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Companion animals develop spontaneous tumors with biological and immunological 
features closely resembling human cancers. The tumor microenvironment (TME), 
particularly its immune infiltrates, plays a pivotal role in tumor progression and 
immune evasion. This review summarizes current knowledge on the composition 
and function of immune cells (including T cells, B cells, macrophages, dendritic 
cells, neutrophils, and mast cells) in the TME of canine and feline tumors. A better 
understanding of these mechanisms may aid in identifying prognostic biomarkers 
and novel immunotherapeutic targets in both veterinary and human oncology.
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1 Introduction

The tumor microenvironment (TME) is a complex and dynamic network of cells that 
infiltrates and surrounds the tumor. Its interaction with neoplastic cells plays a pivotal role in 
shaping tumor behavior, influencing progression, malignancy, and therapeutic response. 
While this relationship is well documented in human oncology, it remains an emerging area 
of investigation in veterinary medicine.

Understanding the contribution of different immune cell populations within spontaneous 
tumors in dogs and cats offers promising perspectives for the development of novel therapeutic 
strategies aimed at treating or slowing tumor progression.

The TME refers to the non-malignant cellular context that surrounds the neoplasm and 
actively interacts with it, shaping key aspects of tumor biology such as progression, metastasis, 
and response to therapy (1). It is composed of blood vessels, fibroblasts (also known as tumor-
associated stromal cells), immune cells including lymphocytes and myeloid-derived 
inflammatory cells, signaling molecules, and is further characterized by the presence of an 
extracellular matrix (ECM) that provides structural and biochemical support (2, 3). The 
specific composition of TME plays a crucial role in shaping the defining traits of cancer, known 
as the hallmarks of cancer. These include resistance to cell death, persistent proliferative 
signaling, evasion of growth suppressors, activation of invasive and metastatic processes, 
uncontrolled cell proliferation, and the induction of angiogenesis (2–5).

In recent years, the immune component of the TME has gained considerable attention for 
its ability to support and restrain tumor growth. Key players in modulating cancer development 
and progression include immune cells such as tumor-associated macrophages (TAMs), 
dendritic cells (DCs), regulatory T cells (Tregs), cytotoxic CD8 + T cells and myeloid-derived 
suppressor cells (MDSCs). These cell populations display remarkable functional plasticity in 
their pro- or anti-tumorigenic roles.
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This review provides a critical overview of recent literature on the 
topic, aiming to clarify the intricate interactions within the TME and 
explore the dual role of the innate and adaptive immune systems in 
promoting and suppressing tumor development.

In veterinary oncology, investigating the TME is becoming 
increasingly important as a step towards improving cancer diagnosis, 
prognosis, and treatment in companion animals. Cancers in dogs and 
cats often present with high biological and clinical heterogeneity, and 
their immune microenvironments can greatly influence disease 
progression and therapeutic response. Nevertheless, the 
immunological landscape of spontaneous tumors in veterinary species 
is less well characterized than that of human neoplasms. The 
characterization of immune infiltrates—such as TAMs, T lymphocytes, 
and myeloid-derived suppressor cells—as well as immune evasion 
mechanisms involving checkpoint molecules such as PD-1, PD-L1, 
and CTLA-4, is beginning to transform our approach to cancer 
therapy in animals. Leveraging knowledge from human immuno-
oncology and adapting it to the veterinary context enables clinicians 
and researchers to develop more personalized and effective therapeutic 
strategies, ultimately improving outcomes for animal and human 
patients alike. The comparative lens is reinforced by ECM immune 
convergence: collagen signatures and TAM–ECM phenotypes track 
with outcome across dogs, cats, and humans, emerging as shared 
hallmarks that can enable cross-species biomarkers and inform 
combination therapies integrating immune checkpoint blockade with 
stroma-targeted approaches (6–8).

2 Extracellular matrix—immune cross 
talk

The ECM plays a key role in shaping the immune environment 
within tumors by affecting how innate immune cells activate, 
differentiate, and survive, especially in human cancers such as 
pancreatic ductal adenocarcinoma (PDAC) and breast cancer (9). Its 
physical properties, including stiffness and density, directly influence 
immune cell behavior and contribute to the immunosuppressive 
tumor microenvironment (9).

For example, macrophages respond to ECM stiffness; when 
cultured in dense, collagen-rich matrices, they exhibit enhanced T 
cell suppression and reduced recruitment of CD8 + T cells, as shown 
in experimental models (10). Furthermore, elevated collagen levels 
in human breast and colorectal cancers are associated with poor 
prognosis and increased metastatic potential. This is partly because 
collagen binds to LAIR-1, an inhibitory receptor expressed on 
immune cells such as natural killer (NK) and T cells (11). 
Engagement of LAIR-1 by collagen inhibits cytotoxic immune 
responses, thereby facilitating tumor immune evasion (11). 
Additionally, tumor cells themselves may produce transmembrane 
and extracellular collagens, amplifying this immunosuppressive 
signal within the TME (9).

Beyond its mechanical properties, the ECM undergoes proteolytic 
remodeling by enzymes like those from the ADAM and ADAMTS 
families. This process releases matrikines—bioactive ECM fragments 
with immunomodulatory functions. For instance, in human colorectal 
cancer, cleavage of the ECM proteoglycan versican (VCAN) produces 
versikine, which promotes the differentiation of conventional 
dendritic cells that enhance T cell-mediated anti-tumor immunity (12).

In veterinary oncology, VCAN proteolysis by ADAMTS 
enzymes generates versikine, a bioactive fragment enriched at the 
invasive fronts of canine mammary carcinomas. This process is 
associated with type III collagen remodeling and tumor invasiveness, 
linking ECM degradation with tumor progression (13). Moreover, 
VCAN interacts with signalling pathways such as EGFR, HER2, and 
CD44, suggesting a bridge between ECM remodeling and epithelial 
signaling cascades with potential implications for immune 
modulation (14).

Importantly, the tumor ECM actively shapes immune responses 
in both human and veterinary oncology. In canine and feline 
mammary tumors, collagen characteristics quantified by second 
harmonic generation (SHG) imaging—such as fiber length, width, 
straightness, and boundary integrity—serve as strong prognostic 
markers. Specifically, in canine mammary carcinomas, denser, longer, 
and straighter intratumoral collagen fibers correlate with poorer 
overall survival. Similar collagen features are observed in feline 
mammary tumors and human breast cancer, highlighting translational 
relevance across species (6, 7). These collagen signatures correlate with 
aggressive tumor biology across species and closely mirror findings in 
human breast cancer. Mechanistically, tumor-associated collagens 
modulate immunity by restricting T cell trafficking, altering 
macrophage phenotypes, and dampening effect or functions. This 
explains why dense and aligned collagen matrices often correspond to 
immune exclusion and poor clinical outcomes (6, 7, 15–17).

In summary, the ECM, both in human and in animals, is not 
merely a structural scaffold but a dynamic regulator of immune cell 
function, contributing to both immune suppression and activation 
depending on its composition, remodeling, and interactions with 
immune receptors (9).

2.1 Role of CAFs in tumor immune 
modulation

Within the TME, cancer-associated fibroblasts (CAFs) are key 
producers of the ECM and soluble factors that influence innate 
immunity, fostering an immunosuppressive milieu (9). CAF-derived 
cytokines such as IL-6, GM-CSF, and IL-8 promote monocyte 
differentiation into pro-tumoral M2 macrophages, which inhibit NK 
cell activity and support metastasis formation (18, 19).

Tumor-secreted colony-stimulating factor 1 (CSF-1) suppresses 
granulocytic chemokine production by CAFs, thereby limiting the 
recruitment of antitumor immune cells. While CSF-1R inhibition can 
reduce TAMs, it may inadvertently increase immunosuppressive 
polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs). 
Combining CSF-1R and CXCR2 (C-X-C Motif Chemokine Receptor 
2) inhibition, which targets PMN-MDSCs migration, has been shown 
to improve therapeutic outcomes (20, 21).

In human PDAC, distinct CAF subsets have been identified, 
including inflammatory fibroblasts, myofibroblasts, and antigen-
presenting CAFs capable of modulating T cell responses (22). CAFs 
also facilitate tumor angiogenesis by secreting VEGF, FGF-2, and 
remodeling the ECM. Notably, ECM degradation can release anti-
angiogenic factors, demonstrating the complex regulatory role of 
CAFs in vascular dynamics (4).

A significant role of CAFs in carcinomas has been 
demonstrated for the first time in dogs. In this species, it has been 
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shown that CAFs can induce T cell chemotaxis via the C-X-C 
Motif Chemokine Ligand 12-C-X-C Motif Chemokine Receptor 
4 (CXCL12/CXCR4) axis. These molecules are expressed in the 
tumor stroma and lymphocytes, respectively, and their secretion 
is regulated by increased expression of TGF-β1 derived from 
CAFs, underscoring the role of these cells in modulating T cell 
immunity within the TME (23).

3 The major immune components that 
orchestrate the TME

3.1 Tumor-infiltrating lymphocytes

Within the adaptive immune response observed in the TME, 
tumor-infiltrating lymphocytes (TILs) represent key cellular 
components. Depending on their localization, they can be  found 
either dispersed throughout the tumor stroma (sTILs) or in direct 
contact with malignant cells (iTILs) (24). TILs are a heterogeneous 
group of immune cells that play a crucial role within the tumor 
immune microenvironment. They include all mononuclear leukocytes 
(such as T lymphocytes, B lymphocytes, NK cells, and plasma cells), 
but exclude polymorphonuclear leukocytes (neutrophils, eosinophils, 
and basophils) (25). TILs consist of various population, including 
cytotoxic CD8+ T cells, various CD4+ T cell subsets such as Th1, Th2, 
Th17, regulatory T cells (Tregs), and follicular helper T cells (Tfh), as 
well as B cells. Each category contributes differently to the immune 
response, with some promoting antitumor activity (CD8+, Th1) and 
others potentially suppressing it (Tregs, Th2) (25).

Tumor-infiltrating B lymphocytes (CD20+) play a dual role in 
cancer. On one hand, they exert antitumor functions by producing 
antibodies, releasing pro-immunogenic cytokines and chemokines, 
activating the complement system, presenting antigens to T cells, and 
contributing to the formation of tertiary lymphoid structures (TLS) 
(26). On the other hand, B cells, can also promote tumor progression 
by secreting anti-inflammatory and pro-angiogenic factors, forming 
immune complexes, and enhancing complement activation. These 
activities foster a pro-tumorigenic environment marked by chronic 
inflammation and immunosuppression, which facilitates immune 
evasion by cancer cells (4, 27, 28).

Among the immune cells involved in shaping the tumor 
microenvironment, T lymphocytes play a pivotal role. CD8+ T cells are 
key players in antitumor immunity, capable of inducing apoptosis in 
cancer cells via cytotoxic molecules or Fas–FasL interactions. 
However, within tumors, they often become dysfunctional (24). CD4+ 
T helper cells have a dual role: Th1 cells support antitumor responses 
and can directly kill tumor cells through cytokine release (IFN-γ and 
TNF-α), while Th2 cells promote tumor progression by secreting anti-
inflammatory mediators, such as IL-4 and IL-13, that suppress 
immune activity (24, 29).

In addition to CD8+ and CD4+ effector T cells, regulatory T 
cells play a crucial role in modulating the immune landscape of the 
TME. Tregs are a subset of CD4+ T lymphocytes that suppress 
immune responses, allowing tumors to evade immune control. 
They infiltrate the TME via specific chemokine gradients and act 
by releasing inhibitory cytokines (such as IL-10 and TGF-β), 
blocking antigen-presenting cells through CTLA-4, consuming 

IL-2, and disrupting local metabolism. They can also directly kill 
effector T cells, thereby promoting immunosuppression and tumor 
progression (24, 30, 31).

In canine mammary carcinoma, a standardized method for 
assessing TILs, adapted from the human International TILs Working 
Group, has been validated. Both stromal TILs (sTILs) and those at the 
invasive front increase with tumor grade, while the presence of 
FOXP3+ regulatory T cells correlate with higher malignancy. These 
features should be systematically incorporated into veterinary TILs 
evaluation and considered for stratification in clinical trials (32, 33).

3.2 Immune checkpoints

Immune checkpoints are physiological pathways of the immune 
system that are essential for modulating the immune response against 
pathogens and for maintaining self-tolerance in peripheral tissues. 
They are divided into two groups: co-stimulatory checkpoint 
molecules and co-inhibitory checkpoints. The latter category includes 
PD-1 and CTLA-4, which are the most studied in cancers and are 
mentioned further below.

3.2.1 CTLA-4
Immune checkpoints play a key role in regulating effector T 

cell activation through distinct, non-redundant mechanisms. 
CTLA-4 (Cytotoxic T-Lymphocyte Antigen-4) is one of the first 
identified checkpoints and modulates the early phases of T cell 
activation by competing with CD28 for binding to CD80/86 on 
antigen-presenting cells. Due to its higher binding affinity, CTLA-4 
inhibits costimulatory signaling, thereby limiting T cell activation 
(Figure 1). It is primarily expressed on Tregs but can also be found 
in activated effector T cells. This pathway contributes to immune 
tolerance and prevents autoimmunity (34, 35).

