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Simple Summary: Laboratory experiments studying solid tumors are limited by the inability to
adequately model the tumor microenvironment and important immune interactions. Immune cells
that infiltrate the tumor bed or periphery have been documented as reliable biomarkers in human
studies. Veterinary oncology provides a naturally occurring cancer model that could complement
biomarker discovery, clinical trials, and drug development.

Abstract: Despite the important role of preclinical experiments to characterize tumor biology and
molecular pathways, there are ongoing challenges to model the tumor microenvironment, specifically
the dynamic interactions between tumor cells and immune infiltrates. Comprehensive models of
host-tumor immune interactions will enhance the development of emerging treatment strategies, such
as immunotherapies. Although in vitro and murine models are important for the early modelling
of cancer and treatment-response mechanisms, comparative research studies involving veterinary
oncology may bridge the translational pathway to human studies. The natural progression of
several malignancies in animals exhibits similar pathogenesis to human cancers, and previous studies
have shown a relevant and evaluable immune system. Veterinary oncologists working alongside
oncologists and cancer researchers have the potential to advance discovery. Understanding the
host-tumor-immune interactions can accelerate drug and biomarker discovery in a clinically relevant
setting. This review presents discoveries in comparative immuno-oncology and implications to
cancer therapy.
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1. Introduction

Cancer remains the second leading cause of death in humans and dogs in the United
States, with 1.66 million and 4.2 million diagnoses annually, respectively [1]. This is
documented globally as the second-leading cause of death amongst human populations,
despite advances in clinical and laboratory research [2]. Systemic therapies remain pivotal
in the adjuvant or neoadjuvant setting as a strategy to achieve local tumor control and
address micrometastatic spread. New and novel systemic therapies require rigorous safety
and efficacy trials before being established as standards of care. Recent evidence also
highlights the current problems with the drug development pipeline; both high-costs and
high failure rates exceeding 80% in Phase II clinical trials burden patients and clinicians
alike, with 51% of failures being related to a lack of treatment efficacy, and 19% due to
preclinical safety concerns [3–5].

Animal models and tissue cultures yield information about pharmacodynamics and
pharmacokinetics and permit monitoring of tumor response to new therapeutics in the
laboratory. For decades, drug development trials have used laboratory-based animals with
transplanted (i.e., xenograft) and unnaturally developing cancers as preclinical models.
Despite a substantial body of research developing and utilizing highly complex mouse
models, limitations of evaluating interactions within the tumor microenvironment (TME)
remain a significant translational challenge [3]. The study of small animal and laboratory-
based models rarely reflects the natural progression of tumors, including intratumor
heterogeneity, the tumor microenvironment, and its response to therapy. Other challenges
include temporal alterations in biology and the potential interactions that are associated
with the host and tumoral immune system or infiltrates [3–5]. Tumor organoids, or three-
dimensional cellular cultures, have provided an ex vivo framework to study cellular lineage
propagation and differentiation. Organoid studies have gained widespread interest as a
laboratory model to evaluate treatment response [6]. Despite the known advantages of
organoid-based studies, such as higher-throughput experiments and cost-effectiveness
compared to xenogenic mouse models, limitations exist and are dependent on cancer cell
phenotype. They include low establishment rates, overgrowth of somatic stem cells, and
the extended time to develop when used as a co-clinical avatar [4,6]. Additionally, the lack
of a TME, including vasculature, stromal cells and immune infiltrates that play a critical
role in drug response can limit findings from organoid studies. These TME components are
critical in understanding emerging drug strategies, such as immunotherapies.

Immunotherapy, combined with the other pillars of oncology (surgical, radiation, and
systemic therapy), has been pivotal in transforming cancer care in the last ten years in
medicine. The use of anti-cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) mono-
clonal antibodies (mAbs) or mAbs targeting the programmed death receptor and its ligand
(PD-1 and PD-L1, respectively), has generated tremendous interest in the ability to assess
and treat cancer patients by harnessing the immune system, revealing the broad-spectrum
and tumor agnostic strategy of such therapies [7–14]. In recent years, tumor-infiltrating
lymphocytes (TILs) have become increasingly relevant as therapeutic response markers
and prognostic indicators, particularly in breast cancer [15,16]. Interactions between tumor
cells, stromal cells, and immune cells (T-regulatory cells [Tregs], natural killer [NK] cells,
and tumor-associated macrophages [TAMs]) appear to have significant effects on treatment
response and prognosis in patients with cancer [17]. As a result, there has been a shift to-
wards personalized treatments according to individualized tumor characteristics, including
genomic profiling, microenvironmental heterogeneity, and tumor-immune interactions.

The dog as a spontaneous model for human neoplasms is considered suitable for bridg-
ing the gap between spontaneous diseases and animal models in translational medicine.
The dog has a series of advantages compared to murine models, the first of which is genetic
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homology; the dog shares more than ~650 Mb of ancestral sequences with humans, which
are absent in mice [18]. Canine DNA and protein sequences are much more similar to
the humans compared to the mouse. Additionally, the ability to evaluate breed relation-
ships may provide information regarding a reduced genetic heterogeneity, considering
that the dog has a linkage disequilibrium 100 times higher than humans [18]. Sharing the
environment with humans, the availability of care and the survival of dogs even up to an
elderly age, make companion animals a good model for environmental exposure to certain
exogenous carcinogens as well.

Taken together, clinically relevant models that represent the tumor-host-immune
interactions remains important to drive biomarker discovery, therapeutic progression, and
treatment success. Companion animal models, in coordination with mouse and other
pre-clinical models, may assist in advancing our understanding of naturally occurring
cancers, improve drug discovery, and allow for evaluations that are similar to those in
human patients over a shorter time interval while benefiting both the animal patient and
their family.

2. Veterinary Oncology as a Comparative Model

Approximately one in four canine companions and one of every five feline companions
will develop naturally-occurring cancer in their lifetime [19–22]. In the United States, the
annual incidence of newly diagnosed canine cancers has reached over four million cases
and in Switzerland, the annual incidence rate for dogs at 10 years of age was 718.3 tumors
per 100,000 dogs/year [23,24]. The study of cancer in companion animal species has
become increasingly relevant in the last decade, generating tremendous interest in com-
parative oncology. Comparative oncology includes the analysis of naturally occurring
cancers in animal species that mirror their human counterparts [24]. The National Cancer
Institute/National Institutes of Health (NCI/NIH) developed a comparative oncology
platform (Comparative Oncology Trials Consortium) to explore and take advantage of a
comparative oncology approach to clinical trials and drug development [24]. The genetics
of several canine cancers have been explored in detail and are described elsewhere [25]. A
recent study showed that transcriptomic profiles of canine melanoma, osteosarcoma, T-
and B-cell lymphoma, and pulmonary carcinoma share similar gene activation patterns
to humans and are highly relevant for comparative study [26]. Significant homology in
tyrosine kinase and phosphatidylinositol 3-kinase pathways, as well as immune path-
ways, have all been described [25]. Similarities in pathology and disease behavior have
been documented in several tumor types that serve as potential translational models, in-
cluding canine glioma, osteosarcoma, urothelial carcinoma, melanoma, breast cancers,
lymphoma, and lung cancers [5,24,27–29]. There are numerous advantages of studying
canine and feline models compared to the mouse. In dogs and cats, they are spontaneous
tumors that are localized in the same sites as humans and with the same physiological
characteristics, develop in immunocompetent subjects and share the same clinical behav-
ior and progression [30]. Moreover, these companions share the same environment and
are, therefore, subjected to the same carcinogens. One notable example of the utility of
comparative oncology is through the use of non-steroidal anti-inflammatories for muscle-
invasive urothelial carcinoma. This was first described in dogs and translated to the human
patient population [31,32].

Further studies have significantly highlighted the translational relevance of muscle-
invasive urothelial carcinoma (MIUC) between these species, including the evaluation of
immune biomarkers and transcriptomic profiles [33–38]. Multicentric and non-Hodgkin’s-
like lymphomas are among the most prevalent canine cancers and are treated similarly
to their human counterparts via a CHOP chemotherapy protocol [24]. A rituximab-like
antibody has also been developed in canines [39,40]. Canine osteosarcoma is 20 times more
frequent than pediatric osteosarcoma while also sharing many similar biologic features,
including primary tumor location, microscopic metastatic disease at diagnosis, altered
expression of key proteins such as ezrin, and genetic aberrations of p53, phosphatase and
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tensin homolog (PTEN), retinoblastoma 1 (RB1), hepatocyte growth factor receptor (MET)
and v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 (ERBB2) [18,41]. This, in
combination with the shorter lifespan of dogs, makes canine osteosarcoma a highly relevant
model for comparative study [41]. The NCI/NIH Comparative Oncology Trials Consortium
has recently developed a pipeline for a large-scale standard-of-care control population
of canines with osteosarcoma. It has evaluated two new and novel therapies, including
rapamycin and a listeria-based vaccine vector against HER2/neu [42,43]. Furthermore, we
must not forget the studies in canine melanoma, where xenogeneic DNA vaccination against
tyrosinase antigen reduced the time of experimentation in humans, given its evidence of
use in dogs [30]. More recently, inhaled recombinant IL-15 was also trialed in dogs with
naturally occurring metastases from osteosarcoma and melanoma given their comparative
relevance [44]. The exact details about the similarities between the underlying genetic
mechanisms, tumor development, behavior, and treatment are covered elsewhere and
are thus not described in detail here [5,24,45–48]. Similarly, the utility of advanced and
comparative imaging in veterinary patients in a clinical setting with PET-CT, CT, MRI, and
others has also been described by others [49,50].

Another tumor that is widely used as a spontaneous model in dogs for humans is
hemangiosarcoma. Canine hemangiosarcoma accounts for 5–7% of all canine tumors and
Golden Retrievers, German Shepherds, and Boxers are predisposed breeds. It has been
shown that in Golden Retriever hemangiosarcoma, there is a significant over-expression of
VEGF1 compared to other breeds that instead over-expressed VEGF2. In fact, the blockade
of VEGF2 expression in hemangiosarcoma cell lines was associated with a reduction in
cell growth in vitro in all breeds except the Golden Retriever, suggesting the importance of
evaluating the specific genetic background for that breed [51].

Dogs have similar activated and central T-cell phenotypes that are detectable via
flow cytometry, which allows for an accurate assessment of cancer vaccine research. As
well, specific major histocompatibility complex (MHC) expression allows for study of
cytotoxic T-cell responses to specific neoantigens [52]. One notable difference is that canine
neutrophils appear to express cluster of differentiation 4 (CD4), which is not described
in humans, although both canines and humans share CD4 expression in lymphocyte
populations [53]. Regardless, the repertoire of immune markers and the homology of both
myeloid and lymphoid populations between species has been described elsewhere [54,55].
Transcriptomic analysis of canine natural killer (NK) and myeloid-derived suppressor cells
(MDSC) has provided further evidence of similarities between species [56,57]. Canine
NK cell transcriptional changes appear to be more representative of human than mice in
several different environments [57]. Due to these similarities, the investigation of CTLA-4,
PD-1, and PD-L1 as specific biomarkers and potential treatment targets in canine and feline
cancers has been the focus of ongoing research [58–63]. Other studies have targeted OX40,
TIM-3, and other co-stimulatory and checkpoint molecules for evaluation in veterinary
medicine [55]. In fact, a recent study emphasized the increase of IBA1+ and PD-1+ cells in
high-grade compared to low-grade canine mast cell tumors [64].

One of the limitations in veterinary immuno-oncology research has been the lack of
caninized antibodies and other immunological reagents [55]. However, this continues to
improve as major drug companies and laboratory suppliers see the comparative relevance
of this species, with many veterinary schools and comparative research groups working to
validate human, mouse, rabbit, or develop caninized reagents for clinical research [55]. Sim-
ilarly, research groups have continued to develop monoclonal antibodies and checkpoint
inhibitors for animals. Most recently, an anti-canine CTLA-4 antibody has been produced
and will soon be used in large-scale veterinary clinical trials, closely mimicking their human
counterparts [65]. An anti-PDL1 therapeutic is also in development and reported in the
veterinary literature [66,67]. As well, adoptive T-cell therapeutics, chimeric antigen receptor
T-cell (CAR-T), cancer vaccines, the use of viral immunotherapies, and others have all been
evaluated and will continue to be in companion animals with cancer [68–78].
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3. Tumor-Infiltrating Lymphocytes

Tumor-infiltrating lymphocytes are immune cells that are observed within the tumor
microenvironment that interact with local tumor cells and tissue stroma. These infiltrates
were originally defined in 1989 by Clark et al., followed by Clemente et al. in 1996 [79,80].
Based on the local cytokine milieu, TILs heavily influence local tissue proliferation, an-
giogenesis, and even metastasis [81]. Their role has been debated in both the human and
veterinary literature. However, the recent advancements in immunotherapeutics point
to their role as both effector cells (i.e., anti-cancer agent) or as a biomarker for treatment
response and prognosis [81]. TILs can transform the TME but can be influenced by local
tissue stroma or cancer cells themselves (Figure 1). Alterations in T-regulatory cells (Tregs)
have vast implications for converting immunologically cold to hot tumors that are more
responsive to immunotherapy [82]. Therefore, our careful manipulation of these local
tissues and immune-tumor-cell interactions has vast implications for improving response
and prognosis in our human and animal patients with cancer.
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Figure 1. The immune cellular microenvironment of cancer. Pro-tumorigenic immune cell types
include T-regulatory cells (Tregs), M2 macrophages, dendritic cells (type 2), myeloid-derived sup-
pressor cells (MDSCs), T-helper 2 (Th2) cells, and neutrophils (N2). Anti-tumor immune cell types
include CD8+ T-cells, T-helper 1 (Th1) cells, neutrophils (N1), dendritic cells (type 1), natural killer
(NK), and natural killer T-cells (NKT). These cells, their relative abundance, and microenvironmental
signals play a critical role in anti- or protumor activity of cancer cells. Salgado et al., Harmonization
of the evaluation of tumor infiltrating lymphocytes (TILs) in breast cancer: recommendations by an
international TILs-working group 2014 Ann Oncol mdu450 first published online 11 September 2014
https://doi.org/10.1093/annonc/mdu450. By permission of Oxford University Press on behalf of
the European Society for Medical Oncology.

3.1. TILs in Human Oncology

Among several cancer types, TILs have been well studied in breast carcinomas (BC)
but has been associated with outcomes in several tumor types [83]. The utility of TILs to
predict response to neoadjuvant chemotherapy (NACT) in women with breast cancer has
been evaluated, proving that patients with increased TIL density have a higher incidence
of pathologic complete response (pCR) [15,84–87]. TIL infiltration is also considered a
negative prognostic factor among several histologic breast cancer subtypes, namely the
luminal breast cancer subtype. TIL interactions with cancer cells or the stroma are inde-
pendent prognostic factors in patients with breast, colorectal, and ovarian cancers [87–91].

https://doi.org/10.1093/annonc/mdu450
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Cerebelli et al. developed a tumor immune profile (TIP) to predict response to NACT in
triple-negative breast cancers [92]. Patients that were documented as TIP-positive were
more likely to achieve pCR. TILs have also been utilized for risk stratification for breast
cancer patients to receive adjuvant therapies. For example, Ahn et al. found that tumors
with high TIL density (≥60%) showed a higher risk for recurrence compared to those with
intermediate and low density, but only in luminal breast cancer [93]. In general, high
TILs are prognostic in the Triple-negative and HER2+ breast cancer subtypes and predict
response to immunotherapy [94]. TIL assessment may translate from bench to bedside,
guiding clinical decision-making for both the physician and patient.

