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Abstract
Background.  Glioma-associated microglia/macrophages (GAMs) markedly influence glioma progression. Under 
the influence of transforming growth factor beta (TGFB), GAMs are polarized toward a tumor-supportive pheno-
type. However, neither therapeutic targeting of GAM recruitment nor TGFB signaling demonstrated efficacy in 
glioma patients despite efficacy in preclinical models, underscoring the need for a comprehensive understanding 
of the TGFB/GAM axis. Spontaneously occurring canine gliomas share many features with human glioma and 
provide a complementary translational animal model for further study. Given the importance of GAM and TGFB in 
human glioma, the aims of this study were to further define the GAM-associated molecular profile and the rele-
vance of TGFB signaling in canine glioma that may serve as the basis for future translational studies.
Methods.  GAM morphometry, levels of GAM-associated molecules, and the canonical TGFB signaling axis were 
compared in archived samples of canine astrocytomas versus normal canine brain. Furthermore, the effect of TGFB 
on the malignant phenotype of canine astrocytoma cells was evaluated.
Results.  GAMs diffusely infiltrated canine astrocytomas. GAM density was increased in high-grade tumors that 
correlated with a pro-tumorigenic molecular signature and upregulation of the canonical TGFB signaling axis. 
Moreover, TGFB1 enhanced the migration of canine astrocytoma cells in vitro.
Conclusions.  Canine astrocytomas share a similar GAM-associated immune landscape with human adult glioma. 
Our data also support a contributing role for TGFB1 signaling in the malignant phenotype of canine astrocytoma. 
These data further support naturally occurring canine glioma as a valid model for the investigation of GAM-
associated therapeutic strategies for human malignant glioma.

Key Points

	•	 GAM density increases with increasing tumor grade in canine astrocytoma.

	•	 TGFB1 signaling directly contributes to the malignant phenotype of canine astrocytoma.

Glioma-associated microglia/macrophages augment 
tumorigenicity in canine astrocytoma, a naturally 
occurring model of human glioma
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Malignant gliomas are the most common and aggressive 
primary brain tumor of adults, with a 5-year survival rate 
of approximately 5%.1 Although immunotherapy has ad-
vanced the treatment of non-central nervous system (CNS) 
tumors, it has, to date, failed to overcome the substantial 
barrier of immune resistance in the glioma microenviron-
ment. Gliomas have a low tumor mutational burden,2 al-
lowing them to evade an anti-tumor immune response. 
Moreover, as the most abundant glioma-invading cells,3 
glioma-associated microglia and blood-derived macro-
phages (GAMs) substantially contribute to the immunosup-
pressive glioma microenvironment.4 In fact, GAM infiltration 
is positively correlated with glioma grade5 and invasive-
ness,6 highlighting their critical role in tumor progression.

While the glioma-microglia signaling axis is complex, 
transforming growth factor beta 1 (TGFB1) has been iden-
tified as a key mediator of glioma progression. Under the 
influence of glioma-derived TGFB1, GAMs demonstrate 
negligible anti-tumor activity and are polarized to produce 
pro-tumorigenic molecules.7 Moreover, through a positive 
feedback paracrine loop,8 GAM-derived TGFB1 promotes 
glioma growth9 and invasion.10 Therapeutic targeting of 
TGFB signaling11 and GAM recruitment12 has demon-
strated survival benefits in preclinical rodent models, but 
these interventions have not been successful in glioma pa-
tients. These failed translations may be, in part, due to the 
incomplete recapitulation of biological tumor heteroge-
neity and environmental complexity of human patients by 
orthotopic rodent models. However, it is also possible that 
TGFB has both pro-tumor and antitumor activities in GBM 
as in other non-CNS cancers.13,14 Therefore, it is critical to 
develop a comprehensive understanding of the TGFB/GAM 
axis in glioma to develop refined, specific targets.

Naturally occurring canine gliomas, with biological and 
environmental complexity, provide a translationally rele-
vant animal model of human glioma. With a comparable 
incidence,15,16 canine gliomas share clinical,17 imaging18 
histopathologic,19 and molecular20,21 features with human 
glioma. Limited observations suggest the immune land-
scape is similar to adult high-grade human glioma, as 
canine high-grade gliomas exhibit a robust microglia/
macrophage infiltrate.21 However, the GAM-associated 

molecular profile and the relevance of the TGFB signaling 
axis remain critical knowledge gaps in canine glioma bi-
ology. Given the relevance of GAM and TGFB in human 
glioma, our study aims to define the GAM response in 
canine astrocytoma and determine the relevance of the 
TGFB signaling axis on the malignant phenotype of canine 
astrocytoma cells.

