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Abstract

Canine mammary tumors have been investigated to determine the causes of malignancy
and to promote the development of more effective therapies. The current standard of care,
surgical resection where possible, often still results in recurrence of disease. Thus, there is
an unmet need for better, more effective therapies that can suppress recurrence in canine
patients. Because canine and human mammary cancers, particularly carcinomas and ad-
enocarcinomas, share many similarities in genetic defects, etiology, natural history, and
environment, canine mammary cancer cell lines have also been used as effective models
of human disease. The genetics and immune response to canine mammary/breast cancers
have been investigated to better understand this disease complex and to promote the de-
velopment of more effective therapies designed to treat individual canine patients. As
cancer is a heterogeneous disease, the potential to determine and possibly predict the
mechanisms promoting neoplasia would allow the advancement of targeted therapeutic
targets/strategies to combat cancer directly. These investigations have led to the develop-
ment and evaluation of immunotherapies designed to elicit immune recognition of cancer
and its suppression, thus improving survival. Hybrid dendritic-cell fusion vaccines and
other autologous cancer vaccine formulations have proven effective in suppressing recur-
rence and extending survival in canine mammary cancer patients following surgical re-
section. Although current vaccines are somewhat impractical for direct application in vet-
erinary clinics, reported success points the way toward the development of more practical
vaccines designed to promote the treatment of canine mammary cancer. They also suggest
a possible mechanism whereby removing a tumor from its microenvironment can pro-
mote antigenicity by removing local extracellular vesicle-mediated immunosuppression.
This review provides a novel perspective on the potential of canine genetics to inform and
promote more successful immunotherapies and their value as models of human disease.
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1. Introduction —Canine Mammary Carcinoma

Canine mammary tumors (CMT) are among the most commonly diagnosed malig-
nancies that occur spontaneously in unspayed female dogs [1-3]. Of these tumors, ap-
proximately 40-50% are typically malignant and are diagnosed as carcinoma or adeno-
carcinoma. Dogs are typically more than 6 years old and frequently more than 8 years old
when diagnosed, and more frequently represent a geriatric population [3-5]. Treatment
is typically surgical, involving resection of the tumor followed by chemotherapy if lung

Genes 2026, 17, 794

https://doi.org/10.3390/genes17070794



Genes 2026, 17, 794

2 of 10

metastases are detected by X-ray [3,6]. Dogs diagnosed with carcinoma generally live less
than one year; however, even with surgery, they can succumb in months if the disease is
extensive. The natural history of mammary carcinoma and adenocarcinoma in dogs
closely resembles that of human disease except for the accelerated timeline [7]. Some small
differences in frequency between dogs of different breeds or sizes have been reported,
suggesting that the majority of tumors are spontaneous and not inherited [6-11].

Similar to human breast cancer, canine mammary carcinomas have been separated
into luminal A, luminal B, HER2-positive, and triple-negative subtypes based upon gene
expression profiles and next-generation transcriptomics [7,12,13]. They typically are cate-
gorized as Luminal A or Luminal B phenotypes with expression of estrogen receptor (ER)
or progesterone receptor (PR) and expression of HER?2 receptor for Luminal B. Significant
numbers of ER-/PR- HER2+ tumors, classified as HER2 phenotype, are also encountered
[12]. More rarely, triple-negative mammary cancers have been reported, but many of these
may also be of an inflammatory phenotype [12,14,15]. This has resulted in a similar sub-
typing to that used to characterize human breast cancer subtypes. The lack of a standard
of care for this disease complex, beyond surgical resection where possible, has focused
attention on this unmet medical need [3].

2. Canine Mammary Cancer as a Model of Human Breast Cancer

Canine cancers and their development have been employed as models of human can-
cer due to the similarity in terms of disease, and also because these intermediate-sized
patients (between human and mouse) are more comparable to human patients and have
intact immune systems [16]. Canine mammary tumors diagnosed in pet animals have
been used as exceptional, naturally occurring, and spontaneous models of human disease,
as mammary cancers in both species share many features, including environment, histo-
logical appearance, tumor genetics, molecular targets, biological behavior, and response
to conventional therapies. They also share our lived environment, making the likely
causes of spontaneous disease similar as well.