TILs are also important biomarkers in cutaneous melanoma. Clark et al. in 1989 deter-
mined that 8-year survival rates were lower (59%) in patients with absent TILs compared to
those with non-brisk and brisk TIL patterns (75% and 88%, respectively) [79]. This was later
inversely associated with sentinel lymph node metastasis, a known significant prognostic
factor in cutaneous melanoma [95]. TIL infiltration was also independently associated with
disease-specific survival [96].

Response to immunotherapy appears to be affected by TIL infiltration in both breast
cancer and cutaneous melanoma. In the KEYNOTE-086 trial, evaluating the efficacy of
pembrolizumab, breast cancer patients with high TILs had an improved clinical response to
anti-PD1 therapy [97]. In cutaneous melanoma, TIL infiltration appears to be inconsistently
related to treatment response [83]. However, TIL infiltration in lymph node metastatic
lesions is higher in ipilimumab responders than non-responders [98]. CD8+ T-cell density
at the tumor margin also appears to predict response to pembrolizumab in cutaneous
melanoma patients [99].

Our understanding of the TIL-tumor microenvironment interaction has become so
vast and complex that tertiary lymphoid structures (TLS) have been described as a sec-
ondary lymphoid expansion of TILs within the microenvironment or stroma. Similar to a
lymph node, these TLSs can have germinal centers and an extensive microenvironment
of their own [100]. These concepts will continue to be important for recognizing spatial
influences on tumor behavior, including finding biomarker signatures that are associated
with recurrence and prognosis [100–102].

3.2. TILs in Veterinary Oncology

Limited studies have evaluated TILs in veterinary oncology with some historical
emphasis on mammary carcinomas in dogs and cats, cutaneous histiocytoma in dogs,
and seminoma in dogs. However, there has been increasing interest in the last decade
given the implications that are documented in humans. Several groups have attempted to
assess the prognostic significance of immune infiltrates and host-immune interactions at
the histologic level in many immunogenic tumor types (Table 1). The relevant studies are
summarized below.

Table 1. Summary of recent findings of TIL studies in veterinary oncology.

Tumor Type Summary of Findings Reference (s)

Canine Transmissible Venereal Tumor

• TIL infiltration correlates with regression of the
primary lesion

[103,104]

• Infiltration of CD8+ TILs correlates with
apoptotic behavior

[103,105]
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Table 1. Cont.

Tumor Type Summary of Findings Reference (s)

Canine & Feline Mammary Carcinoma

• TIL infiltration is high in canine malignant
mammary carcinoma

[106,107]

• Metastatic lesions in canine mammary carcinoma have
higher TIL infiltrates [106]

• PD-1 and PD-L1 scores of TILs are elevated in HER2+
feline mammary carcinomas [63]

• VISTA-positive TILs are significantly higher in feline
HER2+ mammary carcinoma compared
to triple-negative

[108]

• Lower CD4+:CD8+ TIL ratio in metastatic sites
in canines

[109]

• High CD4+ TIL infiltration correlates with a poor
prognosis in canines

[109]

• High CD3+ TIL within adnexa correlates with more
aggressive biologic and histologic features and
poorer survival

[110]

• A standardized approach for TIL assessment has been
validated in canine mammary carcinoma and reflects
the methods proposed by the International TILs
Working Group

[111]

Canine Oral Melanoma

• Canine melanoma has high TIL infiltration [112,113]

• CD20+ TILs are associated with tumor progression,
metastasis, and recurrence [113]

• CD20+ TILs are associated with poorer overall survival [113]

• TIL infiltration is associated with pathologic features
and malignancy [113]

• Higher TIL scores and an increased CD8+ TIL
infiltration is associated with increased survival [114]

• High tumoral PD1 expression correlates with increased
CD3+ TIL infiltration [115]

Canine Osteosarcoma

• TIL infiltration is documented in metastatic lesions [43,116,117]

• Therapeutic manipulation of tumor-suppressive
macrophages led to improvement in survival in
metastatic osteosarcoma

[118]

• Decreased peripheral blood and nodal CD8+:Treg
ratios are associated with poorer survival

[119]

• Higher immune checkpoint expression results in
decreased intra-tumoral penetration of TILs [120]

Canine Histiocytic Neoplasms

• CD8+ TILs contribute to regression of
benign histiocytomas

[121–123]

• CD3+ T cell and granzyme B+ TIL infiltration is
associated with improved outcomes in
histiocytic sarcoma

[124]

Canine Glioma

• High CD3+ TIL infiltration is associated with
high-grade tumors

[125]

• FOXP3+ TILs share a similar distribution to CD3+ TILs
and association with grade [125,126]
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Table 1. Cont.

Tumor Type Summary of Findings Reference (s)

Canine Urothelial & Prostate Cancer

• T and B lymphocytes are increased in canine
prostate cancer

[127]

• CD3+ lymphocytes are positively correlated
with survival [127]

• Tumor-infiltrating Tregs are associated with a
poor prognosis [128]

• Granzyme B+ TILs are positively associated
with survival [129]

Canine Pulmonary Carcinoma
• Low numbers of intra-tumoral Tregs correlate with

improved survival [130]

3.2.1. Transmissible Venereal Tumor (TVT)

Canine TVT is a round cell tumor that is suggested to be of the histiocytic lineage that
is transmitted within the canine species [105] (Figure 2). The tumor commonly presents as
nodular growths along mucocutaneous junctions (oral cavity, penis/prepuce, vestibule,
vagina) and has a low rate of metastasis. Generally, TVT has a predictable growth pattern:
the initial progressive phase (P-phase), where the tumor may continue to grow for up to 3
to 6 months, followed by a stationary phase (S-phase) where tumor growth is halted for
months to years, and last, a regression phase in younger animals (R-phase) where complete
eradication of the tumor is achieved. The R-phase is typically mediated by a distinct
increase in TIL infiltration histologically [103,104]. Infiltration of CD8+ TILs is correlated
with interleukin-6 (IL-6) production, restoration of natural killer cell activity, and apoptosis
of TVT cells [103,105]. Transmissible venereal tumors were among the first documented
observations of TILs activity in veterinary medicine and provides a viable model for tumor
immunogenicity. As well, it should be noted that this was a pivotal time where TILs were
first used as an immune biomarker in veterinary oncology; in particular, early-regressing
tumors had a significantly higher CD8+ TIL infiltration than late-regressing TVTs [104].
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3.2.2. Canine and Feline Mammary Carcinoma

Canine and feline mammary carcinomas are well recognized as models of human
breast cancer [24]. Similar to their human counterparts, hormone receptor expression
and hormonal influence play a role in developing benign and malignant breast cancers.
Similar subtypes (luminal A, luminal B, HER2-overexpressing, and triple-negative) have
been described, closely mimicking human breast cancer [24,63,131–133]. Mutations in
BRCA1 and 2 and higher expression profiles of the gene have also been described in canine
patients with mammary cancer [106,134]. Systemic therapies are pursued dependent on
tumor histologic subtype and based on tumor size, grade, or nodal involvement, similar to
humans [135–137]. Initial pharmacokinetic profiles of iniparib were evaluated in dogs and
translated for use in humans, given similarities in cross-species metabolism [138].

In early studies evaluating TILs in mammary carcinoma, TILs were abundant in
malignant tumors compared to benign and normal mammary tissue [106] (Figure 3). A
significantly greater number of TILs were also noted in metastatic lesions than primary
malignant tumors. In a follow-up study by the same group, TIL infiltration was evaluated
in 47 cases of canine mammary carcinoma and scored based on TIL distribution and
intensity [107]. Higher TIL scores were significantly associated with histologic grade and
lymphatic invasion though the association with molecular phenotype (luminal A, luminal
B, basal, HER-2-overexpressing) was not significant. On subgroup analysis, a significantly
higher infiltration of CD3+ T-lymphocytes (mean positive area/1.6 mm2) was associated
with high histologic grade (0.118 ± 0.119, p = 0.035) and presence of lymphatic invasion
(0.118 ± 0.112, p = 0.008) [107]. Immune checkpoints such as CTLA-4 and PD-1/PD-L1
and TIL infiltration have also been evaluated in felines. Serum PD-1 and PD-L1 levels are
significantly higher in cats with HER2-positive and triple-negative mammary carcinomas,
similar to those that are documented in humans [63]. PD-L1 expression is also considerably
higher in feline HER2-positive mammary carcinomas. Total PD-1 and PD-L1 scoring of
TILs and cancer cells are significantly elevated in HER2-positive mammary carcinomas
in felines compared to the triple-negative normal-like subtype, similar to what is seen in
human HER2-positive breast cancer [63]. V-domain immunoglobulin suppressor of T-cell
activation (VISTA)-positive TILs have also been evaluated in feline mammary carcinoma,
and by stratifying based on subtype, cats with HER2-positive disease had a significantly
higher proportion of VISTA-positive TILs than those with the triple-negative subtype
(p = 0.0138) [108]. However, this was not correlated with outcome. In this same study,
the percentage of VISTA-positive TILs was also higher in grade II (p = 0.0025) tumors
when compared to grade I [108]. Cytokines that were associated with tumor growth and
metastasis (IL-1 and IL-6) are upregulated, particularly in canine metastatic mammary
carcinoma samples. These same cytokines remain elevated in malignant mammary tumors
compared to benign and normal mammary tissue [106]. The CD4+/CD8+ ratios of TILs
are also significantly increased in metastatic groups, and those canine patients with higher
CD4+ TILs have a poorer overall survival based on log-rank analysis [109]. CD4+ TIL
infiltration was seen in a higher proportion of those dogs with lymph node metastasis.
Higher CD8+ TILs in this same study correlated with increased survival based on log-rank
analysis [109]. These prognostic implications were further validated when evaluating
adnexal CD3+ TILs in canine mammary carcinomas [110]. Higher numbers of CD3+ TILs
within the adnexal mammary gland were significantly correlated with poorer survival,
with 50% alive at 18 months (TIL count > 107) compared to 84% (TIL count ≤ 107). This was
also significantly associated with higher histologic grade, lymph node status, and distant
metastasis. Similarly, higher intra-tumoral CD3+ TILs were correlated with poorer overall
survival, although this approached significance [110]. Approximately 41% of patients
were alive at 18 months (TIL count > 256) compared to 72% (TIL count ≤ 256). These
TILs were also significantly correlated with more invasive and biologically aggressive
histologic subtypes [110]. The infiltration of these TILs, specifically within the adnexa, is
thought to be mediated by chemokine ligand-2 (CCL2) and CCL5 that are produced by
tumor cells and other tumoral leukocytes [139]. This is well-documented in human breast
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cancers, providing a comparative landscape for canine mammary carcinoma (Figure 4).
Given the increasing interest in comparative TIL assessment, Muscatello et al. recently
proposed a standardized approach to evaluate TILs in canine mammary carcinomas, using
the internationally standardized approach in human breast cancer that was developed
by Salgado and colleagues [16,111]. Interestingly, contrary to human breast cancer, high
stromal TIL infiltration was correlated with positive lymph node metastasis but was
proposed as a Type I error due to small sample size [111].
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(A) The tumoral stromal area is massively effaced by tumor infiltrating lymphocytes (TILs), 10×;
(B) higher power magnification showing mainly lymphocytes and plasma cells among TILs, 20×.
(C,D) Feline mammary simple tubular carcinoma, histological grade II, hematoxylin and eosin.
The stromal area is strongly infiltrated by TILs, 10×; higher magnification depicting mainly small
lymphocytes among TILs.
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Figure 4. Comparative similarities of TIL evaluation in human and companion animal breast cancer.
Several similarities exist between species, including immune checkpoint expression of TILs; however,
further evidence is required in companion animals to elucidate the role of TILs as a biomarker for
response to immunotherapy. Neoadjuvant chemotherapy and TILs as a marker for therapeutic
response also require further study in companion animals.
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3.2.3. Canine Oral Malignant Melanoma (OMM)

Canine OMM has proven translational relevance to human mucosal and cutaneous
melanoma and provides an accurate model to study the disease in a naturally occurring
animal model [30,140]. The genomic landscape and similarities of human mucosal and
canine oral melanoma have been well-defined recently [141–143]. Canine OMM has also
matured into a highly relevant translational model for immunotherapeutics given its
similar immune features and repertoire for checkpoint inhibitors [30,59,66,67,144]. Given
its immunogenicity, a therapeutic xenogeneic human tyrosinase bacterial DNA plasmid
vaccine has been licensed dogs with OMM [145].

TILs, as well as circulating T-cells, have been evaluated in canine OMM [112]. Flow
cytometric evaluation of peripheral blood in canine OMM patients revealed significant
increases in TILs compared to healthy controls [112]. Similarly, percent Tregs within
tumor tissue were significantly increased (2.5-fold increase in the total number of Tregs
when compared to peripheral blood) [112]. More recently, the histologic evaluation of
TILs in canine melanocytic neoplasms was investigated by Porcellato et al. [113]. In
melanocytic tumors with high CD20+ TIL infiltration, patients were at higher risk of
death related to tumor progression, metastasis, or recurrence. The 2-year survival with
low CD20+ TIL infiltration was 79%, whereas, with high CD20+ TIL infiltration, this
probability decreased to 24%. In canines, this was one of the first studies to suggest the
use of TIL infiltration as a biomarker in canine melanoma [113]. Interestingly, in this
same study, significant associations were found between TILs and pathologic features such
as mitotic count, melanin-pigmentation, and cellular pleomorphism [113]. In 2015, an
NIH-supported study evaluated IL-12 therapy in dogs with OMM [75]. After treatment,
T-cell populations and intra-tumoral CD8+ T-cell infiltration increased with treatment,
indicating a potential biomarker for response to cytokine therapy [75]. Yasumaru and
colleagues evaluated TIL patterns in 50 samples of canine OMM [114]. Patients with higher
survival rates had higher TIL scores and an increased frequency of CD8+ TILs [114]. More
recently, Stevenson et al. evaluated PD-1, PD-L1, and PD-L2 gene expression as well as
TILs in canine melanoma [115]. A significantly higher relative abundance of CD3+ TILs
(38 ± 11.5%, mean ± SEM; p = 0.026) were observed in groups with the highest PD-1
expression when compared to low expressors. Although there is a small number of studies
compared to human trials, canine melanoma proves to be comparatively relevant. Further
work is needed to clarify the role of TILs as biomarkers for response to therapy and
prognostication in canine OMM.

