in the present study, and such examination would require assembly of a new 

PWG, which was not possible for this study. In our experience, for canine glioma, most 

diagnoses can be made on histologic examination of H&E sections, and IHC primarily 

serves as an adjunct tool for difficult cases. Therefore, it is unlikely that this limitation 

detracts from the impact of the present study. 

 

The present study provides detailed IHC assessment of a large series of spontaneous 

intracranial canine gliomas. It is the first study to collectively report AI-determined area 

fractions of Olig2, GFAP, and CNPase, along with Ki-67 LI, for canine glioma and 

provides such data in combination with population metrics on manually detected IHC. 

These data are complementary to one another. The manually evaluated data reports 

the percentage of cases with detectable IHC immunolabeling, and the area fractions 

report the relative geographic immunolabeling of the tumors. It remains to be 

determined if manual IHC evaluation will be sufficient to predict prognosis and response 

to therapy in canine glioma, or if such predictions must be performed on area fractions 

obtained by computerized image analysis techniques.  Future studies are indicated to 

determine to what degree these IHC profiles and Ki-67 LI predict the response to 

therapy and prognosis in canine patients with glioma, which can assist with utilization of 

canine glioma as a comparative research model for glioma in humans. 
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CHAPTER 4: IMMUNE CELL INFILTRATION OF CANINE GLIOMA 

4.1: Introduction 

Treatment failure for glioma in humans and dogs occurs due to the inability of surgery, 

radiation, and chemotherapy to completely remove microscopic extensions of neoplastic 

cells that can survive within grossly normal brain parenchyma several centimeters from 

the main tumor mass (Glas et al. 2010; Halperin, Burger, and Bullard 1988; Wallner et 

al. 1989). Therefore, novel therapies for these devastating cancers are desperately 

needed. One group of treatments that holds tremendous promise is immunotherapy, 

which has the potential to harness the immune system to seek out and destroy 

neoplastic cells in brain regions distant from the main tumor mass. An essential function 

of the immune system is to recognize and eliminate foreign cells. However, a hallmark 

of cancer is evasion of the immune system, and gliomas are particularly adept at such 

evasion (Gorsi et al. 2019; Hanahan and Weinberg 2011; Wang et al. 2019). Important 

components of immune evasion by gliomas include recruitment of regulatory T cells 

(Tregs) to the tumor and polarization of tumor-associated macrophages towards an M2 

phenotype (Ooi et al. 2014; Robinson et al. 2001; Wei et al. 2011).  

 

The primary function of Tregs is to inhibit the functions of effector immune cells, which 

prevents the development of autoimmunity in healthy individuals. However, Tregs can 

be recruited and coopted by tumors, and play a role in glioma pathogenesis by 

suppressing the adaptive immune response to invading tumor cells (El Andaloussi and 

Lesniak 2007, 2006; Grauer et al. 2007; Jacobs et al. 2010; Lowther and Hafler 2012; 

Ooi et al. 2014; Sonabend, Rolle, and Lesniak 2008). Indoleamine 2,3 dioxygenase 
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(IDO) is an enzyme responsible for the catabolism of tryptophan, an amino acid 

essential to effector lymphocyte function (Kesarwani et al. 2018; Zhai et al. 2018). In 

addition to tryptophan depletion, tryptophan metabolites, including kynurenine, 

contribute to Treg expansion and effector T cell suppression (Kesarwani et al. 2018; 

Zhai et al. 2018). Studies in humans and experimental rodent models have shown that 

IDO is highly expressed in gliomas, contributes to intratumoral Treg expansion, is 

associated with survival, and may serve as a viable therapeutic target (Hanihara et al. 

2016; Kesarwani et al. 2018; Wainwright et al. 2012; Wainwright et al. 2014; Wainwright 

and Lesniak 2014; Zhai et al. 2018).  

 

Macrophages are also increasingly recognized as important in tumor immunology and 

can be polarized along a spectrum from an M1 to an M2 phenotype (Annovazzi et al. 

2018). M1 macrophages are associated with a pro-inflammatory, normoxic state, and 

have anti-tumor properties associated with longer survival in GBM patients, while M2 

macrophages are associated with an anti-inflammatory, hypoxic state, with pro-tumor 

functions and shorter survival in these patients (Gjorgjevski et al. 2019; Robinson et al. 

2001; Wei et al. 2011; Zeiner et al. 2019). 

 

Successful understanding of canine glioma pathogenesis and implementation of 

immune therapies will require characterization of the tumor immunological landscape 

within this species. However, such studies have been limited to date, particularly in 

regards to microglia, macrophages and IDO (Amin et al. 2020; Filley et al. 2018; Pi 

Castro et al. 2019; Sloma et al. 2015). The present study’s objectives were to 
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characterize the infiltration of canine intracranial gliomas by T cells, B cells, Tregs, 

microglia, macrophages, M1-polarized macrophages, and M2-polarized macrophages, 

to compare immune cell infiltration between glioma subtypes and grades, and to 

determine if IDO is expressed in canine gliomas. The hypothesis was that these cell 

populations would differ between tumor subtypes and grades. 

 

4.2: Materials and Methods 

4.2.1: Sample Preparation and Diagnostic Review:  

See Sections 1.8.1 and 1.8.2. 

 

4.2.2: Immunohistochemistry: 

See Section 1.8.3. 

             

4.2.3: Immune Cell Infiltrate Analysis  

Slides immunohistochemically stained for CD3, CD20, FoxP3, Iba1, Mac387, and 

CD163 were shipped to Charles River Laboratories (Durham, NC, USA), digitally 

converted to .svs files (Hamamatsu Nanozoomer NDP.scan, Hamamatsu City, Japan), 

and subjected to quantitative image analysis with commercially available software 

(Visiopharm Version 2020.05.0.7761, Visiopharm, Westminster, CO). A region of 

interest (ROI) was manually generated around the entire tumor within each section, 

excluding areas of necrosis (Chapter 3, Figure 1) (GAK). Image analysis was performed 

at CRL (CO). 
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Immunolabeled cells were characterized by DAB binding and hematoxylin 

counterstaining. Labeled cells were segmented from negative cells, fibers, and 

background using an artificial intelligence machine learning decision forest classifier or 

by applying a threshold (method dependent on the cellular marker), and processing 

steps were performed to separate cells that were close together and count them as 

individual cells (Figures 1-6). False positives based on the size of the cell of interest 

were removed, as was background staining and artifact.  

 

For CD3 (Figure 1), A polynomial blob filter enhancing dark, round structures on a bright 

background identified DAB-stained CD3-positive cells (T cells). A threshold classified 

round areas with an intensity value of more than 15 as a CD3-positive cell. Labeled 

areas less than 10 µm2 were excluded to remove false positives. Cells close together 

were separated with a “separate objects” step, and adjacent areas totaling less than 20 

µm2 were excluded to remove false positives. 

