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Editorial on the Research Topic

Canine melanoma in comparative oncology: Translate research

advances to develop new diagnostic and therapeutic options

Canine melanoma is one of the most studied tumor of the dog, due to its high

aggressiveness, especially in its mucosal (oral) form, but also because its similarity

with human melanoma. Canine and human mucosal melanoma show several common

characteristics, in terms of histological features, biological behavior and genetic

modifications (1–3). In both species, malignant melanoma (MM) is a highly aggressive

tumor of skin and mucosae, often associated with aggressive malignant behavior with

a rapid invasion of surrounding normal tissues, frequent metastasis and resistance to

therapy. Despite numerous advances in diagnostic and available treatment options, MM

remains fatal in most cases. For this reason, there is currently an urgent need to better

understand genetic and molecular mechanisms driving melanoma development and

progression, to find valuable new prognostic biomarkers, and novel, effective therapeutic

approaches to improve patient survival rates. The aim of this Research Topic was to

provide an overview of the current advances in the diagnostic and treatment approaches

for canine melanoma in comparative oncology, in light of the translating potential of

most of these studies to human melanoma patients (Figure 1). Indeed, most of the

research papers published on this Research Topic aimed to improve current diagnostic

approaches and treatments for dogs affected by malignant melanoma, but also provided

the potential of translating these results to human MM, in particular the rare form of
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FIGURE 1

Points of strengths of the canine melanoma spontaneous model in translational research and comparative oncology.

humanmucosal melanoma. The present Research Topic is made

of 12 original articles of various types, with the majority being

original research articles, submitted by the most prominent

research groups currently working on canine melanoma all over

the world. The great participation we found clearly indicates the

importance of this Research Topic in the veterinary research

community, mirroring the importance of the disease in the daily

clinical work of both dogs and men.

We include in the following paragraphs a brief summary

of the main findings reported by different authors in their 12

manuscripts that form the bulk of this Research Topic.

A perspective article is included in the present Research

Topic, where authors underlined the relevance of translational

research performed in last years on canine melanoma. In the

paper, the most relevant knowledge on the tumor landscape

of canine melanoma is reported. Furthermore, starting on the

observation of the great achievements by immunotherapy in the

treatment of human melanoma patients, the most promising

immunotherapeutic approaches recently investigated, such as

anti-cancer vaccination, are reviewed and critically discussed in

the paper of Tarone et al.. A brief introduction on the importance

of extracellular vesicles as valuable circulating carriers of easily

accessible cancer biomarkers is also included, to discuss the

potential of these novel approaches to improve the diagnosis and

prognosis of canine MM.

The current status of canine melanoma treatment and

diagnostics in Brazil, reported from a “Colloquium on Canine

Melanoma,” a meeting organized by the Brazilian Association of

Veterinary Oncology (ABROVET) on December 2020, has been

summarized in an opinion paper (Fonseca-Alves et al.). The

success of this meeting, with more than 100 attendees, testifies

the attention and interest on this Research Topic of the Brazilian

oncology community.

A total of six articles that deal with the evaluation of

new diagnostic and prognostic markers for canine MM have

been published. Some of them have been already reviewed

and included in the recently published review paper “Diagnosis

and Histopathologic Prognostication of Canine Melanocytic
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Neoplasms: A Consensus of the Oncology-Pathology Working

Group” (4). Global DNA methylation has been investigated and

quantified in canine melanotic and amelanotic oral MM samples

and in the peripheral blood leukocytes as a novel biomarker,

presuming a predominant global DNA hypomethylation in

these tumors, potentially related to Ki67 score and tumor

pigmentation (Scattone et al.). In their study, Tsoi et al.

investigated the IHC and RNA expression patterns of a set of

additional markers, besides the well-knownmelanocyte markers

Melan A, PNL2 and TRP-1 and−2, to investigate their potential

usefulness for the challenging differentiation of spindloid

oral MMs from soft tissue sarcomas (STS), when junctional

activity and pigmentation are absent. Authors found that TYR,

CD34, and CALD1 were the most discriminatory genes in

differentiating between oral MM and STS, and should be

evaluated in suspected amelanotic OMMs. The gene expression

of H2AFZ and survivin in formalin-fixed, paraffin-embedded

canine melanoma samples has been related to malignant

histological features and malignant behavior, indicating H2AFZ

as a new potentially useful prognostic biomarker and confirming

survivin as a useful prognostic biomarker when evaluated

also at the RNA levels (Bongiovanni et al.). Leukotriene A4

hydrolase (LTA4H), and Fragile-X-mental retardation-related

protein1 (FXR1), both reported as related to metastatic potential

in different tumors, appeared to be highly expressed in

oral melanoma, at both protein and mRNA level, but did

not correlate to known histologic and immunohistochemical

prognostic markers. However, their extensive expression in

the investigated cases suggests that they may play a role in

canine oral melanoma oncogenesis (Nordio et al.). Silveira

et al. demonstrated COX-2 overexpression in both oral and

cutaneous melanomas and observed that COX-2 expression

correlates with establishedmarkers of poor prognosis. Porcellato

et al. investigated the presence and significance of tumor-

associated macrophages in canine melanocytic tumors, through

the use of several IHC biomarkers (CD163, CD204, Iba1,

and MAC387), revealing an association of these markers with

negative prognostic histologic features and a more aggressive

biological behavior.

Studies on experimental therapeutic approaches exploiting

immune-, gene- or targeted therapy were received and

included in this Research Topic, showing interesting and

encouraging results.

More than one group of researchers is currently engaged

in the study and discovery of new targets for the development

of new therapeutic approaches by the use of in vitro models

of canine melanoma. Silveira et al., by silencing Cox-2 in two

melanoma cell lines, demonstrated that cellular proliferation,

migration and invasion are COX-2 dependent, establishing

that COX-2 is an essential driver of cellular proliferation,

migration and invasion, and its expression correlated with

malignant behavior in canine melanoma. Alpha-connexin

carboxyl-terminal peptide (aCT1) and Bowman-birk protease

inhibitor (BBI) treatment, alone or in combination, targeting

Cx43, were investigated by Sato et al. on canine oral melanoma

cell viability. Authors found that this dual treatment can be

combined to achieve anticancer activity. The possibility of

blocking the Rb-E2F pathway by using a CDK4/6 inhibitor

(Palbociclib) was investigated by Bongiovanni et al. as a potential

anti-cancer therapy on four different canine oral melanoma

cell lines. The selected drug was effective on three of the four

tested cell lines, including a metastatic melanoma-derived one,

indicating that CDK4/6 inhibitors could potentially be used as a

new anti-cancer treatment for canine melanoma.

The immunologic components of the immune environment

and the mechanisms of evasion of the immune response by

melanoma cells have been investigated in several papers on this

Research Topic. The different T cell phenotypes and functions

in melanoma tumor tissue and PBMCs of melanoma-affected

patients were evaluated by Sparger et al., revealing a different and

unique T cell phenotype of both unstimulated and stimulated

T cell populations in melanoma patients compared to healthy

dogs. Takeuchi et al. demonstrated that the immunosuppressive

cytokine transforming growth factor beta 1 (TGF-β1) is

upregulated in vitro and in vivo in oral malignant melanoma

and that its suppressive effect could be reverted in vitro by a

decoy receptor, developed by the authors, exploring the potential

application of this receptor in biologic therapy.

Included in the present Research Topic is also a study

investigating the approach of gene therapy using adenoviruses

encoding the immunomodulatory gene CD40L (AdCD40L).

This strategy has already shown promise in clinical trials on

human melanoma patients. Saellström et al. reported results

on local AdCD40L treatment in dogs with different types of

melanoma (mainly oral and cutaneous), indicating that this

type of therapy is safe and could have beneficial effects in

canine patients and potential valuable clinical translation to

human patients.

Altogether, these manuscripts present new insights on the

current researches on canine melanoma with the specific aim to

improve our current diagnostic and therapeutic approaches to

this highly aggressive and lethal disease of the dog, with a high

translational potential to human mucosal melanoma.
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Oral mucosal melanomas (OMM) are aggressive cancers in dogs, and are good

models for human OMM. Gap junctions are composed of connexin units, which

may have altered expression patterns and/or subcellular localization in cancer cells.

Cell-to-cell communication by gap junctions is often impaired in cancer cells, including

in melanomas. Meanwhile, the upregulated expression of the gap junction protein

connexin 43 (Cx43) inhibits melanoma progression. The α-connexin carboxyl-terminal

(aCT1) peptide reportedly maintains Cx43 expression and cell-cell communication in

human mammary cells and increases the communication activity through gap junctions

in functional assays, therefore causing decreased cell proliferation. The Bowman-Birk

protease inhibitor (BBI), a component of soybeans, induces Cx43 expression in several

tumor cells as a trypsin–chymotrypsin inhibition function, with antineoplastic effects. This

study investigated the effect of aCT1 peptide and BBI treatment, alone or in combination,

on TLM1 canine melanoma cell viability. Cell viability after treatment with aCT1, the

reverse sequence peptide (R-pep), and/or BBI for 5 days was analyzed by PrestoBlue

assay. Immunofluorescence was used to observe Cx43 localization and expression.

aCT1 (200µM) alone did not significantly decrease cell viability in TLM1 cells, whereas

BBI (400µg/ml) alone significantly decreased the TLM1 viability. Combined treatment

with both aCT1 (200µM) and BBI (400µg/ml) significantly decreased cell viability in TLM1

cells. Cx43 expression, as identified by immunostainings in TLM1 cells, was increased

in the cell membrane after the combination treatment with BBI and aCT1. This dual

treatment can be combined to achieve the anticancer activity, possibly by increasing

Cx 43 expression and affecting Cx43 migration to the cell membrane. In conclusion, a

treatment strategy targeting Cx43 with BBI and aCT1 may possibly lead to new effective

therapies for canine OMM.
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INTRODUCTION

Melanoma is an aggressive skin andmucosal cancer that develops
from melanocytes. This tumor arises due to random genetic
mutations, and after themelanoma has spread, it rapidly becomes
life-threatening (1). In humans, the diagnosis of early-stage
melanomas can facilitate their cure by surgical resection, and
approximately 80% of cases are treated in this manner. However,
metastatic melanoma is largely refractory to the existing therapies
and has a very poor prognosis, being the survival rate for 5-
years lower than 15% of the cases (2). Therefore, new treatment
strategies are urgently needed. Continued research into more
effective therapies for melanoma will improve the treatment and
prognosis of these patients.

Canine oral and mucosal melanoma (OMM) are considered
good models of human OMM, because they share many
similarities including morphology, genetic alterations, and
behavior (3–6). OMM is one of the most common oral
malignancies in canines. OMM in dogs are considered extremely
aggressive tumors, with local invasiveness and high metastatic
propensity. The World Health Organization staging scheme for
dogs with OMM is based on the size of the tumors (7). MacEwen
et al. (8) correlated these stages with survival times. Stage I
tumors, with <2 cm diameter has a median survival after surgery
of 17 to 18 months. Stage II OMM are 2 to <4 cm in diameter
tumors, and the survival time is 5 to 6 months. In stage III
tumors of ≥4 cm in diameter and/or lymph node metastasis, the
median survival is 3 months. Stage IV dogs with OMM have
distant metastasis and the prognosis is very poor (9). Therefore,
some factors negatively affect the prognosis including the clinical
stage, tumor size, evidence of metastasis, and reported histologic
criteria for melanoma prognosis. Standardized treatments, such
as surgery, radiotherapy, and chemotherapy, have provided
minimal to modest stage-dependent clinical benefits, and death
in general occurs due to metastasis (9). Notably, most of the
medicines used in veterinary medicine are repurposed from
drugs indicated for human use and are not being developed
specifically for animals. Therefore, it is necessary to intensify
the research focus on veterinary oncology, simultaneously
testing possible therapeutic alternatives in animal studies and
human trials.

Teixeira et al. previously found that canine amelanotic OMM
present higher aggressive behavior than their melanotic OMM
counterparts (10). This finding could be partly explained by the
decreased expression of connexin 43 (Cx43), which probably
resulted in an impaired cell-to-cell communication capacity
and, consequently, greater cell proliferation. Regarding cell to
cell communication, the expression of connexins could be an
essential target factor in canine oral melanoma because Cx26 and
Cx43 were significantly reduced in amelanotic melanomas (10).

Connexins are integral membrane proteins that form gap
junctions or channels between adjacent cells, thereby permitting
the bidirectional cytosolic exchange of ions, metabolites, and
secondary messengers (<1,200 Da). These channels assemble
into distinct plasma membrane structures termed gap junctions,
and the intercellular communication at the gap junctions
play important roles in tissue homeostasis and the regulation

of cell growth and differentiation. Additionally, connexins
form functional channels (i.e., hemichannels) in the non-
junctional areas of the plasma membrane. These hemichannels
provide a communication pathway between the intracellular and
extracellularmilieu, critical for autocrine and paracrine signaling.
In addition, connexins present significant channel-independent
roles, including their function as signaling hubs; these may occur
at the plasmamembrane, in the cytoplasm, or even in the nucleus
(11). The connexin protein family in humans has 21 members, in
which Cx43, named because of its molecular weight of 43 kDa,
is the most extensively studied. Very few studies are available on
connexins in canine tissues. Cruciani and Mikalsen (12), found
the 18 “multi-specie” connexin genes (connexins 26,29/31.3, 30,
30.2/31.9, 30.3, 31, 31.1, 32, 36, 37, 39/40.1, 40, 43, 45, 44/46, 47,
50, and 57/62) in dogs. The expression of connexins in canine
cancers has been evaluated in mammary tumors (13–15), bone
tumors (16, 17) testes (18), and OMM (10).

Decreased or diminished expression and/or function of
connexins have been observed in most tumor cell lines and
solid tissue tumors, including melanomas (11). The role of gap
junctions in tumor progression has been studied mainly through
the ectopic reintroduction of connexin genes into tumor cell
lines. The expression patterns of Cx43 have been studied in
several cancer types in humans, and it varies depending on the
cancer type and stage (19). The ectopic expression of Cx43 has
been shown to reduce cell proliferation in many distinct cancer
cells, including in mouse melanoma cell lines (20).

The overexpression of Cx43 reduces the proliferative
and metastatic capacities of melanoma in mice (20), while
the suppression of Cx43 expression by miR-106a promotes
melanoma cell proliferation (21) in human-derived cells in in
vitro studies. Furthermore, Cx43 upregulation is potentially able
to inhibit melanoma progression in mice, as shown in an in
vivo study (22). Therefore, the regulation of Cx43 expression
may lead to the developing of an effective treatment strategy for
melanomas; scientific evidence suggests that connexins could be
an important therapeutic target (11, 19, 23–30).