3.2.4. Canine Osteosarcoma (OSA)

Canine OSA has known clinical, pathologic, and molecular relevance to OSA in hu-
mans [24,41,45,146–148]. Canine OSA occurs more commonly in the canine population than
in children, making it an excellent model for studying novel therapies. Immune infiltrates
are documented in metastatic lesions and remain an attractive target for treatment [116,117].
Regan and colleagues have studied the effects of specific drug combinations to enhance the
efficacy of therapy in the metastatic disease setting [118]. Immunosuppressive macrophages
(M2 macrophages) support angiogenesis, facilitate extravascular escape leading to metasta-
sis and immune escape [149]. Regan’s group showed that using a combination of losartan
(angiotensin II receptor blocker) and toceranib phosphate (tyrosine kinase inhibitor), the
tumor immune suppression that was imposed by M2 macrophages could be reversed
and led to improvements in progression-free survival (111 days compared to 57 days)
in the gross pulmonary metastatic disease setting [118]. Importantly, this comparative
work has now led to a clinical trial utilizing losartan in pediatric OSA (clinicaltrials.gov,
identifier: NCT03900793). Similarly, a HER2/Neu listeria-based vaccine vector has been
used in dogs with osteosarcoma [43]. This has now developed into a large-scale clinical
trial with the NIH (COTC026), given its potential to prolong survival in canine patients
with osteosarcoma and could be translated to initiate human trials. Interestingly, T-cell
infiltrates within metastatic lesions were documented after vaccination with a HER2/Neu

clinicaltrials.gov
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listeria-based vaccine [43]. From a prognostic role, decreased ratios of peripheral blood and
lymph node CD8+:Tregs are associated with poorer survival [119]. This closely mimics
what has been seen in pediatric OSA patients [150]. In more recent work, Cascio et al. de-
scribed immune checkpoint expression (PD-L1, CD270, and B7H3) in canine osteosarcoma
and their relationship with peri- or intra-tumoral TILs [120]. A high expression of these
immune checkpoints on tumor cells resulted in log-fold increases of peritumoral T-cell
infiltration without intra-tumoral penetration. Despite much of the work being performed
in canine osteosarcoma, the absolute prognostic role of TILs remains to be elucidated in
canines with osteosarcoma.

3.2.5. Canine Histiocytic Neoplasms

Histiocytomas are benign cutaneous neoplasms of dogs, mainly located on the head,
ears, neck, and more frequently occurring in younger animals. Histiocytomas occur in
all breeds but purebred dogs are predisposed, particularly Boxers and Dachshunds [121].
Histiocytic sarcoma (HS), the malignant variant, is considered rare in humans. However, in
dogs, the disease is more common than in humans and particular breed overrepresentations
have been documented in Bernese Mountain Dogs, Rottweilers, Flat-coated Retrievers, and
Miniature Schnauzers [151–156]. Several genetic alterations have been documented that
show commonality between humans and dogs including the loss of PTEN and mutations
in KRAS [154,157].

Histiocytomas are tumors of Langerhans cells, grossly visible as usually single dome-
shaped erythematous nodules, which may undergo spontaneous regression and this process
is mediated by the infiltration of lymphocytes at the base of the neoplasm (Figure 5). These
lymphocytes mediate the lysis of neoplastic histiocytes, since it has been shown that the
tumor-infiltrating lymphocytes are highly enriched with CD8+ T-cells, capable of mediating
regression [121–123,158]. In histiocytic sarcoma of Flat-Coated Retrievers, TIL infiltration
had been described but not correlated with outcome [159]. A recent study by Lenz and
colleagues suggests that increased CD3+ and granzyme B+ TIL infiltration are associated
with more favorable outcomes in dogs with histiocytic sarcomas [124]. Patients with high
CD3+ TIL density (above the median cutoff) in this study had an improved median survival
time when compared to those with low CD3+ TIL density (400 days vs. 150 days, p = 0.029).
This held true for granzyme B+ TIL density (p = 0.035) and approached significance for
FOXP3+ TIL density (p = 0.11) [124]. Additionally, transcriptional analysis showed that
increased T-cell transcripts were associated with improved survival in canine pulmonary
histiocytic sarcoma, specifically.
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Figure 5. Canine cutaneous histiocytoma, hematoxylin, and eosin: (A) the dermis is expanded by
a dome-shaped densely cellular neoplasm, characterized at the base by a densely basophilic area
suggestive of lymphocyte infiltration. (B) The neoplasm is composed of round histiocytic cells to
which numerous lymphocytes are mixed, that are responsible for tumor regression, 20×.
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3.2.6. Canine Gliomas

Canine gliomas are considered a good naturally occurring model for the human
disease and represent around 40–70% of primary canine brain tumors [125,160].

TIL populations in canine glioma were recently characterized by Pi Castro and col-
leagues [125]. The phenotype of TILs was predominantly composed of CD3+ T lymphocytes
and a high number of CD3+ TILs were associated with high grade glioma, distributed with
a specific spatial distribution within the tumor stroma and in the brain-tumor junction.
In contrast, low-grade gliomas were infiltrated by a low number of CD3+ TILs that were
scattered in the tumor stroma. FOXP3+ lymphocytes shared a similar distribution of CD3+
TILs. A similar study evaluating immune cell infiltration in canine gliomas found that
high-grade tumors had a significantly higher number of FOXP3+ cells/high-powered
field when compared to low grade (p = 0.006) [126]. Similarly, Mac387+ and CD163+ cells
were significantly higher in high-grade gliomas when compared to low (p = 0.01, p = 0.01,
respectively). Overall, TILs in canine glioma display similar immunophenotypic features
to humans, supporting the dog as a good spontaneous model [125].

3.2.7. Canine Urothelial and Prostate Cancer

Urothelial carcinomas (UC) are the most common genitourinary tumors in dogs and
closely mimic the muscle-invasive phenotype that is seen in humans [33,36,161] (Figure 6).
The BRAF V595E mutation is seen in roughly 85% of canine patients with UC, which
has prompted recent investigation into the efficacy of vemurafenib in dogs [162–166].
Several groups have documented the immune landscape and mRNA expression of canine
UC, revealing its utility as a relevant translational model [37,38,167–169]. A recent study
revealed increased numbers CD3+ T-cells (though not statistically significant) in TME-Hot
tumors when compared to TME-Cold [38]. Tumors with higher CD3+ T-cell staining also
showed enriched gene expression that was associated with immune-related hallmarks (such
as T-cell receptor signaling pathways). However, specific TIL evaluation as a biomarker is
still lacking in canine UC.
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Figure 6. Canine urothelial cell carcinoma, hematoxylin, and eosin, urothelial cell carcinoma.
(A) Moderate numbers of lymphocytes are multifocally present within the fibrovascular stroma
adjacent to the neoplastic proliferative front, 4×. (B) Focally extensive increase in numbers of plasma
cells (tumor infiltrating plasma cells, TIPs) surround cancer nests, 20×.

In human prostate cancer, inflammation influences tumor progression with immune
infiltrates being the main drivers of that effect [170]. For canine prostate cancer, recent
evidence shows that T and B lymphocytes are increased in the tissue and that intra-tumor
CD3+ TILs and granzyme B+ cell estimation are correlated with survival [127,129]. Also, it
has been shown that increased Tregs are associated with poor prognosis showing parallels
with what is observed in human tumors [128,170].
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3.2.8. Canine Pulmonary Carcinoma

Pulmonary carcinoma is the most common pulmonary neoplasm in both dogs and hu-
mans with comparative relevance given similarities in their molecular underpinnings [171]
(Figure 7). Canine pulmonary carcinomas are thought to be of bronchioloalveolar origin
corresponding to approximately 85% of the total primary lung tumors; the rest include
adenocarcinomas, adenosquamous, and squamous cell tumors [172].
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Regarding the immunological profile of dogs with pulmonary carcinoma, intra-
tumoral, and peritumoral FOXP3+ expression has been assessed, demonstrating low num-
bers of intra-tumoral Tregs correlate with an improved survival (p = 0.0074) when compared
with high [130]. Another study investigated the inflammatory milieu of neutrophilic leuko-
cytosis in two cases of canine pulmonary carcinoma, a significant increase in IL-6 and
G-CSF production was identified when compared to normal lung control tissue. IL-6 is
produced by a multitude of inflammatory cells and its role in tumor metastasis and as
a prognostic marker in human non-small cell lung cancer (NSCLC) has been previously
established [173–175]. Similarly, a previous study identified the expression of G-CSF in
human NSCLC as a prognostic biomarker [176].

These findings in dogs warrant further investigation in the context of the immunologi-
cal microenvironment and association of the expression of certain cytokines and prognosis.

4. Comparative TIL Assessment and Future Directions

The comparative assessment of TILs in companion animals represents challenges but
also vast opportunities in oncology. Spatial relationships within the tumor microenviron-
ment should be explored, and direct assessment of TILs remains pivotal as biomarkers
for predictive and prognostic modelling [83]. Comparative oncology platforms present a
unique opportunity whereby investigators can reciprocally evaluate TIL biomarkers and
other relevant metrics that may be translated to clinical decision-making for both species.
New and early-stage therapeutics directed at the immune TME can be studied in dogs and
cats, given their similarities in metabolism and ability to attain relevant pharmacokinetic
and pharmacodynamic, as well as safety/efficacy data [24]. For those that are interested
in evaluating treatment response to immunotherapeutics, veterinary patients provide a
naturally occurring and highly relevant translational model despite the requirement for
animal-specific monoclonal antibodies. Biomarkers, such as CD8+ TIL density, have already
been associated with improved survival and a lower rate of metastasis in humans and
dogs [177]. Similarly, in both species, the infiltration of CD4+ T-cells that impose immuno-
suppressive behavior within the TME is associated with poorer overall survival and risk of
lymph node metastasis [177]. CD3+ T-cell infiltration may also impact angiogenesis, both
documented in human and canine breast cancers [81]. As well, the specific utilization of
TILs for vaccine or adoptive cell therapy development are largely unexplored in companion
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animal models and warrants further investigation. Other important spatial relationships
may be discovered through comparative assessment at a larger scale and across several
tumor types.

Comparative assessment across species can be boosted by computational tools, such
as machine learning and deep neural networks, as has been shown in canine and mouse
models [178–180]. For example, after automated single-cell identification using image anal-
ysis, TIL scoring that considers the abundance and spatial location of TILs can be performed
using methods that are similar to those that have been developed for computational hu-
man histopathology [181–183]. This will enable reproducible evaluation of prognostic and
predictive value of these metrics in veterinary patients in translational studies and clinical
trials. Spatially-resolved immune infiltration analysis has unveiled intriguing cancer biol-
ogy and clinical relevance for human cancers, and we anticipate similar advances for the
studies and treatment of animal cancers. Ultimately, the interchange of tools and common
knowledge can lead to advances in medicine for both human and non-human species [184].

5. Conclusions

Comparative immuno-oncology and TIL assessment represent a strong naturally-
occurring clinical model that can be used to benefit biomarker and treatment discovery for
human and non-human clinical practice. Information from one species may translate to an-
other and appropriate naturally-occurring model systems, such as companion animals, may
expedite the translational drug pipeline. Some fundamental differences also exist between
the incidence of certain human and animal cancers across species and, therefore, compara-
tive oncology also represents a pivotal opportunity to study mechanisms, biomarkers, and
treatments for rare cancers that may appear more frequently in a non-human species.

It should be noted however, standardized practices are lacking between current vet-
erinary studies for TIL-assessment. Therefore, a standard guideline of TIL-assessment for
veterinary oncologists and pathologists, may only improve comparative relevance. There
remains a collaborative need between human and veterinary oncologists as well as cancer
researchers to work alongside one another to advance discovery.

Author Contributions: Conceptualization, C.J.P., R.S. and W.T.T.; methodology, C.J.P. and W.T.T.;
investigation, C.J.P. and M.L.O.; resources, W.T.T. and C.J.P.; writing—original draft preparation,
C.J.P., W.T.T., M.L.O., R.S., F.-I.L. and A.L.; writing—review and editing, C.J.P., W.T.T., M.L.O., R.S.,
F.-I.L., A.L., J.K., J.C.P.C., B.B., L.V.M., G.S., M.P.F., A.H., S.P.C., K.A., Y.Y. and D.A.M.; supervision,
W.T.T.; funding acquisition, W.T.T. All authors have read and agreed to the published version of
the manuscript.

Funding: W.T.T. and F.-I.L. received grant funding from the Tri-Council (CIHR) Government of
Canada’s New Frontiers in Research Fund (NFRF, Grant # NFRFE-2019-00193). W.T.T. also received
funding from the Terry Fox Research Institute (TFRI, Grant #1083). W.T.T. also received funding from
the Women’s Health Golf Classic Foundation Fund, and the CAMRT Research Grant (Grant #2021-01).
S.P.C. and Y.Y. acknowledge grant funding from Arizona Cancer Evolution Center, University of
Arizona, USA and National Institutes of Health grant U54 CA217376.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors wish to thank the support of Calvin Law, Jan Stewart, Eileen
Rakovitch, and David Andrews. Figures were created with BioRender.com, accessed on 5 July 2022.

Conflicts of Interest: The authors declare no conflict of interest. R.S. reports non-financial support
from Merck and Bristol Myers Squibb (BMS), research support from Merck, Puma Biotechnology and
Roche, and personal fees from Roche, BMS and Exact Sciences for advisory boards. R.S. reports no
COI for the content of this manuscript. Y.Y. has received speakers bureau honoraria from Roche and
consulted for Merck and Co., Inc.

BioRender.com


Cancers 2022, 14, 5008 16 of 23

References
1. Schiffman, J.D.; Breen, M. Comparative Oncology: What Dogs and Other Species Can Teach Us about Humans with Cancer.