 

CD20-positive cells (B cells, Figure 2) were identified in a fashion similar to CD3-

positive T cells, using a threshold of 15, a “separate objects” step, and removing false 

positives smaller than 15 µm2. Labels were dilated by 4 pixels to ensure the entire cell 

was labeled, and a “fill holes” step was used to cover gaps within cells.  An initial 

“change by intensity step” was used to filter out background staining and artifact by 

excluding labeled objects where the darkest 10% was between 100-255 in a fast red 

DAB color channel.  A second “change by intensity” step filtered out background after 
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the “separate objects” step, excluding objects with a mean intensity value of 85-255 in a 

fast red DAB color channel. 

 

FoxP3-positive cells (Tregs, Figure 3) were identified in a fashion similar to CD3-

positive T cells, using a threshold of 100 and excluding false positives smaller than 6 

µm2. A “change by intensity” step similar to CD20-positive B cells was used to eliminate 

background staining, excluding objects with a mean intensity of 75-255 in a 

hematoxylin-DAB color channel. 

 

Iba1-positive cells (macrophages and microglia, Figure 4) were segmented from 

negative cells, fibers, and background using an artificial intelligence machine learning 

decision forest classifier. A “fill holes” step filled any gaps in the label. The labeled areas 

were then “eroded” by 6 pixels, and any labeled areas less than 25µm2 were excluded 

to remove false positives. A “change by intensity” step removed background by 

excluding objects where the darkest 10% of the mean intensity value was between 130-

255 in a fast red DAB color channel. In order to remove cells lacking nuclei, a second 

“change by intensity” step removed objects where the darkest 10% of the mean 

intensity value was between 180-255 in a hematoxylin color channel. 
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Mac387-positive cells (M1 macrophages, Figure 5) were measured in a fashion similar 

to CD3-positive T cells, using a threshold of 15 and a “change by intensity” step to 

remove background with a mean intensity value between 75-255 in a hematoxylin-DAB 

color channel. Labels were dilated by 4 pixels to ensure the entire cell was covered, and 

gaps in labels were closed by a “fill holes” step. After separating Mac387-positive cells 

close together with a “separate objects” step, the same “change by intensity” step was 

repeated to remove further background, and false positives were removed by excluded 

objects smaller than 10 µm2. 

 

CD163-positive cells (M2 macrophages, Figure 6) were measured in a fashion similar to 

Iba1-positive cells. Labeled cells were “closed” by 3 pixels and a “fill holes” step filled 

gaps in the labels. Labels were “eroded” by 3 pixels and objects smaller than 15 µm2 

were excluded to remove false positives. Background staining was removed with a 

“change by intensity” step that excluded objects where the mean intensity value of the 

darkest 10% was between 80-255 in a fast red DAB color channel. Cells lacking nuclei 

were removed with a second “change by intensity” step that excluded objects where the 

mean intensity value of the darkest 10% was between 200-255 in a hematoxylin color 

channel. 
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Figure 1: The image analysis platform was utilized to label CD3-positive 

cells (T cells), which were provided via immunohistochemistry (left), as 

purple (right). 

 

Figure 2: The image analysis platform was utilized to label CD20-positive 

cells (B cells), which were provided via immunohistochemistry (left), as 

yellow (right). 

 

Figure 3: The image analysis platform was utilized to label FoxP3-positive 

cells (Tregs), which were provided via immunohistochemistry (left) as 

orange (right). 
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Figure 4: Iba1-positive cells (macrophages and microglia) were provided 

via immunohistochemistry (left) and labeled as blue (right) by the image 

analysis platform. 

 

Figure 5: Mac387-positive cells (M1 macrophages) were provided via 

immunohistochemistry (left) and labeled by the image analysis platform as 

red (right). 

 

Figure 6: CD163-positive cells (M2 macrophages) were provided via 

immunohistochemistry (left) and labeled by the image analysis platform as 

orange (right). 
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For CD3, FoxP3, and CD20, cell counts were derived by dividing the total 

immunolabeled cell count by the total area of the defined ROI (cells / m2). This was 

then converted to a standard high-powered light microscopy field (HPF) (400X, FN 22 

mm, 0.237 mm2) (Meuten et al 2016). Manual cell counts per ten HPF in each tumor 

were also performed, though not statistically compared to digitally acquired counts, as a 

means of informal quality control. 

 

Although the algorithms for Iba1, Mac387, and CD163 were robust in identifying 

immunolabeled cells, frequent dense clustering of cells created difficulty in separating 

cells and establishing accurate cell counts. Therefore, in order to more accurately 

capture microglial and macrophage infiltration, area fractions were determined for Iba1, 

Mac387, and CD163 by dividing the immunolabeled area by the total ROI area. Manual 

counts were again performed, though not subject to statistical comparison, as a means 

of informal quality control. In addition, the preponderant microglial phenotype (ramified, 

reactive, or amoeboid) was recorded manually for each tumor (GAK).  

 

Assessment of IDO immunolabeling was performed manually via microscopic 

examination (GAK). Cases were recorded as positive or negative with zero threshold.  

 

4.2.4: Statistical Analysis 

A D’Agostino-Pearson test for normality was used to determine that the cell counts and 

area fractions did not follow Gaussian distributions, and nonparametric tests were used 

to compare differences in cell populations across tumor subtypes and grades. Cell 
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counts were also compared between patients that received immunomodulating 

treatments (n = 42) (glucocorticoids: n = 34, non-steroidal anti-inflammatory drugs 

(NSAIDS): n = 20; radiation therapy: n = 1) and patients that did not receive any 

immunomodulating treatments (n = 31). Some patients received multiple 

immunomodulatory therapies (glucocorticoids and NSAIDS: n = 11; glucocorticoids and 

radiation therapy: n = 1). 

   

Comparisons made between 2 groups were evaluated using a Mann-Whitney test, and 

comparisons between greater than 2 groups were evaluated using a Kruskal-Wallis test. 

Comparisons between paired samples (Mac387 and CD163) were evaluated using a 

Wilcoxon matched-pairs signed rank test. The correlation between FoxP3 and CD163 

counts was performed using Spearman correlation testing. Statistical calculations were 

performed using commercially available software (Graphpad Prism, La Jolla, CA, USA) 

(GAK), and a p value < 0.05 was considered to be significant.  