Several labs have developed CMT cell lines as models of human breast cancer be-
cause they represent important models of human disease [17-19]. These lines take ad-
vantage of the tendency for canine mammary tumors to progress at an accelerated time-
line, compared to human breast cancer, making them facile patient models that can be
evaluated in a shorter timeframe, promoting rapid development and evaluation of new
therapeutic strategies [20-25].

3. Genetic Defects Associated with Canine Mammary Cancer

There has been a concerted search for the gene defects responsible for the develop-
ment of human cancer since the beginning of modern molecular biology in the 1970s. Ca-
nine genetics followed closely as more genetic information on both species became avail-
able in the 1990s, and with the publication of the canine genome in 2004 [1,21,26].

There has been steady progress in searching for and identifying the key gene defects
promoting mammary cancers in dogs, focusing on known and commonly mutated onco-
genes and tumor suppressor genes. These investigations have focused on a group of CMT
cell lines originally derived as primary cultures from canine mammary carcinomas [17].
These included CMT12, CMT27, and CMT28 (originally CMT2, CMT4, and CMTS5, respec-
tively) and, in some cases, other CMT cell lines [17]. Cells were grown from liberated can-
cer cells and isolated carcinoma cell cultures established using standard culture tech-
niques and selection in culture or, more recently, high-speed cell sorting [27,28]. Critically
for comparison, such analyses also included isolation of a primary population of normal
canine mammary epithelial cells derived directly from normal canine mammary gland
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and subjected to high-speed cell sorting [28]. Assessments of first Northern blots, and then
rtPCR assays and Western blots, where functional canine-specific antibodies existed, were
used to assess gene candidates and their expression. While these cell lines have been
shown to be quite stable, there is always room for caution in comparing cells grown in
culture, compared with biopsies directly from tumors. However, heterogeneity of tumor
material and contamination with stromal cells also complicates the use of direct biopsies.

This analysis revealed that the most frequent defects encountered were regional de-
letions, and the gene locus most frequently affected encoded the tumor suppressor protein
INK4A/p16 (CDKN2A). Such deletions frequently involved other adjacent INK4 gene
family members depending on the size of the deletion [18,29]. Defects in both copies of
the INK4A/ARF/INK4B (CDKN2A/B) locus were identified by transcript (cDNA) se-
quencing [26,27,29,30]. Defects encoding all three members of this cyclin-dependent ki-
nase inhibitor and tumor suppressor gene family (p16/INK4A, p14ARF, and p15/INK4B)
were identified [27]. Others have also identified key cell markers for canine mammary
gland tumors, and these also reflect similarities to human breast cancers, including some
genes associated with hereditary breast cancer [7,31-33]. These results confirmed our hy-
pothesis that both canine and human breast cancers share the same key tumor-suppressor
defects, strongly suggesting they are important promoters of the cancer phenotype [30].

The CDKN2A locus is surprisingly complex and encodes two distinct proteins from
the same locus but employing two different/alternative first exons [19]. Because p16 and
p14ARF (Alternative Reading Frame) have different first exons and are then read out of
frame, they encode completely different proteins that must coevolve from the same se-
quence. The complexity arises because the functions of these two proteins both apply the
brakes to cell proliferation, but are focused on different protein targets. This occurs be-
cause INK4A/p16 functions primarily to suppress CDK4/6 coupled to cyclin D, which
phosphorylates the Rb protein, liberating S phase transcription factors (E2F) and thus pro-
moting cell proliferation [17]. INK4A/p16 suppresses this function, allowing continued Rb
activity and exit from the cell cycle in G1 phase. When INK4A/p16 is defective, cell prolif-
eration continues without a G1/S phase exit.