Preclinical studies based in murine models of melanoma, have 
shown that CTLA-4 blockade can enhance antitumor immunity by 
reducing Treg-mediated suppression and restoring effector T cell 
function (36).

3.2.2 PD-1 and PD-L1/PD-L2
The PD-1 (Programmed cell death protein 1) immune checkpoint 

plays a crucial inhibitory role in T cell function within the 
TME. Upon antigen stimulation, PD-1 is expressed on T cells, B cells, 
and myeloid cells, while its ligands PD-L1 and PD-L2 are typically 
expressed by tumor cells (Figures 2, 3) and dendritic cells (DCs). 
Unlike CTLA-4, which inhibits T cell activation at the priming phase, 
PD-1 suppresses T cell activity through interactions with its ligands 
within the TME (35). In human pancreatic ductal adenocarcinoma 
tumor-infiltrating γδ T cells expressing PD-L1 suppress cytotoxic T 
cell and Th1 responses via PD-1 engagement, contributing to 
immune evasion (35). However, the immunosuppressive effect of 
PD-L1 may vary depending on the cell type; in murine models, 
PD-L1 expression by NK cells inhibited DCs activation without 
directly affecting effector T cells (35, 37).

Mechanistically, PD-1 engagement interferes with key signaling 
pathways such as Ras and PI3K, impairing T cell proliferation and 
metabolism (mitochondrial respiration and glycolysis) (38). PD-1/
PD-L1 interactions also promote Treg induction, especially when PD-L1 
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is expressed by DCs. Checkpoint blockade in murine cancer models 
reduces Treg infiltration and enhances CD8+ T cell IFN-γ production (39).

In human non-small cell lung cancer, particularly epidermal growth 
factor receptor (EGFR)-mutant subtypes, PD-1/PD-L1 inhibitors show 
limited efficacy. This is partly due to tumor expression of 
immunoglobulin-like transcript-4 (ILT4), an immunosuppressive 

molecule upregulated by mutant EGFR via AKT and ERK1/2 
pathways (40).

The study of immune checkpoints is of growing and current 
interest in veterinary oncology (41–44). Incorporating validated 
antibody clones and harmonized scoring systems will be crucial to 
ensure comparability across studies.

FIGURE 1

Immune checkpoint inhibitors: CTLA-4. (A) The activation of antigen-specific T cells requires costimulatory signals, which are generated through the 
recognition of antigens presented by MHC molecules on antigen-presenting cells (APCs), along with the binding of the T cell surface molecule CD28 
to its ligands (CD80/86) on APCs. (B) The expression of the inhibitory receptor CTLA-4 on T cells leads to their inhibition. Like CD28, CTLA-4 binds to 
CD80/86 on APCs, but instead of promoting activation, it blocks the costimulatory signals necessary for T cell activation. Created in https://BioRender.
com.

FIGURE 2

Immune checkpoint inhibitors PD-1: immune evasion by tumor cells. Tumor cells can evade the immune response by upregulating the expression of 
PD-L1 or PD-L2 on their surface. These ligands bind to the PD-1 receptor on T cells, leading to the inhibition of T cell activation and allowing tumor 
cells to escape immune surveillance. Created in https://BioRender.com.
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3.3 Tumor-associated macrophages

TAMs are the most abundant immune cells within the TME and 
are key mediators of chronic inflammation in solid tumors. Activated 
macrophages release Reactive Oxygen Species (ROS), Reactive 
Nitrogen Species (RNS), TNF-α, IL-6, IL-12, and IL-1β, contributing 
to a pro-tumorigenic environment. Upon IFN-γ and Toll-Like 
Receptor (TLR) ligand stimulation, they can exert cytotoxic effects via 
nitric oxide production (9).

Tumor-derived signals promote macrophage polarization toward 
a pro-tumoral M2-like phenotype, supported by IL-4, IL-13, IL-10, 
TGF-β, hypoxia, immune complexes and tumor metabolites. While 
M1 macrophages exhibit anti-tumor properties, M2 macrophages 
facilitate tumor growth and progression (Figure 4) (3, 45). TAMs are 
heterogeneous and plastic, evolving during tumor development, they 
promote angiogenesis, particularly through Tie2+ monocyte-derived 
cells that secrete VEGF (46).

In breast cancer, perivascular TAMs enhance metastasis by aiding 
tumor cell intravasation (47).

TAMs also suppress anti-tumor immunity via IL-10 and TGF-β, 
remodel the ECM through matrix metalloproteinases, and induce 
epithelial-mesenchymal transition, fostering invasion (9). At 
metastatic sites, TAMs support tumor cell survival, e.g., through 
interactions between vascular cell adhesion molecule-1 and its ligand 
α4 integrin in pulmonary metastasis (48). Despite M2-like features, 
TAMs retain functional plasticity and can be reprogrammed toward 
an M1-like phenotype with anti-tumor potential (3, 9).

TAMs frequently co localize with remodeled collagen and can either 
enforce or relieve matrix imposed immune exclusion. Recent 
comparative work integrates TAM phenotypes with collagen architecture 
in canine and human mammary carcinomas, providing a matrix aware 
framework for TAM targeted therapy and for combining macrophage 
modulating strategies with stroma directed interventions (8, 49).

3.4 Innate and innate-like immune cells in 
the TME

In addition to conventional T lymphocytes and TAMs, several 
other immune cell populations play key roles in shaping the 
TME. Among these, NK cells, NKT cells, and unconventional T 
cells, such as γδ T cells, are critical components of the innate and 
innate-like immune response. These cells contribute to tumor 
immunosurveillance and antitumor immunity but can also 
support tumor progression depending on the local signals within 
the TME. The following is a concise overview of the mechanisms 
by which these immune cells influence the TME and 
tumor development.

NK cells are key innate lymphoid cells that mediate antitumor 
activity through cytotoxic granule release and death receptor 
engagement. They recognize cells with reduced MHC-I via 
activating receptors such as NKG2D and NKp46 (50–52). Tumors 
can evade NK cells by downregulating ligands or upregulating 
inhibitory signals (53). NK cells also shape the TME by recruiting 
dendritic cells via chemokines—a process disrupted by PGE2 (54, 
55). Their function is regulated by cytokines like IL-15 and IL-1R8 
(3, 9, 56, 57).

NKT cells bridge innate and adaptive immunity, expressing 
both NK markers and TCRs. Type I (iNKT) cells exert antitumor 
effects by activating dendritic and T cells, while Type II NKT cells 
are associated with immunosuppression and tumor promotion 
(58–60). Their impact is mediated by cytokine secretion (IL-12, 
IL-21, IL-2) or suppression (3, 9).

γδ T cells are unconventional T lymphocytes that recognize 
stress-induced ligands independently of MHC. They contribute to 
tumor control via direct cytotoxicity (NKG2D, DNAM-1, TRAIL) 
and cytokine production (IFN-γ, TNF-α) (61–63). However, in 
certain TMEs, they may acquire a γδT17 phenotype, secreting 
IL-17 and IL-1β, which promotes angiogenesis and immune 
evasion (3, 9, 64, 65).

Other important components beyond NK, NKT, and 
unconventional T cells in the TME are Myeloid-Derived 
Suppressor Cells (MDSCs). MDSCs are immature myeloid cells 
divided into monocytic (M-MDSCs) and granulocytic 
(G-MDSCs) subsets, both able to suppress T cell activity and 
promote tumor progression through immunosuppression and 
angiogenesis (9, 66). Their expansion and recruitment in tumors 
are driven by cytokines like GM-CSF, IL-6, and VEGF, which 
activate STAT3 signaling to maintain their immature, suppressive 
phenotype (3, 67). M-MDSCs are more prevalent in tumors and 
can differentiate into TAMs, influenced by hypoxia and HIF-1α 
(9) M-MDSCs inhibit T cell proliferation via secretion of 
suppressive factors such as L-arginine, iNOS, TGF-β, IL-10, and 
IDO, causing nutrient depletion and accumulation of toxic 
metabolites in the TME (20). They also impair T cell function 
through nitric oxide production and transfer of methylglyoxal, 
leading to immune dysfunction (68, 69) Moreover, M-DSCs 
promote metastasis and angiogenesis by secreting IL-6, Bv8, 
VEGF, and MMP-9, which facilitate tumor growth and 
vascularization (3, 70). Their presence correlates with worse 
outcomes and resistance to immunotherapy, being them 
important but challenging therapeutic targets (9).

FIGURE 3

Canine squamous cell carcinoma, immunohistochemistry for PD-L1: 
neoplastic cells show strong positivity with membrane labelling. 
Cytoplasmic staining is also present but is not considered specific. 
Technical specifications: PD-L1/CD274 Rabbit pAb, ABClonal, A1645, 
with positive control (not shown) using normal canine placenta.
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4 Immune landscape of the tumor 
microenvironment in canine and 
feline spontaneous neoplasms

4.1 Canine and feline mammary carcinoma

Mammary carcinoma is one of the most frequent neoplasms in 
both dogs and cats, with distinct biological behavior between species. 
In dogs, around 55% of mammary tumors are malignant, but often 
less aggressive than in cats. Late or absent spaying is the main risk 
factor (71). In cats, Feline Mammary Carcinoma (FMC) is typically 
highly malignant, with a strong tendency for invasion and metastasis. 
The risk is significantly reduced by early spaying, while progestin 
contraceptives increase susceptibility (24, 72). FMC is recognized as a 
highly comparable spontaneous model of human breast cancer due to 
its metastatic pattern (regional lymph nodes and lungs), as well as its 
clinical and histopathological features (6).

Among the various subtypes, FMC shares strong similarities with 
the basal-like subtype of human breast cancer, characterized by the 
lack of ER, PR, and HER2 expression, and positivity for basal 
cytokeratins (73, 74). In humans, this subtype is linked to a highly 

immunosuppressive TME (6). In cats, Tregs infiltration in basal-like 
and luminal FMCs has been associated with shorter disease-free 
interval (DFI) and tumor specific survival (TSS), defining an 
“immunosuppressed” subgroup within the basal-like phenotype (74).

Peripheral blood leukocyte counts, and neutrophil-to-lymphocyte 
ratio (NLR) have emerged as prognostic indicators. Higher NLR 
values were associated with shorter DFI and TSS, highlighting its 
potential as a preoperative prognostic biomarker and therapeutic 
guide (75–77).

In addition, high serum levels of VEGF-α, VEGFR-1/2, and PD-1/
PD-L1 have been observed in aggressive FMC subtypes such as HER2+ 
and triple-negative tumors, and are associated with increased TILs 
(6, 78).

TILs play a critical role in the TME of canine mammary carcinoma 
(CMC), where Tregs (Figure 5) contribute to the suppression of anti-
tumor immune responses. Their interaction with other 
immunosuppressive cells—such as Th2 cells, M2-polarized 
macrophages, and myeloid-derived suppressor cells (MDSCs) —
further facilitates tumor progression (25).

While high levels of TILs in human breast cancer are generally 
associated with a better prognosis, in CMC, elevated TILs in the 

FIGURE 4

Tumor-associated macrophages: M1 (inflammatory) and M2 (anti-inflammatory) phenotypes. TNF and IFNγ induce M1 macrophages polarization, 
leading to a pro-inflammatory phenotype. This is associated with Th1 response and the release of Reactive Oxygen Species (ROS), Reactive Nitrogen 
Species (RNS), TNF-α, IL-6, IL-12, and IL-1β, all contributing to a pro-tumorigenic environment. Conversely, IL-4, IL-13, IL-10, TGF-β induce M2 
macrophages polarization, resulting in an immunosuppressive phenotype. This leads to anti-inflammatory activity, extracellular matrix remodeling (e.g., 
ADAMTS 15/versikine axis) that fosters invasion, and suppression of anti-tumor immunity, primally mediated by IL-10 and TGF-β. Created in https://
BioRender.com.
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stromal compartment are linked to poorer outcomes. Notably, Tregs 
increase proportionally with TILs density, contributing to the 
formation of an immunosuppressive barrier at the invasive front of the 
tumor (32, 79). In addition to stromal TIL density, the organization of 
TILs into tertiary lymphoid structures (TLSs) has been described in 
dogs and is observed in high-grade tumors, further supporting the 
association of TILs and TLSs with an aggressive tumor phenotype (80).

Studies have shown that dogs affected by triple-negative CMC 
with marked inflammatory infiltrates have poorer survival. Increased 
levels of CD3+, CD4+ T cells, as well as TAMs have been identified as 
potential prognostic indicators in these cases (81). Additionally, Tregs 
infiltration is linked to increased malignancy, metastasis, and higher 
histological grade (32, 82).