The alpha-connexin carboxyl-terminal (aCT1) peptide is a
25-amino acid peptide that mimics the carboxyl-terminal of
Cx43. At the molecular level, the aCT1 peptide inhibits the
activity of Cx43 hemichannels by inducing their sequestration
from the perinexus region surrounding the gap junctions, thereby
reducing hemichannel density and availability for activation
within the cell membrane (31). The aCT1 peptide is expected
to clinically improve postsurgical scarring (32). Grek et al.
suggested that using aCT1 peptide for targeting the gap
junctional distribution and activity of Cx43 is an effective
therapeutic strategy in human breast cancer. Furthermore,
they demonstrated that aCT1 peptide enhances the activity
of therapies like tamoxifen and lapatinib, thereby supporting
the clinical potential of combinational strategies, including the
modulation of Cx43 by the aCT1 peptide (33). In addition,
Murphy et al. (34) indicated that combining aCT1 with
temozolomide, an antineoplastic agent, could enhance the
therapeutic responses in human glioblastoma cell lines. These
findings suggest the possibility of a Cx43 targeting therapy,
using aCT1.
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Protease inhibitors are known cancer chemopreventive
agents, because of their well-established in vivo and in vitro
anti-carcinogenic activity in cancer models (35). The Bowman-
Birk inhibitor (BBI) is the most predominant protease inhibitor
in soybeans. It consists of a 71-amino acid protein (8 kDa),
and a serine protease inhibitor, which has both trypsin
and chymotrypsin inhibitory activities (36). BBI is a small
water-soluble protein that is present in soybean and almost
all monocotyledonous and dicotyledonous seeds, and BBI
decreases the proteolytic activities of trypsin, chymotrypsin,
elastase, cathepsin G, chymase, serine protease-dependent
matrix metalloproteinases, urokinase protein activator, mitogen-
activated protein kinase, and phosphoinositide 3 kinase (PI3K),
and upregulates Cx43 expression. BBI was found to be an
efficient suppressor of carcinogenesis (37). BBI has cancer-
protective activities, although its exact mechanism(s) of action is
incompletely understood. In previous studies, it was shown that
Cx43 induction by BBI contributes to the decreased growth of
tumor cells, both in vivo and in vitro (38, 39).

Therefore, we aimed to investigate the effect of aCT1 peptide
and BBI on canine OMM cell viability and evaluate the usefulness
of a Cx43-targeting strategy for the treatment of this cancer
in dogs.

MATERIALS AND METHODS

Ethical Statement
The study was submitted and approved by the Committee on
Ethics on the Use of Animals (CEUA) of the School of Veterinary

Medicine and Animal Science of the University of São Paulo,
under protocol number 6968020817.

Reagents
The aCT1 peptide and its reverse sequence peptide (R-pep) were
synthesized by the American Peptide Company (Sunnyvale, CA).
The aCT1 peptide is a short sequence at the Cx43 C-terminus,
and this is linked to an antennapedia internalization sequence
(RQPKIWFPNRRKPWKKRPRPDDLEI). The antennapedia
internalization peptide sequence is RQPKIWFPNRRKPWKK.
The R-pep sequence consists of the reverse sequence of aCT1
attached to an antennapedia sequence for internalization (33).

BBI was obtained from Sigma-Aldrich (#T9777, St. Louis,
MO). All culture reagents were purchased from Thermo Fisher
Scientific (Waltham, MA), unless otherwise indicated. The
primary antibody, Purified Mouse Anti-Connexin 43, was
purchased from BD Transduction Laboratories (#610061, San
Jose, CA). The secondary antibody, Goat anti-mouse IgG (H+L)
linked to Alexa fluor 488, was purchased from Invitrogen
(#A28175, Waltham, MA).

Cell Lines
The TLM1 canine oral melanoma cell line was kindly supplied
by Dr. Jaime F. Modiano, VMD, PhD (University of Minnesota,
Minneapolis, USA). The TLM1 cells originated from a canine
(Gordon setter) oral melanoma. The cell lines were grown
in Dulbecco’s Modified Eagle Medium (DMEM, #12800-058)
supplemented with 10% fetal bovine serum (FBS) and 1%

FIGURE 1 | Scheme of TLM1 cells treatment with aCT1, BBI, BBI+R-pep, and BBI+aCT1, R-prep or control.
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Antibiotic–Antimycotic at 37◦C in a humidified atmosphere with
5% CO2.

Cell Viability Assay
Cells (2 × 103 cells/well) were seeded in culture plates with
96 wells with DMEM, containing 1% FBS, and cultured
for 1 day. After incubation with each of the treatment
reagents (i.e., Control, R-pep, aCT1, BBI, BBI+R-pep, and
BBI+aCT1) for 5 days, cell viability was determined using
PrestoBlueTM Cell Viability reagent (#A13261, Thermo
Fisher Scientific). Non-toxic resazurin in the PrestoBlue
was converted to red-fluorescent dye within viable cells. The
fluorescence at 570 nm was measured using a microplate
reader (Figure 1).

Immunofluorescence
In a 24-well plate, round coverslips of 12-mm diameter were
placed in each well and prepared by irradiation using ultraviolet
light for 15min. Each cell line (1 × 105 cells/well) was seeded
in the plate with DMEM, containing 1% FBS, and cultured
at 37◦C in a humidified atmosphere with 5% CO2 for a
day. Following the removal of the culture medium, 0.5ml
DMEM, containing aCT1 peptide or R-pep and/or BBI was
added, and the plate was incubated at 37◦C for 3 days. After
washing with phosphate-buffered saline (PBS) two times, the
cells were fixed by 0.5ml 4% paraformaldehyde solution for
40min at 4◦C. The fixed cell samples were permeabilized
with PBS with Tween 20 (PBS-T), 0.1% Triton X-100 and 5%
Skim milk dissolved in PBS, for 30min at room temperature
(RT). Then, 100 µl/well of primary antibody solution (1:100
dissolved in PBS-T) was added to the cell sample. After
leaving at 4◦C overnight, PBS wash was undertaken three
times. 100 µl/well of the secondary antibody solution (1:100
dissolved in PBS-T) was added to the cell sample. After leaving

FIGURE 2 | Effect of aCT1 peptide on cell viability in TLM1 cells. The cells

were treated with 200µM aCT1 or the reverse sequence peptide (R-pep) for 5

days. Cell viability was evaluated by a PrestoBlue assay. Columns represent

means ± standard deviations (n = 5).

it at RT for 1.5 h in the dark, PBS wash was done three
times. VECTASHIELD Antifade Mounting Medium with DAPI
(#H1200, Vector Laboratories, Burlingame, CA) was dropped
on each glass slide, and coverslips were placed on it. The
slides were left overnight at 4◦C in the dark to dye the cells
with DAPI. Fluorescence microscopy, using ECLIPSE E800
(Nikon, Japan) with a setting of 40× lens, was undertaken, and
stained cytoplasmic membranes and nuclei were imaged (.jpeg),
and the resulting images were merged using Image J software
(Bethesda, MD).

FIGURE 3 | Effect of BBI on cell viability in TLM1 cells. The cells were treated

with indicated concentrations of BBI for 5 days. Cell viability was evaluated by

a PrestoBlue assay. Columns represent means ± standard deviations (n = 6).

**p < 0.01 vs. 0µg/ml, using Dunnett’s test.

FIGURE 4 | Effect of combination treatment of BBI and aCT1 peptide on cell

viability in TLM1 cells. The cells were treated with 400µg/ml BBI and 200µM

aCT1 (or R-pep) for 5 days. Cell viability was evaluated by a PrestoBlue assay.

Columns represent means ± standard deviations (n = 6). *p < 0.05, **p <

0.01, ***p < 0.001, using Tukey’s test.
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Statistical Analysis
Differences in group means were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s test or Dunnett’s.
The GraphPad Prism 6 (GraphPad Software Inc., San Diego,
CA, USA) was used for these calculations. P-values < 0.05 were
considered significant.

RESULTS

The effects of aCT1 and R-pep on cell viability in TLM1 cells were
evaluated. Vehicle (water) was used to treat the control group. As
shown in Figure 2, aCT1 peptide alone, or the R-prep, showed no
effect on cell viability in TLM1 cells.

FIGURE 5 | Cx43 expression after BBI and aCT1 peptide treatment in TLM1 cells. Cx43 plaques seen as green dots in the membrane of TLM1 cells submitted to

treatment with 400µg/ml BBI and 200µM aCT1 peptide (or R-pep) for 3 days.
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The effects of different concentrations of BBI (0, 200, and
400µg/ml) on cell viability in TLM1 cells were evaluated.
As shown in Figure 3, 400µg/ml BBI treatment significantly
decreased cell viability in TLM1 cells.

Subsequently, the effects of combination treatment with
BBI and aCT1 or R-pep were evaluated. As shown in
Figure 4, combination treatment with BBI and aCT1 significantly
decreased cell viability compared with combination BBI and
R-pep treatment in the TLM1 cells.

Immunofluorescence was carried out to compare the Cx43
localization in BBI and aCT1 treated cells with BBI and R-pep
treated cells. As shown in Figure 5, combination treatment with
BBI and aCT1 increased Cx43 expression compared with the
combination treatment of BBI and R-pep in the cell membrane
in the TLM1 cells, and a strong positivity to connexins was seen
in the cell membranes.

DISCUSSION

Cell viability assays were carried out to evaluate the effects of
aCT1 peptide in canine OMM TLM1 cells by treating them with
200µM aCT1 peptide or R-pep. aCT1 peptide alone showed no
effect on cell viability in the TLM1 cells. Additionally, we pre-
tested the different treatment periods (2–4 days) of the peptide,
and there were no significant differences on the cell viability
(data not shown). An assay tested different concentrations of
aCT1 peptide (0–400µM), but the outcomes were similar to
Figure 1 (data not shown). It is reported that aCT1 peptide
(200µM) inhibited human breast cancer cell proliferation in
an in vitro study (33). The effect of aCT1 peptide may depend
on the cell types. Murphy et al. (34) have also reported the
possibility that different effects of aCT1 are shown in several
cell lines. It was thought that in the absence of or with minimal
Cx43 expression in the cell membrane, the aCT1 peptide could
not exert its effect. In this context, Alaga et al. (40) revealed
that Cx43 was detected in intracellular compartments, but not
assembled in the gap junctions, and they suggested that the
melanocytes do not form the Cx43 homocellular gap junctions.
Although Cx43 levels increase during melanoma progression,
connexin rarely assembles in gap junction structures (40).
Therefore, we focused on a component, BBI, which may induce
Cx43 expression.

BBI induced the expression of Cx43 genes in mice with
M5076 ovarian tumor and decreased the tumor growth in this
in vivo model (38). A similar effect of BBI was demonstrated
in an osteosarcoma cell line (39). Tang et al. reported that
treatment of prostate cancer cells (LNCaP) with 500µg/ml BBI
resulted in the inhibition of viability as measured in WST-1
assays, with the induction of Cx43 and expression of cleaved
caspase-3 protein (41).

As shown in Figure 2, BBI treatment decreased cell viability
in TLM1 cells at a pharmacological concentration (400µg/ml).
The mechanism has not been elucidated in detail in this study;
however, it is known that BBI might improve the cell-to-
cell communication because of its trypsin and chymotrypsin
inhibitory activities. Furthermore, BBI has implications for

Cx43 expression and induces apoptosis via factors such
as a VEGF secretion inhibitory effect (42), besides the
mitochondrial impairment and oxidative damage following
proteasome 20S inhibition (43). These are reasons why BBI has
been shown to have strong anti-carcinogenic activity in animal
carcinogenesis model systems compared to other potential cancer
chemopreventive agents in soybeans (44). Interestingly, a phase
II clinical trial in patients with oral leukoplakia demonstrated a
dose-dependent reduction in the oral lesion size after a 1-month
treatment with BBI concentrates at doses of up to 1,066 CI units
(45), and BBI is expected to prevent oral cancer (46). These
findings have a potential for application in the development of
new oral melanoma therapies.

Notably, as shown in Figure 3, the suppression effect
of cell viability through the combination treatment of
BBI and aCT1 peptide in TLM1 cells was remarkable.
Moreover, immunofluorescence staining demonstrated that
the combination treatment of BBI and aCT1 peptide induced
a high expression of Cx43 in the cell membrane in TLM1
cells (Figure 4). These results indicate that Cx43 is important
for canine OMM cell growth. Overall, the possibility of an
enhancement effect of anticancer drugs by aCT1 peptide was
emphasized similarly as in previous reports (33, 34); although
further studies are needed to validate this finding. A finding
that resveratrol enhances chemosensitivity in mouse melanoma
model through Cx43 upregulation (47) supports this suggestion.
Thus, Cx43 may influence the response of tumor cells to cancer
therapies by facilitating the spread of antitumor drugs or death
signals between neighboring tumor cells.

In conclusion, the findings of this study suggest that Cx43
upregulation may be useful for OMM treatment and warrants
further research.

CONCLUSIONS

In this study, it has been shown, for the first time, that the
combined treatment with aCT1 peptide and BBI decreases cell
viability in TLM1 canine melanoma cell line, which can possibly
be used as a new therapy for canine oral melanomas.
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30. Nalewajska M, Marchelek-Myśliwiec M, Opara-Bajerowicz M, Dziedziejko

V, Pawlik A. Connexins-therapeutic targets in cancers. Int J Mol Sci. (2020)

21:9119. doi: 10.3390/ijms21239119

31. Rhett JM, Jourdan J, Gourdie RG. Connexin 43 connexon to gap junction

transition is regulated by zonula occludens-1. Mol Biol Cell. (2011) 22:1516–

28. doi: 10.1091/mbc.e10-06-0548

Frontiers in Veterinary Science | www.frontiersin.org 7 June 2021 | Volume 8 | Article 67045115

https://doi.org/10.1016/S0140-6736(18)31559-9
https://doi.org/10.1007/s40257-017-0325-6
https://doi.org/10.1111/pcmr.12185
https://doi.org/10.1111/pcmr.12170
https://doi.org/10.3390/vetsci3010007
https://doi.org/10.3390/genes10070501
https://doi.org/10.3109/07357908609017520
https://doi.org/10.1053/j.ctsap.2007.03.004
https://doi.org/10.1007/s11259-013-9580-z
https://doi.org/10.1038/s41388-019-0741-6
https://doi.org/10.1515/BC.2005.039
https://doi.org/10.1354/vp.42-5-633
https://doi.org/10.1016/j.tvjl.2005.02.023
https://doi.org/10.3390/vetsci6040101
https://doi.org/10.1354/vp.08-VP-0263-S-FL
https://doi.org/10.2460/ajvr.71.1.89
https://doi.org/10.1007/s00418-008-0432-9
https://doi.org/10.1016/j.canlet.2018.10.043
https://doi.org/10.1038/bjc.2015.162
https://doi.org/10.26355/eurrev_201902_16983
https://doi.org/10.1002/ijc.30872
https://doi.org/10.2174/092986707781696564
https://doi.org/10.1517/14728222.2010.487866
https://doi.org/10.1016/j.febslet.2014.02.047
https://doi.org/10.3390/ijms19061645
https://doi.org/10.1038/nrd.2018.138
https://doi.org/10.1186/s12929-019-0497-x
https://doi.org/10.1016/j.bbcan.2020.188380
https://doi.org/10.3390/ijms21239119
https://doi.org/10.1091/mbc.e10-06-0548
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Sato et al. aCT1 and BBI Inhibit Melanoma

32. Grek CL, Montgomery J, Sharma M, Ravi A, Rajkumar JS, Moyer KE,

et al. A multicenter randomized controlled trial evaluating a Cx43-mimetic

peptide in cutaneous scarring. J Invest Dermatol. (2017) 137:620–30.

doi: 10.1016/j.jid.2016.11.006

33. Grek CL, Rhett JM, Bruce JS, Abt MA, Ghatnekar GS, Yeh ES. Targeting

connexin 43 with α-connexin carboxyl-terminal (ACT1) peptide enhances

the activity of the targeted inhibitors, tamoxifen and lapatinib, in breast

cancer: clinical implication for ACT1. BMC Cancer. (2015) 15:296.

doi: 10.1186/s12885-015-1229-6

34. Murphy SF, Varghese RT, Lamouille S, Guo S, Pridham KJ,

Kanabur P, et al. Connexin 43 inhibition sensitizes chemoresistant

glioblastoma cells to temozolomide. Cancer Res. (2016) 76:139–49.

doi: 10.1158/0008-5472.CAN-15-1286

35. Manasanch EE, Orlowski RZ. Proteasome inhibitors in cancer therapy. Nat

Rev Clin Oncol. (2017) 14:417–33 doi: 10.1038/nrclinonc.2016.206

36. Qi RF, Song ZW, Chi CW. Structural features and molecular evolution

of Bowman-Birk protease inhibitors and their potential application. Acta

Biochim Biophys Sin. (2005) 37:283–92. doi: 10.1111/j.1745-7270.2005.00048.x

37. Kennedy AR. Chemopreventive agents: protease inhibitors. Pharmacol Ther.

(1998) 78:167–209. doi: 10.1016/S0163-7258(98)00010-2

38. Suzuki K, Yano T, Sadzuka Y, Sugiyama T, Seki T, Asano R. Restoration of

connexin 43 by Bowman-Birk protease inhibitor in M5076 bearing mice.