 

4.3: Results 

4.3.1: Lymphocyte and IDO Immunohistochemistry 

Antibody localization was appropriate for all antibodies (membranous for CD3 and 

CD20; nuclear for FoxP3; cytoplasmic for IDO). Cells immunolabeled for each of the 

lymphocyte markers were detected in all tumors. CD3+ lymphocytes were generally 

dispersed throughout the tumors (Figure 7), though they were also present in dense 

clusters around foci of microvascular proliferation (Figure 8) and occasionally 

surrounding normal blood vessels. FoxP3+ lymphocytes were quite variable in number 
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and these cells were generally scattered throughout the tumors (Figure 9). They 

occasionally extended beyond the tumor margin into the adjacent brain but were not 

otherwise detected in normal brain (Figure 10).  CD20+ lymphocytes were scattered 

throughout the tumor or limited to perivascular aggregates (Figure 11). Manual cell 

counts of lymphocyte subtypes informally concorded with the automated counts. 

 

All cells immunolabeled for IDO were morphologically consistent with neoplastic glial 

cells, and immunolabeled cells were detected in 8/73 tumors (11%), comprising 7/44 

(16%) high-grade oligodendrogliomas and 1/10 (10%) high-grade astrocytomas.  

Immunolabeled cells were generally sporadic, although they occasionally occurred in 

clusters (Figure 12). The distribution of FoxP3 cell counts per HPF in IDO+ tumors was 

0.2, 0.3, 0.4, 0.9, 1.1, 2.1, 2.1, and 58.1. The tumor with 58.1 FoxP3+ cells per HPF was 

a high-grade astrocytoma, and the remainder of the tumors were high-grade 

oligodendrogliomas. 

 

No significant differences were found in CD3+ cell counts between different tumor 

subtypes (p = 0.67) or grades (p = 0.10), although there was a subset of high-grade 

oligodendrogliomas and astrocytomas with greater numbers of CD3+ cells (Figure 13). 

There was a significant difference in FoxP3+ lymphocyte counts between different 

tumor grades, with increased counts in high-grade tumors (Figure 14, p = 0.006). There 

was no difference in FoxP3+ lymphocyte counts between oligodendrogliomas and 

astrocytomas (p = 0.33). No significant differences were found in CD20+ cell counts 
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between different tumor subtypes or grades (Fig. 15, p = 0.14 and p = 0.18, 

respectively).  

 

Figures 7 - 12: Glioma, brain, canine. Lymphocyte & IDO IHC. 7-8: CD3: 

moderate numbers of immunolabeled cells are scattered through the 

tumor (7) and sometimes aggregated around foci of microvascular 

proliferation (8). 9-10: FoxP3: moderate numbers of immunolabeled cells 

are present in the tumor (9) and though FoxP3 cells sometimes extended 

slightly beyond the brain-tumor interface, they were rarely in normal brain 

distant from the mass (10). 11: CD20; clusters of immunolabeled cells 

formed perivascular aggregates in some tumors. 12: IDO: immunolabeled 

cells are sporadically scattered through the tumor. 
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Descriptive statistics for FoxP3 to CD3 ratios are reported in Table 1. There was no 

difference in FoxP3 to CD3 ratios between astrocytoma and oligodendroglioma (p = 

0.52), low and high-grade glioma (p = 0.12), low and high-grade oligodendroglioma (p = 

0.77), or low and high-grade astrocytoma (p = 0.17). 

 

Table 1: The descriptive statistics for the ratio of FoxP3+ cell counts to 

CD3+ cell counts are shown for each tumor population. This ratio provides 

a rough estimation of what proportion of the total T cell population is made 

up by Tregs. There were no differences with regards to this ratio between 

different tumor subtypes or grades. 

 

 

 

4.3.2 Microglia and Macrophage Immunohistochemistry 

Antibody localization was appropriate for all antibodies (cytoplasmic for Iba1 and 

Mac387; membranous for CD163). Cells immunolabeled for each of the macrophage 

markers were detected in all tumors.  
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Figure 13: There were no differences in CD3+ cell counts between tumor 

subtype or grade, though there was a subset of high-grade 

oligodendrogliomas with higher numbers of CD3+ cells. Bar = median. 

Figure 14: High-grade tumors contained more FoxP3+ cells than did low-

grade tumors (p = 0.006). There were no differences in FoxP3+ cell 

counts between tumor subtypes. Bar = median. 

Figure 15: There were no significant differences in CD20+ cell counts 

between tumor subtypes or grade. Bar = median. 
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Numerous Iba1 immunolabeled macrophages and microglia were scattered throughout 

tumors. Ramified microglia had small cell bodies and multiple long, branching 

processes (Figure 16). Reactive microglia were similar to ramified cells, with more 

robust cell bodies and diminished cell processes (Figure 17). Amoeboid microglia and 

macrophages had even larger cell bodies with very small to undetectable cell processes 

(Figure 18). The preponderant morphology recorded in these tumors was amoeboid, 

with much fewer, and almost equal numbers of ramified and reactive morphologies 

(Table 2). This was particularly true of high-grade tumors. In adjacent normal brain and 

at the brain-tumor interface, microglia generally exhibited a ramified phenotype, even if 

the majority phenotype within the tumor was amoeboid (Figure 19). Mac387+ and 

CD163+ cells were scattered throughout the tumor and exhibited amoeboid 

morphologies (Figures 20 - 21).   

Table 2: Macrophage morphology data expressed as number of tumors 

with that predominant morphology. Amoeboid morphology predominates 

when considering all tumors, driven mainly by high-grade 

oligodendrogliomas. Low-grade tumors and astrocytomas have a similar 

distribution between ramified, reactive, and amoeboid morphologies. 
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Figures 16 - 21: Glioma, brain, canine. Macrophage / microglia IHC. 16: 

Iba1: immunolabeled cells in this tumor have small cell bodies with long 

processes, consistent with a ramified morphology. 17: Iba1: 

immunolabeled cells in this tumor have medium sized cell bodies with 

shortened processes, consistent with a reactive morphology.18: Iba1: 

immunolabeled cells in this tumor have robust cell bodies with short to 

absent processes, consistent with an amoeboid morphology. 19: Iba1: 

immunolabeled cells within the body of this tumor exhibit an amoeboid 

morphology, which transitions towards a ramified morphology as the brain-

tumor interface is approached. Immunolabeled cells within normal brain in 

this section exhibit a ramified morphology. 20: Mac387; low numbers of 

immunolabeled cells are scattered through the tumor. A high-magnification 

inset is provided to show cellular details. 21: CD163; moderate to large 

numbers of immunolabeled cells are scattered through the tumor. A high-

magnification inset is provided to show cellular details. 
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Iba1+ macrophages/microglia were present in high numbers, but there were no 

significant differences in Iba1 labeling between different tumor subtypes or grades 

(Figure 22, p = 0.43 and p = 0.46, respectively). Both the Mac387 and CD163 area 

fractions were significantly larger in high-grade than in low-grade tumors (Figures 23 - 

24, p = 0.01 for both markers) and were driven by the differences between high and 

low-grade oligodendrogliomas (p = 0.0006 for Mac387 and p = 0.02 for CD163), with no 

such difference within astrocytic tumors (p = 0.97 for Mac387 and p = 0.36 for CD163). 