TAMs contribute to tumor aggressiveness and have been 
associated with larger tumor size, lymphatic invasion, and increased 
Ki67 expression (83). The macrophages polarization, specifically 
toward the M2 subtype, plays a critical role in the progression of 
CMC. Tumors with a predominance of M2 polarized (CD204+) TAMs 
were associated with significantly shorter tumor-specific median 
survival and were more frequently observed in aggressive tumor 
phenotypes. In contrast, tumors with a higher proportion of IBA1+ 
cells were associated with a more favorable prognosis. These findings 
suggest that the TAMs polarization toward the M2 phenotype may 
have a detrimental impact on disease outcome (84). CD204+ 
macrophages infiltration is also more prominent in HER2-
overexpressing and triple-negative subtypes compared to luminal 
types, suggesting a potential role in promoting tumor 
aggressiveness (85).

Suppressor of cytokine signaling proteins (SOCS1 and SOCS3) are 
key regulators of immune responses. SOCS1 expression in 
macrophages is associated with a more aggressive tumor phenotype, 
while SOCS3 correlates with an anti-tumor response. In CMC, SOCS3 
expression in macrophages is associated with lower metastasis, 
whereas SOCS1 correlates with worse outcomes (86, 87).

PD-L1 expression has been investigated in canine mammary 
carcinoma, with significant discrepancies among studies. The reported 

prevalence of expression ranges from 3% to as high as 80–100% in the 
literature. This divergence is attributed to methodological and 
analytical differences among studies, as well as the lack of standardized 
evaluation guidelines, unlike in humans, where membrane expression 
is considered mandatory (41–43).

4.2 Canine colorectal carcinomas

Colorectal cancer (CRC) is one of the most common malignancies 
in humans and a leading cause of cancer-related mortality, with 
chronic inflammation playing a key role in its pathogenesis. In 
veterinary medicine, dogs are the species most frequently affected by 
spontaneous colorectal tumors, making them a valuable comparative 
model for human CRC studies (88, 89). In both humans and dogs, 
colorectal carcinoma is often associated with a poor prognosis, due to 
high rates of local recurrence in dogs and distant metastases in 
humans (90, 91).

Therefore, inflammation plays a significant role in the 
development of CRC, influencing the progression from adenoma to 
adenocarcinoma. The immune microenvironment, particularly the 
interaction between tumor cells and immune cells, affects this 
transition. Macrophages are especially involved, secreting 
pro-inflammatory cytokines that promote malignancy (92, 93). In 
both humans and dogs, adenomas that progress to CRC are 
characterized by a high density of mast cells, which secrete 
pro-angiogenic and pro-inflammatory factors that contribute to 
tumor development (94, 95).

In humans, a higher infiltration of CD3+ T lymphocytes in tumors 
correlates with better survival outcomes, while lower levels are 
associated with poorer prognosis. Conversely, TAMs are linked to a 
more aggressive phenotype (96, 97).

In dogs with colon adenocarcinoma, however, TILs infiltration is 
lower compared to humans, and the roles of specific T-cell 
subpopulations remain unclear. TAMs were found to be  more 
abundant in adenocarcinomas than in adenomas, suggesting a 
potential link to malignancy (98). However, further research is needed 
to clarify their precise role in tumor progression because another 
study reported the opposite trend, observing a higher infiltration of 
TAMs in adenomas compared to adenocarcinomas (95).

Ki67, a marker of cell proliferation, has been controversial role as 
a prognostic indicator in human CRC (99–101). In dogs, Ki67 
expression, along with TAMs infiltration and mast cell presence, has 
been associated with CRC malignancy. Specifically, Ki67 correlates 
with higher mitotic indices, larger tumor size, necrosis, and vascular 
invasion. Additionally, mast cells appear to serve as indicators of poor 
prognosis in canine CRC (95).

4.3 Canine visceral hemangiosarcoma

Canine visceral hemangiosarcoma (HSA) is a relatively common, 
highly malignant tumor originating from vascular endothelial cells. It 
frequently affects highly vascularized visceral organs such as the 
spleen, liver, heart, and skin. Clinical signs often appear suddenly due 
to tumor rupture, which commonly causes haemorrhagic effusions in 
the peritoneal and pericardial cavities. HSA is characterized by early 
and widespread metastasis, leading to a poor prognosis with an 

FIGURE 5

Canine mammary carcinoma, immunohistochemistry for FoxP3: 
numerous FoxP3+ regulatory T lymphocytes with nuclear 
immunoexpression are present in supporting stroma and in the 
neoplastic tissue.
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average survival time of 4 to 8 weeks despite radical surgical treatment 
(102, 103).

The previously discussed M1/M2 macrophage polarization 
appears to play a significant role in HSA. Kerboeuf et  al. (102) 
employed CD206 as a specific marker for M2 macrophages and used 
CD204 to label the overall macrophage population. This approach 
contrasts with prior veterinary literature (85, 104), where CD204 was 
often used as an M2-specific marker. In this study, a higher number of 
total macrophages, M2 macrophages, and an increased M2-to-total 
macrophage ratio were observed within tumor hotspots and in the 
surrounding neoplastic tissue. In contrast, non-tumoral regions 
predominantly contained CD206− macrophage populations.

Further studies have confirmed that canine splenic HSA is highly 
immunogenic. An accumulation of FoxP3+ immune cells (Tregs), 
potentially acting through the CTLA-4 immune checkpoint, appears 
to contribute to immunosuppression, tumor progression, and 
metastasis (105).

Elevated levels of CD20+ B cells were significantly associated with 
increased metastatic risk, in line with observations in both canine oral 
melanoma and human oral squamous cell carcinoma (106, 107). 
Macrophages were identified using the pan-histiocytic marker Iba-1, 
which revealed a correlation between Iba-1+ cell number and clinical 
tumor stage; however, no significant prognostic relevance was 
observed (105).

4.4 Canine soft tissue sarcomas

Canine soft tissue sarcomas (STSs) are a heterogeneous group of 
mesenchymal tumors, accounting for approximately 15% of all 
cutaneous and subcutaneous neoplasms. These tumors share common 
features including challenging surgical removal, a high risk of local 
recurrence, and systemic metastases in about 30% of cases (108).

STSs have long been considered immunologically inactive or 
“cold” tumors. However, especially in human medicine, recent 
findings have highlighted the role of TILs, TAMs and the expression 
of immune checkpoint molecules such as PD-1, PD-L1, and PD-L2 in 
modulating tumor behavior and activating the immune response. 
High PD-L1 expression has been linked to poor prognosis, while 
increased M2 macrophages are associated with treatment resistance 
and worse outcomes. In contrast, M1 macrophages and CD8+ T cells 
are linked to more favorable clinical outcomes (109–111).

In canine STSs, characterization of the TME is still limited but 
growing. Variations in TILs density and composition have been 
observed across different sarcoma histotypes. For example, 
myxosarcomas exhibit high infiltration of B lymphocytes, which is 
associated with an increased presence of Tregs, suggesting a potentially 
immunosuppressive TME that may be linked to a worse prognosis. In 
perivascular wall tumors, both B and T (Figure 6) lymphocytes are 
present in high numbers, whereas Tregs are less represented. 
Leiomyosarcomas, liposarcomas, and fibrosarcomas tend to show low 
TILs infiltration, but Tregs density increases with histological grade in 
leiomyosarcomas and fibrosarcomas (4, 26, 112).

TAMs in canine STSs have been studied using the 
immunohistochemical marker Iba-1. These cells were investigated in 
relation to mitotic activity, differentiation, and necrosis. Among 
these parameters, only mitotic activity showed a significant 
association with high TAMs infiltration. The lack of distinction 

between M1 and M2 macrophages represents a limitation, as 
increased mitotic rates could reflect M2 polarization, which is 
generally associated with tumor progression and poor 
prognosis (113).

The expression of immune checkpoints such as PD-1, PD-L1, and 
PD-L2 in STSs may further influence tumor progression. In a study 
assessing all three histological grades of canine STSs using the Dennis 
grading system, PD-L1 expression increased with tumor grade, and 
PD-1/PD-L2 expression was especially associated with poorly 
differentiated (grade 3) tumors. These markers may thus have 
prognostic relevance, as shown in human STSs, where PD-L1 
overexpression is linked to higher malignancy and shorter survival 
(111, 112, 114, 115).

4.5 Canine melanocytic tumors

Canine oral melanoma (OM) is a malignant tumor originating 
from melanocytes and exhibits a particularly aggressive biological 
behavior, characterized by a high risk of local recurrence and 
metastasis. Consequently, it is frequently associated with a poor 
prognosis and limited response to conventional therapies (116, 117). 
In contrast, among canine melanocytic tumors, the cutaneous form 
tends to be less aggressive (118).

Immune checkpoint molecules, including PD-1/PD-L1 and 
CTLA-4 play a central role in tumor immune evasion. In both oral and 
cutaneous melanomas in dogs, PD-L1 expression has been detected 
on tumor cells as well as on TILs (41, 43). Moreover, elevated CTLA-4 
expression on lymphocytes correlates with a poorer prognosis (119).

A recent study used RNAscope in situ hybridization to investigate 
the expression of PD-1, PD-L1, and CTLA-4 in the TME of canine 
oral melanoma. PD-L1 was expressed in all tumors, mainly by 
neoplastic cells and TAMs, while PD-1 and CTLA-4 were 
predominantly expressed by CD3+ TILs (43). Interestingly, PD-1 gene 
expression in tumor cells was associated with a higher mitotic index, 
suggesting a possible pro-tumoral role via the mTOR pathway, as 
hypothesized in human melanoma (120). Moreover, PD-1 and PD-L1 
mRNA levels appeared higher in melanomas (oral and cutaneous) 
compared to benign cutaneous melanocytomas (121).

FIGURE 6

Canine perivascular tumor, immunohistochemistry for CD3: 
numerous tumor-infiltrating lymphocytes with a T-cell 
immunophenotype are intermingled with the sarcomatous cells.
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TILs can exert both anti-tumor effect, such as those mediated by 
cytotoxic T lymphocytes (CTLs), and pro-tumor function, as seen 
with Tregs. In canine oral melanoma, higher infiltration of CD8+ and 
CD4+ T cells have been observed in early-stage tumors (stages I–II) 
and in cases with longer survival. FoxP3+ Tregs cells were less 
prevalent and not directly linked to prognosis. A marked lymphocytic 
infiltration, especially by CD8+ T cells, was associated with improved 
survival compared to tumors with sparse or absent infiltrates. Clinical 
staging and assessment of tumor aggressiveness were based on 
WHO-adapted criteria (122–124).

Oral melanomas in dogs show higher levels of FoxP3+ regulatory 
T cells and IDO+ (indoleamine 2,3-dioxygenase, an immunoregulatory 
enzyme implicated in suppressing T-cell) inflammatory cells 
compared to cutaneous melanomas and melanocytomas. FoxP3 was 
also expressed by neoplastic cells, potentially mimicking Treg-induced 
immunosuppression. IDO+ cells, mainly dendritic cells and 
macrophages, were linked to increased risk of metastasis and death. 
The positive correlation between Tregs and IDO+ cells suggest a 
cooperative immunosuppressive mechanism within the TME 
(125, 126).

TAMs are a key component of TME in canine melanocytic 
neoplasms. A study has shown that Iba-1 expression is higher in 
cutaneous melanomas than in melanocytomas. CD163, a marker 
commonly associated to the M2 phenotype, shows high expression in 
metastatic cases and in dogs with poor outcomes, paralleling 
observations in human melanoma. CD204 is also present but its role 
as a specific M2 indicator remains controversial. Some TAMs 
co-express Iba-1, CD163, and CD204, reflecting phenotypic and 
functional overlap (84, 102, 104, 127, 128).

4.6 Immune contexture of poorly 
characterized tumors

4.6.1 Canine osteosarcoma
Canine osteosarcoma is the most common primary bone tumor 

in dogs, characterized by aggressive local growth and a high potential 
for early metastasis, particularly to the lungs. It predominantly affects 
large and giant breed dogs and is associated with a poor prognosis 
despite available treatment options.

Transcriptomic analyses of canine osteosarcoma have identified 
three main tumor TME subtypes: immune-enriched (IE), immune-
enriched with extracellular matrix features (IE-ECM), and immune-
depleted (ID). The IE subtype, rich in cytotoxic CD8+ T cells, NK cells, 
and macrophages, shows strong immune activity and better clinical 
outcomes. The IE-ECM subtype includes immune cells but is 
dominated by fibroblasts and extracellular matrix, creating an 
immunosuppressive environment. The ID subtype, the most common, 
lacks immune infiltration, exhibits high tumor cell proliferation, and 
is linked to poor prognosis and resistance to immunotherapy. TME 
profiles can vary between primary and metastatic tumors (129). Tregs 
(FoxP3+) are increased in pulmonary metastases compared to tumors 
at primary site. Conversely, higher levels of cytotoxic T cells within 
metastatic sites correlate with improved survival outcomes, 
independent of metastatic site (129, 130).