Oncol Rep. (2005)13:1247–50. doi: 10.3892/or.13.6.1247

39. Saito T, Sato H, Virgona N, Hagiwara H, Kashiwagi K, Suzuki K, et al. Negative

growth control of osteosarcoma cell by Bowman-Birk protease inhibitor

from soybean; involvement of connexin 43. Cancer Lett. (2007) 253:249–57.

doi: 10.1016/j.canlet.2007.01.021

40. Alaga KC, Crawford M, Dagnino L, Laird DW. Aberrant Cx43 expression and

mislocalization in metastatic human melanomas. J Cancer. (2017) 8:1123–8.

doi: 10.7150/jca.18569

41. Tang M, Asamoto M, Ogawa K, Naiki-Ito A, Sato S, Takahashi S,

et al. Induction of apoptosis in the LNCaP human prostate carcinoma

cell line and prostate adenocarcinomas of SV40T antigen transgenic

rats by the Bowman-Birk inhibitor. Pathol Int. (2009) 59:790–6.

doi: 10.1111/j.1440-1827.2009.02445.x

42. Fereidunian A, Sadeghalvad M, Oscoie MO, Mostafaie A. Soybean Bowman-

Birks protease inhibitor (BBI): identification of the mechanisms of BBI

suppressive effect on growth of two adenocarcinoma cell lines: AGS and

HT29. Arch Med Res. (2014) 45:455–61. doi: 10.1016/j.arcmed.2014.07.001

43. Mehdad A, Brumana G, Souza AA, Barbosa J, Ventura MM, de

Freitas SM. A Bowman-Birk inhibitor induces apoptosis in human breast

adenocarcinoma through mitochondrial impairment and oxidative damage

following proteasome 20S inhibition. Cell Death Discov. (2016) 2:15067.

doi: 10.1038/cddiscovery.2015.67

44. Kennedy AR. The evidence for soybean products as cancer preventive agents.

J Nutr. (1995) 125:733S−43S.

45. ArmstrongWB, Kennedy AR,Wan XS, Taylor TH, Nguyen QA, Jensen J, et al.

Clinical modulation of oral leukoplakia and protease activity by Bowman-Birk

inhibitor concentrate in a phase IIa chemoprevention trial. Clin Cancer Res.

(2000) 6:4684–91.

46. Lodi G, Franchini R, Warnakulasuriya S, Varoni EM, Sardella

A, Kerr AR, et al. Interventions for treating oral leukoplakia to

prevent oral cancer. Cochrane Database Syst Rev. (2016) 7:CD001829.

doi: 10.1002/14651858.CD001829.pub4

47. Cheng YJ, Chang MY, Chang WW, Wang WK, Liu CF, Lin ST,

et al. Resveratrol enhances chemosensitivity in mouse melanoma model

through connexin 43 upregulation. Environ Toxicol. (2015) 30:877–86.

doi: 10.1002/tox.21952

Conflict of Interest: The funder was not involved in the study design, collection,

analysis, interpretation of data, the writing of this article or the decision to submit

it for publication.

The authors declare that the research was conducted in the absence of any

commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2021 Sato, da Fonseca, Nagamine, de Toledo, Olio, Hernandez-

Blazquez, Yano, Yeh and Dagli. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 8 June 2021 | Volume 8 | Article 67045116

https://doi.org/10.1016/j.jid.2016.11.006
https://doi.org/10.1186/s12885-015-1229-6
https://doi.org/10.1158/0008-5472.CAN-15-1286
https://doi.org/10.1038/nrclinonc.2016.206
https://doi.org/10.1111/j.1745-7270.2005.00048.x
https://doi.org/10.1016/S0163-7258(98)00010-2
https://doi.org/10.3892/or.13.6.1247
https://doi.org/10.1016/j.canlet.2007.01.021
https://doi.org/10.7150/jca.18569
https://doi.org/10.1111/j.1440-1827.2009.02445.x
https://doi.org/10.1016/j.arcmed.2014.07.001
https://doi.org/10.1038/cddiscovery.2015.67
https://doi.org/10.1002/14651858.CD001829.pub4
https://doi.org/10.1002/tox.21952
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


ORIGINAL RESEARCH
published: 14 June 2021

doi: 10.3389/fvets.2021.656715

Frontiers in Veterinary Science | www.frontiersin.org 1 June 2021 | Volume 8 | Article 656715

Edited by:

Chiara Brachelente,

University of Perugia, Italy

Reviewed by:

Naoki Miura,

Kagoshima University, Japan

Karren M. Plain,

The University of Sydney, Australia

*Correspondence:

Satoru Konnai

konnai@vetmed.hokudai.ac.jp

Specialty section:

This article was submitted to

Comparative and Clinical Medicine,

a section of the journal

Frontiers in Veterinary Science

Received: 21 January 2021

Accepted: 21 May 2021

Published: 14 June 2021

Citation:

Takeuchi H, Konnai S, Maekawa N,

Takagi S, Ohta H, Sasaki N, Kim S,

Okagawa T, Suzuki Y, Murata S and

Ohashi K (2021) Canine Transforming

Growth Factor-β Receptor 2-Ig: A

Potential Candidate Biologic for

Melanoma Treatment That Reverses

Transforming Growth Factor-β1

Immunosuppression.

Front. Vet. Sci. 8:656715.

doi: 10.3389/fvets.2021.656715

Canine Transforming Growth
Factor-β Receptor 2-Ig: A Potential
Candidate Biologic for Melanoma
Treatment That Reverses
Transforming Growth Factor-β1
Immunosuppression
Hiroto Takeuchi 1, Satoru Konnai 1,2*, Naoya Maekawa 2, Satoshi Takagi 3,4, Hiroshi Ohta 3,

Noboru Sasaki 3, Sangho Kim 3, Tomohiro Okagawa 2, Yasuhiko Suzuki 2,5,6, Shiro Murata 1,2

and Kazuhiko Ohashi 1,2

1Department of Disease Control, Faculty of Veterinary Medicine, Hokkaido University, Sapporo, Japan, 2Department of

Advanced Pharmaceutics, Faculty of Veterinary Medicine, Hokkaido University, Sapporo, Japan, 3Department of Clinical

Sciences, Faculty of Veterinary Medicine, Hokkaido University, Sapporo, Japan, 4Department of Veterinary Surgery, School

of Veterinary Medicine, Azabu University, Sagamihara, Japan, 5 Research Center for Zoonosis Control, Hokkaido University,

Sapporo, Japan, 6Global Station for Zoonosis Control, Global Institution for Collaborative Research and Education, Hokkaido
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Cancer cells can evade host immune systems via multiple mechanisms. Transforming

growth factor beta 1 (TGF-β1) is an immunosuppressive cytokine that induces regulatory

T cell (Tregs) differentiation and is involved in immune evasion mechanisms in cancer.

The inhibition of the TGF-β1 signaling pathway can suppress cancer progression

and metastasis through the modulation of anticancer immune responses. However,

to best of our knowledge, no implementation of treatments targeting TGF-β1 has

been reported in dog cancers. This study aimed to examine whether TGF-β1 is

upregulated in canine cancers. We measured TGF-β1 concentrations in culture

supernatants of canine melanoma cell lines and in serum samples from dogs with oral

malignant melanoma. TGF-β1 production was observed in several cell lines, and serum

TGF-β1 levels were elevated in dogs with oral malignant melanoma. Interestingly, the

addition of recombinant TGF-β1 to canine peripheral blood mononuclear cell cultures

decreased Th1 cytokine production and increased differentiation of CD4+CD25+Foxp3+

lymphocytes, suggesting that TGF-β1 is immunosuppressive in canine immune systems.

We developed a decoy receptor for TGF-β, namely TGF-βRII-Ig, by identifying an

open reading frame of the canine TGFBR2 gene. TGF-βRII-Ig was prepared as a

recombinant fusion protein of the extracellular region of canine TGF-βRII and the

Fc region of canine IgG-B. As expected, TGF-βRII-Ig bound to TGF-β1. In the

presence of TGF-β1, the treatment with TGF-βRII-Ig increased Th1 cytokine production

and decreased the differentiation of CD4+CD25+Foxp3+ lymphocytes. Our results

suggest that TGF-βRII-Ig competitively inhibits the immunosuppressive effects of TGF-β1

and thereby activates immune responses. This study demonstrated the potential of

TGF-βRII-Ig as a novel biologic for canine melanoma.
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INTRODUCTION

Transforming growth factor beta 1 (TGF-β1) is a multifunctional
cytokine that is associated with cancer progression and
suppression of immune response (1, 2). TGF-β1 directly inhibits
cytotoxic T cell function by suppressing cell proliferation and
the expression of cytotoxic genes (3, 4). TGF-β1 also inhibits
the effector function of natural killer cells (5), contributing
to immune evasion of cancer cells (6). In addition, TGF-β1
indirectly mediates immunosuppression by inducing regulatory
T cells (Tregs) from peripheral naive T cells (7). Tregs
inhibit interleukin (IL)-2 competitively through the increased
expression of the IL-2 receptor, CD25, and suppress T cell
function by producing immunosuppressive cytokines such as IL-
10 and TGF-β1 (8). Therefore, TGF-β1 is considered a critical
suppressor of Th1 responses in normal and diseased conditions,
including cancers.

In a mouse model of metastatic breast cancer, TGF-β
antagonism by an anti-TGF-β antibody resulted in significant
enhancement of antitumor immune responses mainly mediated
by CD8+ T cells (9). In a human phase I clinical trial,
an anti-TGF-β antibody (GC1008) induced a partial response
in one patient and stable disease in 6 of 28 patients with
malignant melanoma and renal cell carcinoma (10). Similarly,
galunisertib, a small-molecule inhibitor of transforming growth
factor-β receptor 1, improved overall survival in patients with
unresectable pancreatic cancer when combined with gemcitabine
(11). These reports suggest that TGF-β1 inhibition is a possible
strategy in developing immunotherapy against cancers.

In canine oncology, little information is available on the
association of anticancer immunity with the TGF-β pathway. A
previous study found the mean plasma TGF-β1 levels in tumor-
bearing dogs were significantly higher than those in healthy
controls (12). Canine transmissible venereal tumor, a unique,
contagious cancer in canids, has been reported to produce TGF-
β1 and suppress lymphokine-activated killer activity against

tumor cells (13, 14). MiR-145, which is reported to regulate

TGF-β, was downregulated in oral canine malignant melanoma

tissue when compared with healthy oral mucosa tissue (15). In
addition, previous studies have shown that canine mastocytoma
and osteosarcoma cell lines produce TGF-β1 (16, 17) and TGF-
β1 serum concentrations were higher in dogs with malignant
perianal tumors (18). Furthermore, immunohistochemistry tests
revealed that canine perivascular wall tumors and squamous cell
cancers expressed TGF-β1 (19, 20). These studies suggest that the
TGF-β1 pathway might be a common mechanism for evading
immune responses exploited by canine cancers. However, there
has been no report on TGF-β1 expression in other canine cancer
types, and its immunosuppressive functions in dogs are still
largely unknown.

In this study, we examined the potential of TGF-β1 as a
therapeutic target in canine melanoma by confirming TGF-
β1 production in melanoma cell lines and evaluating TGF-β1
serum concentrations in dogs with oral malignant melanoma
(OMM). Next, we explored the immunosuppressive effects of
TGF-β1 in canine peripheral blood mononuclear cell (PBMC)
cultures. After that, we prepared, canine transforming growth

factor-β receptor 2-Ig (TGF-βRII-Ig), which consists of an
extracellular region of TGF-βRII and an Fc region of canine IgG-
B, to investigate its efficacy as a candidate anticancer biologic,
expecting it to inhibit the TGF-β1 pathway as a decoy receptor.
Finally, the ability of TGF-βRII-Ig to bind TGF-β1 and its effect
on immune response were investigated in vitro.

MATERIALS AND METHODS

Canine Samples
The use of animal samples throughout this study was approved
by the Institutional Animal Care and Use Committee (#15-0149),
Faculty of Veterinary Medicine, Hokkaido University, which
has been fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International.
Peripheral blood samples were obtained from healthy beagles (3–
6 years old) kept at the Experimental Animal Facility, Faculty
of Veterinary Medicine, Hokkaido University. Peripheral blood
samples of dogs with OMM were obtained at the Veterinary
Teaching Hospital, Faculty of Veterinary Medicine, Hokkaido
University. Written informed consent was obtained from the
owners for the participation of their animals in this study.

Cell Cultures
Canine melanoma cell lines LMeC (21), CMeC (21), CMM-1
(22), CMM-2 (22) were cultured in RPMI 1640 medium (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% inactivated
fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham,
MA, USA), 2mM L-glutamine (Thermo Fisher Scientific),
200µg/mL streptomycin (Thermo Fisher Scientific), and 200
U/mL penicillin (Thermo Fisher Scientific) at 37◦C, 5% CO2.
Canine PBMCs were isolated from 10mL of peripheral blood
samples by density gradient centrifugation on Percoll medium
(GE Healthcare, Little Chalfont, UK) and were cultured in RPMI
1640 medium supplemented with 10% inactivated FBS, 2mM
L-glutamine, 200µg/mL streptomycin, and 200 U/mL penicillin
at 37◦C, 5% CO2. To activate PBMCs, 1µg/mL Staphylococcal
enterotoxin B from Staphylococcus aureus (SEB; Sigma-Aldrich)
was added to the culture medium. ExpiCHO-S cells (Thermo
Fisher Scientific) were cultured in ExpiCHO ExpressionMedium
(Thermo Fisher Scientific) at 37◦C, 8% CO2 on an orbital shaker.