However, no differences between oligodendrogliomas and astrocytomas were found for 

Mac387+ or CD163+ area fractions (p = 0.74 and 0.79, respectively). Manual cell 

counts of microglia and macrophage subtypes concorded with the automated counts. 

 

Considering all tumors, CD163+ area fraction was significantly greater than Mac387+ 

area fraction (p < 0.0001) (mean ratio CD163:Mac387 = 21.45, median 8.49, range 0.09 

– 120.10, standard deviation 28.33). This ratio was greater in high-grade tumors 

compared to low-grade tumors (Fig. 25, p = 0.005), but it did not differ between tumor 

subtypes (Fig. 25, p = 0.12). There was a weak correlation between FoxP3 counts and 

CD163 counts (r = 0.49, p < 0.0001). 
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Figure 22: There are no significant differences in Iba1 area fraction 

between different tumor subtypes or grade. Bar = median. 

Figure 23: High-grade tumors had a higher Mac387 area fraction than 

low-grade tumors (p = 0.01). High-grade oligodendrogliomas had a higher 

Mac387 area fraction than low-grade-tumors (p = 0.0006).  Bar = median. 

Figure 24: High-grade tumors had a higher CD163 area fraction than low-

grade tumors (p = 0.01). High-grade oligodendrogliomas had a higher 

CD163 area fraction than low-grade oligodendrogliomas (p = 0.02).  Bar = 

median. 

Figure 25: CD163 area fraction was significantly higher than Mac387 area 

fraction in high-grade tumors versus low-grade tumors (p = 0.005). Bar = 

median. 
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4.3.3: Immunomodulatory Therapy and Cell Counts 

There were no statistically significant differences between patients who did and did not 

receive immunomodulatory therapies with regards to CD3+ cell counts (p = 0.95), 

CD20+ cell counts (p = 0.996), FoxP3+ cell counts (p = 0.14), Iba1+ area fraction (p = 

0.13), Mac387+ area fraction (0.51), or CD163+ area fraction (0.79). These data 

represent a pooled aggregate of patients who received any immunomodulatory therapy 

(n = 42) (glucocorticoids, NSAIDS, and / or radiation therapy) compared to patients who 

received no immunomodulatory therapy (n = 31). No patients in this cohort received 

chemotherapy. 

  

4.4: Discussion 

This study is the largest and most comprehensive characterization of inflammatory 

infiltrates in canine glioma to date, adding to the few previous studies in the dog (Amin 

et al. 2020; Filley et al. 2018; Pi Castro et al. 2019; Sloma et al. 2015). The present 

study found robust infiltration of Iba1+ microglia and macrophages into gliomas, with 

smaller numbers of CD3+ and CD20+ lymphocytes. FoxP3+ cells were found in all 

cases but were more numerous in high-grade tumors. Most Iba1+ microglia / 

macrophages exhibited an amoeboid morphology, particularly in high-grade gliomas. 

Both Mac387+ and CD163+ macrophages were found in greater numbers in high-grade 

versus low-grade gliomas, driven mainly by the difference in oligodendroglial tumors. 

However, CD163+ cell numbers were greater than Mac387+ counts in all tumors, a 

discrepancy that became wider in high-grade gliomas. The present study found a 

correlation, albeit a weak one, between CD163+ cell counts and FoxP3+ cell counts. 
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There was no difference in FoxP3:CD3 ratios between different tumor subtypes or 

grades, nor did immunomodulatory therapies (glucocorticoids, NSAIDS, and/or radiation 

therapy) affect CD3+, CD20+, or FoxP3+ cell counts or Iba1+, Mac387+, or CD163+ 

area fractions. Only a small subset of these gliomas was found to express IDO, 

consisting primarily of high-grade oligodendrogliomas.  

 

CD3+ T cells were present in all tumors, both dispersed throughout the neoplasms and 

clustered around normal vasculature and proliferative microvasculature, consistent with 

previous studies of canine gliomas (Pi Castro et al. 2019; Sloma et al. 2015).  Pi Castro 

et al (2019) found higher numbers of T cells in high-grade tumors, a finding the present 

study did not replicate  One potential reason for this discrepancy is use of a different cell 

counting methodology, as Pi Castro et al. (2019) manually counted regions with the 

highest concentrations of immunolabeled cells, while the present study analyzed entire 

tumor sections via computerized image analysis.   

 

Although present in lower numbers, the present study found CD20+ B cells in all 

tumors, while these prior studies have only identified B cells in a subset of canine 

gliomas (Pi Castro et al. 2019; Sloma et al. 2015). Although some individual B cells 

were scattered throughout tumors, a prominent perivascular pattern was noted, as in 

these other studies (Pi Castro et al. 2019; Sloma et al. 2015).  Differences in cell 

counting methodologies may also explain some of these B cell discrepancies. There is 

literature that demonstrates a relationship between B cells and T cells in experimental 

glioma models, with B cells serving as antigen-presenting cells and involved in the 
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immune system’s response to glioma (Candolfi et al. 2011). Further work is necessary 

to explore such a relationship in the dog. 

 

Lymphocyte infiltration is also a consistent feature of human gliomas (Kim, Hur, et al. 

2012; Kim, Jung, et al. 2012; Lohr et al. 2011; Rossi et al. 1987; Rossi et al. 1989; 

Stavrou et al. 1977). Most studies have focused on the T cell arm, with less 

investigation of B cells and fewer of these cells identified when analyzed, although this 

has not been the case in all reports (Yasuda et al. 1983). Further subset analysis in 

several human studies have shown a predominance of CD8+ cells within this T cell 

subset, suggesting an attempt at a cytotoxic response that is ultimately ineffective (Kim, 

Jung, et al. 2012; Yang et al. 2011). A lack of commercially available antibodies suitable 

for use in formalin-fixed, paraffin-embedded tissue sections has hampered further 

subset analysis in canine tumors, although one study of gliomas has shown a 

predominance of CD8+ cells with smaller numbers of CD4+ cells using in-situ 

hybridization (Filley et al. 2018). Several analyses have found an association between T 

cell infiltration of gliomas and longer survival times in human patients (Kim, Jung, et al. 

2012; Kmiecik et al. 2013; Lohr et al. 2011), although contradictory results were found in 

other studies (Rossi et al. 1989). Such discrepancies are likely related to discrete T cell 

subsets with variable functions within these larger cell populations. 
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One important subgroup that has emerged is the Treg subset, traditionally defined as 

CD4+CD25+FoxP3+ lymphocytes and often identified in tissue by IHC labeling of 

FoxP3.  The present study identified FoxP3+ cells in all canine gliomas examined.  