Methods

Sample Collection

Tissue samples from canine astrocytoma patients were 
obtained from clinical cases presented to the University 
of California, Davis Veterinary Medical Teaching Hospital 
between 2002 and 2018. Case information is provided in 
Supplementary Table 1. Samples were collected via sur-
gical or image-guided biopsy or necropsy within 1  h 
following euthanasia. Normal canine brain tissue was col-
lected at necropsy within 1  h following euthanasia from 
client-owned dogs donated for research with informed 
consent. Tissue samples were snap-frozen in liquid ni-
trogen or immersion fixed in 10% neutral buffered formalin 
and paraffin-embedded. All tumors were histologically 
classified by a board-certified veterinary pathologist ac-
cording to the National Cancer Institute-led multidiscipli-
nary Comparative Brain Tumor Consortium19 and further 
subdivided according to the 2016 WHO classification of 
human tumors of the CNS.22

Immunofluorescence and Confocal Microscopy

Formalin-fixed paraffin-embedded low- (II) and high-grade 
(III, IV) astrocytomas, as well as normal canine brain, were 
sectioned at 10 µm and mounted on poly-l-lysine-treated 
microscope slides. Two sections of the dog were randomly 
selected from 10 sections for immunostaining within 
each condition; serial sections were compared across 
conditions (ie, TGFB1 and Iba-1 proximity). Following 
deparaffinization, antigen retrieval, and permeabilization 

Importance of the Study

Despite the completion of greater than 450 clin-
ical trials by 2020, malignant glioma remains 
uniformly fatal. Therapeutic efficacy in standard 
preclinical models has failed to translate to 
human patients, highlighting the limitations in 
accurate prediction of therapeutic response in 
heterogeneous human glioma. Spontaneous 
canine glioma may provide a more faithful 
translational model for human glioma, given 
their tumor heterogeneity and a naturally de-
veloping tumor-immune environment. More 
specifically, we demonstrate that the glioma-
associated microglia/macrophage signature in 

canine astrocytomas shares strong similarities 
with that in human adult malignant gliomas. 
Canine astrocytomas exhibit upregulation 
of analogous pro-tumorigenic molecules, in-
cluding upregulation of the canonical TGFB1 
signaling axis and associated effects on glioma 
cell migration and invasion. These data further 
support the companion canine as a poten-
tially valuable preclinical translational model 
for human glioma, allowing for the additional, 
more stringent assessment of promising novel 
therapeutics showing efficacy in standard ro-
dent model systems.

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
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(Supplementary Methods), tissue was blocked using 
normal goat serum (5%) and bovine serum albumin (1%) 
in Tris-buffered saline (TBS) for 24 h at 4°C. After blocking, 
tissue was incubated in primary antibody solution for 
24 h at 4°C, washed with TBS with 0.5% Triton X-100, and 
incubated in secondary antibody solution for 1 h at room 
temperature. See Supplementary Methods for details on 
antibodies used. Fluoroshield with DAPI (Millipore Sigma) 
mounting media was used to stain nuclei and coverslips 
were applied. The entire tumor volume, or similar tissue 
volume in nontumor samples, was imaged via Leica TCS 
SP8 STED 3× confocal microscope.

Image Analysis

Using a random number generator, 20 images per ac-
quisition were selected for analysis of microglia den-
sity and morphology. See Supplementary Methods 
and Supplementary Figure 1A–G for a detailed descrip-
tion of the analysis built using Custom Module Editor 
for MetaXpress High-Content Imaging System software 
(Molecular Devices).