Measurement of TGF-β1 Concentration
The amino acid sequence of canine TGF-β1 is 100% identical
to human TGF-β1. Thus, canine TGF-β1 concentration in cell
culture supernatants and sera were measured by human TGF-
β1 DuoSet ELISA (DY156, R&D systems, Minneapolis, MN).
The absorbance was measured at 450 nm with an MTP-900Lab
(CORONA ELECTRIC, Ibaraki, Japan).

RNA Extraction and cDNA Synthesis
Canine white blood cells were prepared from lysed whole blood
of a toy poodle and a papillon. Total RNA was extracted from
PBMCs and white blood cells using TRI reagent (Molecular
Research Center, Cincinnati, OH, USA). Residual genomic DNA
was digested using DNaseI (Thermo Fisher Scientific), and cDNA
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was synthesized from 1 µg total RNA using PrimeScript Reverse
Transcriptase (TaKaRa, Otsu, Japan) and oligo dT primer.

Identification of Canine TGFBR2 Gene
A primer pair for canine TGFBR2 gene was designed based
on the predicted dingo TGFBR2 mRNA sequence registered in
the GenBank database (XM_025461082.1). The open reading
frame (ORF) of canine TGFBR2 was amplified from beagle, toy

poodle, and papillon cDNA by PCR using the primers 5
′

-TCG

GTC TAT GAC GAG CAG C-3
′

and 5
′

-GCT GCC TCT GTT
CTT TGG TG-3

′

. The amplicon was purified using the FastGene
gel/PCR extraction kit (Nippon Genetics, Tokyo, Japan) and
cloned into T-Vector pMD20 (TaKaRa) using TA-cloning. The
nucleotide sequence was analyzed using the GenomeLab GeXP
Genetic Analysis System (SCIEX, Framingham, MA, USA), and
the identified ORF was translated and aligned using BioEdit
software (23). Unrooted neighbor-joining phylogenetic trees
were constructed using Mega version 7 software (24, 25).

Expression and Purification of Canine
TGF-βRII-Ig and Control IgG-B
Recombinant canine TGF-βRII was expressed as an Fc-
fusion protein (TGF-βRII-Ig) in a mammalian-cell based
transient expression system. To predict the signal peptide
sequence and transmembrane region, the deduced amino
acid sequence of canine TGF-βRII was analyzed using the
prediction tools: SignalP-5.0 Server (http://www.cbs.dtu.dk/
services/SignalP/) for signal peptide prediction and TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/) for
transmembrane region prediction. The gene sequence encoding
the predicted signal peptide and the extracellular region of canine
TGF-βRII that was fused to the Fc region of canine IgG-B
(AF354265.1) were designed, codon-optimized, and synthesized
with an AscI/ASiSI restriction site (GenScript, Piscataway, NJ,
USA). The gene sequence was cloned into the expression vector
pDC62c5-U533 (kindly provided by Prof. Yasuhiko Suzuki,
Hokkaido University) using AscI (New England Biolabs, Ipswich,
MA, USA) and AsiSI (New England Biolabs), and the plasmid
was purified usingNucleoBondXtraMidi (TaKaRa). To prepare a
negative control for TGF-βRII-Ig, the expression vector that only
encodes the canine IgG-B Fc region was similarly constructed
using the signal peptide of canine antibody light chain (26).
The expression plasmids were transfected into ExpiCHO cells
using the ExpiFectamine CHO Transfection Kit (Thermo Fisher
Scientific) and the expressed proteins were purified using Ab-
Capcher ExTra (ProteNova, Kagawa, Japan). The buffer was
replaced with phosphate-buffered saline (PBS; FUJIFILM Wako
Pure Chemical, Osaka, Japan) using PD MidiTrap G25 (Cytiva,
Tokyo, Japan). The concentration of the expressed proteins was
measured using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was performed using 2 × Laemmli
Sample Buffer (Bio-Rad, Hercules, CA, USA) containing 2-
mercaptoethanol in reducing and non-reducing conditions
(without 2-mercaptoethanol). The samples were incubated at
96◦C for 5min and separated by electrophoresis using SuperSep
Ace (FUJIFILM Wako Pure Chemical). Precision Plus Protein

All Blue Standards (Bio-Rad) was used as a protein standard.
The gel was stained using the Quick-CBB kit (FUJIFILM Wako
Pure Chemical).

Detection of TGF-βRII-Ig Binding to TGF-β1
The binding of TGF-βRII-Ig to TGF-β1 was evaluated by ELISA.
A 96-well ELISA microplate (SUMITOMO BAKELITE, Akita,
Japan) was coated with 10µg/mL of TGF-βRII-Ig or Control
IgG-B diluted in PBS at 37◦C overnight. After washing with
PBS containing 0.05% Tween20 (KANTO KAGAKU, Tokyo,
Japan), the plate was blocked with Super Block (Thermo
Fisher Scientific) at 37◦C for 1 h. Recombinant human TGF-
β1 (240-B/CF, R&D systems) was added to the plate at various
concentrations (4-fold dilution from 8 to 0.125 ng/mL), followed
by incubation at 37◦C for 1 h. Then, 1µg/mL biotinylated
chicken anti-human TGF-β1 antibody (R&D systems) was added
and incubated at 37◦C for 1 h. The reaction was developed
using peroxidase-conjugated NeutrAvidin protein (Thermo
Fisher Scientific) and TMB One Component Substrate (Bethyl
Laboratories, Montgomery, TX, USA) and then stopped with
0.18M H2SO4. As a dilution buffer for recombinant TGF-β1,
anti-TGF-β1, and NeutrAvidin, PBS containing 1% bovine serum
albumin was used. The absorbance was measured at 450 nm with
the MTP-900Lab (CORONA ELECTRIC).

Measurement of Cytokine Production From
Canine PBMCs
Canine PBMCs from healthy beagles were cultured with SEB
at 1µg/mL for 72 h. Recombinant human TGF-β1 (0.78 nM)
alone or in combination with TGF-βRII-Ig (78 nM) were added
to the medium. Control IgG-B was used as negative control
for TGF-βRII-Ig. IL-2, interferon (IFN)-γ, and tumor necrosis
factor (TNF)-α concentrations in the culture supernatants
were measured by Canine IL-2 DuoSet ELISA (DY1815, R&D
systems), Canine IFN-γ DuoSet ELISA (DY781B, R&D systems),
and Canine TNF-α DuoSet ELISA (DY1507, R&D systems),
respectively. The absorbance was measured at 450 nm with the
MTP-900Lab (CORONA ELECTRIC).

Flow Cytometric Analysis of
CD4+CD25+Foxp3+ Lymphocytes
Cells were collected from PBMC cultures as described above
and blocked with PBS containing 10% goat serum (Thermo
Fisher Scientific) at 25◦C for 20min. Subsequently, 1µg/mL of
anti-canine CD4 mouse monoclonal antibody (R&D systems)
and 1µg/mL phycoerythrin (PE)-conjugated anti-canine CD25
mouse monoclonal antibody (Thermo Fisher Scientific) were
added and incubated at 25◦C for 30min. The dead cells were
stained using Fixable Viability Dye eFluor780 (Thermo Fisher
Scientific). Anti-canine CD4 was labeled with Alexa Fluor
488 using Zenon Mouse IgG2b Labeling Kits (Thermo Fisher
Scientific). PE-labeled mouse IgG1 (Thermo Fisher Scientific)
was used as an isotype control antibody for CD25 staining.
The cells were washed twice with PBS, and then fixed using
FOXP3 Fix/Perm Buffer (BioLegend, San Diego, CA, USA) and
permeabilized using FOXP3 Perm Buffer (BioLegend). In the
permeabilization buffer, 2% normal rat serum (Sigma-Aldrich)
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FIGURE 1 | TGF-β1 expression in canine cancers. (A) TGF-β1 production by canine cancer cell lines. TGF-β1 concentration in 10% FBS RPMI 1640 is shown as the

background (a dashed line). One-way ANOVA with post-hoc Dunnett’s-test was used for statistical analysis under the assumption of equal variance between samples

(*p < 0.05 vs. 10% FBS RPMI 1640). (B) TGF-β1 serum levels in dogs with oral malignant melanoma. The red bar shows the median value. The Mann-Whitney U-test

was used for statistical analysis.

was added to block non-specific reactions. The cells were stained
with 10µg/mL of allophycocyanin-conjugated anti-canine Foxp3
rat monoclonal antibody (Thermo Fisher Scientific) at 4◦C for
30min. Allophycocyanin-labeled rat IgG2a kappa chain isotype
control (Thermo Fisher Scientific) was used as a negative control.
The cells were washed twice with FOXP3 Perm Buffer and
analyzed using a FACS Verse flow cytometer (BD Biosciences,
San Jose, CA, USA).

Statistical Analysis
One-way ANOVA with Tukey’s post-hoc test or Dunnett’s post-
hoc test were used for multiple comparison. The Wilcoxon
singed-rank sum test was used to compare the paired samples.
The Mann-Whitney U-test was used for comparison of two
groups. A p-value <0.05 was considered statistically significant.
JMP 14 (SAS Institute, Cary, NC, USA) was used for all
statistical analysis.

Nucleotide Sequence Accession Numbers
The nucleotide sequence of the canine TGFBR2 gene has been
submitted to the DDBJ/EMBL-Bank/GenBank database under
accession number LC600803.

RESULTS

Production of TGF-β1 by Canine Melanoma
Cell Lines
To examine whether TGF-β1 is produced in a tumor
microenvironment, we measured TGF-β1 concentrations in
culture supernatants of canine melanoma cell lines. Melanoma
cell lines were seeded into 6-well cell culture plate at a density of
2.0 × 105 cells in 2mL medium. After 48 h, when the cells were
60–80% confluent, the cell culture supernatant was collected.
The cell culture was prepared in triplicate. Since FBS was
expected to contain bovine TGF-β1, the mature amino acid
sequence, which is 100% identical to canine and human TGF-β1,
TGF-β1 concentration in RPMI 1640 medium supplemented
with 10% FBS was measured as a background control. Of the
four cell lines, LMeC, CMM-1, CMM-2 had significantly higher
TGF-β1 concentrations in the culture supernatant than in the
background (Figure 1A). These results confirmed that canine
melanoma cells can produce TGF-β1.

TGF-β1 Serum Levels in Dogs With OMM
Since we proved that canine melanoma cells produce TGF-
β1, we hypothesized that the TGF-β1 serum levels in dogs
with melanoma are upregulated. To examine this, serum
samples were obtained from dogs with metastatic OMM (n
= 40, Supplementary Table 1) and healthy beagles (n = 16),
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and the TGF-β1 serum levels were measured by ELISA. As
expected, elevated TGF-β1 serum levels in dogs with metastatic
OMM was observed (median, 36.4 ng/mL in healthy control vs.
41.1 ng/mL in metastatic OMM; Figure 1B). The range of TGF-
β1 serum levels was 15.2–59.2 ng/mL in healthy control and
18.9–88.8 ng/mL in metastatic OMM. These results support the
potential of targeting TGF-β1 as a melanoma treatment.

Effects of TGF-β1 on Cytokine Production
and Tregs Induction in Canine PBMC
Cultures
To analyze the immunosuppressive effects of TGF-β1, we
performed cytokine production assay in PBMCs cultures. PBMCs
obtained from healthy beagles (n = 6) were seeded into 48-well
cell culture plate at a density of 2.0 × 106 cells in 1mL medium
and cultured for 3 days in the presence of TGF-β1. Th1 cytokine
concentrations in the culture supernatant were measured by
ELISA. IL-2, IFN-γ, and TNF-α concentrations were significantly
decreased in the presence of TGF-β1 (Figures 2A–C). In
addition, we tested the effects of TGF-β1 on the differentiation
of CD4+CD25+Foxp3+ lymphocytes. These lymphocytes are
considered a regulatory T cell subset in dogs and involved with
immune response suppression (27). Flow cytometric analysis
using 1 × 105 cells per each condition was performed at the
day of sample collection and revealed that the addition of TGF-
β1 significantly increased the percentage of CD25+Foxp3+ cells
among CD4+ lymphocytes (Figure 2D). The gating strategy is
shown in Supplementary Figure 1.

Identification of Canine TGFBR2 Gene
To reverse the immunosuppression by TGF-β1 in the tumor
microenvironment, we attempted to develop a decoy receptor
that competitively binds to TGF-β1. Among TGF-β1 receptors,
TGF-βRII acts as a direct binding partner to TGF-β1 (28, 29).
However, the TGFBR2 gene, which encodes TGF-βRII, had not
been identified in dogs. Therefore, we firstly identified the canine
TGFBR2 gene using cDNA from a beagle, a toy poodle, and a
papillon. The ORF of canine TGFBR2 was 1,704 bp in length and
was identical among these three dog breeds. The deduced amino
acid sequences of canine TGF-βRII showed high homology with
those of other animals that were registered in the GenBank
database (Figure 3A). The phylogenetic tree was inferred in
relation to the deduced TGF-βRII amino acid sequences of other
animals. Canine TGF-βRII formed a cluster with cattle and
human TGF-βRII and was relatively distant to the rodent and
chicken homologs (Figure 3B). Taken together, it is suggested
that canine TGF-βRII has a similar function to TGF-βRII in
other animals.

Preparation of TGF-βRII-Ig and Control
IgG-B
Based on the obtained sequence for the canine TGFBR2 gene,
we designed TGF-βRII-Ig, a Fc-fusion protein of the TGF-
βRII extracellular region, and its control Ig protein, Control
IgG-B (Figures 4A,B). Using a transient expression system,
the Ig proteins were expressed and purified from the culture

FIGURE 2 | Effect of TGF-β1 on Th1 cytokine production and Tregs

differentiation in PBMC cultures. (A) IL-2, (B) IFN-γ, and (C) TNF-α

concentrations in cell culture supernatant were measured by ELISA. (D) The

percentage of CD25+Foxp3+ cells among CD4+ lymphocytes was measured

by flow cytometry. The Wilcoxon signed-rank sum test was used for statistical

analysis (n = 6, *p < 0.05).

supernatant by affinity chromatography using a protein A
derivative. Then, the TGF-βRII-Ig and Control IgG-B purities
were analyzed by SDS-PAGE. The molecular weights of TGF-
βRII-Ig and Control IgG-B were estimated at ∼45 and 30 kDa,
respectively, in reducing condition (Figure 4C). The hinge region
of canine IgG-B Fc contains two cystine residues that would
lead to the formation of a parallel dimer. Expectedly, the Ig
proteins migrated at a higher molecular weight in non-reducing
conditions, suggesting a homodimer formation with interchain
disulfide bonds (Figure 4C).

Binding of TGF-βRII-Ig to TGF-β1
To examine the binding of TGF-βRII-Ig to TGF-β1, an ELISA
was developed using recombinant TGF-β1 and anti-TGF-β1
antibody. Various TGF-β1 concentrations were captured on a
TGF-βRII-Ig-coated microwell plate, and the TGF-β1 binding
was detected using anti-TGF-β1 antibody. As expected, the
TGF-β1 binding was observed in a concentration-dependent
manner, whereas no increase in the absorbance was observed
in a microwell plate coated with Control IgG-B. These
results indicated that TGF-βRII-Ig specifically binds to TGF-β1
(Figure 4D).
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FIGURE 3 | Identification of canine TGFBR2 gene. (A) Multiple alignment of TGF-βRII. The deduced amino acid sequence of canine TGFBR2 gene was aligned with

those of other species. (B) The phylogenetic tree of canine TGF-βRII in relation to those of other species. GenBank accession numbers were listed beside the

scientific names. The scale bar indicates the branch length.