Philos. Trans. R. Soc. B Biol. Sci. 2015, 370, 20140231. [CrossRef] [PubMed]
2. Naghavi, M.; Abajobir, A.A.; Abbafati, C.; Abbas, K.M.; Abd-Allah, F.; Abera, S.F.; Aboyans, V.; Adetokunboh, O.; Afshin, A.;

Agrawal, A.; et al. Global, Regional, and National Age-Sex Specific Mortality for 264 Causes of Death, 1980–2016: A Systematic
Analysis for the Global Burden of Disease Study 2016. Lancet 2017, 390, 1151–1210. [CrossRef]

3. Tabassum, D.P.; Polyak, K. Tumorigenesis: It Takes a Village. Nat. Rev. Cancer 2015, 15, 473–483. [CrossRef]
4. Bleijs, M.; van de Wetering, M.; Clevers, H.; Drost, J. Xenograft and Organoid Model Systems in Cancer Research. EMBO J. 2019,

38, e101654. [CrossRef] [PubMed]
5. Somarelli, J.A.; Boddy, A.M.; Gardner, H.L.; DeWitt, S.B.; Tuohy, J.; Megquier, K.; Sheth, M.U.; Hsu, S.D.; Thorne, J.L.; London,

C.A.; et al. Improving Cancer Drug Discovery by Studying Cancer across the Tree of Life. Mol. Biol. Evol. 2019, 37, 11–17.
[CrossRef] [PubMed]

6. Verduin, M.; Hoeben, A.; Ruysscher, D.D.; Vooijs, M. Patient-Derived Cancer Organoids as Predictors of Treatment Response.
Front. Oncol. 2021, 11, 641980. [CrossRef] [PubMed]

7. Simpson, T.R.; Li, F.; Montalvo-Ortiz, W.; Sepulveda, M.A.; Bergerhoff, K.; Arce, F.; Roddie, C.; Henry, J.Y.; Yagita, H.; Wolchok,
J.D.; et al. Fc-Dependent Depletion of Tumor-Infiltrating Regulatory T Cells Co-Defines the Efficacy of Anti–CTLA-4 Therapy
against Melanoma. J. Exp. Med. 2013, 210, 1695–1710. [CrossRef] [PubMed]

8. Romano, E.; Kusio-Kobialka, M.; Foukas, P.G.; Baumgaertner, P.; Meyer, C.; Ballabeni, P.; Michielin, O.; Weide, B.; Romero, P.;
Speiser, D.E. Ipilimumab-Dependent Cell-Mediated Cytotoxicity of Regulatory T Cells Ex Vivo by Nonclassical Monocytes in
Melanoma Patients. Proc. Natl. Acad. Sci. USA 2015, 112, 6140–6145. [CrossRef]

9. Robert, C.; Thomas, L.; Bondarenko, I.; O’Day, S.; Weber, J.; Garbe, C.; Lebbe, C.; Baurain, J.-F.; Testori, A.; Grob, J.-J.; et al.
Ipilimumab plus Dacarbazine for Previously Untreated Metastatic Melanoma. N. Engl. J. Med. 2011, 364, 2517–2526. [CrossRef]
[PubMed]

10. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.; Carvajal, R.D.; Sosman,
J.A.; Atkins, M.B.; et al. Safety, Activity, and Immune Correlates of Anti–PD-1 Antibody in Cancer. N. Engl. J. Med. 2012, 366,
2443–2454. [CrossRef]

11. Nishio, M.; Barlesi, F.; West, H.; Ball, S.; Bordoni, R.; Cobo, M.; Longeras, P.D.; Goldschmidt, J.; Novello, S.; Orlandi, F.; et al.
Atezolizumab Plus Chemotherapy for First-Line Treatment of Nonsquamous NSCLC: Results From the Randomized Phase 3
IMpower132 Trial. J. Thorac. Oncol. 2021, 16, 653–664. [CrossRef]

12. Joseph, M.; Enting, D. Immune Responses in Bladder Cancer-Role of Immune Cell Populations, Prognostic Factors and Therapeutic
Implications. Front. Oncol. 2019, 9, 1270. [CrossRef] [PubMed]

13. West, H.; McCleod, M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.J.; Kopp, H.-G.; Daniel, D.; McCune, S.; Mekhail,
T.; et al. Atezolizumab in Combination with Carboplatin plus Nab-Paclitaxel Chemotherapy Compared with Chemotherapy Alone
as First-Line Treatment for Metastatic Non-Squamous Non-Small-Cell Lung Cancer (IMpower130): A Multicentre, Randomised,
Open-Label, Phase 3 Trial. Lancet Oncol. 2019, 20, 924–937. [CrossRef]

14. Galsky, M.D.; Arija, J.Á.A.; Bamias, A.; Davis, I.D.; Santis, M.D.; Kikuchi, E.; Garcia-del-Muro, X.; Giorgi, U.D.; Mencinger, M.;
Izumi, K.; et al. Atezolizumab with or without Chemotherapy in Metastatic Urothelial Cancer (IMvigor130): A Multicentre,
Randomised, Placebo-Controlled Phase 3 Trial. Lancet 2020, 395, 1547–1557. [CrossRef]

15. Denkert, C.; von Minckwitz, G.; Darb-Esfahani, S.; Lederer, B.; Heppner, B.I.; Weber, K.E.; Budczies, J.; Huober, J.; Klauschen, F.;
Furlanetto, J.; et al. Tumour-Infiltrating Lymphocytes and Prognosis in Different Subtypes of Breast Cancer: A Pooled Analysis of
3771 Patients Treated with Neoadjuvant Therapy. Lancet Oncol. 2018, 19, 40–50. [CrossRef]

16. Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; van den Eynden, G.; Baehner, F.L.;
Penault-Llorca, F.; et al. The Evaluation of Tumor-Infiltrating Lymphocytes (TILs) in Breast Cancer: Recommendations by an
International TILs Working Group 2014. Ann. Oncol. 2015, 26, 259–271. [CrossRef] [PubMed]

17. Quail, D.F.; Joyce, J.A. Microenvironmental Regulation of Tumor Progression and Metastasis. Nat. Med. 2013, 19, 1423–1437.
[CrossRef] [PubMed]

18. Rowell, J.L.; McCarthy, D.O.; Alvarez, C.E. Dog Models of Naturally Occurring Cancer. Trends Mol. Med. 2011, 17, 380–388.
[CrossRef]

19. Baioni, E.; Scanziani, E.; Vincenti, M.C.; Leschiera, M.; Bozzetta, E.; Pezzolato, M.; Desiato, R.; Bertolini, S.; Maurella, C.; Ru, G.
Estimating Canine Cancer Incidence: Findings from a Population-Based Tumour Registry in Northwestern Italy. BMC Vet. Res.
2017, 13, 203. [CrossRef] [PubMed]

20. Dobson, J.M.; Samuel, S.; Milstein, H.; Rogers, K.; Wood, J.L.N. Canine Neoplasia in the UK: Estimates of Incidence Rates from a
Population of Insured Dogs. J. Small Anim. Pract. 2002, 43, 240–246. [CrossRef] [PubMed]

21. Merlo, D.F.; Rossi, L.; Pellegrino, C.; Ceppi, M.; Cardellino, U.; Capurro, C.; Ratto, A.; Sambucco, P.L.; Sestito, V.; Tanara, G.; et al.
Cancer Incidence in Pet Dogs: Findings of the Animal Tumor Registry of Genoa, Italy. J. Vet. Intern. Med. 2008, 22, 976–984.
[CrossRef]

22. Vascellari, M.; Baioni, E.; Ru, G.; Carminato, A.; Mutinelli, F. Animal Tumour Registry of Two Provinces in Northern Italy:
Incidence of Spontaneous Tumours in Dogs and Cats. BMC Vet. Res. 2009, 5, 39. [CrossRef]

http://doi.org/10.1098/rstb.2014.0231
http://www.ncbi.nlm.nih.gov/pubmed/26056372
http://doi.org/10.1016/S0140-6736(17)32152-9
http://doi.org/10.1038/nrc3971
http://doi.org/10.15252/embj.2019101654
http://www.ncbi.nlm.nih.gov/pubmed/31282586
http://doi.org/10.1093/molbev/msz254
http://www.ncbi.nlm.nih.gov/pubmed/31688937
http://doi.org/10.3389/fonc.2021.641980
http://www.ncbi.nlm.nih.gov/pubmed/33816288
http://doi.org/10.1084/jem.20130579
http://www.ncbi.nlm.nih.gov/pubmed/23897981
http://doi.org/10.1073/pnas.1417320112
http://doi.org/10.1056/NEJMoa1104621
http://www.ncbi.nlm.nih.gov/pubmed/21639810
http://doi.org/10.1056/NEJMoa1200690
http://doi.org/10.1016/j.jtho.2020.11.025
http://doi.org/10.3389/fonc.2019.01270
http://www.ncbi.nlm.nih.gov/pubmed/31824850
http://doi.org/10.1016/S1470-2045(19)30167-6
http://doi.org/10.1016/S0140-6736(20)30230-0
http://doi.org/10.1016/S1470-2045(17)30904-X
http://doi.org/10.1093/annonc/mdu450
http://www.ncbi.nlm.nih.gov/pubmed/25214542
http://doi.org/10.1038/nm.3394
http://www.ncbi.nlm.nih.gov/pubmed/24202395
http://doi.org/10.1016/j.molmed.2011.02.004
http://doi.org/10.1186/s12917-017-1126-0
http://www.ncbi.nlm.nih.gov/pubmed/28659149
http://doi.org/10.1111/j.1748-5827.2002.tb00066.x
http://www.ncbi.nlm.nih.gov/pubmed/12074288
http://doi.org/10.1111/j.1939-1676.2008.0133.x
http://doi.org/10.1186/1746-6148-5-39


Cancers 2022, 14, 5008 17 of 23

23. Graf, R.; Pospischil, A.; Guscetti, F.; Meier, D.; Welle, M.; Dettwiler, M. Cutaneous Tumors in Swiss Dogs: Retrospective Data
From the Swiss Canine Cancer Registry, 2008–2013. Vet. Pathol. 2018, 55, 809–820. [CrossRef] [PubMed]

24. LeBlanc, A.K.; Mazcko, C.N. Improving Human Cancer Therapy through the Evaluation of Pet Dogs. Nat. Rev. Cancer 2020, 20,
727–742. [CrossRef] [PubMed]

25. Paoloni, M.; Khanna, C. Translation of New Cancer Treatments from Pet Dogs to Humans. Nat. Rev. Cancer 2008, 8, 147–156.
[CrossRef] [PubMed]

26. Tawa, G.J.; Braisted, J.; Gerhold, D.; Grewal, G.; Mazcko, C.; Breen, M.; Sittampalam, G.; LeBlanc, A.K. Transcriptomic Profiling in
Canines and Humans Reveals Cancer Specific Gene Modules and Biological Mechanisms Common to Both Species. PLoS Comput.
Biol. 2021, 17, e1009450. [CrossRef] [PubMed]

27. LeBlanc, A.K.; Breen, M.; Choyke, P.; Dewhirst, M.; Fan, T.M.; Gustafson, D.L.; Helman, L.J.; Kastan, M.B.; Knapp, D.W.; Levin,
W.J.; et al. Perspectives from Man’s Best Friend: National Academy of Medicine’s Workshop on Comparative Oncology. Sci.
Transl. Med. 2016, 8, ps5–ps324. [CrossRef] [PubMed]

28. Stroud, C.; Dmitriev, I.; Kashentseva, E.; Bryan, J.N.; Curiel, D.T.; Rindt, H.; Reinero, C.; Henry, C.J.; Bergman, P.J.; Mason,
N.J.; et al. A One Health Overview, Facilitating Advances in Comparative Medicine and Translational Research. Clin. Transl. Med.
2016, 5, 26. [CrossRef]

29. Amin, S.B.; Anderson, K.J.; Boudreau, C.E.; Martinez-Ledesma, E.; Kocakavuk, E.; Johnson, K.C.; Barthel, F.P.; Varn, F.S.; Kassab,
C.; Ling, X.; et al. Comparative Molecular Life History of Spontaneous Canine and Human Gliomas. Cancer Cell 2020, 37,
243–257.e7. [CrossRef]

30. Barutello, G.; Rolih, V.; Arigoni, M.; Tarone, L.; Conti, L.; Quaglino, E.; Buracco, P.; Cavallo, F.; Riccardo, F. Strengths and
Weaknesses of Pre-Clinical Models for Human Melanoma Treatment: Dawn of Dogs’ Revolution for Immunotherapy. Int. J. Mol.
Sci. 2018, 19, 799. [CrossRef]

31. Sabichi, A.L.; Lee, J.J.; Grossman, H.B.; Liu, S.; Richmond, E.; Czerniak, B.A.; De la Cerda, J.; Eagle, C.; Viner, J.L.; Palmer, J.L.; et al.
A Randomized Controlled Trial of Celecoxib to Prevent Recurrence of Nonmuscle-Invasive Bladder Cancer. Cancer Prev. Res.
2011, 4, 1580–1589. [CrossRef] [PubMed]

32. Dhawan, D.; Craig, B.A.; Cheng, L.; Snyder, P.W.; Mohammed, S.I.; Stewart, J.C.; Zheng, R.; Loman, R.A.; Foster, R.S.; Knapp,
D.W. Effects of Short-Term Celecoxib Treatment in Patients with Invasive Transitional Cell Carcinoma of the Urinary Bladder.
Mol. Cancer Ther. 2010, 9, 1371–1377. [CrossRef] [PubMed]

33. Fulkerson, C.M.; Dhawan, D.; Ratliff, T.L.; Hahn, N.M.; Knapp, D.W. Naturally Occurring Canine Invasive Urinary Bladder
Cancer: A Complementary Animal Model to Improve the Success Rate in Human Clinical Trials of New Cancer Drugs. Int. J.
Genom. 2017, 2017, 6589529. [CrossRef]

34. Dhawan, D.; Hahn, N.M.; Ramos-Vara, J.A.; Knapp, D.W. Naturally-Occurring Canine Invasive Urothelial Carcinoma Harbors
Luminal and Basal Transcriptional Subtypes Found in Human Muscle Invasive Bladder Cancer. PLoS Genet. 2018, 14, e1007571.
[CrossRef]

35. Knapp, D.W.; Glickman, N.W.; DeNicola, D.B.; Bonney, P.L.; Lin, T.L.; Glickman, L.T. Naturally-Occurring Canine Transitional
Cell Carcinoma of the Urinary Bladder A Relevant Model of Human Invasive Bladder Cancer. Urol. Oncol. Semin. Orig. Investig.
2000, 5, 47–59. [CrossRef]

36. Knapp, D.W.; Dhawan, D.; Ramos-Vara, J.A.; Ratliff, T.L.; Cresswell, G.M.; Utturkar, S.; Sommer, B.C.; Fulkerson, C.M.; Hahn,
N.M. Naturally-Occurring Invasive Urothelial Carcinoma in Dogs, a Unique Model to Drive Advances in Managing Muscle
Invasive Bladder Cancer in Humans. Front. Oncol. 2020, 9, 1493. [CrossRef]

37. Pinard, C.J.; Stegelmeier, A.A.; Bridle, B.W.; Mutsaers, A.J.; Wood, D.; Wood, G.A.; Woods, J.P.; Hocker, S.E. Evaluation of
Lymphocyte-specific PD-1 Receptor Expression and Cytokines in Blood and Urine in Canine Urothelial Carcinoma Patients. Vet.
Comp. Oncol. 2021, 20, 427–436. [CrossRef]

38. Cronise, K.E.; Das, S.; Hernandez, B.G.; Regan, D.P.; Dailey, D.D.; McGeachan, R.I.; Lana, S.E.; Page, R.L.; Gustafson, D.L.; Duval,
D.L. Characterizing the Molecular and Immune Landscape of Canine Bladder Cancer. Vet. Comp. Oncol. 2021. [CrossRef]

39. Mizuno, T.; Kato, Y.; Kaneko, M.K.; Sakai, Y.; Shiga, T.; Kato, M.; Tsukui, T.; Takemoto, H.; Tokimasa, A.; Baba, K.; et al. Generation
of a Canine Anti-Canine CD20 Antibody for Canine Lymphoma Treatment. Sci. Rep. 2020, 10, 11476. [CrossRef]

40. Ito, D.; Brewer, S.; Modiano, J.F.; Beall, M.J. Development of a Novel Anti-Canine CD20 Monoclonal Antibody with Diagnostic
and Therapeutic Potential. Leuk. Lymphoma 2014, 56, 219–225. [CrossRef]

41. Fenger, J.M.; London, C.A.; Kisseberth, W.C. Canine Osteosarcoma: A Naturally Occurring Disease to Inform Pediatric Oncology.
ILAR J. 2014, 55, 69–85. [CrossRef] [PubMed]

42. Poon, A.C.; Matsuyama, A.; Mutsaers, A.J. Recent and Current Clinical Trials in Canine Appendicular Osteosarcoma. Can. Vet. J.
2020, 61, 301–308. [PubMed]