Quantitative RT-PCR

Targeted gene mRNA expression was assessed in high-
grade (III, IV) astrocytomas compared to normal cortex. 
Total RNA isolation and cDNA synthesis were performed 
as described in Supplementary Methods. Targets included 
CCL2, LGALS3, IL-1B, IL-6, IL-10, SMAD2, SMAD4, TGFB1, 
TGFBR1, TGFBR2, and VEGFA. Primer sets (Supplementary 
Table 2) were designed using NCBI primer design (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi). 
Primer validation and qPCR reactions were carried out as 
described in Supplementary Methods. Fold difference in 
expression between normal brain and tumor samples was 
calculated and plotted using the double delta Ct analysis 
with β-actin as the control gene for normalization and rela-
tive expression.23

Western Blot Analysis

Protein extraction, separation, and immunoblotting of 
low- and high-grade astrocytoma tissue, as well as normal 
canine cortex, were performed as previously described.24 
Western blot targets included TGFB1 (13kD), TGFB1 (44kD) 
TGFBR1, TGFBR2, SMAD2/3, pSMAD2/3, and Galectin-3. All 
western blots are representative of 3 independent experi-
ments. See Supplementary Methods for details on anti-
bodies used. Chemiluminescence images were acquired 
using ChemiDoc XRS+ System (Bio-Rad) after ECL reagent 
incubation (Thermo Fisher Scientific). Densitometry was 
performed using ImageLab software v6.0 (Bio-Rad).

Canine Protein Arrays

Commercially available protein arrays with preselected, 
canine-validated targets were utilized for an unbiased 
evaluation of the molecular milieu in high-grade canine 

astrocytomas compared to normal canine cortex. Canine 
tissue was prepared as previously described25 and ana-
lyzed by RayBiotech Life (Peachtree Corners) with standard 
quality control. In brief, Quantibody Canine Cytokine 
Arrays (QAC-CYT-1, QAC-CYT-2, QAC-CYT-4) utilized 2 
nonoverlapping arrays of antibody pairs to quantify 
selected molecules. RayBiotech has confirmed no cross-re-
activity between antibody pairs and standard controls. See 
Supplementary Table 3 for the target protein list.

Cell Lines

We utilized 2 patient-derived canine grade IV astrocytoma 
cell lines, 1110 and 0514. Genomic integrity was verified 
by comparison of copy number alterations with parental 
tumor DNA using Illumina CanineHD SNP array. Cells were 
verified to express neural progenitor cell markers similar 
to human astrocytoma cell lines26 (SOX2, OLIG2, glial fibril-
lary acidic protein [GFAP], NES [nestin]) and sequenced to 
confirm canine origin. Both cell lines were routinely tested 
mycoplasma free by PCR. Culture conditions are described 
in Supplementary Methods.

Cell Proliferation Assay

Cell proliferation was assessed using the CellTiter-Glo lumi-
nescent cell viability assay as described in Supplementary 
Methods.

Cell Migration and Invasion Assays

Cell migration and invasion following TGFB treatment 
were assessed by Boyden Chamber assays as described 
in Supplementary Methods. Migration experiments were 
repeated following pretreatment with TGFBR1 inhibition. 
The percentage of cell invasion was calculated as follows: 
(mean of invading cells/condition divided by the mean of 
migrating cells/condition) × 100.

Statistical Analysis

Statistical analysis was performed with GraphPad Prism 
v8.4.3 and R v3.6.3 software. Data are presented as the 
mean ± SEM. Cell culture experiments were performed in 
technical replicates, with 3 biological replicates. Data were 
tested for normality via Shapiro–Wilks test. An unpaired 
2-tailed Student’s t-test or analysis of variance with Tukey’s 
multiple comparisons test was conducted for most com-
parisons. When cytokines assayed via cytokine array were 
below the limit of detection in normal canine brain, a linear 
mixed model was used to examine how a transformed ver-
sion of the amount of each protein differed between these 
groups. A  random intercept was used to group the ob-
servations from each animal together, accounting for any 
potential correlation in these measurements. To remedy 
violations in statistical assumptions, the inverse hyper-
bolic sine transformation was used. The model was evalu-
ated using the “lmer” function from the “lme4” package 
available for R (version 3.6.3). Contrasts were computed 

https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
https://academic.oup.com/noa/article-lookup/doi/10.1093/noajnl/vdab062#supplementary-data
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using the emmeans package in R using the function of the 
same name.