Effects of TGF-βRII-Ig on Cytokine
Production and Tregs Induction in Canine
PBMC Cultures in the Presence of TGF-β1
To analyze the function of TGF-βRII-Ig, TGF-βRII-Ig was
added to the PBMC cultures in the presence of TGF-
β1. TGF-βRII-Ig was added at a 100:1 molar ratio to
exogenous TGF-β1 to block the effect of TGF-β1 completely.

Cytokine production and Tregs induction were analyzed as
described above. IL-2, IFN-γ, and TNF-α production in culture

supernatants were significantly increased by treatment with
TGF-βRII-Ig compared with Control IgG-B (Figures 5A–C). In

addition, the TGF-βRII-Ig treatment significantly decreased the

percentage of CD25+Foxp3+ cells among CD4+ lymphocytes

(Figure 5D).
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FIGURE 4 | Preparation of recombinant TGF-βRII-Ig and Control IgG-B. (A) The amino acid sequences of TGF-βRII-Ig. The predicted signal peptide of TGF-βRII,

extracellular region, and canine IgG-B Fc region are marked with a dashed line, underline, and double underline, respectively. (B) The amino acid sequences of Control

IgG-B. The signal peptide of the canine antibody light chain and canine IgG-B Fc region are marked with a dashed line and double underline, respectively. (C)

SDS-PAGE of the purified Ig proteins. Analysis in reducing (left) and non-reducing (right) conditions. Arrowheads indicate the protein bands with expected molecular

weights. (D) Binding of TGF-βRII-Ig to TGF-β1. Each dot represents the average of absorbance obtained from three independent experiment. Error bars represent the

standard deviation. One-way ANOVA with post-hoc Tukey’s-test was used for statistical analysis (*p < 0.05).

DISCUSSION

In this study, we confirmed the production of TGF-β1 by
the specific melanoma cell lines tested, possibly contributing
to the elevation of TGF-β1 serum levels in melanoma dogs.
The addition of TGF-β1 decreased Th1 cytokine production
from PBMCs and induced Tregs differentiation, indicating its
immunosuppressive effect. The decoy receptor TGF-βRII-Ig
bound specifically to TGF-β1 and reversed cytokine production
and Tregs differentiation induced by TGF-β1. These data

strongly suggest that TGF-βRII-Ig competitively inhibits
immunosuppressive effects of TGF-β1, resulting in the reversal
of Th1 immune response and inhibition of Tregs differentiation.
Hence, targeting TGF-β1 using TGF-βRII-Ig is a potential
therapeutic strategy for canine melanoma treatment.

To our knowledge, this is the first report that observed
TGF-β1 production in canine malignant melanoma cell lines
and elevation of serum TGF-β1 in dogs with metastatic OMM.
Since TGF-β1 is involved in morphological changes associated
with cancer cell migration and metastasis (1), we studied dogs
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FIGURE 5 | Effect of TGF-βRII-Ig on Th1 cytokine production and Tregs

differentiation of in PBMC cultures in the presence of TGF-β1. (A) IL-2, (B)

IFN-γ, and (C) TNF-α in cell culture supernatants were measured by ELISA.

(D) The percentage of CD25+Foxp3+ cells among CD4+ lymphocytes was

calculated by flow cytometry. The Wilcoxon signed-rank sum test was used for

statistical analysis (n = 6, *p < 0.05).

diagnosed with metastatic OMM presenting with lymph node
metastasis or distant metastasis. Due to the limited access to
clinical samples of non-metastatic OMM, we could not evaluate
TGF-β1 serum levels in dogs with non-metastatic OMM. Some
dogs with metastatic OMM had lower TGF-β1 serum levels
than healthy control. Considering the different levels of TGF-
β1 production from melanoma cell lines, it may reflect the
different cancer phenotype. Because various cell types, including
tumor-infiltrating lymphocytes, can produce TGF-β1 in a tumor
microenvironment (30), the source of serum TGF-β1 in canine
metastatic OMM remains unclear. Further studies that include
immunohistochemistry analysis or single-cell RNA sequencing
using tissue samples of OMM might be beneficial to address
this issue. Nonetheless, TGF-β1serum levels and expression in
cancer tissues should be analyzed in various types of cancers
to explore the clinical indications of TGF-βRII-Ig as a potential
therapeutic agent.

In humans, higher TGF-β1 in plasma was associated with
reduced overall survival in patients with locally advanced or
metastatic pancreatic cancer (31). In addition, TGF-β1 plasma
levels in lung carcinoma patients were correlated with the
disease status at long-term follow-up after radiotherapy (32).

Osteosarcoma patients with metastatic disease also had higher
serum TGF-β than those without metastasis (33). Therefore,
TGF-β1 serum levels could be used as a prognostic factor
in human cancers. In dogs, the association between TGF-β1
serum levels and cancer prognosis remains unclear. Further
studies involving samples coupled with clinical data are needed
to examine whether TGF-β1 serum levels can be used as a
prognostic marker in dogs with cancer.

Tregs are involved in the suppression of immune responses
to foreign antigens, such as viruses (34), and immune evasion
mechanisms in cancers (35). Interestingly, the percentage of
Tregs in the peripheral blood of dogs with OMM and carcinoma
was higher than that of healthy control dogs (36, 37). In addition,
the increased number of intratumoral Tregs was related to
shorter overall survival in dogs with OMM, oral squamous cell
carcinoma, and pulmonary adenocarcinoma (38). Given that the
present study confirms that serum TGF-β1 levels were higher in
metastatic OMM dogs and that the addition of TGF-β1 induced
Tregs differentiation, it is possible that TGF-β1 is responsible for
Tregs induction in canine cancers, which leads to poor prognosis.

A limitation of this study is the lack of assessment
of the immunostimulatory potential of TGF-βRII-Ig in
the absence of TGF-β1. Since PBMC culture contains a
certain amount of TGF-β1 derived from stimulated PBMC
and FBS, the immunostimulatory potential of TGF-βRII-
Ig might not be separated from its effects of reversing
TGF-β1 immunosuppression.

In this study, we observed that TGF-β1 serum levels were
elevated in dogs with metastatic OMM, and TGF-βRII-Ig
successfully enhanced Th1 immune responses in PBMC cultures.
The immunostimulatory effects of TGF-βRII-Ig should be further
investigated in clinical studies including OMM dogs.

In conclusion, we confirmed that canine melanoma cells
can produce TGF-β1 and TGF-β1 serum levels in dogs with
melanoma are upregulated. In addition, TGF-β1 suppressed
immune response in dogs. We successfully obtained TGF-βRII-
Ig, which, as expected, reversed the TGF-β1 immunosuppression.
Our results highlighted the potential of TGF-β1 as a target
for canine cancer immunotherapy. Furthermore, the current
findings support the further investigation of TGF-βRII-Ig as
a candidate biologic enhancing anticancer immunity. The
antitumor efficacy and safety of TGF-βRII-Ig should be evaluated
in clinical studies targeting dogs with cancers as a single agent or
in combination with existing treatment modalities.
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Malignant melanoma is a serious disease in both humans and dogs, and the high

metastatic potential results in poor prognosis for many patients. Its similarities with human

melanoma make spontaneous canine melanoma an excellent model for comparative

studies of novel therapies and tumor biology. Gene therapy using adenoviruses encoding

the immunostimulatory gene CD40L (AdCD40L) has shown promise in initial clinical trials

enrolling human patients with various malignancies including melanoma. We report a

study of local AdCD40L treatment in 32 cases of canine melanoma (23 oral, 5 cutaneous,

3 ungual and 1 conjunctival). Eight patients were World Health Organization (WHO)

stage I, 9 were stage II, 12 stage III, and 3 stage IV. One to six intratumoral injections

of AdCD40L were given every seven days, combined with cytoreductive surgery in 20

cases and only immunotherapy in 12 cases. Tumor tissue was infiltrated with T and B

lymphocytes after treatment, suggesting immune stimulation. The best overall response

based on result of immunotherapy included 7 complete responses, 5 partial responses,

5 stable and 2 progressive disease statuses according to the World Health Organization

response criteria. Median survival was 285 days (range 20–3435 d). Our results suggest

that local AdCD40L therapy is safe and could have beneficial effects in dogs, supporting

further treatment development. Clinical translation to human patients is ongoing.

Keywords: immuno oncology, adenoviral vectors, translational medicine, canine malignant melanoma, clinical

trials, AdCD40L

INTRODUCTION

Canine melanoma is a cancer presenting in many different forms, each with different prognosis,
just like its human counterpart. Prognosis is dependent on anatomical location, stage at clinical
presentation and histologic grade. Oral and digital (ungual) malignant melanomas carry the worst
prognosis with a metastatic rate ranging from 40 to 100% at initial diagnosis and a median overall
survival (OS) after radical surgery of less than five months (1–3). Cell proliferation is reported to
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predict survival and a mitotic index >2 is considered of
prognostic significance (3). In contrast to humans, where most
melanomas in the skin are classified as a skin cancer (4),
only about 20% of dermal melanomas in dogs are malignant,
but the high-grade types still result in a poor prognosis.
Ocular melanomas are in general benign, with a few important
exceptions where severe aggressive behavior can be seen, and
also here mitotic index seems the most reliable prognostic
indicator (5, 6). Histological grade, in particular nuclear atypia
and proliferation index using Ki-67, has been shown to correlate
to prognosis (7, 8). Median survival times for dogs with oral
melanoma treated with surgery are approximately 17–18, 5–
6, and 3 months with stage I, II, and III disease, respectively,
clearly indicating that there is an unmet need for developing
adjuvant treatment modalities in high-stage disease. Aggressive
facial and digital surgery in dogs can severely influence normal
function and quality of life post-operatively. A multimodal
therapy approach can therefore contribute to decreased surgical
intensity, while still extending overall survival with fewer adverse
events, for improved animal welfare. Spontaneous models of
tumors in pet dogs have been receiving increased attention as
a comparative asset for many cancers in humans, including
malignant melanoma (9–11).

Immune evasion is one hallmark of cancer and is identified
in both human and canine malignant melanomas (12–14).
Several mechanisms are involved in this process, including T
regulatory (Treg) cell expansion, myeloid derived suppressor
cells, (MDSC), M2 tumor-promoting macrophage switch
and immunosuppressive cancer-derived exosomes (15, 16).
Immunoediting is a stepwise process and can be evolved over
several years (17). In general, the cancer tries to induce and
maintain a chronic inflammatory state and suppress signals
and pathways, creating an acute inflammatory environment
(18, 19). The role of dendritic cells is crucial for genesis and
maintenance of the tumor (20). CD40 is a co-stimulatory
molecule belonging to the tumor necrosis factor superfamily
and is essential in activation of dendritic cells (21). In many
tumors this expression is suppressed and the dendritic cells
are inactivated (22). Hence, reactivation of dendritic cells with
CD40 upregulation is an attractive strategy in immunotherapy
of different tumor models in vitro, in animal models and in
human clinical trials. Adenoviral cancer therapy has long been
recognized as a promising approach and has developed from
monotherapy gene transfer into a combinational approach.
Here oncolytic genetically modified adenoviral systems generate
neoantigen exposure to the tumor-associated immune system.
The transgene product simultaneously activates the immune
system suppressed by the tumor. Adenoviral cancer therapy is
generally seen as an attractive system because of low toxicity
with a convenient and reliable system of gene editing and gene
expression, and was the first viral vector developed for gene
therapy, being approved for clinical trials in 1990 (23). Even if
only a small part of the tumor becomes infected, the cascade
developed in the tumor can still be sufficient to induce a tumor
response as well as creating tumor-specific immune cells that can
move away from the treated tumor and seek and destroy cancer
cells in other locations, and hence an abscopal effect is generated.

Malignant melanoma in humans (HMM) often occurs in the
skin, but it originates from the neural crest; hence malignant
melanoma also can occur on mucous membranes and in the
gastro-intestinal canal, as well as the CNS, here primarily as
metastases. Local low-stage disease has an excellent prognosis,
whilst the 10-year survival in stage IV melanoma is only 10%.
Canine malignant melanomas are in many aspects suggested as
a good comparative model to HMM, particularly the rare non-
UV-induced human melanomas, especially mucosal melanomas
(10). In vitro stimulation in malignant melanomas as well as
intratumoral activation of CD40 in melanoma in mouse models
have shown promising results (24, 25). Two earlier studies
of replication-deficient AdCD40L intratumoral treatment of
spontaneous canine malignant melanoma have been reported
(26, 27). Hence, the rationale is obvious for perusing human
malignant melanoma in a clinical setting (28, 29).

The aim of this current study was to include a larger number
of dogs than previously reported, and with a life-long follow-up,
to present survival data and finally identify long-term effects of
episomal CD40L gene therapy.

MATERIALS AND METHODS

Study Design
This is a long-term follow-up study of a pilot study
using AdCD40L immunotherapy. In addition to the 19
previously reported dogs (26), 13 additional dogs were
added and all dogs were followed up until death. This
data was collected by contacting the dogs’ owners, as well
as retrieving individual patient information available in
the electronical medical record system (Trofast, Sanimalis,
Sweden) at the University Animal Hospital UDS, SLU.
Owners were asked for the date on which their dog
passed away/was euthanized, the reason for ultimate
euthanasia, and if recurrence of melanoma was known to
have occurred.

Between May 2005 and May 2013, 32 client-owned
dogs with spontaneously occurring malignant melanoma
participated in a study of local intratumoral AdCD40L
immunotherapy. AdCD40L therapy and sample collection
were approved by the Swedish Animal Ethical Committee
and the Swedish Animal Welfare Agency (C228/6). A
written consent form from the dog owners was obtained.
The therapy was performed within the University Animal
Hospital (UDS), at the Swedish University of Agricultural
Sciences (SLU).

Dogs were treated with weekly intratumoral and/or metastatic
lymph node injections (n = 1–6) of a human adenovirus
serotype 5 carrying a human CD40 ligand administered under
subcutaneous sedation with medetomidine/butorphanol (0.01
mg/0.1 mg/kg), with local lidocaine (100 mg/ml) anesthetic
spray for oral treatments. All sedated animals were reverted
with intramuscular injection of atipamezole (0.05 mg/kg) post
AdCD40L injection.

At each treatment, blood samples were collected; CBC,
standard clinical chemistry profile, and immunoglobulin
gel electrophoresis were performed. The AdCD40L vector
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was prepared by diluting 37 µl of stem solution (viral
titer 7 × 1010 Pfu/ml) to a volume of 1ml (2.6 × 109

Pfu) with sterile isotonic sodium chloride. This GMP-
produced AdCD40L was constructed at Baylor College
of Medicine, Huston, TX, USA and full description of
the virus is described in (30). Between 1ml and 3ml
AdCD40L were injected each time using a syringe and a
25-gauge needle.