In contrast, the alternative open reading frame encoded by the p14ARF protein binds
and sequesters MDM2 protein, which functions as an E3 kinase, normally ubiquitinating
the p53 tumor suppressor protein and resulting in p53 destruction in the proteasome [19].
Defects in pl14ARF result in constitutive p53 destruction and a failure of the apoptotic
induction pathway through failure to stabilize p53. The result of defects in the single
CDKN2A locus is a failure of both the Rb and p53 pathways and, thus, the failure of both
of the key functional brakes on cell proliferation. Because the CDKN2A gene has been
found to encode key dysfunctional mutations in many canine cancers, it is, as a conse-
quence, a key oncogenic target [18].

Impact on the p14/ARF-MDM?2 pathway has also been implicated directly through
detection of p53 tumor suppressor expression defects [34]. Apart from these more canon-
ical breast cancer-associated genes, frequent defects have also been detected in p53 ex-
pression, linking these defects to p14/ARF defects [12]. As a consequence, and because
these defects are similar to spontaneous human breast cancers, canine mammary tumors
have been suggested as promising models for the development of new anti-breast cancer
therapeutic strategies [35]. Knowledge of the details of p53 mutations has been rendered
more important by recent research suggesting that at least some of the common mutations
in p53 can be functionally reversed employing chemical reactivators that have the poten-
tial to rescue p53 mutations [36].

Canine mammary cancers have also been shown to be promoted by defects in the
expression of hormone receptor genes encoding the estrogen and progesterone receptors,
whose expression is strongly correlated with the canine Luminal A and Luminal B
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mammary cancer phenotypes [12]. This also includes the HER2 receptor (c-erbB-2), ex-
pressed in canine mammary cancers that are HER2 receptor (c-erbB-2) positive (estrogen
and progesterone receptor negative) in HER2 phenotype mammary cancers. Activation of
expression of other members of the erbB gene family, including the epidermal growth fac-
tor receptor (c-erbB-1), c-erbB-3, and/or c-erbB-4 genes, can also enhance risk [12].

4. Development of Canine Cancer Vaccine Therapeutics

Recent evidence strongly supports the targeting of cancer-specific antigens and can-
cer neoantigens when developing novel anticancer vaccines [37,38]. Promising results in
human and canine patients have been reported despite a long history of limitations as a
result of failed attempts to identify and target prominent tumor-expressed antigens. Such
antigens often appear to be the result of tactical strategies employed by tumors that deploy
prominent antigens that function as molecular decoys to help evade immune surveillance
[39]. Spontaneous immune recognition of tumor cells by the patient’s immune system has
been observed, although it is not common, reliable, or frequently ineffective in defending
the patient from cancer. Immune evasion by tumors is also frequent and often accompa-
nied by loss of expression of MHC class I and MHC class II molecules. Such changes sug-
gest that effective natural antigen presentation within the tumor microenvironment may
be defective, possibly through PD-1 binding [40,41]. A different strategy is needed to en-
hance patient immune defenses.

Armed with detailed knowledge of the genetic defects frequently encountered in ca-
nine mammary cancer, investigations of the potential for these tumors to induce an im-
mune reaction capable of systemic targeting of mammary carcinoma cells and rendering
an effective response have been attempted. The original premise postulated that canine
mammary cancer patients remained sufficiently immunocompetent to mount a killing im-
mune response if they were appropriately presented with tumor cell antigens and were
driven to antigen presentation.

The first proof-of-concept report provided indications that this was indeed possible.
A canine dendritic cell-like cell line derived from a ten-year-old male Golden Retriever
with malignant histiocytosis was employed. DHS82 cells were selected as they had been
shown to express DC-like characteristics and have been thought to represent an early lin-
eage antigen-presenting cell (APC) in the dendritic cell (DC) lineage [42]. DH82 cells were
subsequently shown to express several additional authentic DC surface proteins, includ-
ing CD40, CD205, and CD209, by RT-PCR analysis, as well as MHC II and CD11c surface
antigens, with canine-specific antibodies and flow cytometry [43]. These characteristics
suggested that DHS82 cells could be promising candidates for fusion with CMT12 or
CMT28 cells to create a hybrid-cell fusion that was the basis for a proof-of-concept mam-
mary cancer vaccine that had the potential to force antigen presentation, although they
were not autologous patient-derived cells [43].