Results

Morphologically Altered GAM Diffusely 
Infiltrated Canine Astrocytoma

We analyzed images of paraffin-embedded canine 
astrocytoma tumor samples (grades II–IV) and normal 
canine cortex utilizing the microglia/macrophage 
marker, ionized calcium-binding adapter molecule (Iba-
1) and astrocyte marker, GFAP. We observed diffuse Iba-1 
immunoreactivity (IR) in all tumor samples (Figure 1A). 
GAM quantification, as determined by Iba-1+ IR per image, 
revealed increased GAM density in grade III (133 ± 14; P < 
.001) and grade IV (104 ± 23; P < .01) astrocytomas com-
pared to normal cortex (13 ± 6.1; Figure 1B). While GAM 
density was relatively homogeneous within individual tu-
mors, occasional focal areas of increased GAM density 

were observed in high-grade (III, IV) astrocytomas. Despite 
an increase in Iba-1+ IR with progressive tumor grades, 
the relative Iba-1+ nuclear density remained constant 
(Figure 1C), representing approximately 30% of all cells 
within canine glioma across tumor grades. Thus, GAMs dif-
fusely infiltrate canine astrocytomas at a similar density to 
human glioma.

Morphometric analysis of intratumoral Iba-1+ cells re-
vealed that normal canine brain demonstrated the homo-
geneous distribution of Iba-1+ cells with a small cell body 
and several branched processes, consistent with a ramified 
morphology (Figure 2A).27 Conversely, GAM morphology 
across tumor grades reflected a larger cellular popula-
tion lacking the typical ramified morphology (Figure 2). 
Compared to normal cortical microglia, the total GAM area 
was increased in grade III astrocytomas (551 ± 103 vs 279 ± 
25; P < .05; Figure 2A and B). Additionally, GAM fiber length 
was increased in grade II (58 ± 4; P < .01), grade III (71 ± 3; 
P < .001), and grade IV astrocytomas (61 ± 3; P < .01) com-
pared to normal cortical microglia (39 ± 5; Figure 2C and D). 
Moreover, the average length of the longest chord through a 
single GAM was increased in grade III astrocytomas (45 ± 3; 

  
IBA-1+Density

IB
A

-1
 IR

 p
er

 7
50

μm
2

Normal II III IV

***
**

200

150

100

50

0

Relative IBA-1+Density

Normal II III IV

0.5

0.4

0.3

0.2

0.1

0.0

Ib
a-

1+
nu

cl
ei

/T
ot

al
 n

uc
le

i

Normal

II

III

IV

GFAP Iba-1 MergeA B

C

Figure 1.  Morphologically altered glioma-associated microglia/macrophages (GAMs) diffusely infiltrated canine astrocytomas. (A) Representative 
immunofluorescence staining of normal cortex, grade II, III, and IV astrocytomas. Astrocytes, identified by positive immunoreactivity (IR) to glial 
fibrillary acidic protein (red; GFAP), and microglia, identified by positive IR to ionized calcium-binding adapter molecule 1 (green; Iba-1), were 
observed among scattered cellular nuclei (blue; DAPI) in normal brain. Thickened, irregular filaments with GFAP IR consistent with neoplastic 
astrocytes were observed in grade II and III astrocytomas, while a paucity of GFAP IR was noted periodically in grade IV astrocytomas. Diffuse 
infiltration of cells with Iba-1 IR consistent with microglia/macrophages was noted in all grades of astrocytoma. Scale bars, 20 μm. (B) Grade III 
(n = 3) and IV (n = 4) astrocytomas had increased intratumoral Iba-1 IR density compared to normal brain (n = 4). (C) The ratio of Iba-1+ nuclei to 
total nuclei was similar across all groups. Comparisons based on on one-way analysis of variance with post hoc Tukey’s multiple comparisons test. 
Bars represent group mean with standard error of the mean. **P < .01; ***P < .001.
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P < .01) compared to normal cortical microglia (33 ± 3; Figure 
2E and F). Amoeboid GAMs, characterized by breadth to 
length ratio of 1, were observed in high-grade astrocytomas 
(III, IV). However, this was not a predominant morphology, 
highlighted by the lack of difference in elliptical form factor 
across tumor grades (P = .8399; Figure 2G and H) and normal 
canine cortical microglia.