Being a toxicity study on AdCD40L administration in dogs
with high stage/high grade malignant melanomas, initial dogs
started on low doses and few injections, carefully increasing the
dose (volume and titer) to monitor any toxicity. As the toxicity
did not differ between 0.5 and 3ml, it was decided to standardize
the dosing regimen to 1.0ml x 3. Exceptions were made where
owners insisted to have additional treatments as the vaccine had
a positive effect on tumor burden and quality of life. After an
initial dose-escalation phase, the suggested dose (1 ml−2.6 ×

109 Pfu), was considered optimized, as a larger volume could
be difficult to administered in smaller lesions. The protocol also
is analog to human trials, where the final selected dose is used,
regardless on tumor size or weight of the patient. In some trials,
the full dose is given in one selected lesion and in other protocols
the dose can be diluted and divided into several lesions. In our
study, a split dose regime was used. Hence, the dose volume
was adjusted with dilution buffer to render the same injection
volume per tumor lesion for split dose treatments as for full
dose treatment. Detailed information on oncolytic viral dose
calculation in human malignant melanoma is described in (31).
Although, the study is using a conditionally replicative oncolytic
herpes virus, it is still instructive and pivotal in explaining
principles in dose calculation regardless of tumor or patient size
and is the first FDA approved oncolytic virus therapy for human
refractory melanoma (T-VEC, or Imlygic R©).

Tumor tissues sampled pre- and post-treatment were
investigated for immune cell infiltration in 20 of the dogs.
Histological staining was performed according to the method
described previously (27). Briefly, tumor specimens were
fixed in a buffered 10% paraformaldehyde solution and
paraffin embedded. Tissue sections were prepared from
the paraffin-embedded tissues for routine hematoxylin-
eosin staining and immunohistochemistry and subjected to
staining procedures with either monoclonal mouse anti-human
CD3 (clone F7.2.38, DakoCytomation, Glostrup, Denmark)
or monoclonal mouse anti-human CD79 α (clone HM57,
DakoCytomation). The complex expressions were visualized
by using the DakoCytomation EnVision+R system HRP anti-
mouse (K 4001) with diaminobenzidine as substrate. Nuclear
counterstaining was performed with Mayer’s hematoxylin.
Investigations were done according to histologic remission and
immune cell infiltration. Briefly, histologic remission means less
viable tumor cells present after treatment and histologic complete
remission—that is, no tumor cells present post treatment (or post
mortem). Immune cell infiltration was graded 0–3, with 3 being
the highest grade of infiltration. Macroscopic tumor immune
reaction was clinical observation of swelling at the injection
site, ulceration and regional lymphadenopathy occurring days
post immunotherapy.

Clinical Assessment of Response
Response to therapy was categorized in accordance with
WHO criteria, where the products of bidimensional lesion
measurements are summed and the change is calculated from
baseline while on therapy in order to quantify response
(32). More specific CR is specified as complete regression of
measurable soft tissue disease, PR (partial regression, >50% but
<100% regression in one dimension of measurable soft tissue
disease), SD (stable disease,≤50% regression of soft tissue disease
or ≤25% progression), and PD (progressive disease, >25%
increase in measurable disease or appearance of new lesions).
The minimal time interval required between two measurements
for determination of stable disease response was 6 weeks. Best
overall response was defined as the best response recorded from
the start of the treatment until disease progression or recurrence.
Macroscopic tumor lesions were measured by digital caliper
and documented with photography (Figure 1). In addition, dogs
were followed with diagnostic imaging (computer tomography,
radiography and/or ultrasound), using the best suitable modality
for each case. Treatment adverse events were graded according to
the VCOG-CTCAE, version 1.1 (33).

Ultrasound was used very infrequent to follow tumor response
(most commonly to follow non-target lesions or for staging
purposes) and used only if any other modality was considered
inappropriate. If used, the guidelines described in (34) was used,
and more specific, the same machine and operator performed
all examinations for the individual patient. Dogs were rechecked
for as long as clinically necessary to determine survival for each
dog. Overall survival was defined as the time from first treatment
with AdCD40L until subsequent death. All dogs were followed
up until death.

Statistical Analyses
Survival-time distributions were estimated using the Kaplan–
Meier method. Statistical analyses were carried out using JMP
Pro 15.2.1 (SAS Institute Inc., Cary, NC) statistical discovery
software. Univariate survival analysis was carried out for each
parameter. Parameters determined to be of statistical significance
in the univariate analysis according to log-rank testing were
used to stratify Cox proportional hazard models. Parameters
included in this study were weight, sex, breed, WHO stage,
melanotic vs. amelanotic primary tumor, primary tumor location,
presence of local or/and distant metastases, number of AdCD40L
treatments, adverse effects after treatment, response, surgery
after treatment initiation, histologic tumor type and grade. A
parameter with a P-value < 0.05 was considered significant.
Adjusting for multiple testing was performed by Bonferroni
correction (35). The Bonferroni correction compensates for that
increase by testing each individual hypothesis at a significance
level of α/m, where α is the desired overall α level (0.05) and m is
the number of hypotheses.

Kaplan–Meier survival graphs were calculated for stage,
tumor grade, histological type, weight and response, as well
as for patients who underwent surgery in combination with
immunotherapy vs. patients who did not.

For the purpose of this study, tumors were histologically
described as beingmelanotic if any part of the histological sample
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FIGURE 1 | A dog with oral malignant melanoma was presented with bone involvement and lymph node metastases and was considered refractory to surgery. (A,B)

Tumor size measurements were made with a digital caliper and documented with photography with dogs under sedation. Picture (C) shows the first injection of

AdCD40L. Picture (D) shows the second injection of AdCD40L, 7 days after first injection. Please note the rapid organization of the tumor and significantly less

necrotic tissue. The dog started eating as soon as 2 days post first injection, clearly showing an improved quality of life.

was deemed to contain pigment. Multiple tumors which were
histologically described as “mainly amelanotic” have therefore
been classified asmelanotic for the purposes of statistical analysis.
For the purpose of WHO staging, ungual and conjunctival
tumors were classified according to the protocol for dermal or
epidermal tumors, because of the lack of a universal staging
system for tumors of these locations. Patients were also grouped
according to weight and stage for statistical analyses. Weight was
divided into two groups: <20 kg (n = 17) and >20 kg (n = 15).
Similarly, patients were subdivided into three age groups: <9
years (n= 11), 9–11 years (10), and >11 years (n= 11).

When analyzing histologic cell type, groups were dived into
epithelioid, spindle shape, mixed and balloon cell (clear cell)
melanoma. Grade was divided into low and high, with mitotic
index above 2 as the determinant.

RESULTS

Patient Population
The patient population consisted of 32 dogs with spontaneously
occurring malignant melanoma: 22 oral, 5 cutaneous, 3 sub
ungual, 1 nasal and 1 conjunctival (Table 1). Patients were staged
according to the WHO staging system (36). Of the patients
included, 8 were stage I, 9 stage II, 12 stage III and 3 were stage
IV. Median age at the start of therapy was 120 months (48–
168 months). Median weight was 32.2 kg (5–49 kg). Thirteen of
the dogs were intact female, 3 were spayed females, 13 were

intact males and 3 were neutered males. Twenty of the 32 dogs
underwent surgery, 7 before immunotherapy was initiated and
13 after. Three dogs underwent surgery both prior to and after
therapy initiation. The vast majority of surgeries performed were
cytoreductive and not radical with curative intent. Two dogs
underwent a second surgery post AdCD40L immunotherapy
after initial unclean margins. At second surgery no remaining
tumor cells could be detected and the margins were clean, thus
we classified only these two surgeries as curative-intent. One dog
had undergone chemotherapy as part of previous treatment, but
tumor control had not been achieved. The number of AdCD40L
treatments ranged from 1 to 6 with a mean of 3; 15 dogs got
3 treatments and an injection volume between 0.5 and 3ml
depending on tumor volume.

Clinical Response to AdCD40L Treatment
Best overall response according to WHO response criteria,
based only on macroscopic change post immunotherapy was 7
complete response (CR), 5 partial response (PR), 5 stable disease
(SD), and 2 progressive disease (PD) (Table 1). In all cases, a
clinically evident inflammation occurred in the tumor after the
course of AdCD40L injections, with initial edema often followed
by increased firmness and signs of organization. Dogs achieving
a complete or partial response had a significantly longer median
survival (p < 0.0001) (Figure 2). Details related to survival
compared with different responses to therapy are presented in
Table 2.
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TABLE 1 | Study demographics.

Breed Age (Y) Weight (Kg) Gender Stage Grade Histologic type Treatment* BOR Time Sx Surgery Survival (Days)

Golden retriever 8 32 F III H Spindle, amelanotic 1.5ml X2 NA 9 Y 401

American cocker spaniel 11 12.5 M I L Epithelioid 1,5–3 mlX5 NA −30, 40 Y 1,141

Siberian husky 11 26.9 F I H Mixed 1 mlX6 CR 85 Y 645

Dachshund 4 5.2 F II L Epithelioid 1 mlX5 NA −35, 37 Y 3,435

Irish setter 9 37.8 M II L Epithelioid 1 mlX5 CR 81 Y 500

Golden retriever 12 32.8 F III H Balloon cell 2 mlX4 NA 16 Y 130

Mixed 13 32.4 FS III H Mixed, amelanotic 2 mlX3 NA 28 Y 180

Golden retriever 7 31 F III H Epithelioid, anaplastic 2 mlX3 NA 23 Y 279

Irish setter 12 24 F III H Epithelioid 2 mlX3 NA 25 Y 78

Mixed 11 36.5 F I L Spindle 1 mlX3 CR −30 Y 1,083

Flat coated retriever 4 37.5 M I L Epithelioid 1 mlX3 NA 15 Y 2,057

Rottweiler 5 49 M I L Mixed 1 mlX3 NA −15 Y 495

Mixed 5 35 FS I L Epithelioid (cytology) 1 mlX1 NA 15 Y 1,340

Golden retriever 12 33 M II H Mixed 1 mlX3 CR 55 Y 225

Rottweiler 8 34.5 F I L Mixed 1 mlX3 NA 35 Y 1,818

Golden retriever 14 31 M II L Epithelioid 1 mlx3 CR −30 Y 356

Labrador retriever 12 40 MC II L Spindle 1 mlx6 CR −46 Y 336

Giant poodle 14 13 FS II H Epithelioid 1 mlx3 CR 248 Y 260

Risenschnauzer 7 47 F III H Epithelioid 1 mlx2 NA −7, 400 Y 500

Mixed 12 5 MC II H Epithelioid 1 mlx3 NA 35 Y 308

Jack russel 9 7.8 M I H Spindle 1.5ml X6 PR N 290

Basset artesién 14 15.4 M IV H Mixed 0.5–2ml X3 PR N 60

Golden retriever 9 33.8 M III H Epithelioid 2–3ml X3 PD N 100

Border terrier 12 9.9 M III L Epithelioid 1ml X1 SD N 160

Flat coated retriever 8 39.6 M III H Epithelioid 2ml X5 SD N 131

Swedish lapphound 11 23 M III H Mixed 2 mlX3 PR N 48

Danish-Swedish farmdog 9 9.2 M III H Mixed 1 mlX3 SD N 128

Risenschnauzer 8 38 F IV H Mixed 2 mlX2 PD N 20

German shepherd 14 40 MC IV H Mixed 2ml X2 PR N 55

Pumi 13 11.2 FS III H Mixed, amelanotic 2 mlX2 SD N 41

Rottweiler 9 34 F II H Mixed 1 mlX4 SD N 42

Risenschnauzer 6 22 F II L Epithelioid 1 mlx6 PR N 1,211

BOR, Best overall response; CR, Complete response; PR, Partial response; SD, Stable disease; PD, Progressive disease; NA, Not Applicable. Time of surgery (Sx) in days related

to AdCD40L treatment. Some Sx were performed prior to immunotherapy. Two dogs achieved clean margins post 2nd Sx post AdCD40L treatment. *Virus concentration was 2.6 –

109 Pfu/ml.

Overall median and mean survival times were 285 and 558
days, respectively. Median and mean survival for dogs in stages
III–IV were 128 and 154 days (Figure 3). Median and mean
values for all stages are shown in Table 3. Stage was significant,
both as separate stages (p < 0.0001) with Bonferroni correction
for multiple comparisons (p < 0.008), where stage III was
prognostic, as well as where stage was grouped into low (I+II)
and high (III+IV) respectively.

Median and mean survival times for patients who
underwent surgery were 448 days (78–3,435) and 778
days respectively. For patients who did not undergo
surgery combined with immunotherapy, median and
mean survival times were 80 days (41–1,211) and 191
days respectively. Survival was significantly increased
in dogs that also underwent surgery (p < 0.0001)
(Figure 4).

Parameters significant in univariate survival analysis were
breed, age, presence of local/distant metastases, histologic grade,
tumor stage, tumor type, and surgery after therapy initiation.
These parameters were then used to stratify a Cox proportional
hazard model and significance remained for breed (Golden
Retriever) (p< 0.00001), stage (0.00006), age (dogs below 9y lived
longer) (p = 0.0119) and surgery together with immunotherapy
(0.0001). All details regarding survival with or without combined
surgery and AdCD40L treatment are shown in Table 4.

Clinical Immunology
Immunological responses, based on serum cytokine
analysis (TNF-α, IL-8, and the T-cell response
suppressor IL-10) have been reported before for 19
treated dogs, including neutralizing antibodies in
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100% post the third immunotherapy in six tested dogs
(26, 37).

In one case where a metastatic prescapular lymph node was
injected, distant immunoreaction was identified in a previously
undetected metastatic lesion in the brain. This dog developed
seizures three days after each injection with AdCD40L vector
and was euthanized one week post second injection. The CNS
metastatic lesion was examined post mortem and compared
to adjacent normal brain tissue; the metastatic lesion was
infiltrated with T-lymphocytes. The histologic findings, together
with the clinical appearance of seizures occurring three days post
injection, suggest abscopal effect of the AdCD40L injection.

Safety and Toxicity
All adverse events were recorded. Adverse reactions (considered
related to treatment) were seen in twenty out of thirty-two
dogs. Mild transient fever developed in seven, and five had
mild inappetence/anorexia. Twenty dogs had swelling at the
injection site, and this was most prominent in dogs that
received AdCD40L therapy in a metastatic lymph node. Five

FIGURE 2 | Survival plot comparing prognosis for different responses. Best

overall response according to WHO response criteria, based on macroscopic

change due to AdCD40L therapy was 7 complete response (CR; red line), 5

partial response (PR; blue line), 5 stable disease (SD; yellow line), and 2

progressive disease (PD; green line). Dogs achieving a complete or partial

response had a significantly longer median survival (p < 0.0001). Dotted line

combined group.

dogs had a mild and transient increase in liver enzymes after
treatment; one had a grade 2 increase in both alanine amino
transferase (ALT) and alkaline phosphatase, and another had
a grade 2 rise in ALT (graded according to the Veterinary
Cooperative Oncology Group Common Terminology Criteria
for Adverse Events [VCOG-CTCAE] following chemotherapy
or biological antineoplastic therapy in dogs and cats v1.1) (33).
No other adverse effects were noticed. The adverse reactions
after AdCD40L injection seemed to decline after one or two
treatments, which corresponded to an increase in adenovirus-
specific neutralizing antibodies in serum post therapy.