43. Mason, N.J.; Gnanandarajah, J.S.; Engiles, J.B.; Gray, F.; Laughlin, D.; Gaurnier-Hausser, A.; Wallecha, A.; Huebner, M.; Paterson,
Y. Immunotherapy with a HER2-Targeting Listeria Induces HER2-Specific Immunity and Demonstrates Potential Therapeutic
Effects in a Phase I Trial in Canine Osteosarcoma. Clin. Cancer Res. 2016, 22, 4380–4390. [CrossRef]

44. Rebhun, R.B.; York, D.; Cruz, S.M.; Judge, S.J.; Razmara, A.M.; Farley, L.E.; Brady, R.V.; Johnson, E.G.; Burton, J.H.; Willcox, J.; et al.
Inhaled Recombinant Human IL-15 in Dogs with Naturally Occurring Pulmonary Metastases from Osteosarcoma or Melanoma:
A Phase 1 Study of Clinical Activity and Correlates of Response. J. Immunother. Cancer 2022, 10, e004493. [CrossRef] [PubMed]

http://doi.org/10.1177/0300985818789466
http://www.ncbi.nlm.nih.gov/pubmed/30131007
http://doi.org/10.1038/s41568-020-0297-3
http://www.ncbi.nlm.nih.gov/pubmed/32934365
http://doi.org/10.1038/nrc2273
http://www.ncbi.nlm.nih.gov/pubmed/18202698
http://doi.org/10.1371/journal.pcbi.1009450
http://www.ncbi.nlm.nih.gov/pubmed/34570764
http://doi.org/10.1126/scitranslmed.aaf0746
http://www.ncbi.nlm.nih.gov/pubmed/26843188
http://doi.org/10.1186/s40169-016-0107-4
http://doi.org/10.1016/j.ccell.2020.01.004
http://doi.org/10.3390/ijms19030799
http://doi.org/10.1158/1940-6207.CAPR-11-0036
http://www.ncbi.nlm.nih.gov/pubmed/21881030
http://doi.org/10.1158/1535-7163.MCT-10-0049
http://www.ncbi.nlm.nih.gov/pubmed/20423998
http://doi.org/10.1155/2017/6589529
http://doi.org/10.1371/journal.pgen.1007571
http://doi.org/10.1016/S1078-1439(99)00006-X
http://doi.org/10.3389/fonc.2019.01493
http://doi.org/10.1111/vco.12788
http://doi.org/10.1111/vco.12740
http://doi.org/10.1038/s41598-020-68470-9
http://doi.org/10.3109/10428194.2014.914193
http://doi.org/10.1093/ilar/ilu009
http://www.ncbi.nlm.nih.gov/pubmed/24936031
http://www.ncbi.nlm.nih.gov/pubmed/32165755
http://doi.org/10.1158/1078-0432.CCR-16-0088
http://doi.org/10.1136/jitc-2022-004493
http://www.ncbi.nlm.nih.gov/pubmed/35680383


Cancers 2022, 14, 5008 18 of 23

45. Somarelli, J.A.; Rupprecht, G.; Altunel, E.; Flamant, E.M.; Rao, S.; Sivaraj, D.; Lazarides, A.L.; Hoskinson, S.M.; Sheth, M.U.;
Cheng, S.; et al. A Comparative Oncology Drug Discovery Pipeline to Identify and Validate New Treatments for Osteosarcoma.
Cancers 2020, 12, 3335. [CrossRef]

46. LeBlanc, A.K.; Mazcko, C.N.; Khanna, C. Defining the Value of a Comparative Approach to Cancer Drug Development. Am.
Assoc. Cancer Res. 2016, 22, 2133–2138. [CrossRef]

47. Burton, J.H.; Mazcko, C.N.; LeBlanc, A.K.; Covey, J.M.; Ji, J.; Kinders, R.J.; Parchment, R.E.; Khanna, C.; Paoloni, M.; Lana,
S.E.; et al. NCI Comparative Oncology Program Testing of Non-Camptothecin Indenoisoquinoline Topoisomerase I Inhibitors in
Naturally Occurring Canine Lymphoma. Clin. Cancer Res. 2018, 24, 5830–5840. [CrossRef]

48. Gordon, I.; Paoloni, M.; Mazcko, C.; Khanna, C. The Comparative Oncology Trials Consortium: Using Spontaneously Occurring
Cancers in Dogs to Inform the Cancer Drug Development Pathway. PLoS Med. 2009, 6, e1000161. [CrossRef]

49. LeBlanc, A.K. Cancer and Comparative Imaging. ILAR J. 2014, 55, 164–168. [CrossRef]
50. Vail, D.M.; LeBlanc, A.K.; Jeraj, R. Advanced Cancer Imaging Applied in the Comparative Setting. Front. Oncol. 2020, 10, 84.

[CrossRef]
51. Tamburini, B.A.; Trapp, S.; Phang, T.L.; Schappa, J.T.; Hunter, L.E.; Modiano, J.F. Gene Expression Profiles of Sporadic Canine

Hemangiosarcoma Are Uniquely Associated with Breed. PLoS ONE 2009, 4, e5549. [CrossRef] [PubMed]
52. Overgaard, N.H.; Fan, T.M.; Schachtschneider, K.M.; Principe, D.R.; Schook, L.B.; Jungersen, G. Of Mice, Dogs, Pigs, and Men:

Choosing the Appropriate Model for Immuno-Oncology Research. ILAR J. 2018, 59, 247–262. [CrossRef] [PubMed]
53. Moore, P.F.; Rossitto, P.V.; Danilenko, D.M.; Wielenga, J.J.; Raff, R.F.; Severns, E. Monoclonal Antibodies Specific for Canine CD4

and CD8 Define Functional T-lymphocyte Subsets and High-density Expression of CD4 by Canine Neutrophils. Tissue Antigens
1992, 40, 75–85. [CrossRef]

54. Park, J.S.; Withers, S.S.; Modiano, J.F.; Kent, M.S.; Chen, M.; Luna, J.I.; Culp, W.T.N.; Sparger, E.E.; Rebhun, R.B.; Monjazeb,
A.M.; et al. Canine Cancer Immunotherapy Studies: Linking Mouse and Human. J. Immunother. Cancer 2016, 4, 97. [CrossRef]

55. Dow, S. A Role for Dogs in Advancing Cancer Immunotherapy Research. Front. Immunol. 2020, 10, 2935. [CrossRef]
56. Goulart, M.R.; Hlavaty, S.I.; Chang, Y.-M.; Polton, G.; Stell, A.; Perry, J.; Wu, Y.; Sharma, E.; Broxholme, J.; Lee, A.C.; et al.

Phenotypic and Transcriptomic Characterization of Canine Myeloid-Derived Suppressor Cells. Sci. Rep. 2019, 9, 3574. [CrossRef]
57. Gingrich, A.A.; Reiter, T.E.; Judge, S.J.; York, D.; Yanagisawa, M.; Razmara, A.; Sturgill, I.; Basmaci, U.N.; Brady, R.V.; Stoffel, K.;

et al. Comparative Immunogenomics of Canine Natural Killer Cells as Immunotherapy Target. Front. Immunol. 2021, 12, 670309.
[CrossRef]

58. Shin, I.-S.; Choi, E.-W.; Chung, J.-Y.; Hwang, C.-Y.; Lee, C.-W.; Youn, H.-Y. Cloning, Expression and Bioassay of Canine CTLA4Ig.
Vet. Immunol. Immunopathol. 2007, 118, 12–18. [CrossRef]

59. Maekawa, N.; Konnai, S.; Ikebuchi, R.; Okagawa, T.; Adachi, M.; Takagi, S.; Kagawa, Y.; Nakajima, C.; Suzuki, Y.; Murata, S.; et al.
Expression of PD-L1 on Canine Tumor Cells and Enhancement of IFN-γ Production from Tumor-Infiltrating Cells by PD-L1
Blockade. PLoS ONE 2014, 9, e98415. [CrossRef] [PubMed]

60. Shosu, K.; Sakurai, M.; Inoue, K.; Nakagawa, T.; Sakai, H.; Morimoto, M.; Okuda, M.; Noguchi, S.; Mizuno, T. Programmed Cell
Death Ligand 1 Expression in Canine Cancer. In Vivo 2016, 30, 195–204.

61. Tagawa, M.; Maekawa, N.; Konnai, S.; Takagi, S. Evaluation of Costimulatory Molecules in Peripheral Blood Lymphocytes of
Canine Patients with Histiocytic Sarcoma. PLoS ONE 2016, 11, e0150030. [CrossRef] [PubMed]

62. Coy, J.; Caldwell, A.; Chow, L.; Guth, A.; Dow, S. PD-1 Expression by Canine T Cells and Functional Effects of PD-1 Blockade. Vet.
Comp. Oncol. 2017, 15, 1487–1502. [CrossRef] [PubMed]

63. Nascimento, C.; Urbano, A.C.; 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. Cancers
2020, 12, 1386. [CrossRef] [PubMed]

64. Costa, V.R.; Soileau, A.M.; Liu, C.-C.; Moeller, C.E.; Carossino, M.; Langohr, I.M.; Withers, S.S. Exploring the Association of
Intratumoral Immune Cell Infiltrates with Histopathologic Grade in Canine Mast Cell Tumors. Res. Vet. Sci. 2022, 147, 83–91.
[CrossRef] [PubMed]

65. Mason, N.J.; Chester, N.; Xiong, A.; Rotolo, A.; Wu, Y.; Yoshimoto, S.; Glassman, P.; Gulendran, G.; Siegel, D.L. Development of
a Fully Canine Anti-Canine CTLA4 Monoclonal Antibody for Comparative Translational Research in Dogs with Spontaneous
Tumors. MAbs 2021, 13, 2004638. [CrossRef] [PubMed]

66. Maekawa, N.; Konnai, S.; Nishimura, M.; Kagawa, Y.; Takagi, S.; Hosoya, K.; Ohta, H.; Kim, S.; Okagawa, T.; Izumi, Y.; 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 Precis. Oncol. 2021, 5, 10. [CrossRef] [PubMed]

67. Maekawa, N.; Konnai, S.; Takagi, S.; Kagawa, Y.; Okagawa, T.; Nishimori, A.; Ikebuchi, R.; Izumi, Y.; Deguchi, T.; Nakajima,
C.; et al. A Canine Chimeric Monoclonal Antibody Targeting PD-L1 and Its Clinical Efficacy in Canine Oral Malignant Melanoma
or Undifferentiated Sarcoma. Sci. Rep. 2017, 7, 8951. [CrossRef] [PubMed]

68. Panjwani, M.K.; Smith, J.B.; Schutsky, K.; Gnanandarajah, J.; O’Connor, C.M.; Powell, D.J.; Mason, N.J. Feasibility and Safety of
RNA-Transfected CD20-Specific Chimeric Antigen Receptor T Cells in Dogs with Spontaneous B Cell Lymphoma. Mol. Ther.
2016, 24, 1602–1614. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers12113335
http://doi.org/10.1158/1078-0432.CCR-15-2347
http://doi.org/10.1158/1078-0432.CCR-18-1498
http://doi.org/10.1371/journal.pmed.1000161
http://doi.org/10.1093/ilar/ilu014
http://doi.org/10.3389/fonc.2020.00084
http://doi.org/10.1371/journal.pone.0005549
http://www.ncbi.nlm.nih.gov/pubmed/19461996
http://doi.org/10.1093/ilar/ily014
http://www.ncbi.nlm.nih.gov/pubmed/30476148
http://doi.org/10.1111/j.1399-0039.1992.tb01963.x
http://doi.org/10.1186/s40425-016-0200-7
http://doi.org/10.3389/fimmu.2019.02935
http://doi.org/10.1038/s41598-019-40285-3
http://doi.org/10.3389/fimmu.2021.670309
http://doi.org/10.1016/j.vetimm.2007.03.013
http://doi.org/10.1371/journal.pone.0098415
http://www.ncbi.nlm.nih.gov/pubmed/24915569
http://doi.org/10.1371/journal.pone.0150030
http://www.ncbi.nlm.nih.gov/pubmed/26901565
http://doi.org/10.1111/vco.12294
http://www.ncbi.nlm.nih.gov/pubmed/28120417
http://doi.org/10.3390/cancers12061386
http://www.ncbi.nlm.nih.gov/pubmed/32481540
http://doi.org/10.1016/j.rvsc.2022.04.005
http://www.ncbi.nlm.nih.gov/pubmed/35490489
http://doi.org/10.1080/19420862.2021.2004638
http://www.ncbi.nlm.nih.gov/pubmed/34856888
http://doi.org/10.1038/s41698-021-00147-6
http://www.ncbi.nlm.nih.gov/pubmed/33580183
http://doi.org/10.1038/s41598-017-09444-2
http://www.ncbi.nlm.nih.gov/pubmed/28827658
http://doi.org/10.1038/mt.2016.146
http://www.ncbi.nlm.nih.gov/pubmed/27401141


Cancers 2022, 14, 5008 19 of 23

69. Dow, S.W.; Elmslie, R.E.; Willson, A.P.; Roche, L.; Gorman, C.; Potter, T.A. In Vivo Tumor Transfection with Superantigen plus
Cytokine Genes Induces Tumor Regression and Prolongs Survival in Dogs with Malignant Melanoma. J. Clin. Investig. 1998, 101,
2406–2414. [CrossRef] [PubMed]

70. U’Ren, L.W.; Biller, B.J.; Elmslie, R.E.; Thamm, D.H.; Dow, S.W. Evaluation of a Novel Tumor Vaccine in Dogs with Hemangiosar-
coma. J. Vet. Intern. Med. 2007, 21, 113. [CrossRef]

71. Manley, C.A.; Leibman, N.F.; Wolchok, J.D.; Rivière, I.C.; Bartido, S.; Craft, D.M.; Bergman, P.J. Xenogeneic Murine Tyrosinase
DNA Vaccine for Malignant Melanoma of the Digit of Dogs. J. Vet. Intern. Med. 2011, 25, 94–99. [CrossRef] [PubMed]

72. Kisseberth, W.C.; Lee, D.A. Adoptive Natural Killer Cell Immunotherapy for Canine Osteosarcoma. Front. Vet. Sci. 2021,
8, 672361. [CrossRef] [PubMed]

73. Lucroy, M.D.; Clauson, R.M.; Suckow, M.A.; El-Tayyeb, F.; Kalinauskas, A. Evaluation of an Autologous Cancer. Vaccine for the
Treatment of Metastatic Canine Hemangiosarcoma: A Preliminary Study. BMC Vet. Res. 2020, 16, 447. [CrossRef]

74. Flesner, B.K.; Wood, G.W.; Gayheart-Walsten, P.; Sonderegger, F.L.; Henry, C.J.; Tate, D.J.; Bechtel, S.M.; Donnelly, L.L.; Johnson,
G.C.; Kim, D.Y.; et al. Autologous Cancer. Cell Vaccination, Adoptive T-cell Transfer, and Interleukin-2 Administration Results in
Long-term Survival for Companion Dogs with Osteosarcoma. J. Vet. Intern. Med. 2020, 34, 2056–2067. [CrossRef] [PubMed]