GAM Density and Morphology Were Not Altered 
in Nontumor Brain

Contralateral normal cortex from astrocytoma-bearing 
dogs demonstrated a homogeneous distribution of Iba-
1+ cells with long, branched processes, interspersed be-
tween a homogeneous population of GFAP+ cells (Figure 
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Figure 1.  Morphologically altered glioma-associated microglia/macrophages (GAMs) diffusely infiltrated canine astrocytomas. (A) Representative 
immunofluorescence staining of normal cortex, grade II, III, and IV astrocytomas. Astrocytes, identified by positive immunoreactivity (IR) to glial 
fibrillary acidic protein (red; GFAP), and microglia, identified by positive IR to ionized calcium-binding adapter molecule 1 (green; Iba-1), were 
observed among scattered cellular nuclei (blue; DAPI) in normal brain. Thickened, irregular filaments with GFAP IR consistent with neoplastic 
astrocytes were observed in grade II and III astrocytomas, while a paucity of GFAP IR was noted periodically in grade IV astrocytomas. Diffuse 
infiltration of cells with Iba-1 IR consistent with microglia/macrophages was noted in all grades of astrocytoma. Scale bars, 20 μm. (B) Grade III 
(n = 3) and IV (n = 4) astrocytomas had increased intratumoral Iba-1 IR density compared to normal brain (n = 4). (C) The ratio of Iba-1+ nuclei to 
total nuclei was similar across all groups. Comparisons based on on one-way analysis of variance with post hoc Tukey’s multiple comparisons test. 
Bars represent group mean with standard error of the mean. **P < .01; ***P < .001.
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Figure 2.  Canine GAMs were a larger, more elongate cellular population. (A) Total cellular area of Iba-1+ cells was measured across all groups. 
(B) Grade III astrocytoma GAM (n = 3) cell area was increased compared to microglia from normal cortex (n = 3); *P < .05. (C) Fiber length of all Iba-
1+ cells was calculated utilizing cell perimeter and cell area indices. (D) GAM fiber length was increased in all tumor grades (grade II, n = 3; grade 
III, n = 3; grade IV, n = 4) compared to normal brain (n = 3); *P < .05; **P < .01; ***P < .001. (E) Chord length of Iba-1+ cells was determined by meas-
uring the longest straight chord through the entire cell. (F) GAM chord length was increased in grade III astrocytomas (n = 3) compared to normal 
cortical microglia (n = 3); **P < .01. (G) Elliptical form factor was calculated by evaluating the ratio of the Iba-1+ cell’s breadth to its length. (H) GAM 
elliptical form factor averaged 1.75 across all groups; P = .8399. Comparisons based on one-way analysis of variance with post hoc Tukey’s multiple 
comparisons test; *P < .05; **P < .01; ***P < .001. Bars represent group mean with standard error of the mean.
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3A). Systematic analysis across all grades of canine 
astrocytoma demonstrated no difference in microglia 
density between the contralateral, tumor-free cortex of 
dogs affected with astrocytoma compared to normal ca-
nine cortex (Figure 3B; P = .9914). Similarly, morphometric 
analysis revealed that microglia from the contralateral, 
tumor-free cortex had similar cell area (P  =  .2648), fiber 
length (P = .1256), chord length (P = .2505), and elliptical 
form factor (P = 0.9466) compared to normal cortical mi-
croglia Figure 3C–E.

Increased GAM Density Is Correlated With a Pro-
tumorigenic Molecular Signature in High-Grade 
Canine Astrocytoma

In association with increased GAM density, several mol-
ecules known for GAM recruitment were elevated in canine 
astrocytomas. CCL2 mRNA was increased 59-fold in canine 
high-grade astrocytoma tumor homogenates compared 
to normal canine brain (Figure 4B; **P < .01). Consistent 
with increased mRNA levels, CCL2 protein concentration 
was increased in high-grade astrocytoma (142.2 ± 47 pg/
mL) compared to normal brain (5.7 ± 3 pg/mL; **P < .01; 
Figure 4C). Additionally, protein levels of colony-stimu-
lating factor 2, while not detectable in normal brain, were 
abundant in high-grade astrocytoma (8.2  ± 3; **P < .01; 
Figure 4C).

In addition, we assayed several pro-tumorigenic mol-
ecules known to be produced by GAM in human and ro-
dent models of glioma. While below the detectable limit 
in normal cortex, chemokine C–C ligand 5 (CCL5) and 
vascular endothelial growth factor (VEGF) concentrations 