Due to the low toxicity and that no increase in toxicity
could be registered even when the virus titer increased up to
3ml (2.6 × 109 Pfu/ml), and that 100% of the dogs developed
neutralizing antibodies after three injections, it was decided to
use a regimen of 3 times 1ml injection, irrespective of tumor size
or number of lesions in the latter half of the trial. Exceptions were
made, where owners requested additional injections where a clear
tumor response was achieved.

Histopathology
Histological evaluation was performed in 31 dogs (one case only
diagnosed with cytology), showing 15 epithelioid melanomas,
4 spindle cell melanomas, 12 mixed type melanomas and 1
balloon cell melanoma (Table 1). The histological diagnosis of
melanoma was based on the histological classification of tumors
in domestic animals according to cytological appearance, number
of mitoses, pleomorphism, and presence of anaplastic and poorly
differentiated cells (38). However, histological evaluation alone is
not always a reliable prognostic indicator; rather the combination
of oral location andmorphology indicatingmalignancy support a
worse outcome of melanoma in dogs. In the case where diagnosis
was based on fine needle aspiration biopsy, a board-certified
veterinary clinical pathologist analyzed the cytology and the
tissue specimen was reported to contain a high frequency of
mitoses and a round cell population of markedly pigmented cells.
Thus, a tentative definition of epithelioid, high-grade malignant
melanoma was made.

Several publications report proliferation as a consistent
prognostic marker of malignant melanoma in dogs. Hence, a
grading into low and high grade was made with mitotic index
(MI) of >2 per 10 high power field (HPF) as the determinant.
With this subdivision, 12 tumors were low grade and 20 were
high grade and this was significant (p < 0.0001) (Figure 5).

TABLE 2 | Details related to survival compared with different responses to therapy in 19 dogs with macroscopic response to AdCD40L therapy.

Response Number Mean (D) Std error Median (D) Lower 95% Upper 95% p

CR 7 772* 104.6 1,083 336 · <0.0001

PD 2 60 40 60 20 100

PR 5 649* 239.7 290* 48 1,211 <0.0001

SD 5 100.2 24.7 128 41 160

Combined 19 601 97 356 160 1,211

Dogs achieving CR and PR had a significant longer survival compared to the rest of the groups. CR, complete response; PR, partial response; SD, stable disease; PD, progressive

disease; *significant p < 0.008, Bonferroni correction for multiple comparisons.
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FIGURE 3 | Survival plot (A) all stages (B) Stages I+II (red) and III+IV (blue). Dotted line combined group.

TABLE 3 | Comparison of survival between different stages.

Stage N Mean Std error Median (D) Lower 95% Upper 95% p

I 8 1108.6 220.4 1,112 290 1,818

II 9 741.4 354.0 336 42 1,211

III 12 181.3 41.1 131¤ 48 279 0.0001

IV 3 45 12.6 55 20 60

I+II 17 914.2 212.8 500 290 1,211

III+IV 15 154.1 35.7 128* 48 160 0.0001

Combined 32 558 131.6 285 130 495

Stages also merged in low (I+II) and high (III+IV) to equal group size. Survival was significantly lower in stage III compared to all other groups. When only comparing low (I+II) and high

(III+IV) stage, it was a significantly worsened prognosis in high stage. ¤Significant, p < 0.008, Bonferroni correction due to multiple comparisons. *Significant, p < 0.05.

FIGURE 4 | Survival plot comparing AdCD40L immunotherapy only (n = 12,

red line), median 80 days and combined with surgery (Sx) (n = 20, blue),

median 448 days. Survival was significantly longer in dogs that also underwent

surgery combined with immunotherapy p < 0.0001. Dotted line combined

group.

For full details of survival data in different histology grades,
see Table 5. Immune activation by AdCD40L therapy was seen
in several of the patients. An increase in the infiltration of
immune cells was seen in 8 of 11 dogs. Histological grading
described in (26) was based on lymphocyte counts of random
representative areas in the tumors, and defined as: none = 0, 1–
10 lymphocytes per high power field = 1, 11–30 lymphocytes
per high power field = 2, and >30 lymphocytes per high
power field = 3. Tumor regression was seen histologically in
25 of 32 cases. There was an initial significant relationship
between histological tumor type and overall survival, with
the mixed type showing a worse outcome (p < 0.035),
although with Bonferroni correction for multiple comparison
(p < 0.008) this significance was lost (Figure 6). Details of
the outcome depending on histologic type are presented in
Table 6. No statistical significance was seen in the relation
between the increase of immune cell infiltration after treatment
and overall survival. A comparison was made on survival
depending on melanotic (n = 25) or amelanotic (n = 7). No
statistical difference on survival between the groups were seen
(p < 0.11).
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TABLE 4 | Comparison of survival between dogs only treated with immunotherapy and dogs also undergoing surgery.

Group N Mean (D) Std error Median (D) Lower 95% Upper 95% p

AdCD40L only 12 191 95.2 80 41 160

Surgery plus AdCD40L 20 778 187.8 448* 260 1,083 <0.0001

Combined 32 558 131.6 285 130 495

Survival was significantly longer in dogs that also underwent surgery combined with immunotherapy (p < 0.0001). *Significant, p < 0.05.

FIGURE 5 | Survival plot: low grade (red line, n = 12) vs. high grade (blue line,

n = 20) (p < 0.0001). Dotted line combined group. Survival was significantly

lower in high grade disease.

DISCUSSION

We describe responses, overall survival and toxicity in a large
group of dogs with a single tumor type, where there still is an
unmet need regarding treatment modalities. Reported median
survival time for dogs with stage II melanoma treated with
curative intent surgery alone is less than five months, and in
dogs with grade III or IV it is less than two to three months
(1, 3, 39). In the current study, median survival for dogs in
all stages was 285 days, whilst for dogs in stage II it was 336
days, and for stages III–IV was 128 days. Although this was not
a randomized study aiming at proving efficacy, these survival
times compare favorably to the previously reported figures.
This suggests that AdCD40L immunotherapy has potential
value in therapy of canine malignant melanoma CMM, either
as adjuvant in a multimodal treatment setting, or for use as
a primary therapy form when alternatives are not feasible.
Finally, surgeries performed in this study were cytoreductive. In
contrast to radical surgery, partial removal of the tumor leads
to rapid recurrence locally, with short subsequent survival (39).
The addition of AdCD40L immunotherapy as a consolidating
therapy allowed survival comparable to situations when radical
surgery is possible. Importantly, in contrast to radical surgery,
immunotherapy plus cytoreductive surgery allowed high quality
of life and functioning, with only mild and transient adverse
reactions. Hence, the results encourage further investigation

of the potential of adenoviral gene therapy in dogs with
malignant melanoma.

Many different immunotherapy studies in canine malignant
melanoma have been published (40). As many different
techniques and case selection are involved, comparisons are
hard to conduct. Different methodologies for gene transfer
has been tested, such as CSPG4 (41), xenogenic Tyrosinase
(42) and hgp100 (43). Collectively, macroscopic responses to
immunotherapy are modest, but toxicity are tolerable and usually
overall survival is reported to be favorable when combining with
other therapies, preferentially surgery. To our knowledge, our
studies are still the only one reporting responses in naturally
occurring malignant melanomas in dogs using oncolytic viral
therapy, although the technique is considering a promising
modality also in dogs and many in vitro studies have been
conducted (44, 45). The long-follow up time in this study is a
strength and also rather unique, but comparable with at least
one gene therapy clinical trial with a similar long-term follow-
up published in the field (46). Oncolytic viral treatment in other
canine malignancies are also reported (47).

A single pathologist (T.S.) reviewed the majority, but not
all of the tumors. Since some of the tumors could not be re-
evaluated, interpretation was done using the original histology
reports. Currently, there is no consensus grading of canine
malignant melanoma. Ramos-Vara and colleagues made the
most promising attempt in 2000, using 338 oral malignant
melanoma cases (38). Here several prognostic features were
reported, and a score was described. Both in this study and
as previously reported, proliferation stands out as a fairly
robust prognostic indicator, where a mitotic index (MI) >2
is reported to shorten overall survival in many different types
of malignant melanomas regardless of anatomic location (3,
38, 48). We therefore grouped the tumors into low and high
grade if proliferation was reported to be MI >2. With this
rather simple categorization, grade was prognostic with a median
overall survival (OS) of 1,112 days with low-grade and only 131
days with high-grade tumors. One tumor was only diagnosed by
cytology, but as the tumor was examined by a board-certified
veterinary clinical pathologist and had so many cytological
features of a high-grade malignant melanoma (and many visible
mitotic figures), it was classified as an epithelioid high-grade
malignant melanoma.

At least one clear case of abscopal effects of distant
reaction in a CNS metastatic lesion was registered in the
study. In future prospective studies with stronger funding
allowing e.g. more frequent use of advanced digital imaging,
the true occurrence of abscopal effect can be verified in
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TABLE 5 | Comparison of survival between different histologic grades.

Histology grade N Mean (D) Std error Median (D) Lower 95% Upper 95% p

Low 12 1,161 270.5 1,112 336 1,818

High (MI) >2 20 196.1 37.9 131* 55 279 <0.0001

Combined 32 558 131.6 285 130 495

Survival was significantly lower in the cases with a high mitotic index. *Significant, p < 0.05.

dogs with melanoma treated with AdCD40L therapy.
Comparing the OS data in this study with historic controls,
especially as many dogs received no other treatment than
immunotherapy for macroscopic malignant melanoma, the
likelihood of abscopal effects in more dogs is, however,
very high.

In human oncology several clinical trials have been conducted
with AdCD40L therapy, prior to radical surgery (22, 49).
(22, 49). Here, reference to the current dog study is of
comparative value, as many of the dogs did not receive
any surgery at all and the vast majority of those did not
undergo radical surgery. These two factors have been reported
to significantly worsen prognosis in dogs (39). A clinical
trial with 15 treatment-refractory patients with malignant
melanoma received intratumoral injections of AdCD40L (28).
Nine of the patients also received low-dose cyclophosphamide
conditioning before the first and fourth AdCD40L injection.
As in dogs with malignant melanoma, the side effects were
few with mild transient reactions. No macroscopic objective
responses were recorded by MRI, but local and distant
responses were seen on FDG-PET. Survival at six months
appeared improved when cyclophosphamide was added to
AdCD40L. The patients with the best survival developed
the highest levels of activated T cells and experienced a
pronounced decrease of intratumoral IL8. The results are
encouraging for proceeding with adenoviral and CD40 directed
treatment modalities.

No dogs were treated with immune interfering medication
before AdCD40L injections. This enables a clean description
of toxicity, but also the true efficacy of injections alone.
Based on current understanding within immuno-oncology, the
initial suppression of e.g. Tregs will potentiate the following
immune therapy given. In one study, Mitchell and colleagues
reported that the veterinary-registered TKI toceranib (Palladia,
Zoetis, USA) had similar reduction potential of Tregs as
classic low-dose cyclophosphamide (50). Toceranib is a multi-
kinase inhibitor, closely related to sunitinib (51). The use
of toceranib, as a conditioner in association with immune
therapy in cancer patients, would also promote an antagonistic
action toward VEGF, as well as add to the collective action
to tilt the inflammatory environment in the tumor toward
a less angiogenic environment with fewer immunosuppressive
lymphocytes and more Th1 cells and M1 macrophages (1, 3, 38,
52–56).

The parameters found to be significant in association with
OS were: Breed, Age, Stage, Grade, and Surgery together
with immunotherapy.

FIGURE 6 | Survival plot comparing prognosis in different histological groups.

Epithelioid (n = 15, red line), spindle type (n = 4, green line), mixed type (n =

12, blue line) and one balloon cell (clear cell) melanoma. Dotted line combined

group. Mixed cell type had a p-value of p < 0.035, which was not considered

significant when addressing the Bonferroni correction for multiple comparisons

(p < 0.008).

Stage being a significant parameter complies with earlier
reports (1–3). Considering that stage is a widely used prognostic
tool it was expected that a correlation between stage and OS
would be observed. This supports the validity of the WHO
staging system as a prognostic tool. An expanded, revised staging
system has been suggested, withmore prognostic factors included
(39). Herein the need to compensate for body weight is suggested,
as a primary tumor with a diameter of 4 cm in a small-sized dog
of 5 kg should be considered worse than the same tumor size
in a dog weighing 40 kg. In our study we found a trend toward
survival benefit for dogs weighing >20 kg (median OS of 495
vs. 225 days), although this was not statistically significant. If
the study had been larger, the possibility of this finding being
significant would likely increase. On the other hand, it is reported
that increased bodyweight is negatively correlated with longevity
in dogs (57).

Breed has also been shown in one previous study to be
associated with OS (58). The most common breed in this study
was the Golden Retriever, making up 6 of 32 patients, supporting
the suggestion that this breed is particularly predisposed to
CMM (38), although the patient group cannot be considered
representative of the population as a whole because of the
small sample size. No conclusions can be drawn in regard
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TABLE 6 | Comparison of survival between different histologic types.

Histology type N Mean (D) Std error Median (D) Lower 95% Upper 95% p

Epithelioid 15 790 240.5 356 131 1,141

Spindle 4 528 186.6 369 290 1,083

Mixed 12 313 148.3 94 41 495 0.035

Balloon cell 1 130 0 130 0 0

Combined 32 558 131.6 285 130 495

The initial deceased survival detected in the mixed group was lost when using Bonferroni correction (p < 0.008) for multiple comparisons. MI, Mitotic index.

to specific breeds’ positive or negative correlations with OS,
although an unpowered significant difference was observed due
to the fact that there were in most cases only one or two patients
representing each breed.

Age was correlated to OS as dogs below 9y lived longer (p =

0.0119; Bonferroni correction (p < 0.012), when the dogs were
categorized into three equal sized groups; <9, 9–11 and >11
years. Younger dogs have fewer co-morbidities and owner’s may
be more prone to invest in advanced treatments for younger
animals. Still the significance is borderline and not interpreted
as a major finding in this study.

Surgery showed a positive correlation with OS. This result
may, however, be biased, for a number of reasons. Unfeasibility
of radical surgery was one of the entry criteria for the clinical
trial, emphasizing the exceptionally long survival time observed
in the study. Whether or not a dog underwent surgery as part
of treatment at a later stage may also have been influenced by
a number of factors including the owners’ personal feelings,
age of the dog, previous treatment history, financial situation,
etc. However, our results suggest that cytoreductive surgery may
be useful in combination with immunotherapy for achieving
the best results. The underlying mechanism may relate to the
immunosuppressive nature of large tumors, partly conducted
through tumor exosomes and generation of a pre-metastatic
niche (59). Physically removing some of the immunosuppressive
mass may facilitate the long-term effects of immunotherapy.

Tumors were staged according to the WHO staging scheme
(36). The WHO staging, with a few exceptions, is divided into
localization-specific tumor protocols. This study included tumors
originating from cutaneous, oral, nasal, conjunctival and ungual
tissue. However, due to a lack of specific protocol for conjunctival
and ungual tumors according to the WHO staging scheme,
these tumors were staged according to the criteria for dermal or
epidermal tumors.