Biller et al. (131) demonstrated that dogs with osteosarcoma have 
a significant increase in circulating Tregs and a decrease in CD8+ 
cytotoxic T cells compared to healthy controls, resulting in a reduced 

CD8/Treg ratio. This imbalance correlates with shorter survival times, 
suggesting the CD8/Treg ratio may serve as a valuable prognostic 
biomarker. Additionally, dogs with osteosarcoma exhibiting higher 
infiltration of CD204+ TAMs have been associated with longer disease-
free intervals (132).

Single-cell RNA sequencing of spontaneous osteosarcoma (OSA) 
in treatment-naïve dogs has revealed a complex and diverse array of 
immune and stromal cell populations within the tumor 
microenvironment (TME). This advanced approach elucidates the 
cellular composition that influences tumor progression and immune 
responses, offering critical insights that could inform the development 
of more effective immunotherapies. Furthermore, cross-species 
analyses highlight a strong similarity between canine and human 
OSA, emphasizing the value of canine OSA as a translational model 
for immuno-oncology research (133).

4.6.2 Canine cutaneous and subcutaneous mast 
cell tumors

Mast cell tumors (MCTs) are the most common skin tumors in 
dogs, accounting for about 16–21% of all cutaneous tumors, with 
variable aggressive biological behavior (134, 135).

The TME in canine cutaneous mast cell tumors (ccMCTs) varies 
according to histologic grade. High-grade tumors display increased 
infiltration of macrophages (Iba1+) and PD-1+ cells, suggesting 
enhanced immunogenicity and a potential link to tumor 
aggressiveness. T lymphocytes (CD3+) are present in all tumors with 
variable density, while regulatory T cells (FoxP3+) remain consistently 
rare regardless of grade. Macrophages appear as key components of 
the microenvironment and promising therapeutic targets, whereas the 
roles of PD-1+ cells and Tregs require further elucidation (134).

In both cutaneous and subcutaneous MCTs, immune infiltration 
is a consistent feature, with Iba1+ TAMs predominating. These 
immune cells exhibit diverse morphologies: round, spindle-shaped, or 
stellate that may reflect different functional polarizations. A 
predominance of stellate/spindle-shaped TAMs correlates with early 
lymph node metastasis, suggesting a pro-tumoral M2 phenotype, 
conversely round macrophages are more common in non-metastatic 
tumors (less aggressive), potentially indicative of an anti-tumoral M1 
phenotype (135).

TILs, including CD3+ T cells and CD20+ B cells, are variably 
present. Cytotoxic T cells (CD8+), T-helper (CD4+), and Tregs 
(FoxP3+) subsets have been identified, however, their distribution and 
prognostic significance in MCTs remain unclear. Tregs are scarce and 
predominantly perivascular, showing no association with sentinel 
lymph node metastasis, which suggests a limited immunosuppressive 
role in this tumor type. In closing, the immune subset seems to 
be influenced by tumor location, for example subcutaneous MCTs 
exhibiting higher levels of TILs and Tregs cells compared to cutaneous 
tumors (135).

4.6.3 Canine oral squamous cell carcinoma
Canine Oral Squamous Cell Carcinoma (OSCC) is one of the 

most common oral tumors in dogs, representing about 7–15% of all 
oral neoplasms. It typically affects older dogs and is characterized by 
aggressive local invasion and moderate metastatic potential, often 
leading to a poor prognosis (136).

Canine OSCC tumors display significant variability in immune 
cell infiltration within the TME, with T lymphocytes (CD3+) and 
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macrophages (CD204+) being the predominant infiltrating 
populations (Figure 7). Among T cells, cytotoxic CD8+ T lymphocytes 
and NK cells were the main subsets identified. These cells were 
associated with increased expression of immune inhibitory 
checkpoints such as PD-1 and CTLA-4, markers indicative of effector 
cell exhaustion and immunosuppression, reflecting a highly inflamed 
microenvironment that also includes Tregs (136).

Furthermore, the antitumor immune response appears to 
be orchestrated by CD4+ T cells. These cells, present in the TME, show 
signs of activation (evidenced by increased expression of the 
costimulatory molecule ICOS) and their positive correlation with B 
cells suggests a coordinated adaptive immune response. However, 
CD4+ T cells also express inhibitory immune checkpoints such as 
CTLA-4, indicating functional exhaustion and reduced effector 
potential (137).

In addition, CD204+ TAMs appear to suppress antitumor 
immunity by promoting the recruitment of MDSCs and by producing 
immunosuppressive cytokines like IL-10. This immunosuppressive 
feedback loop is associated with more aggressive and invasive tumor 
behavior, likely through facilitation of epithelial–mesenchymal 
transition (EMT) (136, 137).

Overall, PD-1 and CTLA-4 are overexpressed in OSCC tumors 
with high T cell infiltration, mirroring observations in human head 
and neck squamous cell carcinoma (HNSCC) and represent promising 
immunotherapeutic targets (137).

5 Discussion and conclusion

The immune microenvironment is a complex and dynamic 
cellular network that infiltrates and surrounds the tumor. The 
interaction between immune cells and cancer cells profoundly 
influences tumor behavior in terms of progression, aggressiveness, 
and therapeutic response, an established concept in human oncology 
and an emerging area of study in veterinary medicine. Understanding 
the role of individual immune components within the tumor offers a 

promising direction for identifying new strategies to control or slow 
the development of spontaneous tumors in dogs and cats, mirroring 
efforts underway in human medicine. Beyond the immune 
component, in canine and feline carcinoma the ECM and CAFs play 
a key role in modulating tumor immunity, creating immune exclusion 
and poor prognosis; these findings has translational relevance as it 
appears to be conserved across species, supporting the integration of 
these components into the design of immunotherapy studies.

Nonetheless, the complexity of these interactions still poses a 
significant challenge to fully deciphering the mechanisms that drive 
carcinogenesis and immune evasion. Despite this, ongoing research 
continues to shed light on the opposing pro- and anti-tumor immune 
mechanisms governed by both innate and adaptive immunity. An 
additional, fundamental concept that must be  considered when 
interpreting the TME is tumor heterogeneity, both intertumoral 
(differences between tumors of the same type in different individuals) 
and intratumoral (differences between cancer cells within the same 
tumor or between primary and metastatic lesions). This heterogeneity 
arises from genetic, epigenetic, transcriptomic, and proteomic 
variations and plays a critical role in shaping immune evasion, 
therapy resistance, and disease progression (138). The dynamic 
nature of these variations, in both space and time, directly impacts 
how tumors respond to the immune system and to therapeutic 
interventions, and must therefore be  accounted for in future 
veterinary oncology research.

Innovative therapeutic approaches could involve modulating the 
tumor immune microenvironment, similar to strategies currently 
explored in human medicine, such as macrophage repolarization or 
the use of immune checkpoint inhibitors. In this context, immune 
checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4 have been 
investigated in the treatment of canine melanoma. However, despite 
these efforts, therapeutic responses in dogs remain limited. This 
limited efficacy may be  explained by several factors, including 
heterogeneous methods for PD-L1 assessment, differences in tumor 
immunogenicity, variations in drug pharmacokinetics, and a lack of 
prospective biomarker-driven clinical trials (116, 139, 140). Therefore, 
basic research studies that thoroughly characterize the tumor immune 
microenvironment in canine and feline neoplasms are urgently 
needed to accurately select patients within a personalized 
medicine framework.

Moreover, the development of novel therapeutic approaches in 
veterinary medicine that target the specific composition of the TME, 
distinctly shaped by the type of neoplastic process involved, may also 
provide valuable insights for human medicine. This reinforces the One 
Health concept and strengthens the link between veterinary and 
human oncology. Indeed, much of the current knowledge discussed 
in this review stems from translational research studies, highlighting 
the reciprocal benefit of comparative oncology.

Future therapeutic perspectives in companion animals must rely 
on a thorough characterization of the immune tumor 
microenvironment across the main types of spontaneous neoplasms 
affecting dogs and cats. To this end, it is crucial to resolve current 
uncertainties regarding the pro- and anti-tumor roles of immune cells 
within specific tumor types. For example, a more precise identification 
of M1 and M2 macrophage subsets in the TME would help confirm 
the hypothesized pro-tumoral function of M2-polarized macrophages. 
Likewise, the expression of inhibitory immune checkpoints such as 
CTLA-4, PD-1/PD-L1, and PD-L2 appears to be strongly associated 

FIGURE 7

Canine Oral Squamous Cell Carcinoma, multiplex 
immunohistochemistry staining for CD3 (brown), CD20 (blue), and 
IBA1 (fuchsia) highlights the immune cell populations within the 
tumor microenvironment. CD3-positive T lymphocytes and IBA1-
positive macrophages are the predominant infiltrating immune cells, 
whereas CD20-positive B cells are comparatively sparse.
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with regulatory T cells, which mediate immunosuppressive activity 
and contribute to tumor immune evasion.

In this regard, tumor types recognized as particularly aggressive in 
veterinary medicine, such as high-grade mammary carcinoma, oral 
melanoma, and visceral hemangiosarcoma, which are extensively 
discussed in this review show increased expression of inhibitory immune 
checkpoints, often associated with a higher presence of Tregs. Moreover, 
macrophage infiltration, likely polarized toward the M2 phenotype, 
appears to influence the highly malignant behavior of these neoplasms.

These findings underscore the critical importance of investigating 
the tumor immune microenvironment as a fundamental factor in 
understanding and potentially modulating tumor aggressiveness in 
companion animals. However, the precise impact of these immune 
components on prognosis, clinical presentation, and overall disease 
progression remains to be fully elucidated.

For greater accuracy and comparability of research data, it is 
essential to adopt validated immunohistochemical markers and 
scoring systems. To this end, the authors propose both material and 
analytical criteria for the evaluation of key components of the TME in 
veterinary medicine, as summarized in Table 1.

The grading system developed by the TILs Working Group in 
human oncology, when applied to canine mammary carcinomas (32), 
has proven to be a robust and reproducible method across species. A 

correlation has been observed between increased TIL density and 
higher histological grade. However, further prognostic studies are 
needed to stratify affected populations and to assess whether TIL 
scoring can serve as an independent prognostic marker. For this 
reason, a consensus scoring system is needed to ensure consistency 
across studies, and the authors advocate for its adoption in future 
research on this topic.

The use of validated and cross-reactive antibody clones is also 
essential to ensure analytical comparability and reproducibility of 
results. Furthermore, analytical concordance is crucial—for instance, 
the mandatory identification of membranous-specific staining for 
PD-L1 is required to avoid false-positive results when evaluating this 
immune checkpoint.

Accurate cellular quantification represents another important 
parameter. While well-defined scoring systems exist for PD-L1 (i.e., 
TPS and CPS), standardized scoring for TAMs and TILs based on 
immunohistochemistry is still lacking. For TILs, evaluation on 
H&E-stained sections using the human-adapted TIL scoring method 
is currently the most recommended approach.

For immunohistochemical evaluation, the use of whole slide 
imaging (WSI) and computer-assisted digital image analysis software 
is recommended to ensure objective, reproducible, and 
standardized quantification.

TABLE 1  Scoring systems and immunohistochemical panels for evaluation of tumor immune microenviroment in canine tumors.

Immune cells 
and immune 
checkpoints

Scoring system Antibodies panel Antibodies clones 
and details

Subcellular 
location

References

TILs H-E based: TILs working 

group scoring system 

adapted in dog

(32)

IHC phenotype: Not yet 

standardized – digital 

quantification suggested

CD3 CD3 (clone CD3-12, 

Leucoytes Antigen 

Laboratory, UCDavis; clone 

F7.2.38, mouse 

monoclonal, Dako) Membrane (CD3, CD8, 

CD20)

CD3: (32, 112)

CD8 CD8 (rabbit polyclonal, 

Abcam, ab4055)

CD8: (141)

CD20 CD20 (rabbit polyclonal, 

Invitrogen)

CD20: (112)

FOXP3 FOXP3 (rat monoclonal 

FJK-16 s, Thermofisher)

Nuclear (FOXP3) FOXP3: (32, 126)

TAMs IHC phenotype: Not yet 

standardized – digital 

quantification suggested

Iba1 Iba1 (goat polyclonal 

Novus; clone MABN92, 

Merck Millipore)

Cytoplasm-membrane 

(IBA1)

Iba1: (104)

CD204 CD204 (clone SRA-E5, 

mouse monoclonal 

Abnova)
Membrane (CD204, CD206, 

CD163)

CD204, CD206: (102)

CD206 CD206 (rabbit polyclonal, 

Abcam)

CD163 CD163 (clone EDHu-1, 

Bio-Rad)

CD163: (104)

PD-L1 TPS (Tumor Proportion 

Score), CPS (Combined 

Positive Score)

PD-L1 PD-L1/CD274 Rabbit pAb, 

ABClonal, A1645

Membrane PD-L1: (41)
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In conclusion, a prioritized roadmap for future research should 
focus on: identifying which veterinary tumors serve as the 
strongest comparative models, such as canine mammary tumors 
for breast cancer, oral melanoma for immune checkpoint blockade, 
and osteosarcoma for immuno-stromal atlases; and addressing the 
most critical knowledge gaps, including the need for standardized 
immunohistochemistry and TIL scoring, harmonization of PD-L1 
assays, integration of ECM metrics, and the development of 
prospective biomarker-driven clinical trials.