75. Paoloni, M.; Mazcko, C.; Selting, K.; Lana, S.; Barber, L.; Phillips, J.; Skorupski, K.; Vail, D.; Wilson, H.; Biller, B.; et al. Defining the
Pharmacodynamic Profile and Therapeutic Index of NHS-IL12 Immunocytokine in Dogs with Malignant Melanoma. PLoS ONE
2015, 10, e0129954. [CrossRef] [PubMed]

76. Alonso-Miguel, D.; Valdivia, G.; Guerrera, D.; Perez-Alenza, M.D.; Pantelyushin, S.; Alonso-Diez, A.; Beiss, V.; Fiering, S.;
Steinmetz, N.F.; Suarez-Redondo, M.; et al. Neoadjuvant In Situ Vaccination with Cowpea Mosaic Virus as a Novel Therapy
against Canine Inflammatory Mammary Cancer. J. Immunother. Cancer 2022, 10, e004044. [CrossRef] [PubMed]

77. Titov, A.; Kaminskiy, Y.; Ganeeva, I.; Zmievskaya, E.; Valiullina, A.; Rakhmatullina, A.; Petukhov, A.; Miftakhova, R.; Rizvanov,
A.; Bulatov, E. Knowns and Unknowns about CAR-T Cell Dysfunction. Cancers 2022, 14, 1078. [CrossRef]

78. Ramos-Cardona, X.E.; Luo, W.; Mohammed, S.I. Advances and Challenges of CAR T Therapy and Suitability of Animal Models
(Review). Mol. Clin. Oncol. 2022, 17, 134. [CrossRef]

79. Clark, W.H.; Elder, D.E.; Guerry, D.; Braitman, L.E.; Trock, B.J.; Schultz, D.; Synnestvedt, M.; Halpern, A.C. Model Predicting
Survival in Stage I Melanoma Based on Tumor Progression. J. Natl. Cancer Inst. 1989, 81, 1893–1904. [CrossRef]

80. Clemente, C.G.; Mihm, M.C.; Bufalino, R.; Zurrida, S.; Collini, P.; Cascinelli, N. Prognostic Value of Tumor Infiltrating Lymphocytes
in the Vertical Growth Phase of Primary Cutaneous Melanoma. Cancer 1996, 77, 1303–1310. [CrossRef]

81. Carvalho, M.I.; Pires, I.; Prada, J.; Queiroga, F.L. A Role for T-Lymphocytes in Human Breast Cancer and in Canine Mammary
Tumors. Biomed Res. Int. 2014, 2014, 130894. [CrossRef] [PubMed]

82. Liu, Y.-T.; Sun, Z.-J. Turning Cold Tumors into Hot Tumors by Improving T-Cell Infiltration. Theranostics 2021, 11, 5365–5386.
[CrossRef]

83. Paijens, S.T.; Vledder, A.; de Bruyn, M.; Nijman, H.W. Tumor-Infiltrating Lymphocytes in the Immunotherapy Era. Cell. Mol.
Immunol. 2021, 18, 842–859. [CrossRef]

84. Oner, G.; Altintas, S.; Canturk, Z.; Tjalma, W.; Verhoeven, Y.; Berckelaer, C.V.; Berneman, Z.; Peeters, M.; Pauwels, P.; Dam, P.A.
Triple-negative Breast Cancer.—Role of Immunology: A Systemic Review. Breast J. 2020, 26, 995–999. [CrossRef] [PubMed]

85. Nuciforo, P.; Pascual, T.; Cortés, J.; Llombart-Cussac, A.; Fasani, R.; Paré, L.; Oliveira, M.; Galvan, P.; Martínez, N.; Bermejo,
B.; et al. A Predictive Model of Pathologic Response Based on Tumor Cellularity and Tumor-Infiltrating Lymphocytes (CelTIL) in
HER2-Positive Breast Cancer Treated with Chemo-Free Dual HER2 Blockade. Ann. Oncol. 2018, 29, 170–177. [CrossRef]

86. Ochi, T.; Bianchini, G.; Ando, M.; Nozaki, F.; Kobayashi, D.; Criscitiello, C.; Curigliano, G.; Iwamoto, T.; Niikura, N.; Takei,
H.; et al. Predictive and Prognostic Value of Stromal Tumour-Infiltrating Lymphocytes before and after Neoadjuvant Therapy in
Triple Negative and HER2-Positive Breast Cancer. Eur. J. Cancer 2019, 118, 41–48. [CrossRef]

87. Khoury, T.; Nagrale, V.; Opyrchal, M.; Peng, X.; Wang, D.; Yao, S. Prognostic Significance of Stromal versus Intratumoral
Infiltrating Lymphocytes in Different Subtypes of Breast Cancer. Treated with Cytotoxic Neoadjuvant Chemotherapy. Appl.
Immunohistochem. Mol. Morphol. 2018, 26, 523–532. [CrossRef] [PubMed]

88. Hamy, A.-S.; Pierga, J.-Y.; Sabaila, A.; Laas, E.; Bonsang-Kitzis, H.; Laurent, C.; Vincent-Salomon, A.; Cottu, P.; Lerebours, F.;
Rouzier, R.; et al. Stromal Lymphocyte Infiltration after Neoadjuvant Chemotherapy Is Associated with Aggressive Residual
Disease and Lower Disease-Free Survival in HER2-Positive Breast Cancer. Ann. Oncol. 2017, 28, 2233–2240. [CrossRef]

89. Salgado, R.; Denkert, C.; Campbell, C.; Savas, P.; Nuciforo, P.; Nucifero, P.; Aura, C.; de Azambuja, E.; Eidtmann, H.; Ellis,
C.E.; et al. Tumor-Infiltrating Lymphocytes and Associations With Pathological Complete Response and Event-Free Survival in
HER2-Positive Early-Stage Breast Cancer Treated with Lapatinib and Trastuzumab: A Secondary Analysis of the NeoALTTO
Trial. JAMA Oncol. 2015, 1, 448–455. [CrossRef] [PubMed]

90. Hwang, C.; Lee, S.J.; Lee, J.H.; Kim, K.H.; Suh, D.S.; Kwon, B.-S.; Choi, K.U. Stromal Tumor-Infiltrating Lymphocytes Evaluated
on H&E-Stained Slides Are an Independent Prognostic Factor in Epithelial Ovarian Cancer and Ovarian Serous Carcinoma. Oncol.
Lett. 2019, 17, 4557–4565. [CrossRef] [PubMed]

91. Barnes, T.A.; Amir, E. HYPE or HOPE: The Prognostic Value of Infiltrating Immune Cells in Cancer. Br. J. Cancer 2017, 117,
451–460. [CrossRef] [PubMed]

http://doi.org/10.1172/JCI510
http://www.ncbi.nlm.nih.gov/pubmed/9616212
http://doi.org/10.1111/j.1939-1676.2007.tb02936.x
http://doi.org/10.1111/j.1939-1676.2010.0627.x
http://www.ncbi.nlm.nih.gov/pubmed/21143299
http://doi.org/10.3389/fvets.2021.672361
http://www.ncbi.nlm.nih.gov/pubmed/34164452
http://doi.org/10.1186/s12917-020-02675-y
http://doi.org/10.1111/jvim.15852
http://www.ncbi.nlm.nih.gov/pubmed/32649801
http://doi.org/10.1371/journal.pone.0129954
http://www.ncbi.nlm.nih.gov/pubmed/26091536
http://doi.org/10.1136/jitc-2021-004044
http://www.ncbi.nlm.nih.gov/pubmed/35277459
http://doi.org/10.3390/cancers14041078
http://doi.org/10.3892/mco.2022.2567
http://doi.org/10.1093/jnci/81.24.1893
http://doi.org/10.1002/(SICI)1097-0142(19960401)77:7&lt;1303::AID-CNCR12&gt;3.0.CO;2-5
http://doi.org/10.1155/2014/130894
http://www.ncbi.nlm.nih.gov/pubmed/24672781
http://doi.org/10.7150/thno.58390
http://doi.org/10.1038/s41423-020-00565-9
http://doi.org/10.1111/tbj.13696
http://www.ncbi.nlm.nih.gov/pubmed/31797488
http://doi.org/10.1093/annonc/mdx647
http://doi.org/10.1016/j.ejca.2019.05.014
http://doi.org/10.1097/PAI.0000000000000466
http://www.ncbi.nlm.nih.gov/pubmed/28187033
http://doi.org/10.1093/annonc/mdx309
http://doi.org/10.1001/jamaoncol.2015.0830
http://www.ncbi.nlm.nih.gov/pubmed/26181252
http://doi.org/10.3892/ol.2019.10095
http://www.ncbi.nlm.nih.gov/pubmed/30944645
http://doi.org/10.1038/bjc.2017.220
http://www.ncbi.nlm.nih.gov/pubmed/28704840


Cancers 2022, 14, 5008 20 of 23

92. Cerbelli, B.; Scagnoli, S.; Mezi, S.; Luca, A.D.; Pisegna, S.; Amabile, M.I.; Roberto, M.; Fortunato, L.; Costarelli, L.; Pernazza,
A.; et al. Tissue Immune Profile: A Tool to Predict Response to Neoadjuvant Therapy in Triple Negative Breast Cancer. Cancers
2020, 12, 2648. [CrossRef] [PubMed]

93. Ahn, S.G.; Cha, Y.J.; Bae, S.J.; Yoon, C.; Lee, H.W.; Jeong, J. Comparisons of Tumor-Infiltrating Lymphocyte Levels and the 21-Gene
Recurrence Score in ER-Positive/HER2-Negative Breast Cancer. BMC Cancer 2018, 18, 320. [CrossRef]

94. Laenkholm, A.-V.; Callagy, G.; Balancin, M.; Bartlett, J.M.S.; Sotiriou, C.; Marchio, C.; Kok, M.; Anjos, C.H.D.; Salgado, R.
Incorporation of TILs in Daily Breast Cancer Care: How Much Evidence Can We Bear? Virchows Arch. 2022, 480, 147–162.
[CrossRef]

95. Maibach, F.; Sadozai, H.; Jafari, S.M.S.; Hunger, R.E.; Schenk, M. Tumor-Infiltrating Lymphocytes and Their Prognostic Value in
Cutaneous Melanoma. Front. Immunol. 2020, 11, 2105. [CrossRef]

96. Azimi, F.; Scolyer, R.A.; Rumcheva, P.; Moncrieff, M.; Murali, R.; McCarthy, S.W.; Saw, R.P.; Thompson, J.F. Tumor-Infiltrating
Lymphocyte Grade Is an Independent Predictor of Sentinel Lymph Node Status and Survival in Patients with Cutaneous
Melanoma. J. Clin. Oncol. 2012, 30, 2678–2683. [CrossRef]

97. Loi, S.; Adams, S.; Schmid, P.; Cortés, J.; Cescon, D.W.; Winer, E.P.; Toppmeyer, D.L.; Rugo, H.S.; Laurentiis, M.D.; Nanda, R.; et al.
Relationship between Tumor Infiltrating Lymphocyte (TIL) Levels and Response to Pembrolizumab (Pembro) in Metastatic
Triple-Negative Breast Cancer (MTNBC): Results from KEYNOTE-086. Ann. Oncol. 2017, 28, v608. [CrossRef]

98. Balatoni, T.; Mohos, A.; Papp, E.; Sebestyén, T.; Liszkay, G.; Oláh, J.; Varga, A.; Lengyel, Z.; Emri, G.; Gaudi, I.; et al. Tumor-
Infiltrating Immune Cells as Potential Biomarkers Predicting Response to Treatment and Survival in Patients with Metastatic
Melanoma Receiving Ipilimumab Therapy. Cancer Immunol. Immunother. 2018, 67, 141–151. [CrossRef]

99. Tumeh, P.C.; Harview, C.L.; Yearley, J.H.; Shintaku, I.P.; Taylor, E.J.M.; Robert, L.; Chmielowski, B.; Spasic, M.; Henry, G.; Ciobanu,
V.; et al. PD-1 Blockade Induces Responses by Inhibiting Adaptive Immune Resistance. Nature 2014, 515, 568–571. [CrossRef]

100. Dieu-Nosjean, M.-C.; Goc, J.; Giraldo, N.A.; Sautès-Fridman, C.; Fridman, W.H. Tertiary Lymphoid Structures in Cancer and
Beyond. Trends Immunol. 2014, 35, 571–580. [CrossRef]

101. Silina, K.; Soltermann, A.; Attar, F.M.; Casanova, R.; Uckeley, Z.M.; Thut, H.; Wandres, M.; Isajevs, S.; Cheng, P.F.; Fontecedro,
A.C.; et al. Germinal Centers Determine the Prognostic Relevance of Tertiary Lymphoid Structures and Are Impaired by
Corticosteroids in Lung Squamous Cell Carcinoma. Cancer Res. 2017, 78, 1308–1320. [CrossRef] [PubMed]

102. Posch, F.; Silina, K.; Leibl, S.; Mündlein, A.; Moch, H.; Siebenhüner, A.; Samaras, P.; Riedl, J.; Stotz, M.; Szkandera, J.; et al.
Maturation of Tertiary Lymphoid Structures and Recurrence of Stage II and III Colorectal Cancer. Oncoimmunology 2017,
7, e1378844. [CrossRef] [PubMed]

103. Barber, M.R.; Yang, T.J. Tumor Infiltrating Lymphocytes: CD8+ Lymphocytes in Canine Transmissible Venereal Sarcomas at
Different Stages of Tumor Growth. Anticancer. Res. 1999, 19, 1137–1142.

104. Trail, P.A.; Yang, T.J. Canine Transmissible Venereal Sarcoma: Quantitation of T-Lymphocyte Subpopulations during Progressive
Growth and Spontaneous Tumor Regression. J. Natl. Cancer Inst. 1985, 74, 461–467.

105. Hsiao, Y.-W.; Liao, K.-W.; Hung, S.-W.; Chu, R.-M. Effect of Tumor Infiltrating Lymphocytes on the Expression of MHC Molecules
in Canine Transmissible Venereal Tumor Cells. Vet. Immunol. Immunopathol. 2002, 87, 19–27. [CrossRef]

106. Kim, J.-H.; Yu, C.-H.; Yhee, J.-Y.; Im, K.-S.; Sur, J.-H. Lymphocyte Infiltration, Expression of Interleukin (IL) -1, IL-6 and Expression
of Mutated Breast Cancer Susceptibility Gene-1 Correlate with Malignancy of Canine Mammary Tumours. J. Comp. Pathol. 2010,
142, 177–186. [CrossRef] [PubMed]

107. Kim, J.-H.; Chon, S.-K.; Im, K.-S.; Kim, N.-H.; Sur, J.-H. Correlation of Tumor-Infiltrating Lymphocytes to Histopathological
Features and Molecular Phenotypes in Canine Mammary Carcinoma: A Morphologic and Immunohistochemical Morphometric
Study. Can. J. Vet. Res. 2011, 77, 142–149.