Though intratumoral FoxP3+ cells were generally low in number, these counts were 

quite variable, with robust infiltration in a number of tumors. The present study found 

greater Treg counts in high-grade tumors, consistent with another recent study of 

canine glioma, though that study found higher numbers of FoxP3+ cells in astrocytomas 

when compared to oligodendrogliomas, a finding not replicated here (Pi Castro et al. 

2019). Interestingly, in the present study, the two highest Treg cell counts were from 

dogs with high-grade astrocytomas, and it is possible that our findings may be impacted 

by a limited number of astrocytomas in this study cohort.  The present study examined 

the FoxP3:CD3 ratio in an effort to explore if the relative percentage of Tregs differed 

between tumor subtype or grade, and no differences were found.  The presence of 

Tregs in all gliomas examined in the present study contrasts with a study of manually 

examined canine intracranial meningiomas, in which only 39% of tumors had FoxP3+ 

cells identified (Boozer et al. 2012). 

   

Tregs inhibit immune system effector cells and impair their attacks on tumor cells, and 

their recruitment from peripheral blood to the tumor is thought to play a role in glioma 

pathogenesis in humans (El Andaloussi and Lesniak 2007, 2006; Grauer et al. 2007; 

Jacobs et al. 2010; Lowther and Hafler 2012; Ooi et al. 2014; Sonabend, Rolle, and 

Lesniak 2008). Though high-grade gliomas contain more Tregs than low-grade gliomas 

in humans, there are conflicting data regarding the effect of the magnitude of Treg 
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infiltration on prognosis (Heimberger et al. 2009; Jacobs et al. 2010; Thomas et al. 

2015). Additional studies have demonstrated that the proportion of T effectors to Tregs 

is more important than absolute numbers of either subset to T effector function and 

ultimately to prognosis (Fecci et al. 2006; Sayour et al. 2015). Similar studies are 

warranted in dogs but are hampered by a lack of antibodies commercially available for 

IHC in formalin-fixed, paraffin-embedded tissue. Alternative methods such as in-situ 

hybridization and flow cytometry may facilitate such studies, especially with prospective 

collection of fresh tissue (Filley et al. 2018). Though the association of Treg infiltration 

with prognosis has not yet been investigated in canine glioma, the links between 

increased intratumoral Tregs and poor prognoses have been established in other 

canine cancers, including oral malignant melanoma, oral squamous cell carcinoma, 

pulmonary adenocarcinoma, malignant mammary carcinoma, and intestinal lymphoma 

(Carvalho et al. 2016; Kim, Hur, et al. 2012; Maeda et al. 2016; Sakai et al. 2018).  

 

The present study detected expression of IDO with IHC in only 11% of canine gliomas, 

all of which were high-grade tumors. This enzyme converts tryptophan to kynurenine, is 

highly expressed in human glioma and is involved in activation of Tregs (Du et al. 2020; 

Mitsuka et al. 2013; Wainwright et al. 2012; Zhai et al. 2017; Zhai et al. 2018). In human 

glioma, high IDO expression has been associated with decreased survival in GBM, and 

inhibition of IDO has been shown to be synergistic with other therapies in the treatment 

of glioma (Hanihara et al. 2016; Kesarwani et al. 2018; Wainwright et al. 2012; 

Wainwright et al. 2014; Wainwright and Lesniak 2014; Zhai et al. 2017). The present 

study could not identify any relationship between IDO expression and Tregs, as the 
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number of Tregs in IDO-expressing tumors was highly variable. The data of the present 

study suggest that IDO may not play a significant role in the pathogenesis of canine 

glioma, though studies using other detection techniques may be necessary to further 

explore such a hypothesis.  

 

Resident microglia and macrophages account for 5-10% of cells in the normal CNS 

(Lawson et al. 1990), though they can comprise up to 30% of cells in gliomas (Kmiecik 

et al. 2013; Kushchayev et al. 2014; Roggendorf, Strupp, and Paulus 1996). The 

present study found robust infiltration of tumors by Iba1+ microglia and macrophages, 

which has been documented in other studies of canine brain tumors including gliomas, 

meningiomas, and choroid plexus tumors (Amin et al. 2020; Boozer et al. 2012; Dalton 

et al. 2019; Sloma et al. 2015). Macrophages and microglia demonstrated a 

predominantly amoeboid phenotype in most gliomas, and this was particularly true in 

high grade oligodendrogliomas, with higher relative numbers of ramified and reactive 

microglial phenotypes in lower grade tumors and astrocytomas (Table 3). The changes 

in morphology of microglia from ramified through activated to amoeboid phenotypes are 

generally believed to correlate to a transition from a resting state to a more activated 

one in which the cells acquire more phagocytic properties (Franco-Bocanegra et al. 

2019; Graeber and Streit 2010; Morioka et al. 1992; Sloma et al. 2015). However, the 

true functional capabilities of these tumor-associated microglia and macrophages are 

unclear in the setting of canine intracranial gliomas. 
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The present study attempted to contribute to the emerging body of knowledge 

surrounding the immune response to these tumors by evaluating infiltration of cells 

immunolabeled for markers considered to represent relative polarization of 

macrophages towards an M1 or an M2 phenotype. Mac387 is considered to be a 

marker of M1-polarized macrophages associated with a pro-inflammatory, normoxic, 

anti-tumor state, while M2-polarized macrophages, identified in part by CD163 

expression, are associated with an anti-inflammatory, hypoxic, pro-tumor state 

(Guadagno et al. 2018; Robinson et al. 2001; Silveira et al. 2020; Soulas et al. 2011; 

Wei et al. 2011; Zeiner et al. 2019; Zhang et al. 2018; Zhang et al. 2017). In the present 

study, the CD163+ area fraction was greater than the Mac387+ area fraction, with a 

mean ratio of 21.45 (median 8.49) across all gliomas, suggesting general polarization of 

tumor-associated macrophages towards an M2 phenotype.  This polarization was even 

more apparent in high grade gliomas (mean CD163:Mac387 22.67). These findings 

mirror several studies of human gliomas, which have demonstrated an increased M2 

macrophage infiltrate in gliomas (Mignogna et al. 2016) that becomes more prominent 

with higher tumor grades (Vidyarthi et al. 2019; Zhu et al. 2017) and has been 

associated with shorter survival in some studies (Gjorgjevski et al. 2019; Lisi et al. 2017; 

Vidyarthi et al. 2019).  

 

Previous studies of canine glioma have documented the presence of either Mac387+ or 

CD163+ cells, although not ratios between the two (Amin et al. 2020; Sloma et al. 