Author contributions

MR: Conceptualization, Writing – review & editing, Writing – 
original draft. GD'A: Conceptualization, Writing – review & editing. 
CT: Conceptualization, Writing  – review & editing. GS: 
Conceptualization, Supervision, Writing  – review & editing. LM: 
Conceptualization, Supervision, Writing – original draft, Writing – 
review & editing.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
	1.	Mayer S, Milo T, Isaacson A, Halperin C, Miyara S, Stein Y, et al. The tumor 

microenvironment shows a hierarchy of cell-cell interactions dominated by fibroblasts. 
Nat Commun. (2023) 14:5810. doi: 10.1038/s41467-023-41518-w

	2.	Wang JJ, Lei KF, Han F. Tumor microenvironment: recent advances in various 
cancer treatments. Eur Rev Med Pharmacol Sci. (2018) 22:3855–64. doi: 
10.26355/eurrev_201806_15270

	3.	Sadeghi M, Dehnavi S, Sharifat M, Amiri AM, Khodadadi A. Innate immune cells: 
key players of orchestra in modulating tumor microenvironment (TME). Heliyon. (2024) 
10:e27480. doi: 10.1016/j.heliyon.2024.e27480

	4.	de Visser KE, Joyce JA. The evolving tumor microenvironment: from cancer 
initiation to metastatic outgrowth. Cancer Cell. (2023) 41:374–403. doi: 
10.1016/j.ccell.2023.02.016

	5.	Hanahan D, Monje M. Cancer hallmarks intersect with neuroscience in the tumor 
microenvironment. Cancer Cell. (2023) 41:573–80. doi: 10.1016/j.ccell.2023.02.012

	6.	Garcia APV, Reis LA, Nunes FC, Longford FGJ, Frey JG, de Paula AM, et al. Canine 
mammary cancer tumour behaviour and patient survival time are associated with 
collagen fibre characteristics. Sci Rep. (2021) 11:5668. doi: 10.1038/s41598-021-85104-w

	7.	Vargas Garcia AP, Reis LA, Ribeiro BRM, Nunes CB, de Paula AM, Cassali GD. 
Comparative evaluation of collagen modifications in breast cancer in human and canine 
carcinomas. Sci Rep. (2024) 14:28846. doi: 10.1038/s41598-024-79854-6

	8.	Garcia APV, Salvi M, Reis LA, Ribeiro BRM, Nunes CB, de Paula AM, et al. Tumor-
associated macrophages and collagen remodeling in mammary carcinomas: a 
comparative analysis in dogs and humans. Int J Mol Sci. (2025) 26:6928. doi: 
10.3390/ijms26146928

	9.	Maiorino L, Daßler-Plenker J, Sun L, Egeblad M. Innate immunity and Cancer 
pathophysiology. Annu Rev Pathol. (2022) 17:425–57. doi: 10.1146/annurev- 
pathmechdis-032221-115501

	10.	Larsen AMH, Kuczek DE, Kalvisa A, Siersbæk MS, Thorseth ML, Johansen AZ, 
et al. Collagen density modulates the immunosuppressive functions of macrophages. J 
Immunol. (2020) 205:1461–72. doi: 10.4049/jimmunol.1900789

	11.	Rygiel TP, Stolte EH, de Ruiter T, van de Weijer ML, Meyaard L. Tumor-expressed 
collagens can modulate immune cell function through the inhibitory collagen receptor 
LAIR-1. Mol Immunol. (2011) 49:402–6. doi: 10.1016/j.molimm.2011.09.006

	12.	Hope C, Emmerich PB, Papadas A, Pagenkopf A, Matkowskyj KA, Van De Hey 
DR, et al. Versican-derived matrikines regulate Batf3-dendritic cell differentiation and 
promote T cell infiltration in colorectal cancer. J Immunol. (2017) 199:1933–41. doi: 
10.4049/jimmunol.1700529

	13.	Souza MC, Nunes S, Figuerêdo SHS, de Almeida BS, Santos IPC, Cassali G, et al. 
Versican proteolysis by ADAMTS: understanding versikine expression in canine 
spontaneous mammary carcinomas. Cancer. (2024) 16:4057. doi: 
10.3390/cancers16234057

	14.	Veiga DF, Damasceno CAV, Veiga-Filho J, Paiva LF, Fonseca FEM, Cabral IV, et al. 
Dressing wear time after breast reconstruction: a randomized clinical trial. PLoS One. 
(2016) 11:e0166356. doi: 10.1371/journal.pone.0166356

	15.	Garcia APV, Taborda DYO, Reis LA, de Paula AM, Cassali GD. Collagen 
modifications predictive of lymph node metastasis in dogs with carcinoma in mixed 
tumours. Front Vet Sci. (2024) 11:1362693. doi: 10.3389/fvets.2024.1362693

	16.	Rømer AMA, Thorseth ML, Madsen DH. Immune modulatory properties of 
collagen in Cancer. Front Immunol. (2021) 12:791453. doi: 10.3389/fimmu.2021.791453

	17.	Flies DB, Langermann S, Jensen C, Karsdal MA, Willumsen N. Regulation of 
tumor immunity and immunotherapy by the tumor collagen extracellular matrix. Front 
Immunol. (2023) 14:1199513. doi: 10.3389/fimmu.2023.1199513

	18.	Cho H, Seo Y, Loke KM, Kim SW, Oh SM, Kim JH, et al. Cancer-stimulated CAFs 
enhance monocyte differentiation and Protumoral TAM activation via IL6 and GM-CSF 
secretion. Clin Cancer Res. (2018) 24:5407–21. doi: 10.1158/1078-0432.CCR-18-0125

	19.	Zhang R, Qi F, Zhao F, Li G, Shao S, Zhang X, et al. Cancer-associated 
fibroblasts enhance tumor-associated macrophages enrichment and suppress NK 
cells function in colorectal cancer. Cell Death Dis. (2019) 10:273. doi: 
10.1038/s41419-019-1435-2

	20.	Kumar V, Donthireddy L, Marvel D, Condamine T, Wang F, Lavilla-Alonso S, et al. 
Cancer-associated fibroblasts neutralize the anti-tumor effect of CSF1 receptor blockade 
by inducing PMN-MDSC infiltration of tumors. Cancer Cell. (2017) 32:654–68. doi: 
10.1016/j.ccell.2017.10.005

	21.	Umansky V, Blattner C, Gebhardt C, Utikal J. The role of myeloid-derived 
suppressor cells (MDSC) in cancer progression. Vaccine. (2016) 4:36. doi: 
10.3390/vaccines4040036

	22.	Elyada E, Bolisetty M, Laise P, Flynn WF, Courtois ET, Burkhart RA, et al. Cross-
species single-cell analysis of pancreatic ductal adenocarcinoma reveals antigen-
presenting Cancer-associated fibroblasts. Cancer Discov. (2019) 9:1102–23. doi: 
10.1158/2159-8290.CD-19-0094

	23.	Kudo A, Kamo S, Yamauchi A, Yoshimoto S, Harada Y, Kanai E, et al. Exploring 
the effect of canine cancer-associated fibroblasts on T cell dynamics through the 
CXCL12/CXCR4 axis modulated by TGF-β1. Sci Rep. (2025) 15:31050. doi: 
10.1038/s41598-025-16312-x

https://doi.org/10.3389/fvets.2025.1674694
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1038/s41467-023-41518-w
https://doi.org/10.26355/eurrev_201806_15270
https://doi.org/10.1016/j.heliyon.2024.e27480
https://doi.org/10.1016/j.ccell.2023.02.016
https://doi.org/10.1016/j.ccell.2023.02.012
https://doi.org/10.1038/s41598-021-85104-w
https://doi.org/10.1038/s41598-024-79854-6
https://doi.org/10.3390/ijms26146928
https://doi.org/10.1146/annurev-pathmechdis-032221-115501
https://doi.org/10.1146/annurev-pathmechdis-032221-115501
https://doi.org/10.4049/jimmunol.1900789
https://doi.org/10.1016/j.molimm.2011.09.006
https://doi.org/10.4049/jimmunol.1700529
https://doi.org/10.3390/cancers16234057
https://doi.org/10.1371/journal.pone.0166356
https://doi.org/10.3389/fvets.2024.1362693
https://doi.org/10.3389/fimmu.2021.791453
https://doi.org/10.3389/fimmu.2023.1199513
https://doi.org/10.1158/1078-0432.CCR-18-0125
https://doi.org/10.1038/s41419-019-1435-2
https://doi.org/10.1016/j.ccell.2017.10.005
https://doi.org/10.3390/vaccines4040036
https://doi.org/10.1158/2159-8290.CD-19-0094
https://doi.org/10.1038/s41598-025-16312-x


Rizzi et al.� 10.3389/fvets.2025.1674694

Frontiers in Veterinary Science 13 frontiersin.org

	24.	Nascimento C, Ferreira F. Tumor microenvironment of human breast cancer, and 
feline mammary carcinoma as a potential study model. Biochim Biophys Acta Rev 
Cancer. (2021) 1876:188587. doi: 10.1016/j.bbcan.2021.188587

	25.	Salgado R, Denkert C, Demaria S, Sirtaine N, Klauschen F, Pruneri G, et al. 
International TILs working group  2014. The evaluation of tumor-infiltrating 
lymphocytes (TILs) in breast cancer: recommendations by an international TILs 
working group 2014. Ann Oncol. (2015) 26:259–71. doi: 10.1093/annonc/mdu450

	26.	Sarvaria A, Madrigal JA, Saudemont A. B cell regulation in cancer and anti-tumor 
immunity. Cell Mol Immunol. (2017) 14:662–74. doi: 10.1038/cmi.2017.35

	27.	Laumont CM, Banville AC, Gilardi M, Hollern DP, Nelson BH. Tumour-
infiltrating B cells: immunological mechanisms, clinical impact and therapeutic 
opportunities. Nat Rev Cancer. (2022) 22:414–30. doi: 10.1038/s41568-022-00466-1

	28.	Yuen GJ, Demissie E, Pillai S. B lymphocytes and cancer: a love-hate relationship. 
Trends Cancer. (2016) 2:747–57. doi: 10.1016/j.trecan.2016.10.010

	29.	Luckheeram RV, Zhou R, Verma AD, Xia B. CD4+T cells: differentiation and 
functions. Clin Dev Immunol. (2012) 2012:925135. doi: 10.1155/2012/925135

	30.	Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer 
immunosuppression - implications for anticancer therapy. Nat Rev Clin Oncol. (2019) 
16:356–71. doi: 10.1038/s41571-019-0175-7

	31.	Ohue Y, Nishikawa H. Regulatory T (Treg) cells in cancer: can Treg cells be a new 
therapeutic target? Cancer Sci. (2019) 110:2080–9. doi: 10.1111/cas.14069

	32.	Muscatello LV, Avallone G, Brunetti B, Bacci B, Foschini MP, Sarli G. Standardized 
approach for evaluating tumor infiltrating lymphocytes in canine mammary carcinoma: 
spatial distribution and score as relevant features of tumor malignancy. Vet J. (2022) 
283-284:105833. doi: 10.1016/j.tvjl.2022.105833

	33.	Pinard CJ, International Immuno-Oncology Biomarker Working GroupLagree A, 
Lu F-I, Klein J, Oblak ML, et al. Comparative evaluation of tumor-infiltrating 
lymphocytes in companion animals: immuno-oncology as a relevant translational model 
for cancer therapy. Cancers (Basel). (2022) 14:5008. doi: 10.3390/cancers14205008

	34.	Blackburn SD, Shin H, Haining WN, Zou T, Workman CJ, Polley A, et al. 
Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic 
viral infection. Nat Immunol. (2009) 10:29–37. doi: 10.1038/ni.1679

	35.	Dyck L, Mills KHG. Immune checkpoints and their inhibition in cancer and 
infectious diseases. Eur J Immunol. (2017) 47:765–79. doi: 10.1002/eji.201646875

	36.	Peggs KS, Quezada SA, Chambers CA, Korman AJ, Allison JP. Blockade of 
CTLA-4 on both effector and regulatory T cell compartments contributes to the 
antitumor activity of anti-CTLA-4 antibodies. J Exp Med. (2009) 206:1717–25. doi: 
10.1084/jem.20082492

	37.	Iraolagoitia XL, Spallanzani RG, Torres NI, Araya RE, Ziblat A, Domaica CI, et al. 
NK cells restrain spontaneous antitumor CD8+ T cell priming through PD-1/PD-L1 
interactions with dendritic cells. J Immunol. (2016) 197:953–61. doi: 
10.4049/jimmunol.1502291

	38.	Patsoukis N, Brown J, Petkova V, Liu F, Li L, Boussiotis VA. Selective effects of 
PD-1 on Akt and Ras pathways regulate molecular components of the cell cycle and 
inhibit T cell proliferation. Sci Signal. (2012) 5:ra46. doi: 10.1126/scisignal.2002796