were increased in high-grade astrocytoma (64.8 ± 34 pg/
mL; **P < .01; 57.7  ± 12 pg/mL; **P < .001; Figure 4D). 
Moreover, hepatocyte growth factor receptor (HGFR) was 
the most highly expressed molecule in this high-grade 
canine astrocytoma cohort (6172 ± 1533 vs 20 ± 19.9 pg/
mL in normal cortex; ***P < .001; Figure 4D). While we did 
not detect differences in mRNA levels of interleukin-10 
(IL-10), protein levels were highly abundant in high-grade 
astrocytoma (33.7 ± 12 pg/mL; **P < .01; Figure 4B and E). 
Additionally, several cytokines, including the IL-1 family, 
were increased in high-grade astrocytoma (Figure 4E). 
LGALS3 mRNA, which encodes galectin-3 (Gal-3), was in-
creased 28-fold in high-grade astrocytoma compared to 
normal brain (Figure 4B; *P < .05). Moreover, relative pro-
tein expression of GAL-3, assessed via immunoblotting, 
was increased 100-fold in high-grade astrocytomas com-
pared to normal brain and low-grade astrocytoma (Figure 
4F; ***P < .001).

The Canonical TGFB1 Pathway Was Upregulated 
in High-Grade Canine Astrocytoma

We quantified the expression of key molecules in the 
canonical TGFB1 signaling cascade. Similar to human 
glioma, mRNA levels of TGFB1 receptor (BRI; 17-fold; 
**P < .01) and the downstream transcription factor 
SMAD2 (4-fold; *P < .05) were increased in high-grade 
astrocytoma compared to normal brain (Figure 5A). 
Relative protein expression of TGFBRI, as assessed via 
immunoblotting, was increased 60-fold in high-grade 
astrocytoma relative to normal brain (**P < .01) and low-
grade glioma (*P < .05; Figure 5C). Moreover, the mature 
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TGFB1 isoform (44 kD) was increased 3.5-fold in high-
grade astrocytoma relative to normal brain (**P < .01) 
and low-grade glioma (*P < .05). Although protein expres-
sion of the cleaved, active form of TGFB1 (13 kD)28 was 
an average of 20-fold higher in high-grade astrocytoma, 
there was marked variability across tumor homogenates 
in this group.

To determine the spatial relationship between TGFB1 
signaling and GAM density in high-grade astrocytoma, 
we performed immunofluorescence targeting Iba-1 and 
TGFB1. While weakly positive IR for TGFB1 was observed 
throughout the tumor mass, a marked increase in TGFB1 
IR was noted at the leading edge of tumors (Figure 5D). 
Moreover, focal areas of increased GAM density were also 
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noted adjacent to the leading edge of the tumor in high-
grade astrocytomas (Figure 5D). These data suggest that 
TGFB1 expression is spatially heterogenous throughout 
the tumor and increased TGFB1 expression, at least par-
tially, coincides with increased GAM density.

TGFB1 Increases Canine Glioma Cell Migration 
and Invasion

Increased TGFB1 IR at the leading edge of the tumor mass 
led us to hypothesize that TGFB1 directly contributes to 
canine glioma invasion. Therefore, we assessed in vitro 

features of malignancy of 2 canine astrocytoma stem cell 
lines (0514, 1110) following exposure to TGFB1. TGFB1 ex-
posure did not alter cellular viability of 0514 (1.0  ± 0 vs 
1.06 ± 0; *P < .05; Figure 6A). However, a modest increase 
was observed in 1110 (1.11 ± 0 vs 1.0 ± 0; *P < .05; Figure 
6B) cell viability following TGFB1 exposure. TGFB1 ex-
hibited increased migration (102.0  ± 1.2 vs 83.0  ± 5.9;  
*P < .05) and invasion (34.5 ± 1.3 vs 21.3; *P < .05) in 0514 
cells compared to control cells (Figure 6C and D), as well 
as increased migration (53.9 ± 11.2 vs 292 ± 60.0; **P < .01) 
and invasion (24.2 ± 2.2 vs 67.4 ± 8.5; *P < .05) in 1110 cells 
relative to control cells (Figure 6F and G). Importantly, the 
increased migration observed following TGFB1 treatment 
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in both cell lines was abolished with TGFBR1 inhibitor pre-
treatment (0514: 14.8 ± 1 vs 24.5 ± 3.8 vs 11.2 ± 1.3; ***P <  
.001, ****P < .0001; 1110: 50.5  ± 8.2 vs 264.8  ± 19.7 vs 

12.1  ± 1.8). Together, these data indicate that TGFB1 di-
rectly contributes to the malignant phenotype of canine 
astrocytoma cells.
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Discussion

In this study, we demonstrated that the GAM profile in 
high-grade canine astrocytoma is similar in several aspects 
to adult high-grade glioma. Increased GAM infiltration 
correlated with increases in several pro-tumorigenic mol-
ecules, including TGFB1, and a rich inflammatory cyto-
kine milieu. Moreover, we observed that TGFB1 promotes 
tumor cell migration.