2015). Sloma et al. (2015) demonstrated relatively sparse numbers of Mac387+ 

macrophages within canine oligodendrogliomas and determined that most of these cells 
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were in the intravascular compartment. Indeed, the counts of Mac387+ cells in the 

present study likely overestimated the numbers of cells within tumor parenchyma, as 

the automated platform used did not distinguish these from intravascular cells.  Amin et 

al. (2020) demonstrated infiltration of CD163+ cells in a small number of canine gliomas 

(n=11) but did not examine a potential M1 phenotype. The present study supports the 

hypothesis that macrophages within canine glioma are polarized towards an M2 

phenotype, and that this polarization is greater in high-grade tumors. The present study 

also found a correlation between FoxP3+ cell counts and CD163+ cell counts, 

suggesting a relationship between these cell types, as demonstrated in humans (Biswas 

and Mantovani 2010). Such a relationship warrants further study in canine tumors.   

 

This M1-M2 paradigm is an oversimplification, as macrophages exist along a continuum 

of function between these two extremes (Biswas and Mantovani 2010)  and cells can 

switch between M1 and M2 polarization (Annovazzi et al. 2018). This plasticity makes it 

possible to repolarize M2 macrophages towards an M1 phenotype with certain 

therapeutic agents, which is a therapeutic strategy being investigated for clinical use 

(Hagemann et al. 2008; Roesch et al. 2018). Treg interference therapies and IDO 

blockade are treatment strategies that have shown promise in rodent students and are 

under evaluation in human trials (Grauer et al. 2007; Hanihara et al. 2016; Kesarwani et 

al. 2018; Löhr et al. 2018; Lowther and Hafler 2012; Wainwright et al. 2014; Wainwright 

and Lesniak 2014). The data of the present study suggest that it is worth exploring if 

canine gliomas, especially high-grade tumors, may be candidates for macrophage 

repolarization or Treg interference therapies.  
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There are a number of limitations associated with this study. Dogs received a variety of 

different antemortem treatments, which were not always possible to document due to 

the retrospective nature of the study. We attempted to characterize if these treatments 

had any effect on cell counts, though no differences were found in immune cell counts 

or area fractions between patients that received immunomodulatory therapies 

(glucocorticoids, NSAIDS, and radiation therapy). This finding must be interpreted with 

extreme caution given the retrospective nature of this study. In order to fully 

characterize any impact of such treatments, factors such as the specific drug, dose, and 

treatment duration would need to be controlled in a prospective fashion. If any 

components of the immune cell infiltrate affect prognosis, understanding the impact of 

any therapy on such cell counts would be important future work, as such therapies 

could then potentially impact prognosis. 

 

The retrospective nature of the sample identification also led to some variation in the 

time from death to necropsy, as well as tissue fixation time.  However, the effects of this 

variation were minimal due to similar death to necropsy intervals in most cases and the 

use of a standard fixation time within the institution. Additionally, immunolabeled cells 

were seen in all tumors. Intravascular monocytes, which are typically Mac387+ (Sloma 

et al. 2015), could not be excluded from automated digital counting and may have 

spuriously increased cell counts. However, the automated method allowed for unbiased 

analysis of all tumor tissue on a slide (with the intentional exclusion of geographic 

regions of necrosis), instead of the standard selection of certain high-power fields, 

which is subject to inaccuracies due to sampling errors and investigator bias (Sayour et 



   

115 
 

al. 2015). Another limitation is the use of single markers for Tregs (FoxP3), M1 

macrophages (Mac387) and M2 macrophages (CD163). A panel of immune labels is 

likely to be more accurate in identifying such cells and might include CD4, CD25, 

CD62L, CTLA-4, GITR for Tregs (El Andaloussi and Lesniak 2006; Fecci et al. 2006), 

ADAM10, ADAM17, iNOS, TNF-, IL-1, and IL-12 for M1 polarization, and CD206, 

CCL13, MMP-9, MMP14, IL-10, IL-6, and TGF- for M2 polarization (Filley et al. 2018; 

Gjorgjevski et al. 2019; Guadagno et al. 2018; Kennedy et al. 2013; Lisi et al. 2017; 

Mignogna et al. 2016; Zeiner et al. 2019). The markers for the present study were 

limited based on canine availability and funding. Ultimately, the most relevant 

assessment of both lymphocyte and macrophage phenotype would be a functional one, 

and this aspect of immune-glioma interactions in dogs awaits further study.   

 

Ultimately, our goal is to further knowledge that will help predict prognosis and 

determine appropriate therapies based on acquisition of a surgical biopsy in both dogs 

and humans. To accurately answer such questions, prospective, controlled clinical trials 

will be necessary, likely of a multi-institutional nature. It is our hope that early studies 

such as this may help to justify the need for such prospective studies regarding 

comparative pathology of canine gliomas and utilization of the dog as a preclinical 

model for therapeutic trials, as those studies may help benefit the health of canine and 

human patients alike. 
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CHAPTER 5: CONCLUSION 

5.1: Summary and Next Steps 

This dissertation serves to advance the field of canine comparative oncology in several 

ways. Chapter 2 provides the first follow-up validation of the canine glioma classification 

system recently proposed by the National Cancer Institute (NCI) (Koehler et al. 2018).  

These data showed moderate to nearly substantial inter-pathologist concordance with 

regards to glioma subtype and grade diagnosis. This supports the use of such a 

classification to compare data between different studies or to allow for multi-institutional 

experiments involving large numbers of pathologists provided they use the same 

classification system. For the first time, in Chapter 3, AI-determined area fractions and 

quantitative population incidences for diagnostic IHC and proliferation indices were 

reported. This helps in the formulation of a diagnostic algorithm that can be used to 

support diagnosis of subtypes of canine glioma. In Chapter 4, the most complete 

characterization to date of the immune cell infiltrate of canine glioma was provided. This 

helps to identify some targets for which dogs may serve as preclinical models for targets 

such as Treg modulation or macrophage repolarization. The data provided by this 

dissertation acts as the foundation for future work that can be performed to further 

advance the field of canine comparative oncology.  The primary goal of such further 

work will be to identify which specific information in the pathologic characterization of 

canine glioma can most inform prognosis and response to particular therapies. 
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Investigation of survival time for canine glioma is difficult for a variety of reasons, 

primarily due to owner finances, obtaining sufficient case numbers with complete 

characterization, and the effect of euthanasia on survival time. Additionally, until 

recently, there was no unifying set of diagnostic criteria specifically for canine glioma. 

With the recent NCI classification guidelines (Koehler et al. 2018), which have been 

shown to result in reproducible subtyping and grading between pathologists in Chapter 

2 of this dissertation, there is new opportunity for multi-institutional collaboration to 

result in meaningful studies that can build on one another in the pursuit of advancing 

animal and human health.  