Vaccination of laboratory Beagles with hybrid-cell fusions accompanied by un-
methylated CpG-encoding oligonucleotide immune adjuvants enhanced interferon-
gamma expression in sorted CD8+ and CD4+ cells, consistent with a cytotoxic T-cell (CTL)
response. Additionally, cell-mediated immune assays (CTL responses) identified signifi-
cant reactions against both matched and unmatched/unrelated CMT cells [43]. These re-
sults strongly suggested that hybrid-cell fusion vaccine constructs could elicit an immune
response to mammary cancer antigens that were common to both unrelated cell lines,
providing proof of concept for the development of a more generalized cellular vaccination
strategy against canine mammary cancer.

Further development of this successful canine mammary tumor therapeutic vaccine
was reported, in which the DC-like partner was substituted with authentic autologous
dendritic cells isolated directly from canine blood by high-speed fluorescence-activated
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cell sorting [39]. The newly configured hybrid-cell fusion between autologous canine den-
dritic cells and unmatched canine mammary tumor cells (CMT28) was designed to pro-
mote patient immunity by encouraging authentic antigen-presenting cell recognition and
presentation, perhaps through cross-presentation of antigens [44]. Three injections of this
construct, with CpG oligonucleotide adjuvants, were effective in eliciting a measurable
immune response in laboratory Beagles, including both cytotoxic T-cell lysis and antibody
responses. This data confirmed the antigenicity and safety of the hybrid-cell fusion vac-
cine construct and the potential to successfully vaccinate canine cancer patients therapeu-
tically.

A canine clinical trial was established where patient animals, who had been initially
diagnosed with mammary cancer, were treated by surgical resection and had been as-
sessed to have no evidence of metastatic spread to the lungs [45]. All patients were over 8
years old at the time of diagnosis and were geriatric. Each patient animal was vaccinated
three times, similar to laboratory Beagles. An additional treatment of Gemcitabine was
administered the day prior to each vaccination to potentially suppress regulatory T-cell
activity [44,45]. Each patient dog was monitored for physical signs of distress or off-target
effects. None were noted in the patient cohort, beyond a mild, transient fever in some
animals. Each patient was followed with return visits for one year and then by phone
contact for the life of the animal.

In each case, the patient animals survived an average of 3.3-fold longer (median sur-
vival of 611 days) than control patient animals (median survival of 184 days) subjected
only to surgical resection (Figure 1). Vaccinated animals also appeared to have an en-
hanced quality of life. Vaccinated animals were followed until death from other causes or
loss of contact. No vaccinated animals died as a result of mammary cancer recurrence. In
only one case was a detectable recurrence of mammary cancer noted, but this did not
cause the death of the patient. As a consequence, the clinical trial was considered a success,
as all of the patient dogs were geriatric and outlived the average dog lifespan of 12 years
[45].

Some caveats were also evident. Due to the limited nature of the trial, it was not pos-
sible to differentiate between the effects of the vaccine and the immune-modifying treat-
ments. Additionally, the trial was limited in the number of patient animals treated. Lastly,
the observation of off-target effects, though transient and not requiring treatment, would
need to be more thoroughly explored. Such limitations should be addressed in a larger,
more thorough clinical trial.

At present, this strategy is not practical for application in the clinic due to cost and
the need for advanced cell-sorting technology. However, the development of the technical
capability required to identify antigens recognized by vaccinated patients’ immune sys-
tems, so that effective generalizable mammary cancer vaccines can be identified, is re-
quired. The vaccine could then be reformulated using a peptide- or mRNA-based direct-
injection or dendritic-cell-loading strategy [39]. This approach would dramatically reduce
the cost and complexity of the hybrid-dendritic cell fusion vaccine and open the possibil-
ity for use by veterinary practitioners. No other examples of dendritic cell-based vaccines
have been reported in canine patients, although many examples have been reported for
human dendritic cells and vaccines, and several promising antigens have been evaluated
in canine mammary cancer, as well as reviewed in [6,46].
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Figure 1. Kaplan-Meier plot of survival after surgical resection alone (black line) or after surgical
resection followed by 3 treatments with Gemcitabine and the autologous canine mammary cancer
hybrid dendritic cell-fusion vaccine (blue line). Each patient animal was followed with multiple in-
person rechecks for one year, followed by telephone checks for the life of the patient or until contact
was lost (redrawn from [45]). Calculation of the Log-Rank estimate of significance was p = 0.0019.
Median survival of the control population was 184 days, while the median survival of the vaccinated
population was 611 days. None of the vaccinated patients, whose cause of death was confirmed,
died of mammary cancer, and only one patient had a detectable recurrence. Half of these geriatric