Comparable to human glioma, GAM density was in-
creased 5- to 7-fold in high-grade canine astrocytoma. 
Surprisingly, GAM density was greatest in grade III, not 
grade IV, astrocytomas. This may suggest that the GAM 
response in canine glioma may not linearly correlate with 
tumor grade as in human glioma.5 The overlap in molec-
ular signatures between microglia and macrophages 
often precludes the ability to distinguish between cell 
types in the tumor microenvironment. However, recent 
2-photon brain imaging in rodent reporter models re-
vealed that GAMs represent 2 morphologically distinct cell 
types—larger, branched microglia and smaller, minimally 
branched blood-derived macrophages.29 In the absence of 
lineage tracing and reporter models, we leveraged mor-
phometric analysis to gain insight into the cellular origin 
of GAM. Several indices indicated that canine GAM had 
larger cell bodies with elongated projections compared to 
normal brain microglia. In particular, fiber length, while in-
creased in all tumor grades, was nearly doubled in grade 
III astrocytoma. A similar GAM morphology was recently 
described in human glioma, whereby this appearance was 
determined to be consistent with microglia.30 Therefore, 
our data suggest that the predominant GAM population 
in grade III canine astrocytomas is microglia, not blood-
derived macrophages. This finding is similar to recent ro-
dent model data, suggesting that at least 65% of the GAM 
population is microglia.31 However, given the difference in 
average GAM morphological parameters between grade III 
and IV astrocytomas, it is tempting to speculate that grade 
IV astrocytomas may have increased infiltration of blood-
derived macrophages, which would account for the re-
duction in the average cell area, fiber, and chord length in 
this population. Given the substantial differences in activa-
tion states between resident microglia and blood-derived 
macrophages,31,32 further quantitative evaluation of the on-
togeny and the corresponding molecular profile of GAM is 
critical to guide the development of effective therapeutic 
strategies.

Increased microglial density has been observed in the 
contralateral normal-appearing cortical regions of rodent 
models33 and human patients.34 A  positive relationship 
has been identified between the length of epilepsy history 
and microglia density in the cortex of human glioma pa-
tients.34 Where partial seizures unilaterally increased mi-
croglial density, generalized seizures increased microglia 
density bilaterally.34 We did not observe diffuse microg-
lial activation in normal-appearing contralateral cortex in 
canine astrocytoma. However, mean microglial density 
in the normal-appearing contralateral cortex of grade III 
astrocytomas was elevated relative to normal brain (101.7 ± 

49.83 vs 28.6  ± 16.2 cells/field). The overall increase was 
due to a single dog that had the greatest microglia den-
sity of all cases evaluated (180.1 cells/field). This dog had 
severe generalized seizures within 24 h of euthanasia and 
was the only dog with documented generalized seizure ac-
tivity within 3 months prior to tissue collection in the mor-
phometric cohort. Seizure-induced microglial activation 
has been well-described in dogs,35,36 thus it is plausible 
that secondary tumor effects (ie, seizures), but not the pri-
mary tumor, dictate the contralateral microglial response 
in canines and humans alike.

Our data demonstrate that several upregulated growth 
factors and cytokines within the tumor microenvironment 
are shared between canine and human astrocytomas. 
CCL2 is a key molecule mediating GAM recruitment in 
human glioma37 and expression is negatively associated 
with median survival time in human glioma patients.38 
Similarly, CCL2 was highly expressed in high-grade ca-
nine astrocytoma and likely plays a critical role in GAM 
recruitment in canine tumors. Moreover, GAMs have 
been identified as a major source of CCL2 in glioblas-
toma multiforme.39 Rodent models have demonstrated 
that GAM-derived CCL2 is necessary for tumoral infiltra-
tion of T-regulatory cells.39 Therefore, it is plausible that 
canine GAMs are also a source of CCL2 within canine 
astrocytomas, similar to human astrocytomas. Given the 
recent observation of the abundance of CD4+ cells in ca-
nine astrocytoma,21 further evaluation of the source and 
specific role(s) of CCL2 in canine astrocytoma is warranted.