 

The most important next step is to determine if subtyping and grading affects prognosis 

or response to particular therapies.  Though the overall survival time of dogs with glioma 

receiving radiation therapy is reported, there are no data in the literature that report 

survival time of a dog with regards to its glioma subtype and grade. It would be 

important to note if dogs with different subtypes and grades have different survival 

times. If not, the utility of splitting glioma into different subtypes and grades would be 

questionable. In order to do so, the natural course of disease must be characterized in 

dogs not receiving any therapy. Though no dog should be deprived of the opportunity to 

receive therapy, this goal could be achieved by enrolling dogs whose owners decline 

therapy in a prospective clinical trial with an endpoint of necropsy, histopathology, and 

IHC (plus collection of frozen tissue for molecular endpoints as that field becomes 

further developed).  
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While the natural course of disease is being established, a tandem study concurrently 

exploring response to particular therapies for each subtype and grade could take place. 

The current standard of care for glioma-bearing dogs receiving therapy is radiation 

therapy, and it would be important to know if dogs with different subtypes and grades 

receiving radiation therapy have different survival times. If not, the purpose of splitting 

glioma diagnoses into different subtypes and grades would have limited clinical utility. 

As further treatment options become available to dogs, similar clinical trials can 

investigate if dogs with different glioma subtypes and grades respond differently to 

various therapies (chemotherapy, immunotherapy, etc.). Eventually, stereotactic biopsy 

of brain tumors in dogs to achieve a definitive pre-mortem diagnosis of glioma subtype 

and grade may become more common. Data linking such diagnostic information to 

prognosis and response to therapy will be crucial for clinicians who must decide the 

most appropriate treatment plan to offer to owners. The data provided in Chapters 2 and 

3 of this dissertation support utilization of the NCI classification system in the diagnostic 

approach for such trials and also provide a diagnostic algorithm for the use of IHC in 

cases that may otherwise be difficult to diagnose with conventional (H&E) 

histopathology. 

 

Molecular pathology will be crucial towards better understanding the pathogenesis of 

canine glioma and revealing new pathways for treatment, especially in comparison to 

the molecular pathology of human glioma.  This is an emerging field in canine neuro-

oncology. For example, though IDH1 mutation is common in human glioma, historical 

studies have not found this gene to be mutated in dogs (although the protein is 
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expressed) (Fraser et al. 2018; Reitman et al. 2010). More recent work has found rare 

examples of mutant IDH1 in dogs (Amin et al. 2020). That same work has shown the 

genetic profile of canine glioma to be more similar to that of pediatric human glioma 

than that of adult human glioma, especially with regards to aneuploidy and methylation 

(Amin et al. 2020). Other pathways found to be involved in canine glioma include p53, 

CDK4, CDKN2A, EGFR, and PDGFRA, though their relationship to prognosis and 

therapeutic response remains undetermined (Amin et al. 2020; Filley et al. 2018; Hicks 

et al. 2017; Kros et al. 2007).  Once molecular traits of canine glioma are linked to 

outcome and response to particular therapies, veterinary oncology will be transformed 

just as human oncology was with the publication of the 2016 WHO guidelines previously 

discussed in this dissertation. 

 

This dissertation provides data that can be used to identify opportunities for further 

research in canine molecular pathology. Although this dissertation reported in Chapter 3 

that Ki-67 labeling index did not differ depending on tumor subtype or grade, it is 

possible that Ki-67 LI could be associated with prognosis or response to particular 

therapies. Clinical trials relating Ki-67 fraction to survival are indicated to determine 

whether or not Ki-67 fraction is a prognostic indicator independent of other factors such 

as subtype or grade. If Ki-67 is shown to have prognostic impact, given that it reflects 

cells in the active stages of the growth cycle, clinical trials investigating if growth cycle 

inhibitors result in improved survival for high-grade glioma may be justified.   
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Though morphology is the current standard for diagnostic assessment in veterinary 

medicine, if veterinary pathology advances to the current level of human pathology, it 

may be trumped by molecular characteristics. This dissertation had its roots in 

molecular pathology, with original projects attempting to characterize genetic mutations 

in rodent urothelial carcinoma and glioma. Unfortunately, due to prolonged fixation times 

of these archived materials, DNA of sufficient quality was unable to be obtained, and the 

dissertation work transitioned to other glioma-related research. Other research 

performed during the course of the PhD candidacy included examination of IHC 

expression of SETD2 in canine mast cell tumors, and provision of pathology support for 

tumor genomics research in the Breen laboratory at the NCSU CVM. 

 

This dissertation also provides some data that justifies particular further work with 

regards to potential therapeutic interventions for glioma. In Chapter 4, this dissertation 

reported that there were higher numbers of CD163+ cells than Mac387+ cells in high-

grade oligodendroglioma, which provides evidence of M2 macrophage polarization in 

that population. There was also a subset of high-grade tumors with increased numbers 

of FoxP3+ cells, suggesting that Tregs may play a role in pathogenesis in that 

population. Based on these results, it may be worthwhile to perform clinical trials 

investigating whether or not repolarization towards an M1 macrophage phenotype and / 

or Treg blockade/depletion can result in improved survival. As discussed in Chapter 4, 

these data provide a good foundation to understand to what extent major types of 

immune cells are present in the canine glioma tumor microenvironment, though further 

work is needed to assess mechanisms by which these immune cells interact with the 
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tumor (both locally and systemically) so that effective therapies can be developed. 

Better understanding of factors such as tumor microenvironment cytokine expression, 

local and systemic immune cell function and dysfunction, and more can help serve to 

accomplish such goals. 

 

5.2: PD-L1 Therapy for Glioma 

The interaction of PD-1 and PD-L1 is an area of intense research in both human glioma 

and canine comparative oncology. PD-1 is a ligand expressed on the surface of T cells, 

that upon binding to PD-L1 protein on another cell, initiates inactivation of that immune 

cell. A variety of cancers express PD-L1 as a means of evading the immune response 

and allowing for progression of the tumor. Investigation of inhibition of the PD-1 / PD-L1 

pathway is an intense area of research in human oncology as a therapeutic target. 

Inhibition of this pathway has resulted in improved survival in the setting of human 

melanoma (Hodi et al. 2018; Larkin et al. 2019; Wolchok et al. 2017). Unfortunately, 

although human glioma has been shown to express PD-L1, blockade of this pathway 

has not brought about extension of survival (Kurz et al. 2018; Omuro et al. 2018; Reiss 

et al. 2017).  

 

PD-L1 blockade generally exerts its effect by preventing T cell inhibition (Hartley et al. 

2017). If there are other factors at play preventing T cell-mediated attack on glioma, that 

could explain the failure of PD-1 inhibitors to improve prognosis in glioma. Such factors 

include the immunosuppressive nature of gliomas, often referred to as “cold” tumors, as 

opposed to “hot” tumors that activate the immune system (Platten and Reardon 2018). 
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As discussed previously, exhausted T cells may not be recoverable with only PD-1 

blockade, and they may need combination therapies in order to adequately restore their 

function (Filley, Henriquez, and Dey 2017). GBM patients receive chemotherapy and 

radiation after surgery as their standard of care; the resulting lymphopenia could 

potentially lead to a diminished T cell response, even with PD-L1 blockade (Luksik et al. 