vaccinated canine mammary cancer patients survived beyond the end of the clinical trial.

Other laboratories have also investigated the potential of individual antigens, or, in
some cases, tumor neoantigens, for stimulation of canine patients” immune recognition as
an effective defense against cancer development. Although none of these strategies has
been evaluated in a canine clinical trial utilizing mammary cancer patients, there has been
an evaluation of immunogenicity, and other cancer types have been successfully treated.
Expression of the melanoma-associated antigen gene (MAGE) family of surface antigens
is associated with a variety of cancers, including mammary cancers [47]. And MAGE an-
tigens are suspected of having potential as key targets in cancer immunotherapy, although
canine MAGEs have only been evaluated in mouse models. Gonadotrophin-releasing hor-
mone-based vaccines have also been evaluated in rats, dogs, and Macaca and found to be
effective candidates for immunotherapy [48]. Peptides from both of these antigens were
successfully presented on MHC molecules.

Canine patients diagnosed with inflammatory mammary cancer have been evaluated
for tumor shrinkage as an indication of immune response to in situ injection/vaccination
of the neoadjuvant cowpea mosaic virus [49]. This virus was introduced as a novel therapy
against canine inflammatory mammary cancer and successfully induced tumor shrinkage
in these patients. Immune recognition appeared to be mediated through neutrophil activ-
ity and resulted in improved survival of the patients.

These results confirm our hypothesis that environmental context is very important
in cancer vaccine development and that the local tumor microenvironment is central to
patient immunosuppression guided by the tumor and the microRNA-containing
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extracellular vesicles it sheds to manipulate the immune response [6,38,50-52]. Taking tu-
mor tissue out of this context appears to provide the patient’s immune system with a fresh
look at the tumor antigens, possibly promoting immune recognition and successful vac-
cination. Recently, tissue-intrinsic metabolic activity has been suggested as a possible in-
fluence on conditioning anti-tumor immunity in the tumor microenvironment as well as
a source of variability in the immune response [53]. Additionally, PD-1 suppression strat-
egies are being developed for canine patients [54,55], and Mammaglobin-A, MMP-7, and
mucin-1 have also been evaluated as potential anti-mammary cancer vaccine antigens
[6,56-58].

Recent work by Suckow and colleagues has reported similar results in several species
of domestic animals, including dogs [53,59-62]. This new work, because it is a different
approach utilizing excised patient tumor cells and a biological adjuvant, provides im-
portant independent support for this hypothesis. They have demonstrated successful can-
cer vaccination in canine patients against a variety of tumors using this approach.

5. Conclusions

Spontaneous canine mammary cancers and cell lines derived from them have pro-
vided an important asset in the development of immune-intact models in which to explore
the genetic defects underlying disease. The potential applications for employing immu-
notherapies to treat canine mammary cancers are promising, although the costs, cell-sort-
ing technology, and human capital required are still beyond the means of practicing vet-
erinarians. However, the potential for using such approaches to evaluate the immuno-
therapeutic activity of new antigens does provide a new opportunity for discovering and
testing new antigens directly in canine patients that are more broadly applicable. The use
of individualized mRNA-encoded antigens to immunize dendritic cells in human triple-
negative breast cancer patients also provides a new strategy for antigen introduction, ex-
pression, and presentation [63]. Because it has a proven track record as a vaccine strategy
and is easier to construct, mRNA or protein loading of antigen-presenting cells has the
potential to promote the discovery of new and effective canine mammary cancer vaccines
that are practical for clinical application [32].
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