	39.	Dyck L, Wilk MM, Raverdeau M, Misiak A, Boon L, Mills KH. Anti-PD-1 inhibits 
Foxp3+ Treg cell conversion and unleashes intratumoural effector T cells thereby 
enhancing the efficacy of a cancer vaccine in a mouse model. CII. (2016) 65:1491–8. doi: 
10.1007/s00262-016-1906-6

	40.	Chen X, Gao A, Zhang F, Yang Z, Wang S, Fang Y, et al. ILT4 inhibition prevents 
TAM- and dysfunctional T cell-mediated immunosuppression and enhances the efficacy 
of anti-PD-L1 therapy in NSCLC with EGFR activation. Theranostics. (2021) 
11:3392–416. doi: 10.7150/thno.52435

	41.	Muscatello LV, Gobbo F, Avallone G, Innao M, Benazzi C, D'Annunzio G, et al. 
PDL1 immunohistochemistry in canine neoplasms: validation of commercial antibodies, 
standardization of evaluation, and scoring systems. Vet Pathol. (2024) 61:393–401. doi: 
10.1177/03009858231209410

	42.	Maekawa N, Konnai S, Nishimura M, Kagawa Y, Takagi S, Hosoya K, et al. PD-L1 
immunohistochemistry for canine cancers and clinical benefit of anti-PD-L1 antibody 
in dogs with pulmonary metastatic oral malignant melanoma. NPJ Precision Oncol. 
(2021) 5:10. doi: 10.1038/s41698-021-00147-6

	43.	Maekawa N, Konnai S, Okagawa T, Nishimori A, Ikebuchi R, Izumi Y, et al. 
Immunohistochemical analysis of PD-L1 expression in canine malignant cancers and 
PD-1 expression on lymphocytes in canine Oral melanoma. PLoS One. (2016) 
11:e0157176. doi: 10.1371/journal.pone.0157176

	44.	Foiani G, Melchiotti E, Capello K, Porcellato I, Brachelente C, Iussich S, et al. PD-
L1, PD-1, and CTLA-4 mRNA in situ expression by canine Oral melanoma cells and 
immune cells of the tumour microenvironment. Vet Comp Oncol. (2025) 23:141–51. doi: 
10.1111/vco.13039

	45.	Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al. Macrophage 
activation and polarization: nomenclature and experimental guidelines. Immunity. 
(2014) 41:14–20. doi: 10.1016/j.immuni.2014.06.008

	46.	De Palma M, Venneri MA, Galli R, Sergi L, Politi LS, Sampaolesi M, et al. Tie2 
identifies a hematopoietic lineage of proangiogenic monocytes required for tumor vessel 
formation and a mesenchymal population of pericyte progenitors. Cancer Cell. (2005) 
8:211–26. doi: 10.1016/j.ccr.2005.08.002

	47.	Wyckoff JB, Wang Y, Lin EY, Li JF, Goswami S, Stanley ER, et al. Direct 
visualization of macrophage-assisted tumor cell intravasation in mammary tumors. 
Cancer Res. (2007) 67:2649–56. doi: 10.1158/0008-5472.CAN-06-1823

	48.	Chen Q, Zhang XH, Massagué J. Macrophage binding to receptor VCAM-1 
transmits survival signals in breast cancer cells that invade the lungs. Cancer Cell. (2011) 
20:538–49. doi: 10.1016/j.ccr.2011.08.025

	49.	Souza S, Wang C, Yang L, Wu J, Li M, Xiao P, et al. Targeting immune checkpoints 
on tumor-associated macrophages in tumor immunotherapy. Front Immunol. (2023) 
14:1199631. doi: 10.3389/fimmu.2023.1199631

	50.	Gasser S, Orsulic S, Brown EJ, Raulet DH. The DNA damage pathway regulates 
innate immune system ligands of the NKG2D receptor. Nature. (2005) 436:1186–90. doi: 
10.1038/nature03884

	51.	Guerra N, Tan YX, Joncker NT, Choy A, Gallardo F, Xiong N, et al. NKG2D-
deficient mice are defective in tumor surveillance in models of spontaneous malignancy. 
Immunity. (2008) 28:571–80. doi: 10.1016/j.immuni.2008.02.016

	52.	Glasner A, Ghadially H, Gur C, Stanietsky N, Tsukerman P, Enk J, et al. 
Recognition and prevention of tumor metastasis by the NK receptor NKp46/NCR1. J 
Immunol. (2012) 188:2509–15. doi: 10.4049/jimmunol.1102461

	53.	Smyth MJ, Cretney E, Kelly JM, Westwood JA, Street SE, Yagita H, et al. Activation 
of NK cell cytotoxicity. Mol Immunol. (2005) 42:501–10. doi: 10.1016/j.molimm. 
2004.07.034

	54.	Mittal D, Vijayan D, Putz EM, Aguilera AR, Markey KA, Straube J, et al. 
Interleukin-12 from CD103+ Batf3-dependent dendritic cells required for NK-cell 
suppression of metastasis. Cancer Immunol Res. (2017) 5:1098–108. doi: 
10.1158/2326-6066.CIR-17-0341

	55.	Böttcher JP, Bonavita E, Chakravarty P, Blees H, Cabeza-Cabrerizo M, Sammicheli 
S, et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment 
promoting Cancer immune control. Cell. (2018) 172:1022–37. doi: 
10.1016/j.cell.2018.01.004

	56.	Delconte RB, Kolesnik TB, Dagley LF, Rautela J, Shi W, Putz EM, et al. CIS is a 
potent checkpoint in NK cell-mediated tumor immunity. Nat Immunol. (2016) 
17:816–24. doi: 10.1038/ni.3470

	57.	Molgora M, Bonavita E, Ponzetta A, Riva F, Barbagallo M, Jaillon S, et al. IL-1R8 
is a checkpoint in NK cells regulating anti-tumour and anti-viral activity. Nature. (2017) 
551:110–4. doi: 10.1038/nature24293

	58.	Gebremeskel S, Clattenburg DR, Slauenwhite D, Lobert L, Johnston B. Natural 
killer T cell activation overcomes immunosuppression to enhance clearance of 
postsurgical breast cancer metastasis in mice. Onco Targets Ther. (2015) 4:e995562. doi: 
10.1080/2162402X.2014.995562

	59.	Hermans IF, Silk JD, Gileadi U, Salio M, Mathew B, Ritter G, et al. NKT cells 
enhance CD4+ and CD8+ T cell responses to soluble antigen in vivo through direct 
interaction with dendritic cells. J Immunol. (2003) 171:5140–7. doi: 
10.4049/jimmunol.171.10.5140

	60.	De Santo C, Arscott R, Booth S, Karydis I, Jones M, Asher R, et al. Invariant NKT 
cells modulate the suppressive activity of IL-10-secreting neutrophils differentiated with 
serum amyloid a. Nat Immunol. (2010) 11:1039–46. doi: 10.1038/ni.1942

	61.	Cifaldi L, Doria M, Cotugno N, Zicari S, Cancrini C, Palma P, et al. DNAM-1 
activating receptor and its ligands: how do viruses affect the NK cell-mediated immune 
surveillance during the various phases of infection? Int J Mol Sci. (2019) 20:3715. doi: 
10.3390/ijms20153715

	62.	Gao Y, Yang W, Pan M, Scully E, Girardi M, Augenlicht LH, et al. Gamma delta T 
cells provide an early source of interferon gamma in tumor immunity. J Exp Med. (2003) 
198:433–42. doi: 10.1084/jem.20030584

	63.	Dokouhaki P, Schuh NW, Joe B, Allen CA, Der SD, Tsao MS, et al. NKG2D 
regulates production of soluble TRAIL by ex vivo expanded human γδ T cells. Eur J 
Immunol. (2013) 43:3175–82. doi: 10.1002/eji.201243150

	64.	Coffelt SB, Kersten K, Doornebal CW, Weiden J, Vrijland K, Hau CS, et al. IL-17-
producing γδ T cells and neutrophils conspire to promote breast cancer metastasis. 
Nature. (2015) 522:345–8. doi: 10.1038/nature14282

	65.	Wang T, Niu G, Kortylewski M, Burdelya L, Shain K, Zhang S, et al. Regulation of 
the innate and adaptive immune responses by Stat-3 signaling in tumor cells. Nat Med. 
(2004) 10:48–54. doi: 10.1038/nm976

	66.	Albini A, Bruno A, Noonan DM, Mortara L. Contribution to tumor angiogenesis 
from innate immune cells within the tumor microenvironment: implications for 
immunotherapy. Front Immunol. (2018) 9:527. doi: 10.3389/fimmu.2018.00527

	67.	Bronte V., Brandau S., Chen S. H., Colombo M. P., Frey A. B., Greten T. F., 
et al. (2016).

	68.	Harari O, Liao JK. Inhibition of MHC II gene transcription by nitric oxide and 
antioxidants. Curr Pharm Des. (2004) 10:893–8. doi: 10.2174/1381612043452893

	69.	Baumann T, Dunkel A, Schmid C, Schmitt S, Hiltensperger M, Lohr K, et al. 
Regulatory myeloid cells paralyze T cells through cell-cell transfer of the metabolite 
methylglyoxal. Nat Immunol. (2020) 21:555–66. doi: 10.1038/s41590-020-0666-9

	70.	Condamine T, Ramachandran I, Youn JI, Gabrilovich DI. Regulation of tumor 
metastasis by myeloid-derived suppressor cells. Annu Rev Med. (2015) 66:97–110. doi: 
10.1146/annurev-med-051013-052304

https://doi.org/10.3389/fvets.2025.1674694
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1016/j.bbcan.2021.188587
https://doi.org/10.1093/annonc/mdu450
https://doi.org/10.1038/cmi.2017.35
https://doi.org/10.1038/s41568-022-00466-1
https://doi.org/10.1016/j.trecan.2016.10.010
https://doi.org/10.1155/2012/925135
https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1111/cas.14069
https://doi.org/10.1016/j.tvjl.2022.105833
https://doi.org/10.3390/cancers14205008
https://doi.org/10.1038/ni.1679
https://doi.org/10.1002/eji.201646875
https://doi.org/10.1084/jem.20082492
https://doi.org/10.4049/jimmunol.1502291
https://doi.org/10.1126/scisignal.2002796
https://doi.org/10.1007/s00262-016-1906-6
https://doi.org/10.7150/thno.52435
https://doi.org/10.1177/03009858231209410
https://doi.org/10.1038/s41698-021-00147-6
https://doi.org/10.1371/journal.pone.0157176
https://doi.org/10.1111/vco.13039
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.ccr.2005.08.002
https://doi.org/10.1158/0008-5472.CAN-06-1823
https://doi.org/10.1016/j.ccr.2011.08.025
https://doi.org/10.3389/fimmu.2023.1199631
https://doi.org/10.1038/nature03884
https://doi.org/10.1016/j.immuni.2008.02.016
https://doi.org/10.4049/jimmunol.1102461
https://doi.org/10.1016/j.molimm.2004.07.034
https://doi.org/10.1016/j.molimm.2004.07.034
https://doi.org/10.1158/2326-6066.CIR-17-0341
https://doi.org/10.1016/j.cell.2018.01.004
https://doi.org/10.1038/ni.3470
https://doi.org/10.1038/nature24293
https://doi.org/10.1080/2162402X.2014.995562
https://doi.org/10.4049/jimmunol.171.10.5140
https://doi.org/10.1038/ni.1942
https://doi.org/10.3390/ijms20153715
https://doi.org/10.1084/jem.20030584
https://doi.org/10.1002/eji.201243150
https://doi.org/10.1038/nature14282
https://doi.org/10.1038/nm976
https://doi.org/10.3389/fimmu.2018.00527
https://doi.org/10.2174/1381612043452893
https://doi.org/10.1038/s41590-020-0666-9
https://doi.org/10.1146/annurev-med-051013-052304


Rizzi et al.� 10.3389/fvets.2025.1674694

Frontiers in Veterinary Science 14 frontiersin.org

	71.	Nosalova N, Huniadi M, Horňáková Ľ, Valenčáková A, Horňák S, Nagoos K, et al. 
Canine mammary tumors: classification, biomarkers, traditional and personalized 
therapies. Int J Mol Sci. (2024) 25:2891. doi: 10.3390/ijms25052891

	72.	Burrai GP, Mohammed SI, Miller MA, Marras V, Pirino S, Addis MF, et al. 
Spontaneous feline mammary intraepithelial lesions as a model for human estrogen 
receptor- and progesterone receptor-negative breast lesions. BMC Cancer. (2010) 10:156. 
doi: 10.1186/1471-2407-10-156

	73.	Brunetti B, Asproni P, Beha G, Muscatello LV, Millanta F, Poli A, et al. Molecular 
phenotype in mammary tumours of queens: correlation between primary tumour and 
lymph node metastasis. J Comp Pathol. (2013) 148:206–13. doi: 10.1016/j.jcpa.2012.05.012