The complexity of the human glioma molecular profile is 
mirrored in canine astrocytoma, with upregulation of sev-
eral molecules that promote the malignant astrocytoma 
phenotype. Similar to human glioma,40 HGFR, a high-
affinity tyrosine kinase receptor for HGF, was the most 
abundantly increased molecule evaluated in high-grade 
canine astrocytoma (Figure 4). Despite variability in HGF 
abundance, the incredible magnitude of HGFR expression 
suggests that the HGF/HGFR signaling axis is relevant in 
canine astrocytoma pathogenesis. Tumor-derived HGF has 
been shown to facilitate microglia migration41 through par-
acrine signaling, as well as promote glioma invasion and 
chemoresistance through autocrine signaling.40,42 It is also 
possible that microglia are a source of HGF in the tumor 
environment, as TGFB isoforms induce microglia produc-
tion of HGF.43 Importantly, therapeutic targeting of HGF 
or HGFR through antibodies or small-molecule inhibitors 
has shown efficacy in numerous preclinical studies, but 
the therapeutic benefit has failed to translate to human 
patients. Given our findings, naturally occurring canine 
astrocytomas may provide a platform for further preclin-
ical therapeutic targeting of this signaling axis.

As in human glioma,44 several molecules of the IL-1 
cytokine superfamily were highly expressed in high-
grade canine astrocytoma. In addition to the direct pro-
motion of glioma growth and invasion,45,46 IL-1 cytokines 
are necessary for VEGF production and angiogenesis in 
glioma.47 Indeed, VEGF expression was highly abundant 
in our sample cohort. Thus, these data suggest that the 
IL-1 signaling axis is quite relevant in canine astrocytoma 
and contributes to the interdependent, pro-tumorigenic 
signaling milieu. Moreover, while these molecules may 
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be derived from multiple sources in the glioma mi-
croenvironment, microglia are likely key players in 
establishing the pro-tumorigenic molecular profile of ca-
nine astrocytoma.

TGFB1 is an abundant, pro-tumorigenic cytokine 
in human glioma.48 Here we demonstrate a striking 
upregulation of the canonical TGFB signaling axis in ca-
nine high-grade astrocytoma. However, TGFB1 IR was 
heterogeneously distributed throughout high-grade 
astrocytomas. We observed a marked upregulation 
of IR at the leading edge of the tumors, which corres-
ponded to a focal area of increased microglia density 
(Figure 5). Human tumor-derived TGFB1 stimulates 
GAM to produce molecules promoting glioma growth9 
and invasion.10 Additionally, GAMs are also a source 
of TGFB1, serving to promote glioma cell invasion.10,48 
While this study does not ascertain the source of TGFB1 
in canine astrocytomas, we have demonstrated that ca-
nine astrocytoma cells increase migration, invasion, 
and to a lesser extent, proliferation, following exposure 
to TGFB1, consistent with human data.10 Interestingly, 
there was a negative correlation between the tumoral 
abundance of active TGFB1 (13 kD) and survival time 
in dogs with high-grade astrocytoma (rs: −1.0’ P =  .08; 
n = 4; Supplementary Figure 2), just as in human glioma 
patients.49 Survival time in veterinary medicine is dic-
tated by the owner’s wishes for euthanasia and is not 
a good measure of disease end-stage in all cases. 
However, within the 4 cases presented here, euthanasia 
was elected at the time of unmanageable clinical signs 
and may more closely represent progression-free in-
terval. Either way, this relationship highlights the po-
tential importance of TGFB signaling on the malignant 
phenotype in canine astrocytoma and further under-
scores the similarities between canine astrocytoma and 
human glioma.

These data provide further evidence that naturally 
occurring canine astrocytomas are a relevant transla-
tional model for human glioma. Both human and ca-
nine high-grade astrocytomas are characterized by an 
increased density of enlarged and elongated GAM and 
an abundance of several pro-tumorigenic molecules, 
including the highly active TGFB signaling axis which 
directly promotes the malignant astrocytoma pheno-
type. Canine spontaneous astrocytomas appear to have 
the core common features supporting their validity for 
the assessment of immunomodulatory therapeutic ap-
proaches targeting GAM and the TGFB axis. Therefore, 
naturally occurring, heterogenous canine astrocytomas, 
with shared environmental influence on humans, may 
provide a more accurate large animal model platform for 
the development of therapeutic approaches for human 
patients.
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