2017; Wang et al. 2019). Many of these patients also receive immunosuppressive 

doses of glucocorticoids, which may also affect the ability of immunotherapy to treat 

glioma (Luksik et al. 2017). Furthermore, given that PD-L1 expression in glioma is 

variable (49 – 88%) (Berghoff et al. 2015; Nduom et al. 2016; Zeng et al. 2016), it is 

possible that PD-L1 may not be involved in glioma pathogenesis to begin with, which 

could also explain failure of its blockade to result in improved survival. Even if PD-L1 

blockade inhibits glioma cells in-vitro, for it to work in-vivo, the therapy may face the 

challenge of blood-brain-barrier penetration, generating another hurdle in the drug 

development process. 

 

PD-L1 has been shown to be expressed in canine glioma, though its expression was 

not compared between different glioma subtypes and / or grades (Filley et al. 2018). We 

attempted to fill that knowledge gap and characterize the expression in canine glioma 

stratified by subtype and grade. Unfortunately, we were not able to identify a valid 

marker despite attempts to optimize 5 different PD-L1 antibodies using a variety of 

experimental conditions with different antibody dilutions and antigen retrieval methods 

(Table 1). The most likely explanation is that there must be a difference in the structure 

of canine PD-L1 that precludes appropriate binding of the primary antibody. Further 
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work to sequence canine PD-L1 and compare it to human and / or rodent PD-L1 could 

investigate such a hypothesis. Ideally, a canine PD-L1 antibody will one day become 

commercially available, though that is dependent on market demand justifying the 

economics of production. In the meantime, researchers may be dependent on an 

investigator developing such an antibody on their own.  

 

Table 1: We attempted to optimize five different PD-L1 antibodies for IHC 

in canine tissue (brain, lymph node, and spleen). None of the antibodies 

successfully immunolabeled canine PD-L1. 

 

 

 

Personal communication with world-renowned IHC experts from other institutions [Drs. 

Stephen Dow (Colorado State University), Matti Kiupel (Michigan State University), and 

Jose Ramos-Vara (Purdue University)] revealed others have had similar difficulties with 

PD-L1 IHC in the dog. Other than a PD-L1 antibody available only to Dr. Dow’s lab that 

works solely on frozen tissue, none of these investigators have successful validated a 

PD-L1 antibody in canine formalin-fixed paraffin embedded tissue.   
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5.3: Minimally Invasive Glioma Diagnostics 

Currently, though provisional diagnoses can be made by a combination of signalment, 

clinical history, and advanced imaging, definitive diagnosis of glioma in the dog is 

generally a postmortem diagnosis made via necropsy obtained samples. In human 

medicine, the definitive diagnosis is generally made via biopsy obtained through 

stereotactic or open methods. Though the near future of veterinary medicine may 

include in-vivo tumor sampling via stereotactic brain biopsy, noninvasive sampling to 

help diagnose glioma and assess response to therapy would be an ideal goal. This has 

been accomplished in certain other cancers such as canine urothelial carcinoma, in 

which detection of BRAF mutation in cells recovered from urine samples can support 

diagnosis of neoplasia without need for invasive biopsy procedures (Mochizuki, Shapiro, 

and Breen 2015). Unfortunately, minimally invasive detection of glioma in peripheral 

blood or cerebrospinal fluid is not currently available.  

 

There is research in human glioma that suggests glioma pathophysiology can be 

investigated by noninvasive means. For example, there are increased numbers of Tregs 

in the peripheral blood on humans with glioma as compared to healthy humans (Ooi et 

al. 2014). In the early stages of my PhD research, I investigated peripheral blood 

cytokine concentrations in dogs shown to have intracranial masses via advanced 

imaging, which was presented as an abstract and poster at the 2019 annual meeting for 

the Society of Toxicologic Pathology (Krane GA, Messenger KM, Mariani CL. Peripheral 

blood cytokine concentrations in canine glioma. 2019. STP Annual Meeting, Raleigh, 

NC, USA). Cytokines assessed included IL-2, IL-8, IL-10, CXCL1, CCL2, and TGF- 
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isoforms 1, 2, and 3. Changes in peripheral blood cytokine concentrations may have 

reflected evidence of systemic immunosuppression. A decrease in IL-2, along with 

increases in IL-10, CCL2, and TGF- concentrations would have represented a 

signature reflective of increased Treg activity (Ooi et al. 2014; Vakilian et al. 2017). 

Increases of IL-10 and TGF- would also have been suggestive of M2 macrophage 

polarization (Prosniak et al. 2013). IL-8 and CXCL1 have been shown to be associated 

with gliomagenesis in humans, though their role in dogs has not been reported in the 

literature (Kosmopoulos et al. 2018; Robinson et al. 2001; Zhou et al. 2005). 

 

This pilot study did not show any differences in peripheral blood cytokine concentrations 

between healthy dogs and dogs with intracranial masses. The primary limitation of this 

study is that not all dogs with intracranial masses detected via advanced imaging were 

confirmed to have glioma via histopathologic assessment. Other limitations include 

variable treatments between dogs, including glucocorticoids, which may have affected 

peripheral blood cytokine concentrations and confounded results. Afterwards, my PhD 

focus transitioned to the glioma microenvironment. 

 

5.4: Closing Thoughts 

This dissertation has made an impact on the fields of translational canine oncology and 

neuropathology in several ways, namely to further validate the NCI glioma diagnostic 

criteria, quantify commonly used IHC to help diagnose glioma, and characterize the 

immune cell landscape of canine glioma. As previously discussed, determination of 

what types of human glioma the canine model best recapitulates is important in design 
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of appropriate preclinical studies. Although canine glioma has recently been shown to 

behave more similarly to pediatric glioma than adult glioma with regards to its genetic 

characteristics (Amin et al. 2020), the demographics of the present cohort are more 

reflective of adult glioma, namely the preponderance of high-grade tumors above low-

grade tumors. A major difference between canine and human glioma is that 

oligodendroglioma is the predominant canine subtype, and human glioma is skewed 

towards an astrocytic phenotype. Chapter 4 provided data that suggests M2 

macrophage polarization occurs in canine glioma, a phenomenon also shown in adult 

glioma. However, a literature search could not find any published studies exploring 

macrophage polarization in pediatric glioma, leaving a differential relationship of this 

polarization with adult versus pediatric glioma undetermined. Although further research 

is necessary to best resolve what human glioma populations the dog best models, the 

data presented in this dissertation can still provide a useful component of a foundation 

upon which clinical trials exploring factors that impact prognosis and response to 

therapies can be developed and advance both canine and human health.  
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