	74.	Dagher E, Simbault L, Abadie J, Loussouarn D, Campone M, Nguyen F. 
Identification of an immune-suppressed subtype of feline triple-negative basal-like 
invasive mammary carcinomas, spontaneous models of breast cancer. Tumour Biol J Int 
Soc Oncodev Biol Med. (2020) 42:1010428319901052. doi: 10.1177/1010428319901052

	75.	Marconato L, Martini V, Stefanello D, Moretti P, Ferrari R, Comazzi S, et al. 
Peripheral blood lymphocyte/monocyte ratio as a useful prognostic factor in dogs with 
diffuse large B-cell lymphoma receiving chemoimmunotherapy. Vete J. (2015) 
206:226–30. doi: 10.1016/j.tvjl.2015.07.009

	76.	Naito E, Yuki M, Hirano T, Kainuma D, Aoyama R. Prognostic utility of 
preoperative neutrophil-lymphocyte ratio in cats with malignant mammary tumors. Res 
Vet Sci. (2021) 135:349–54. doi: 10.1016/j.rvsc.2020.10.015

	77.	Petrucci GN, Lobo L, Queiroga F, Martins J, Prada J, Pires I, et al. Neutrophil-to-
lymphocyte ratio is an independent prognostic marker for feline mammary carcinomas. 
Vet Comp Oncol. (2021) 19:482–91. doi: 10.1111/vco.12686

	78.	Nascimento C, Urbano AC, Gameiro A, Ferreira J, Correia J, Ferreira F. Serum 
PD-1/PD-L1 levels, tumor expression and PD-L1 somatic mutations in HER2-positive 
and triple negative normal-like feline mammary carcinoma subtypes. Cancer. (2020) 
12:1386. doi: 10.3390/cancers12061386

	79.	Estrela-Lima A, Araújo MS, Costa-Neto JM, Teixeira-Carvalho A, Barrouin-Melo 
SM, Cardoso SV, et al. Immunophenotypic features of tumor infiltrating lymphocytes 
from mammary carcinomas in female dogs associated with prognostic factors and 
survival rates. BMC Cancer. (2010) 10:256. doi: 10.1186/1471-2407-10-256

	80.	Giambrone G, Di Giorgio S, Vullo C, Marino G, Puleio R, Mariotti F, et al. Does 
TLS exist in canine mammary gland Tumours? Preliminary results in simple carcinomas. 
Vet Sci. (2022) 9:628. doi: 10.3390/vetsci9110628

	81.	Franzoni MS, Brandi A, de Oliveira Matos Prado JK, Elias F, Dalmolin F, de Faria 
Lainetti P, et al. Tumor-infiltrating CD4+ and CD8+ lymphocytes and macrophages are 
associated with prognostic factors in triple-negative canine mammary complex type 
carcinoma. Res Vet Sci. (2019) 126:29–36. doi: 10.1016/j.rvsc.2019.08.021

	82.	Carvalho MI, Pires I, Prada J, Gregório H, Lobo L, Queiroga FL. Intratumoral 
FoxP3 expression is associated with angiogenesis and prognosis in malignant canine 
mammary tumors. Vet Immunol Immunopathol. (2016) 178:1–9. doi: 
10.1016/j.vetimm.2016.06.006

	83.	Monteiro LN, Rodrigues MA, Gomes DA, Salgado BS, Cassali GD. Tumour-
associated macrophages: relation with progression and invasiveness, and assessment of 
M1/M2 macrophages in canine mammary tumours. Vet J. (2018) 234:119–25. doi: 
10.1016/j.tvjl.2018.02.016

	84.	Parisi F, Tesi M, Millanta F, Gnocchi M, Poli A. M1 and M2 tumour-associated 
macrophages subsets in canine malignant mammary tumours: an immunohistochemical 
study. Res Vet Sci. (2021) 136:32–8. doi: 10.1016/j.rvsc.2021.02.007

	85.	Seung BJ, Lim HY, Shin JI, Kim HW, Cho SH, Kim SH, et al. CD204-expressing 
tumor-associated macrophages are associated with malignant, high-grade, and hormone 
receptor-negative canine mammary gland tumors. Vet Pathol. (2018) 55:417–24. doi: 
10.1177/0300985817750457

	86.	Heys SD, Stewart KN, McKenzie EJ, Miller ID, Wong SY, Sellar G, et al. 
Characterisation of tumour-infiltrating macrophages: impact on response and survival 
in patients receiving primary chemotherapy for breast cancer. Breast Cancer Res Treat. 
(2012) 135:539–48. doi: 10.1007/s10549-012-2190-6

	87.	Vieira-Filho CH, Barrouin-Melo SM, Damasceno KA, Araújo MS, Borges NF, Silva 
FL, et al. Tumor-associated macrophage is correlated with survival and SOCS protein 
expression in canine mammary carcinoma. Pesq Vet Bras. (2018) 38:1972–80. doi: 
10.1590/1678-5150-pvb-5638

	88.	Johnson RL, Fleet JC. Animal models of colorectal cancer. Cancer Metastasis Rev. 
(2013) 32:39–61. doi: 10.1007/s10555-012-9404-6

	89.	McEntee MF, Cates JM, Neilsen N. Cyclooxygenase-2 expression in spontaneous 
intestinal neoplasia of domestic dogs. Vet Pathol. (2002) 39:428–36. doi: 
10.1354/vp.39-4-428

	90.	Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M, et al. 
Genetic alterations during colorectal-tumor development. N Engl J Med. (1988) 
319:525–32. doi: 10.1056/NEJM198809013190901

	91.	Youmans L, Taylor C, Shin E, Harrell A, Ellis AE, Séguin B, et al. Frequent 
alteration of the tumor suppressor gene APC in sporadic canine colorectal tumors. PLoS 
One. (2012) 7:e50813. doi: 10.1371/journal.pone.0050813

	92.	Cui G, Shi Y, Cui J, Tang F, Florholmen J. Immune microenvironmental shift along 
human colorectal adenoma-carcinoma sequence: is it relevant to tumor development, 
biomarkers and biotherapeutic targets? Scand J Gastroenterol. (2012) 47:367–77. doi: 
10.3109/00365521.2011.648950

	93.	Pietrzyk L, Torres A, Maciejewski R, Torres K. Obesity and obese-related chronic 
low-grade inflammation in promotion of colorectal Cancer development. Asian Pacific 
J Cancer Prev. (2015) 16:4161–8. doi: 10.7314/apjcp.2015.16.10.4161

	94.	Maciel TT, Moura IC, Hermine O. The role of mast cells in cancers. F1000prime 
Rep. (2015) 7:9. doi: 10.12703/P7-09

	95.	Woldemeskel M, Hawkins I, Whittington L. Ki-67 protein expression and tumor 
associated inflammatory cells (macrophages and mast cells) in canine colorectal 
carcinoma. BMC Vet Res. (2017) 13:111. doi: 10.1186/s12917-017-1030-7

	96.	Dahlin AM, Henriksson ML, Van Guelpen B, Stenling R, Oberg A, Rutegård J, 
et al. Colorectal cancer prognosis depends on T-cell infiltration and molecular 
characteristics of the tumor. Modern Pathol Off J Acad Pathology, Inc. (2011) 24:671–82. 
doi: 10.1038/modpathol.2010.234

	97.	Kang JC, Chen JS, Lee CH, Chang JJ, Shieh YS. Intratumoral macrophage counts 
correlate with tumor progression in colorectal cancer. J Surg Oncol. (2010) 102:242–8. 
doi: 10.1002/jso.21617

	98.	Herstad KMV, Gunnes G, Rørtveit R, Kolbjørnsen Ø, Tran L, Skancke E. 
Immunohistochemical expression of β-catenin, Ki67, CD3 and CD18  in canine 
colorectal adenomas and adenocarcinomas. BMC Vet Res. (2021) 17:119. doi: 
10.1186/s12917-021-02829-6

	99.	Allegra CJ, Paik S, Colangelo LH, Parr AL, Kirsch I, Kim G, et al. Prognostic 
value of thymidylate synthase, Ki-67, and p53 in patients with dukes' B and C colon 
cancer: a National Cancer Institute-National Surgical Adjuvant Breast and bowel 
project collaborative study. J Clin Oncol. (2003) 21:241–50. doi: 10.1200/ 
JCO.2003.05.044

	100.	Lumachi F, Orlando R, Marino F, Chiara GB, Basso SM. Expression of p53 and 
Ki-67 as prognostic factors for survival of men with colorectal cancer. Anticancer Res. 
(2012) 32:3965–7.

	101.	Melling N, Kowitz CM, Simon R, Bokemeyer C, Terracciano L, Sauter G, et al. 
High Ki67 expression is an independent good prognostic marker in colorectal cancer.  
J Clin Pathol. (2016) 69:209–14. doi: 10.1136/jclinpath-2015-202985

	102.	Kerboeuf M, Haugeberg DA, Olsen T, Sørling LK, Koppang EO, Moe L, et al. 
Tumor-associated macrophages in canine visceral hemangiosarcoma. Vet Pathol. (2024) 
61:32–45. doi: 10.1177/03009858231179947

	103.	Lamerato-Kozicki AR, Helm KM, Jubala CM, Cutter GC, Modiano JF. Canine 
hemangiosarcoma originates from hematopoietic precursors with potential for 
endothelial differentiation. Exp Hematol. (2006) 34:870–8. doi: 10.1016/j. 
exphem.2006.04.013

	104.	Porcellato I, Sforna M, Lo Giudice A, Bossi I, Musi A, Tognoloni A, et al. Tumor-
associated macrophages in canine Oral and cutaneous melanomas and Melanocytomas: 
phenotypic and prognostic assessment. Front Vet Sci. (2022) 9:878949. doi: 10.3389/ 
fvets.2022.878949

	105.	Brachelente C, Torrigiani F, Porcellato I, Drigo M, Brescia M, Treggiari E, et al. 
Tumor immune microenvironment and its Clinicopathological and prognostic 
associations in canine splenic Hemangiosarcoma. Animals Open Access J MDPI. (2024) 
14:1224. doi: 10.3390/ani14081224

	106.	Taghavi N, Mohsenifar Z, Baghban AA, Arjomandkhah A. CD20+ tumor 
infiltrating B lymphocyte in Oral squamous cell carcinoma: correlation with 
Clinicopathologic characteristics and heat shock protein 70 expression. Pathol Res Int. 
(2018) 2018:1–7. doi: 10.1155/2018/4810751

	107.	Porcellato I, Silvestri S, Menchetti L, Recupero F, Mechelli L, Sforna M, et al. 
Tumour-infiltrating lymphocytes in canine melanocytic tumours: an investigation on 
the prognostic role of CD3+ and CD20+ lymphocytic populations. Vet Comp Oncol. 
(2020) 18:370–80. doi: 10.1111/vco.12556

	108.	Bray JP. Soft tissue sarcoma in the dog - part 1: a current review. J Small Anim 
Pract. (2016) 57:510–9. doi: 10.1111/jsap.12556

	109.	Jumaniyazova E, Lokhonina A, Dzhalilova D, Kosyreva A, Fatkhudinov T. 
Immune cells in the tumor microenvironment of soft tissue sarcomas. Cancer. (2023) 
15:5760. doi: 10.3390/cancers15245760

	110.	Kelany M, Barth TF, Salem D, Shakweer MM. Prevalence and prognostic 
implications of PD-L1 expression in soft tissue sarcomas. Pathol Oncol Res. (2021) 
27:1609804. doi: 10.3389/pore.2021.1609804

	111.	Stevenson VB, Gudenschwager-Basso EK, Klahn S, LeRoith T, Huckle WR. 
Inhibitory checkpoint molecule mRNA expression in canine soft tissue sarcoma. Vet 
Comp Oncol. (2023) 21:709–16. doi: 10.1111/vco.12934

	112.	Avallone G, Brigandì E, Tugnoli C, Rigillo A, Bacci B, Roccabianca P. Tumor-
infiltrating lymphocytes vary in different canine soft tissue sarcoma histological types. 
Vet Pathol. (2024) 62:276–83. doi: 10.1177/03009858241300556

	113.	Finotello R, Whybrow K, Scarin G, Ressel L. Correlation between tumour 
associated macrophage (TAM) infiltration and mitotic activity in canine soft tissue 
sarcomas. Animals Open Access J MDPI. (2021) 11:684. doi: 10.3390/ani11030684

	114.	Hashimoto K, Nishimura S, Ito T, Akagi M. Characterization of PD-1/PD-L1 
immune checkpoint expression in soft tissue sarcomas. EJH. (2021) 65:3203. doi: 
10.4081/ejh.2021.3203