108. Gameiro, A.; Nascimento, C.; Correia, J.; Ferreira, F. VISTA Is a Diagnostic Biomarker and Immunotherapy Target of Aggressive
Feline Mammary Carcinoma Subtypes. Cancers 2021, 13, 5559. [CrossRef]

109. Estrela-Lima, A.; Araújo, M.S.; Costa-Neto, J.M.; Teixeira-Carvalho, A.; Barrouin-Melo, S.M.; Cardoso, S.V.; Martins-Filho, O.A.;
Serakides, R.; Cassali, G.D. Immunophenotypic Features of Tumor Infiltrating Lymphocytes from Mammary Carcinomas in
Female Dogs Associated with Prognostic Factors and Survival Rates. BMC Cancer 2010, 10, 256. [CrossRef]

110. Carvalho, M.I.; Pires, I.; Prada, J.; Queiroga, F.L. T-Lymphocytic Infiltrate in Canine Mammary Tumours: Clinic and Prognostic
Implications. In Vivo 2011, 25, 963–969.

111. Muscatello, L.V.; Avallone, G.; Brunetti, B.; Bacci, B.; Foschini, M.P.; 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. [CrossRef] [PubMed]

112. Tominaga, M.; Horiuchi, Y.; Ichikawa, M.; Yamashita, M.; Okano, K.; Jikumaru, Y.; Nariai, Y.; Kadosawa, T. Flow Cytometric
Analysis of Peripheral Blood and Tumor-Infiltrating Regulatory T Cells in Dogs with Oral Malignant Melanoma. J. Vet. Diagn.
Investig. 2010, 22, 438–441. [CrossRef] [PubMed]

113. Porcellato, I.; Silvestri, S.; Menchetti, L.; Recupero, F.; Mechelli, L.; Sforna, M.; Iussich, S.; Bongiovanni, L.; Lepri, E.; Brachelente,
C. Tumour-infiltrating Lymphocytes in Canine Melanocytic Tumours: An Investigation on the Prognostic Role of CD3+ and
CD20+ Lymphocytic Populations. Vet. Comp. Oncol. 2020, 18, 370–380. [CrossRef]

http://doi.org/10.3390/cancers12092648
http://www.ncbi.nlm.nih.gov/pubmed/32947953
http://doi.org/10.1186/s12885-018-4228-6
http://doi.org/10.1007/s00428-022-03276-w
http://doi.org/10.3389/fimmu.2020.02105
http://doi.org/10.1200/JCO.2011.37.8539
http://doi.org/10.1093/annonc/mdx440.005
http://doi.org/10.1007/s00262-017-2072-1
http://doi.org/10.1038/nature13954
http://doi.org/10.1016/j.it.2014.09.006
http://doi.org/10.1158/0008-5472.CAN-17-1987
http://www.ncbi.nlm.nih.gov/pubmed/29279354
http://doi.org/10.1080/2162402X.2017.1378844
http://www.ncbi.nlm.nih.gov/pubmed/29416939
http://doi.org/10.1016/S0165-2427(02)00026-0
http://doi.org/10.1016/j.jcpa.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19959182
http://doi.org/10.3390/cancers13215559
http://doi.org/10.1186/1471-2407-10-256
http://doi.org/10.1016/j.tvjl.2022.105833
http://www.ncbi.nlm.nih.gov/pubmed/35489672
http://doi.org/10.1177/104063871002200317
http://www.ncbi.nlm.nih.gov/pubmed/20453222
http://doi.org/10.1111/vco.12556


Cancers 2022, 14, 5008 21 of 23

114. Yasumaru, C.C.; Xavier, J.G.; Strefezzi, R.D.F.; Salles-Gomes, C.O.M. Intratumoral T-Lymphocyte Subsets in Canine Oral
Melanoma and Their Association With Clinical and Histopathological Parameters. Vet. Pathol. 2021, 58, 491–502. [CrossRef]
[PubMed]

115. Stevenson, V.B.; Perry, S.N.; Todd, M.; Huckle, W.R.; LeRoith, T. PD-1, PD-L1, and PD-L2 Gene Expression and Tumor Infiltrating
Lymphocytes in Canine Melanoma. Vet. Pathol. 2021, 58, 692–698. [CrossRef] [PubMed]

116. Withers, S.S.; York, D.; Choi, J.W.; Woolard, K.D.; Laufer-Amorim, R.; Sparger, E.E.; Burton, J.H.; McSorley, S.J.; Monjazeb, A.M.;
Murphy, W.J.; et al. Metastatic Immune Infiltrates Correlate with Those of the Primary Tumour in Canine Osteosarcoma. Vet.
Comp. Oncol. 2019, 17, 242–252. [CrossRef] [PubMed]

117. Sorenson, L.; Fu, Y.; Hood, T.; Warren, S.; McEachron, T.A. Targeted Transcriptional Profiling of the Tumor Microenvironment
Reveals Lymphocyte Exclusion and Vascular Dysfunction in Metastatic Osteosarcoma. Oncoimmunology 2019, 8, e1629779.
[CrossRef]

118. Regan, D.P.; Chow, L.; Das, S.; Haines, L.; Palmer, E.; Kurihara, J.; Coy, J.; Mathias, A.; Thamm, D.H.; Gustafson, D.L.; et al.
Losartan Blocks Osteosarcoma-Elicited Monocyte Recruitment, and Combined with the Kinase Inhibitor Toceranib, Exerts
Significant Clinical Benefit in Canine Metastatic Osteosarcoma. Clin. Cancer Res. 2021, 28, 662–676. [CrossRef]

119. Biller, B.J.; Guth, A.; Burton, J.H.; Dow, S.W. Decreased Ratio of CD8+ T Cells to Regulatory T Cells Associated with Decreased
Survival in Dogs with Osteosarcoma. J. Vet. Intern. Med. 2010, 24, 1118–1123. [CrossRef]

120. Cascio, M.J.; Whitley, E.M.; Sahay, B.; Cortes-Hinojosa, G.; Chang, L.-J.; Cowart, J.; Salute, M.; Sayour, E.; Dark, M.; Sandoval,
Z.; et al. Canine Osteosarcoma Checkpoint Expression Correlates with Metastasis and T-Cell Infiltrate. Vet. Immunol. Immunopathol
2021, 232, 110169. [CrossRef]

121. Moore, P.F. A Review of Histiocytic Diseases of Dogs and Cats. Vet. Pathol. 2014, 51, 167–184. [CrossRef] [PubMed]
122. Kaim, U.; Moritz, A.; Failing, K.; Baumgärtner, W. The Regression of a Canine Langerhans Cell Tumour Is Associated with

Increased Expression of IL-2, TNF-α, IFN-γ and INOS MRNA. Immunology 2006, 118, 472–482. [CrossRef]
123. Pires, I.; Rodrigues, P.; Alves, A.; Queiroga, F.L.; Silva, F.; Lopes, C. Immunohistochemical and Immunoelectron Study of Major

Histocompatibility Complex Class-II Antigen in Canine Cutaneous Histiocytoma: Its Relation to Tumor Regression. In Vivo 2013,
27, 257–262. [PubMed]

124. Lenz, J.A.; Assenmacher, C.-A.; Costa, V.; Louka, K.; Rau, S.; Keuler, N.S.; Zhang, P.J.; Maki, R.G.; Durham, A.C.; Radaelli, E.; et al.
Increased Tumor-Infiltrating Lymphocyte Density Is Associated with Favorable Outcomes in a Comparative Study of Canine
Histiocytic Sarcoma. Cancer Immunol. Immunother. 2021, 71, 807–818. [CrossRef] [PubMed]

125. Castro, D.P.; José-López, R.; Flores, F.F.; Prados, R.M.R.; Mandara, M.T.; Arús, C.; Batlle, M.P. Expression of FOXP3 in Canine
Gliomas: Immunohistochemical Study of Tumor-Infiltrating Regulatory Lymphocytes. J. Neuropathol. Exp. Neurol. 2019, 79,
184–193. [CrossRef] [PubMed]

126. Krane, G.A.; O’Dea, C.A.; Malarkey, D.E.; Miller, A.D.; Miller, C.R.; Tokarz, D.A.; Jensen, H.L.; Janardhan, K.S.; Shockley, K.R.; Flagler,
N.; et al. Immunohistochemical Evaluation of Immune Cell Infiltration in Canine Gliomas. Vet. Pathol. 2021, 58, 952–963. [CrossRef]

127. Palmieri, C.; Hood, G.; Fonseca-Alves, C.E.; Laufer-Amorim, R.; Allavena, R. An Immunohistochemical Study of T and B
Lymphocyte Density in Prostatic Hyperplasia and Prostate Carcinoma in Dogs. Res. Vet. Sci. 2018, 122, 189–192. [CrossRef]

128. Maeda, S.; Motegi, T.; Iio, A.; Kaji, K.; Goto-Koshino, Y.; Eto, S.; Ikeda, N.; Nakagawa, T.; Nishimura, R.; Yonezawa, T.; et al.
Anti-CCR4 Treatment Depletes Regulatory T Cells and Leads to Clinical Activity in a Canine Model of Advanced Prostate Cancer.
J. Immunother. Cancer 2022, 10, e003731. [CrossRef]

129. Inoue, A.; Maeda, S.; Kinoshita, R.; Tsuboi, M.; Yonezawa, T.; Matsuki, N. Density of Tumor-Infiltrating Granzyme B-Positive Cells
Predicts Favorable Prognosis in Dogs with Transitional Cell Carcinoma. Vet. Immunol. Immunopathol. 2017, 190, 53–56. [CrossRef]

130. Sakai, K.; Maeda, S.; Yamada, Y.; Chambers, J.K.; Uchida, K.; Nakayama, H.; Yonezawa, T.; Matsuki, N. Association of Tumour-
infiltrating Regulatory T Cells with Adverse Outcomes in Dogs with Malignant Tumours. Vet. Comp. Oncol. 2018, 16, 330–336.
[CrossRef]

131. Varallo, G.R.; Gelaleti, G.B.; Maschio-Signorini, L.B.; Moschetta, M.G.; Lopes, J.R.; Nardi, A.B.D.; Tinucci-Costa, M.; Rocha,
R.M.; Zuccari, D.A.P.D.C. Prognostic Phenotypic Classification for Canine Mammary Tumors. Oncol. Lett. 2019, 18, 6545–6553.
[CrossRef] [PubMed]

132. Sorenmo, K.U.; Kristiansen, V.M.; Cofone, M.A.; Shofer, F.S.; Breen, A.-M.; Langeland, M.; Mongil, C.M.; Grondahl, A.M.; Teige,
J.; Goldschmidt, M.H. Canine Mammary Gland Tumours; a Histological Continuum from Benign to Malignant; Clinical and
Histopathological Evidence. Vet. Comp. Oncol. 2009, 7, 162–172. [CrossRef] [PubMed]

133. Beha, G.; Brunetti, B.; Asproni, P.; Muscatello, L.V.; Millanta, F.; Poli, A.; Sarli, G.; Benazzi, C. Molecular Portrait-Based Correlation
between Primary Canine Mammary Tumor and Its Lymph Node Metastasis: Possible Prognostic-Predictive Models and/or
Stronghold for Specific Treatments? BMC Vet. Res. 2012, 8, 219. [CrossRef] [PubMed]

134. Thumser-Henner, P.; Nytko, K.J.; Bley, C.R. Mutations of BRCA2 in Canine Mammary Tumors and Their Targeting Potential in
Clinical Therapy. BMC Vet. Res. 2020, 16, 30. [CrossRef]

135. Pastor, N.; Ezquerra, L.J.; Santella, M.; Caballé, N.C.; Tarazona, R.; Durán, M.E. Prognostic Significance of Immunohistochemical
Markers and Histological Classification in Malignant Canine Mammary Tumours. Vet. Comp. Oncol. 2020, 18, 753–762. [CrossRef]

136. Nguyen, F.; Peña, L.; Ibisch, C.; Loussouarn, D.; Gama, A.; Rieder, N.; Belousov, A.; Campone, M.; Abadie, J. Canine Invasive
Mammary Carcinomas as Models of Human Breast Cancer Part 1: Natural History and Prognostic Factors. Breast Cancer Res.
Treat. 2018, 167, 635–648. [CrossRef]

http://doi.org/10.1177/0300985821999321
http://www.ncbi.nlm.nih.gov/pubmed/33764216
http://doi.org/10.1177/03009858211011939
http://www.ncbi.nlm.nih.gov/pubmed/34169800
http://doi.org/10.1111/vco.12459
http://www.ncbi.nlm.nih.gov/pubmed/30684301
http://doi.org/10.1080/2162402X.2019.1629779
http://doi.org/10.1158/1078-0432.CCR-21-2105
http://doi.org/10.1111/j.1939-1676.2010.0557.x
http://doi.org/10.1016/j.vetimm.2020.110169
http://doi.org/10.1177/0300985813510413
http://www.ncbi.nlm.nih.gov/pubmed/24395976
http://doi.org/10.1111/j.1365-2567.2006.02394.x
http://www.ncbi.nlm.nih.gov/pubmed/23422487
http://doi.org/10.1007/s00262-021-03033-z
http://www.ncbi.nlm.nih.gov/pubmed/34415404
http://doi.org/10.1093/jnen/nlz120
http://www.ncbi.nlm.nih.gov/pubmed/31846038
http://doi.org/10.1177/03009858211023946
http://doi.org/10.1016/j.rvsc.2018.11.022
http://doi.org/10.1136/jitc-2021-003731
http://doi.org/10.1016/j.vetimm.2017.07.001
http://doi.org/10.1111/vco.12383
http://doi.org/10.3892/ol.2019.11052
http://www.ncbi.nlm.nih.gov/pubmed/31807173
http://doi.org/10.1111/j.1476-5829.2009.00184.x
http://www.ncbi.nlm.nih.gov/pubmed/19691645
http://doi.org/10.1186/1746-6148-8-219
http://www.ncbi.nlm.nih.gov/pubmed/23146872
http://doi.org/10.1186/s12917-020-2247-4
http://doi.org/10.1111/vco.12603
http://doi.org/10.1007/s10549-017-4548-2


Cancers 2022, 14, 5008 22 of 23

137. Abadie, J.; Nguyen, F.; Loussouarn, D.; Peña, L.; Gama, A.; Rieder, N.; Belousov, A.; Bemelmans, I.; Jaillardon, L.; Ibisch,
C.; et al. Canine Invasive Mammary Carcinomas as Models of Human Breast Cancer. Part 2: Immunophenotypes and Prognostic
Significance. Breast Cancer Res. Treat. 2018, 167, 459–468. [CrossRef]

138. Saba, C.; Paoloni, M.; Mazcko, C.; Kisseberth, W.; Burton, J.H.; Smith, A.; Wilson-Robles, H.; Allstadt, S.; Vail, D.; Henry, C.; et al.
A Comparative Oncology Study of Iniparib Defines Its Pharmacokinetic Profile and Biological Activity in a Naturally-Occurring
Canine Cancer. Model. PLoS ONE 2016, 11, e0149194. [CrossRef]

139. Soria, G.; Ben-Baruch, A. The Inflammatory Chemokines CCL2 and CCL5 in Breast Cancer. Cancer Lett. 2008, 267, 271–285. [CrossRef]
140. van der Weyden, L.; Brenn, T.; Patton, E.E.; Wood, G.A.; Adams, D.J. Spontaneously Occurring Melanoma in Animals and Their