	115.	Trojani M, Contesso G, Coindre JM, Rouesse J, Bui NB, de Mascarel A, et al. 
Soft-tissue sarcomas of adults; study of pathological prognostic variables and definition 

https://doi.org/10.3389/fvets.2025.1674694
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.3390/ijms25052891
https://doi.org/10.1186/1471-2407-10-156
https://doi.org/10.1016/j.jcpa.2012.05.012
https://doi.org/10.1177/1010428319901052
https://doi.org/10.1016/j.tvjl.2015.07.009
https://doi.org/10.1016/j.rvsc.2020.10.015
https://doi.org/10.1111/vco.12686
https://doi.org/10.3390/cancers12061386
https://doi.org/10.1186/1471-2407-10-256
https://doi.org/10.3390/vetsci9110628
https://doi.org/10.1016/j.rvsc.2019.08.021
https://doi.org/10.1016/j.vetimm.2016.06.006
https://doi.org/10.1016/j.tvjl.2018.02.016
https://doi.org/10.1016/j.rvsc.2021.02.007
https://doi.org/10.1177/0300985817750457
https://doi.org/10.1007/s10549-012-2190-6
https://doi.org/10.1590/1678-5150-pvb-5638
https://doi.org/10.1007/s10555-012-9404-6
https://doi.org/10.1354/vp.39-4-428
https://doi.org/10.1056/NEJM198809013190901
https://doi.org/10.1371/journal.pone.0050813
https://doi.org/10.3109/00365521.2011.648950
https://doi.org/10.7314/apjcp.2015.16.10.4161
https://doi.org/10.12703/P7-09
https://doi.org/10.1186/s12917-017-1030-7
https://doi.org/10.1038/modpathol.2010.234
https://doi.org/10.1002/jso.21617
https://doi.org/10.1186/s12917-021-02829-6
https://doi.org/10.1200/JCO.2003.05.044
https://doi.org/10.1200/JCO.2003.05.044
https://doi.org/10.1136/jclinpath-2015-202985
https://doi.org/10.1177/03009858231179947
https://doi.org/10.1016/j.exphem.2006.04.013
https://doi.org/10.1016/j.exphem.2006.04.013
https://doi.org/10.3389/fvets.2022.878949
https://doi.org/10.3389/fvets.2022.878949
https://doi.org/10.3390/ani14081224
https://doi.org/10.1155/2018/4810751
https://doi.org/10.1111/vco.12556
https://doi.org/10.1111/jsap.12556
https://doi.org/10.3390/cancers15245760
https://doi.org/10.3389/pore.2021.1609804
https://doi.org/10.1111/vco.12934
https://doi.org/10.1177/03009858241300556
https://doi.org/10.3390/ani11030684
https://doi.org/10.4081/ejh.2021.3203


Rizzi et al.� 10.3389/fvets.2025.1674694

Frontiers in Veterinary Science 15 frontiersin.org

of a histopathological grading system. Int J Cancer. (1984) 33:37–42. doi: 
10.1002/ijc.2910330108

	116.	Giuliano A, Pimentel PAB, Horta RS. Checkpoint inhibitors in dogs: are we there 
yet? Cancer. (2024) 16:2003. doi: 10.3390/cancers16112003

	117.	Smedley RC, Sebastian K, Kiupel M. Diagnosis and prognosis of canine 
melanocytic neoplasms. Vet Sci. (2022) 9:175. doi: 10.3390/vetsci9040175

	118.	Nishiya AT, Massoco CO, Felizzola CR, Perlmann E, Batschinski K, Tedardi MV, 
et al. Comparative aspects of canine melanoma. Vet Sci. (2016) 3:7. doi: 
10.3390/vetsci3010007

	119.	Porcellato I, Brachelente C, Cappelli K, Menchetti L, Silvestri S, Sforna M, et al. 
FoxP3, CTLA-4, and IDO in canine melanocytic tumors. Vet Pathol. (2021) 58:42–52. 
doi: 10.1177/0300985820960131

	120.	Kleffel S, Posch C, Barthel SR, Mueller H, Schlapbach C, Guenova E, et al. 
Melanoma cell-intrinsic PD-1 receptor functions promote tumor growth. Cell. (2015) 
162:1242–56. doi: 10.1016/j.cell.2015.08.052

	121.	Stevenson VB, Perry SN, Todd M, Huckle WR, LeRoith T. PD-1, PD-L1, and 
PD-L2 gene expression and tumor infiltrating lymphocytes in canine melanoma. Vet 
Pathol. (2021) 58:692–8. doi: 10.1177/03009858211011939

	122.	Bergman PJ. Canine oral melanoma. Clin Tech Small Anim Pract. (2007) 
22:55–60. doi: 10.1053/j.ctsap.2007.03.004

	123.	Owen LN. Veterinary public health unit & WHO collaborating Center for 
Comparative Oncology. TNM classification of tumours in domestic animals. Geneva: 
WHO collaborating Center for Comparative Oncology (1980).

	124.	 Yasumaru CC, Xavier JG, Strefezzi RF, Salles-Gomes COM. Intratumoral T-lymphocyte 
subsets in canine oral melanoma and their association with clinical and histopathological 
parameters. Vet Pathol. (2021) 58:491–502. doi: 10.1177/0300985821999321

	125.	Munn DH. Indoleamine 2,3-dioxygenase, Tregs and cancer. Curr Med Chem. 
(2011) 18:2240–6. doi: 10.2174/092986711795656045

	126.	Porcellato I, Brachelente C, De Paolis L, Menchetti L, Silvestri S, Sforna M, et al. 
FoxP3 and IDO in canine melanocytic tumors. Vet Pathol. (2019) 56:189–99. doi: 
10.1177/0300985818808530

	127.	Salmi S, Siiskonen H, Sironen R, Tyynelä-Korhonen K, Hirschovits-Gerz B, 
Valkonen M, et al. The number and localization of CD68+ and CD163+ macrophages 
in different stages of cutaneous melanoma. Melanoma Res. (2019) 29:237–47. doi: 
10.1097/CMR.0000000000000522

	128.	Woolf Z, Swanson MEV, Smyth LC, Mee EW, Schweder P, Heppner P, et al. 
Single-cell image analysis reveals a protective role for microglia in glioblastoma. Neuro-
oncology Adv. (2021) 3:vdab031. doi: 10.1093/noajnl/vdab031

	129.	Patkar S, Mannheimer J, Harmon SA, Ramirez CJ, Mazcko CN, Choyke PL, et al. 
Large-scale comparative analysis of canine and human osteosarcomas uncovers 
conserved clinically relevant tumor microenvironment subtypes. Clin Cancer Res. (2024) 
30:5630–42. doi: 10.1158/1078-0432.CCR-24-1854

	130.	Withers SS, York D, Choi JW, Woolard KD, Laufer-Amorim R, Sparger EE, et al. 
Metastatic immune infiltrates correlate with those of the primary tumour in canine 
osteosarcoma. Vet Comp Oncol. (2019) 17:242–52. doi: 10.1111/vco.12459

	131.	Biller BJ, Guth A, Burton JH, Dow SW. Decreased ratio of CD8+ T cells to 
regulatory T cells associated with decreased survival in dogs with osteosarcoma. J Vet 
Intern Med. (2010) 24:1118–23. doi: 10.1111/j.1939-1676.2010.0557.x

	132.	Withers SS, Skorupski KA, York D, Choi JW, Woolard KD, Laufer-Amorim R, 
et al. Association of macrophage and lymphocyte infiltration with outcome in canine 
osteosarcoma. Vet Comp Oncol. (2019) 17:49–60. doi: 10.1111/vco.12444

	133.	Ammons D, Hopkins L, Cronise K, Kurihara J, Regan D, Dow S. Single-cell 
RNA sequencing reveals the cellular and molecular heterogeneity of treatment-naïve 
primary osteosarcoma in dogs. Res Square. (2023) 22:3232360. doi: 10.21203/rs.3. 
rs-3232360/v1

	134.	Costa VR, Soileau AM, Liu CC, Moeller CE, Carossino M, Langohr IM, et al. 
Exploring the association of intratumoral immune cell infiltrates with histopathologic 
grade in canine mast cell tumors. Res Vet Sci. (2022) 147:83–91. doi: 
10.1016/j.rvsc.2022.04.005

	135.	Bertola L, Pellizzoni B, Giudice C, Grieco V, Ferrari R, Chiti LE, et al. Tumor-
associated macrophages and tumor-infiltrating lymphocytes in canine cutaneous and 
subcutaneous mast cell tumors. Vet Pathol. (2024) 61:882–95. doi: 
10.1177/03009858241244851

	136.	Boss MK, Harrison LG, Gold A, Karam SD, Regan DP. Canine oral squamous 
cell carcinoma as a spontaneous, translational model for radiation and immunology 
research. Front Oncol. (2023) 12:1033704. doi: 10.3389/fonc.2022.1033704

	137.	Goldschmidt S, Tepper CG, Goon J, Soltero-Rivera M, Rebhun R, Birkeland AC, 
et al. Spatial transcriptomic landscape of canine oral squamous cell carcinoma. Mol 
Carcinog. (2025) 64:1415–28. doi: 10.1002/mc.23932

	138.	Proietto M, Crippa M, Damiani C, Pasquale V, Sacco E, Vanoni M, et al. Tumor 
heterogeneity: preclinical models, emerging technologies, and future applications. Front 
Oncol. (2023) 13:1164535. doi: 10.3389/fonc.2023.1164535

	139.	Maekawa N, Konnai S, Hosoya K, Kim S, Kinoshita R, Deguchi T, et al. Safety 
and clinical efficacy of an anti-PD-L1 antibody (c4G12) in dogs with advanced 
malignant tumours. PLoS One. (2023) 18:e0291727. doi: 10.1371/ 
journal.pone.0291727

	140.	Igase M, Nemoto Y, Itamoto K, Tani K, Nakaichi M, Sakurai M, et al. A pilot 
clinical study of the therapeutic antibody against canine PD-1 for advanced 
spontaneous cancers in dogs. Sci Rep. (2020) 10:18311. doi: 10.1038/s41598- 
020-75533-4

	141.	Eto S, Kato D, Saeki K, Iguchi T, Shiyu Q, Kamoto S, et al. Comprehensive 
analysis of the tumour immune microenvironment in canine urothelial carcinoma 
reveals immunosuppressive mechanisms induced by the cox-prostanoid cascade. Vet 
Comp Oncol. (2024) 22:500–12. doi: 10.1111/vco.12999

https://doi.org/10.3389/fvets.2025.1674694
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1002/ijc.2910330108
https://doi.org/10.3390/cancers16112003
https://doi.org/10.3390/vetsci9040175
https://doi.org/10.3390/vetsci3010007
https://doi.org/10.1177/0300985820960131
https://doi.org/10.1016/j.cell.2015.08.052
https://doi.org/10.1177/03009858211011939
https://doi.org/10.1053/j.ctsap.2007.03.004
https://doi.org/10.1177/0300985821999321
https://doi.org/10.2174/092986711795656045
https://doi.org/10.1177/0300985818808530
https://doi.org/10.1097/CMR.0000000000000522
https://doi.org/10.1093/noajnl/vdab031
https://doi.org/10.1158/1078-0432.CCR-24-1854
https://doi.org/10.1111/vco.12459
https://doi.org/10.1111/j.1939-1676.2010.0557.x
https://doi.org/10.1111/vco.12444
https://doi.org/10.21203/rs.3.rs-3232360/v1
https://doi.org/10.21203/rs.3.rs-3232360/v1
https://doi.org/10.1016/j.rvsc.2022.04.005
https://doi.org/10.1177/03009858241244851
https://doi.org/10.3389/fonc.2022.1033704
https://doi.org/10.1002/mc.23932
https://doi.org/10.3389/fonc.2023.1164535
https://doi.org/10.1371/journal.pone.0291727
https://doi.org/10.1371/journal.pone.0291727
https://doi.org/10.1038/s41598-020-75533-4
https://doi.org/10.1038/s41598-020-75533-4
https://doi.org/10.1111/vco.12999


Rizzi et al.� 10.3389/fvets.2025.1674694

Frontiers in Veterinary Science 16 frontiersin.org

Glossary

CMC - Canine Mammary Carcinoma

CRC - Colorectal Carcinoma

CAFs - Cancer Associated Fibroblasts

CTLA-4 - Cytotoxic T-Lymphocyte Antigen 4

DCs - Dendritic Cells

DFI - Disease-Free Interval

ECM - Extracellular matrix

EGFR - Epidermal Growth Factor Receptor

FMC - Feline Mammary Carcinoma

HSA - Visceral Hemangiosarcoma

NK - Natural Killer

PD-1 - Programmed cell death protein 1

PD-L1/PD-L2 - Ligand 1 and 2 of PD1

PMN-MDSCS - Polymorphonuclear myeloid-derived suppressor cells

STSs - Soft Tissue Sarcomas

TAMs - Tumor-Associated Macrophages

TILs - Tumor-Infiltrating Lymphocytes

TME - Tumor Microenvironment

Tregs - Regulatory T cells

TSS - Tumor-Specific Survival

MCT - Canine Mast Cell Tumors

OSCC - Oral Squamous Cell Carcinoma

OSA - Spontaneous Osteosarcoma

VCAN - Versican
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