Relevance to Human Melanoma. J. Pathol. 2020, 252, 4–21. [CrossRef]
141. van der Wong, K.; Weyden, L.; Schott, C.R.; Foote, A.; Constantino-Casas, F.; Smith, S.; Dobson, J.M.; Murchison, E.P.; Wu, H.; Yeh,

I.; et al. Cross-Species Genomic Landscape Comparison of Human Mucosal Melanoma with Canine Oral and Equine Melanoma.
Nat. Commun. 2019, 10, 353. [CrossRef] [PubMed]

142. Blacklock, K.L.B.; Birand, Z.; Selmic, L.E.; Nelissen, P.; Murphy, S.; Blackwood, L.; Bass, J.; McKay, J.; Fox, R.; Beaver, S.; et al.
Genome-Wide Analysis of Canine Oral Malignant Melanoma Metastasis-Associated Gene Expression. Sci. Rep. 2019, 9, 6511.
[CrossRef] [PubMed]

143. Rahman, M.M.; Lai, Y.-C.; Husna, A.A.; Chen, H.-W.; Tanaka, Y.; Kawaguchi, H.; Hatai, H.; Miyoshi, N.; Nakagawa, T.; Fukushima,
R.; et al. Transcriptome Analysis of Dog Oral Melanoma and Its Oncogenic Analogy with Human Melanoma. Oncol. Rep. 2020,
43, 16–30. [CrossRef]

144. Maekawa, N.; Konnai, S.; Okagawa, T.; Nishimori, A.; Ikebuchi, R.; Izumi, Y.; Takagi, S.; Kagawa, Y.; Nakajima, C.; Suzuki, 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. [CrossRef] [PubMed]

145. Grosenbaugh, D.A.; Leard, A.T.; Bergman, P.J.; Klein, M.K.; Meleo, K.; Susaneck, S.; Hess, P.R.; Jankowski, M.K.; Jones, P.D.;
Leibman, N.F.; et al. Safety and Efficacy of a Xenogeneic DNA Vaccine Encoding for Human Tyrosinase as Adjunctive Treatment
for Oral Malignant Melanoma in Dogs Following Surgical Excision of the Primary Tumor. Am. J. Vet. Res. 2011, 72, 1631–1638.
[CrossRef] [PubMed]

146. Gardner, H.L.; Sivaprakasam, K.; Briones, N.; Zismann, V.; Perdigones, N.; Drenner, K.; Facista, S.; Richholt, R.; Liang, W.; Aldrich,
J.; et al. Canine Osteosarcoma Genome Sequencing Identifies Recurrent Mutations in DMD and the Histone Methyltransferase
Gene SETD2. Commun. Biol. 2019, 2, 266. [CrossRef] [PubMed]

147. Shao, Y.W.; Wood, G.A.; Lu, J.; Tang, Q.-L.; Liu, J.; Molyneux, S.; Chen, Y.; Fang, H.; Adissu, H.; McKee, T.; et al. Cross-Species
Genomics Identifies DLG2 as a Tumor Suppressor in Osteosarcoma. Oncogene 2019, 38, 291–298. [CrossRef] [PubMed]

148. Fowles, J.S.; Brown, K.C.; Hess, A.M.; Duval, D.L.; Gustafson, D.L. Intra- and Interspecies Gene Expression Models for Predicting
Drug Response in Canine Osteosarcoma. BMC Bioinform. 2016, 17, 93. [CrossRef] [PubMed]

149. Luo, Z.-W.; Liu, P.-P.; Wang, Z.-X.; Chen, C.-Y.; Xie, H. Macrophages in Osteosarcoma Immune Microenvironment: Implications
for Immunotherapy. Front. Oncol. 2020, 10, 586580. [CrossRef]

150. Fritzsching, B.; Fellenberg, J.; Moskovszky, L.; Sápi, Z.; Krenacs, T.; Machado, I.; Poeschl, J.; Lehner, B.; Szendrõi, M.; Bosch,
A.L.; et al. CD8+/FOXP3+-Ratio in Osteosarcoma Microenvironment Separates Survivors from Non-Survivors: A Multicenter
Validated Retrospective Study. Oncoimmunology 2015, 4, e990800. [CrossRef]

151. Affolter, V.K.; Moore, P.F. Localized and Disseminated Histiocytic Sarcoma of Dendritic Cell Origin in Dogs. Vet. Pathol. Online
2002, 39, 74–83. [CrossRef]

152. Abadie, J.; Hédan, B.; Cadieu, E.; Brito, C.D.; Devauchelle, P.; Bourgain, C.; Parker, H.G.; Vaysse, A.; Margaritte-Jeannin, P.;
Galibert, F.; et al. Epidemiology, Pathology, and Genetics of Histiocytic Sarcoma in the Bernese Mountain Dog Breed. J. Hered.
2009, 100, S19–S27. [CrossRef]

153. Fidel, J.; Schiller, I.; Hauser, B.; Jausi, Y.; Rohrer-Bley, C.; Roos, M.; Kaser-Hotz, B. Histiocytic Sarcomas in Flat-coated Retrievers:
A Summary of 37 Cases (November 1998–March 2005). Vet. Comp. Oncol. 2006, 4, 63–74. [CrossRef] [PubMed]

154. Hedan, B.; Thomas, R.; Motsinger-Reif, A.; Abadie, J.; Andre, C.; Cullen, J.; Breen, M. Molecular Cytogenetic Characterization of
Canine Histiocytic Sarcoma: A Spontaneous Model for Human Histiocytic Cancer Identifies Deletion of Tumor Suppressor Genes
and Highlights Influence of Genetic Background on Tumor Behavior. BMC Cancer 2011, 11, 201. [CrossRef] [PubMed]

155. Purzycka, K.; Peters, L.M.; Elliott, J.; Lamb, C.R.; Priestnall, S.L.; Hardas, A.; Johnston, C.A.; Rodriguez-Piza, I. Histiocytic
Sarcoma in Miniature Schnauzers: 30 Cases. J. Small Anim. Pract. 2020, 61, 338–345. [CrossRef]

156. Lenz, J.A.; Furrow, E.; Craig, L.E.; Cannon, C.M. Histiocytic Sarcoma in 14 Miniature Schnauzers—A New Breed Predisposition?
J. Small Anim. Pract. 2017, 58, 461–467. [CrossRef]

157. Takada, M.; Hix, J.M.L.; Corner, S.; Schall, P.Z.; Kiupel, M.; Yuzbasiyan-Gurkan, V. Targeting MEK in a Translational Model of
Histiocytic Sarcoma. Mol. Cancer Ther. 2018, 17, 2439–2450. [CrossRef] [PubMed]

158. Moore, P.F.; Schrenzel, M.D.; Affolter, V.K.; Olivry, T.; Naydan, D. Canine Cutaneous Histiocytoma Is an Epidermotropic
Langerhans Cell Histiocytosis That Expresses CD1 and Specific Beta 2-Integrin Molecules. Am. J. Pathol. 1996, 148, 1699–1708.
[PubMed]

159. Marcinowska, A.; Constantino-Casas, F.; Williams, T.; Hoather, T.; Blacklaws, B.; Dobson, J. T Lymphocytes in Histiocytic
Sarcomas of Flat-Coated Retriever Dogs. Vet. Pathol. 2017, 54, 605–610. [CrossRef]

http://doi.org/10.1007/s10549-017-4542-8
http://doi.org/10.1371/journal.pone.0149194
http://doi.org/10.1016/j.canlet.2008.03.018
http://doi.org/10.1002/path.5505
http://doi.org/10.1038/s41467-018-08081-1
http://www.ncbi.nlm.nih.gov/pubmed/30664638
http://doi.org/10.1038/s41598-019-42839-x
http://www.ncbi.nlm.nih.gov/pubmed/31019223
http://doi.org/10.3892/or.2019.7391
http://doi.org/10.1371/journal.pone.0157176
http://www.ncbi.nlm.nih.gov/pubmed/27276060
http://doi.org/10.2460/ajvr.72.12.1631
http://www.ncbi.nlm.nih.gov/pubmed/22126691
http://doi.org/10.1038/s42003-019-0487-2
http://www.ncbi.nlm.nih.gov/pubmed/31341965
http://doi.org/10.1038/s41388-018-0444-4
http://www.ncbi.nlm.nih.gov/pubmed/30093633
http://doi.org/10.1186/s12859-016-0942-8
http://www.ncbi.nlm.nih.gov/pubmed/26892349
http://doi.org/10.3389/fonc.2020.586580
http://doi.org/10.4161/2162402X.2014.990800
http://doi.org/10.1354/vp.39-1-74
http://doi.org/10.1093/jhered/esp039
http://doi.org/10.1111/j.1476-5810.2006.00090.x
http://www.ncbi.nlm.nih.gov/pubmed/19754816
http://doi.org/10.1186/1471-2407-11-201
http://www.ncbi.nlm.nih.gov/pubmed/21615919
http://doi.org/10.1111/jsap.13139
http://doi.org/10.1111/jsap.12688
http://doi.org/10.1158/1535-7163.MCT-17-1273
http://www.ncbi.nlm.nih.gov/pubmed/30135215
http://www.ncbi.nlm.nih.gov/pubmed/8623937
http://doi.org/10.1177/0300985817690208


Cancers 2022, 14, 5008 23 of 23

160. Hicks, J.; Platt, S.; Kent, M.; Haley, A. Canine Brain Tumours: A Model for the Human Disease? Vet. Comp. Oncol. 2015, 15,
252–272. [CrossRef]

161. Mutsaers, A.J.; Widmer, W.R.; Knapp, D.W. Canine Transitional Cell Carcinoma. J. Vet. Intern. Med. 2003, 17, 136–144. [CrossRef]
[PubMed]

162. Rossman, P.; Zabka, T.S.; Ruple, A.; Tuerck, D.; Ramos-Vara, J.A.; Liu, L.; Mohallem, R.; Merchant, M.; Franco, J.; Fulkerson,
C.M.; et al. Phase I/II Trial of Vemurafenib in Dogs with Naturally-Occurring, BRAF-Mutated Urothelial Carcinoma. Mol. Cancer
Ther. 2021, 20, 2177–2188. [CrossRef] [PubMed]

163. Decker, B.; Parker, H.G.; Dhawan, D.; Kwon, E.M.; Karlins, E.; Davis, B.W.; Ramos-Vara, J.A.; Bonney, P.L.; McNiel, E.A.; Knapp,
D.W.; et al. Homologous Mutation to Human BRAF V600E Is Common in Naturally Occurring Canine Bladder Cancer—Evidence
for a Relevant Model System and Urine-Based Diagnostic Test. Mol. Cancer Res. 2015, 13, 993–1002. [CrossRef]

164. Gambim, V.V.; Laufer-Amorim, R.; Alves, R.H.F.; Grieco, V.; Fonseca-Alves, C.E. A Comparative Meta-Analysis and in Silico Analysis
of Differentially Expressed Genes and Proteins in Canine and Human Bladder Cancer. Front. Vet. Sci. 2020, 7, 558978. [CrossRef]

165. Mochizuki, H.; Breen, M. Comparative Aspects of BRAF Mutations in Canine Cancers. Vet. Sci. 2015, 2, 231–245. [CrossRef]
166. Mochizuki, H.; Shapiro, S.G.; Breen, M. Detection of BRAF Mutation in Urine DNA as a Molecular Diagnostic for Canine

Urothelial and Prostatic Carcinoma. PLoS ONE 2015, 10, e0144170. [CrossRef]
167. Pinard, C.J.; Hocker, S.E.; Poon, A.C.; Inkol, J.M.; Matsuyama, A.; Wood, R.D.; Wood, G.A.; Woods, J.P.; Mutsaers, A.J. Evaluation of

PD-1 and PD-L1 Expression in Canine Urothelial Carcinoma Cell Lines. Vet. Immunol. Immunopathol. 2021, 243, 110367. [CrossRef]
168. Sommer, B.C.; Dhawan, D.; Ruple, A.; Ramos-Vara, J.A.; Hahn, N.M.; Utturkar, S.M.; Ostrander, E.A.; Parker, H.G.; Fulkerson,

C.M.; Childress, M.O.; et al. Basal and Luminal Molecular Subtypes in Naturally-Occurring Canine Urothelial Carcinoma Are
Associated with Tumor Immune Signatures and Dog Breed. Bladder Cancer 2021, 7, 317–333. [CrossRef]

169. Chand, D.; Dhawan, D.; Sankin, A.; Ren, X.; Lin, J.; Schoenberg, M.; Knapp, D.W.; Zang, X. Immune Checkpoint B7x (B7-
H4/B7S1/VTCN1) Is Over Expressed in Spontaneous Canine Bladder Cancer: The First Report and Its Implications in a
Preclinical Model. Bladder Cancer 2019, 5, 63–71. [CrossRef]

170. Strasner, A.; Karin, M. Immune Infiltration and Prostate Cancer. Front. Oncol. 2015, 5, 128. [CrossRef]
171. Lorch, G.; Sivaprakasam, K.; Zismann, V.; Perdigones, N.; Contente-Cuomo, T.; Nazareno, A.; Facista, S.; Wong, S.; Drenner, K.;

Liang, W.S.; et al. Identification of Recurrent Activating HER2 Mutations in Primary Canine Pulmonary Adenocarcinoma. Clin.
Cancer Res. 2019, 25, 5866–5877. [CrossRef]

172. Griffey, S.M.; Kraegel, S.A.; Madewell, B.R. Rapid Detection of K-Ras Gene Mutations in Canine Lung Cancer Using Single-Strand
Conformational Polymorphism Analysis. Carcinogenesis 1998, 19, 959–963. [CrossRef]

173. Shintani, Y.; Fujiwara, A.; Kimura, T.; Kawamura, T.; Funaki, S.; Minami, M.; Okumura, M. IL-6 Secreted from Cancer-Associated
Fibroblasts Mediates Chemoresistance in NSCLC by Increasing Epithelial-Mesenchymal Transition Signaling. J. Thorac. Oncol.
2016, 11, 1482–1492. [CrossRef]

174. Chang, C.H.; Hsiao, C.F.; Yeh, Y.M.; Chang, G.C.; Tsai, Y.H.; Chen, Y.M.; Huang, M.S.; Chen, H.L.; Li, Y.J.; Yang, P.C.; et al.
Circulating Interleukin-6 Level Is a Prognostic Marker for Survival in Advanced Nonsmall Cell Lung Cancer Patients Treated
with Chemotherapy. Int. J. Cancer 2013, 132, 1977–1985. [CrossRef]

175. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 Signalling Axis in Cancer. Nat. Rev. Clin. Oncol. 2018,
15, 234–248. [CrossRef]

176. Stathopoulos, G.P.; Armakolas, A.; Tranga, T.; Marinou, H.; Stathopoulos, J.; Chandrinou, H. Granulocyte Colony-Stimulating
Factor Expression as a Prognostic Biomarker in Non-Small Cell Lung Cancer. Oncol. Rep. 2011, 25, 1541–1544. [CrossRef]

177. Bujak, J.K.; Szopa, I.M.; Pingwara, R.; Kruczyk, O.; Krzemińska, N.; Mucha, J.; Majchrzak-Kuligowska, K. The Expression of
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