Spontaneous tumors in dogs have been suggested as
good comparative models to human cancers. They occur
spontaneously, in immunocompetent animals, often have similar
or identical histologic appearance, share metastatic preferences
and pattern, respond to the same type of treatment protocols
(surgery, chemotherapy, radiotherapy and immunotherapy) and
share the same environment as their owners (60–63). The
pet dog has also been suggested as a good model to inform
drug development and cancer treatment trials in humans (64).
The comparative aspects of malignant melanoma in dogs have

been extensively reviewed, showing both molecular biological
similarities and thanks to a spontaneous developing tumor in an
immune competent animal, ideal for investigating new treatment
modalities, especially immunotherapy (10, 11, 14, 65). Finally, the
rapidly increasing resolution of the dog genome sequence makes
canine comparative oncology studies easier to perform with high
accuracy (66).

The findings in this study, with encouraging survival data,
low toxicity and the achievement of good quality of life during
and post treatment in such a complicated tumor in dogs,
supports the usefulness of the canine melanoma model for
developing and informing parallel clinical studies in humans with
malignant melanoma.
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Canine oral malignant melanomas (OMMs) exhibit a variety of morphologic phenotypes,

including a spindloid variant. The microscopic diagnosis of spindloid OMMs is based

on junctional activity and/or the presence of melanin pigment. In the absence of these

features, spindloid OMMs are difficult to differentiate from soft tissue sarcomas (STS). An

antibody cocktail (MDX) that includes Melan-A, PNL2, and tyrosinase-related proteins

1 and 2 (TRP-1 and TRP-2) is the current gold standard for identifying amelanotic

OMMs by immunohistochemistry (IHC). However, MDX is less sensitive for diagnosing

spindloid amelanotic OMMs. This raises concern for biopsy specimens that lack overlying

epithelium, making it potentially difficult to differentiate OMM from STS by IHC. The goal

of this study was to identify additional markers to help differentiate between STS and

OMMs that lack pigment and junctional activity. SOX-10 has recently been proposed

as a sensitive marker for melanocytes in humans but has not been validated in dogs.

Similarly, RNA expression for various genes has been analyzed in humans, but not in

the context of diagnosing canine melanocytic neoplasms. For this retrospective study,

formalin-fixed, paraffin-embedded tissues from 20 OMMs, 20 STS, and 20 oral spindle

cell tumors (OSCTs) that lacked junctional activity and pigmentation were selected.

IHC for MDX, SOX-10, and laminin, in parallel with RT-qPCR of TYR, SOX10, CALD1,

CD34, DES, and LAMA1, was performed in all cases. TYR, CD34, and CALD1 were

the most discriminatory genes in differentiating between OMM and STS, all having

100% specificity and 65, 95, and 60% sensitivity, respectively. While all 20 OMMs were

immunohistochemically labeled for SOX-10, two STS were also labeled (100% sensitivity

and 90% specificity). MDX IHC labeled all 20 OMMs and no STS. Surprisingly, none of the

20 OSCTs expressed TYR RNA above the cutoff, and 14/20 OSCTs expressedCALD1 or

CD34 RNA above the cutoff, thereby confirming them as STS. Four OSCT were suspect

STS, and no OSCTs were confirmed as OMMs based on IHC and RNA expression

patterns. In conclusion, the RNA levels of TYR, CD34, and CALD1 should be evaluated
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in suspected amelanotic OMMs that are negative for MDX to accurately differentiate

between OMM and STS.

Keywords: melanoma, soft tissue sarcoma, tyrosinase, CD34, caldesmon, SOX10, SOX-10, canine

INTRODUCTION

Oral malignant melanomas (OMMs) are the most common
malignant oral neoplasm in dogs (1–3). They are locally invasive
and have a high rate of metastasis to local lymph nodes and to
the lungs (1, 2). An overall median survival time of 6 months
has been reported (from surgical removal to time of death)
(1, 2, 4). The mean age at diagnosis is 10–11 years of age, and
certain breeds appear to be overrepresented, including poodles,
golden and Labrador retrievers, Rottweilers, Yorkshire terrier,
cocker spaniels, chow-chows, Scottish terriers, and dachshunds
(2). Canine OMMs exhibit variable morphologic phenotypes,
including epithelioid, spindloid, mixed, whorled, balloon cell,
signet ring cell, clear cell, and adenoid cell types (5). In dogs,
OMMs most commonly present, similarly to human mucosal
melanomas, with an intraepithelial component (junctional
activity), lentiginous spread, and extensive subepithelial vertical
growth that causes the actual mass effect (5, 6). The spindloid
phenotype represents 34% of OMMs according to Ramos-Vara
et al. (7) and is diagnosed histologically based on the presence
of melanin pigment and junctional activity. In the absence of
these morphologic features, spindloid amelanotic OMMs are
difficult to differentiate from oral soft tissue sarcomas (STS)
microscopically (8). Such distinction is important as STS, in
contrast to OMMs, rarely metastasize and are primarily treated
with surgery and/or radiation therapy with a significantly longer
reported median survival time of 540 days (8). While some
antibodies such as Melan-A and PNL2 have been shown to
be highly specific in differentiating OMMs from STS, other
antibodies with high sensitivity for detecting OMMs, such
as MITF-1 and S100, have poor specificity and also label a
large percentage of STS (3). Currently, the most sensitive and
specific method to diagnose amelanotic OMMs in dogs is
immunohistochemical labeling with a cocktail of four antibodies:
Melan-A, PNL2, and tyrosinase-related proteins 1 and 2 (TRP-1
and TRP-2) (3). We previously demonstrated that this antibody
cocktail has 100% specificity and 93.9% sensitivity in detecting
canine oral melanocytic neoplasms compared to STS (3). In
that study, the spindloid phenotype was the least likely variant
to label with the individual specific melanocytic markers and
the antibody cocktail. In three out of nine cases of spindloid
OMMs, the antibody cocktail did not label the spindle cell
component in the subepithelial portion of the mass (vertical
growth portion). Furthermore, intraepithelial neoplastic cells
are the most likely neoplastic cells in OMMs to label with
melanocytic markers as they are the most differentiated cells
(3). As the epithelium overlying canine oral malignancies is
commonly ulcerated, surgical biopsies of spindloid amelanotic
OMMs often present a challenge in routine diagnostics. The true
incidence of OMMs within this specific group of oral spindle cell
tumors (OSCTs) that lack pigmentation and junctional activity

is unknown, and identification of novel markers capable of
differentiating between OMMs and STS would advance our
diagnostic capabilities.

Antigens such as CD34, SOX-10, caldesmon, laminin, and
desmin have been shown to be expressed in various types
of STS in dogs (9); however, their utility to differentiate
spindloid amelanotic OMMs from oral STS in dogs has not
been studied in detail. In human melanomas, not only has the
expression of melanoma-associated proteins been investigated
with immunohistochemistry (IHC) but also numerous studies
have investigated gene expression patterns for their diagnostic
and prognostic utility (10, 11). The expression of tyrosinase
has been especially investigated as it is both immunogenic and
essential in key processes of melanogenesis (12). The expression
of TYR mRNA has been detected in 100% of investigated
human melanoma cell lines in some studies (10), and others
found that high mRNA levels of TYR in human metastatic
melanomas were predictive of overall improved survival (11).
Similar studies have not been conducted in dogs. The goal of
this study was to investigate the RNA and protein expression
of melanoma-associated markers, as well as markers associated
with STS, to establish expression patterns for these two entities
and, ultimately, to accurately differentiate spindloid amelanotic
OMMs from non-melanocytic OSCTs.

MATERIALS AND METHODS

Case Selection
Three groups, including OMMs, subcutaneous STS, and
OSCTs, of 20 cases each were selected from the Michigan
State University Veterinary Diagnostic Laboratory archives
of formalin-fixed, paraffin-embedded tissues that had been
submitted for routine surgical biopsy between 2008 and
2020. All samples had been fixed in 10% neutral buffered
formalin, routinely processed, embedded in paraffin wax,
sectioned at 5µm, and routinely stained with hematoxylin and
eosin. Diagnoses were independently established for all cases
through review by two board-certified pathologists (MK and
TT). The first group (OMM group) included 20 dogs with
OMMs (Figures 1A,B) that were predominantly spindloid and
exhibited junctional activity but were poorly pigmented (<5%
of neoplastic cells). All cases in this group were positive for
the melanoma diagnostic antibody cocktail (MDX) that contains
antibodies against Melan-A, PNL2, TRP-1, and TRP-2. The
second group (STS group) included 20 dogs with subcutaneous
STS that were immunohistochemically negative for MDX and
exhibited features of malignant fibrous tumors, malignant nerve
sheath tumors, and malignant perivascular wall origin tumors
(Figures 2A,B). The last group (OSCT group) included 20 dogs
with OSCTs (Figures 3A,B), defined as being predominantly
composed of spindloid neoplastic cells that had no pigmentation,
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FIGURE 1 | Oral malignant melanoma (OMM), hematoxylin and eosin staining.

(A) OMM with junctional activity and composed predominantly of subepithelial

spindloid cells with <5% containing pigment. Magnification, ×4. (B) Higher

magnification of (A) highlighting junctional activity (intraepithelial nests within

the basal layer of the epithelium). Magnification, ×40.

that were negative for MDX and that were present at the
epithelial–subepithelial junction but lacked junctional activity
(neoplastic cells were not identified within the basal layer of the
epithelium). These neoplasms were all classified as malignant
based on their high cellularity, poor degree of differentiation, and
invasion into the adjacent stroma.

RNA Extraction and RT-qPCR
Regions of high tumor cellularity (at least 80%), away from
the overlying epithelium, from inflammation, and from
necrosis, were selected (manually shaved) for RNA extraction
from each case. Total RNA was isolated from formalin-fixed,
paraffin-embedded tissue using RecoverAllTM Total Nucleic
Acid Isolation Kit (ThermoFisher Scientific, catalog#AM1975)

FIGURE 2 | Soft tissue sarcoma (STS), hematoxylin and eosin staining. (A)

STS composed of sheets of spindloid cells. Magnification, ×4. (B) Higher

magnification of (A) highlighting spindle cells arranged in a fingerprint pattern.

Magnification, ×20.

according to the protocol of the manufacturer. Following
deparaffinization with CitroSolv, tumor tissue was incubated
in proteinase K containing lysis buffer. RNA was quantified
using Qubit (ThermoFisher Scientific, catalog#Q32852). Six
hundred nanograms of total RNA was treated with TURBO
DNA-freeTM (ThermoFisher Scientific, catalog#AM1907) to
remove contaminating DNA. First-strand cDNA synthesis
was performed using SuperScript III Reverse Transcriptase
(ThermoFisher Scientific, catalog#18080044) with random
primers (Promega, catalog#C1181). The cDNAwas then column-
purified by using QIAquick PCR Purification Kit (QIAGEN,
catalog# 28104) and eluted with distilled nuclease-free water
at 5 ng/µl. For the determination of specific gene expression,
each primer was designed with Primer3 software (13, 14). The
primers for TYR, SOX10, CALD1, CD34, DES, and LAMA1 are
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FIGURE 3 | Oral spindle cell tumor (OSCT), hematoxylin and eosin staining.

(A) OSCT with no junctional activity, but the neoplastic cells are present at the

epithelial–subepithelial junction, are predominantly spindloid, and have no

pigment. Magnification, ×4. (B) Higher magnification of (A) highlighting

neoplastic cells at the epithelial–subepithelial junction. Magnification, ×20.

listed in Supplementary Table 1. Ten nanograms of cDNA was
used as the template in the reaction mixture for quantitative
real-time PCR, using SYBR Green (ThermoFisher Scientific,
catalog# 4309155) according to the recommendations of the
manufacturer. The protocol was as follows: initial denaturation
at 95◦C for 30 s, followed by 40 cycles of denaturation at 95◦C
for 5 s, annealing at a temperature suitable for each gene marker
for 10 or 20 s, and extension at 72◦C for 10 s. The baseline
was set automatically, and the threshold Ct was defined as
the number of cycles in which the fluorescence exceeded the
automatically set threshold. A normal gingival tissue sample
was chosen as a calibrator, and the ratio of each target gene to
the beta-2 microglobulin expression for each tumor sample was
normalized by the same ratio for the normal tissue sample using

the delta-delta Ct (11Ct) method. Each sample was assayed in
triplicate. A control and a reference were included in every run.

Immunohistochemistry
Routine immunohistochemical labeling was performed
as previously described (3) using MDX (which contains
antibodies against Melan-A, PNL2, TRP-1, and TRP-2)
and antibodies against SOX-10, laminin, desmin, and S100
(Supplementary Table 2). IHC for MDX, SOX-10, and laminin
was performed on all three groups. In addition, IHC for desmin
was performed on STS and OSCTs only, and IHC for S100 was
performed on OSCTs only. For desmin, laminin, and S100, IHC
was performed on a Bond autostainer automated system using
BOND Polymer Refine Detection kit (Leica Microsystems).
For MDX and SOX-10, IHC was performed on Dako Omnis
using EnV FLEX HRP Magenta (Agilent). Positive and negative
controls for each antibody were used appropriately in every run
(Supplementary Table 2). IHC for tyrosinase was attempted
using two different antibodies but was unsuccessful (data
not shown).

Histological Examination
Immunohistochemically labeled sections were scored as
previously described (3) by two board-certified pathologists (RS
and MK). Briefly, percentages of positively labeled neoplastic
cells were semi-quantitatively scored using the following cutoffs:
≤10% (considered negative and identified as N), 11–50%
(assigned a score of 1), 51–80% (assigned a score of 2), or
81–100% (assigned a score of 3). For MDX, neoplasms were
also considered positive if intraepithelial nests, consisting of
at least five clustered neoplastic cells, labeled positively or
if there were aggregates of at least 20 neoplastic cells that
labeled positively anywhere within the neoplasm as previously
described (3). The sensitivity of SOX-10 IHC as a melanocytic
marker was determined based on the ability of the antibody to
positively label the 20 OMMs, and specificity was determined
based on the absence of labeling of the 20 STS, which served as
negative controls.

Statistical Analyses
Data are presented as means ± SEM. The differential expression
of OMM relative to STS genes was analyzed by Student’s t-test.
Cutoff values for relative RNA levels were determined using
receiver operating characteristic (ROC) curve. Sensitivity was
determined based on the number of cases (OMM or STS) above
the established cutoff value; specificity was determined based
on the number of (OMM or STS) cases below the established
cutoff value. A value of P ≤0.05 was considered statistically
significant. Analyses were performed using Prism software, v.6.01
(GraphPad Software).

RESULTS

Based on the selection criteria, MDX IHC correctly labeled all
20 OMMs and did not label any of the 20 STS and none of
the 20 OSCT (Figure 4; Table 1). In two OMM cases, MDX
IHC labeling was limited to the intraepithelial nests of neoplastic
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FIGURE 4 | Oral malignant melanoma (OMM) and soft tissue sarcoma (STS) stained with hematoxylin and eosin or immunohistochemically labeled with the melanoma

immunodiagnostic cocktail (MDX; red cytoplasmic labeling) or SOX-10 (red nuclear labeling) with hematoxylin counterstaining. OMM with red cytoplasmic labeling for

MDX with a score of 3 and red nuclear labeling for SOX-10 with a score of 3. STS negative for MDX and red nuclear labeling for SOX-10 with a score of 3.

Magnification, ×20.

melanocytes and was absent in the subepithelial neoplastic
spindloid melanocytes. SOX-10 IHC labeling was also seen in
all 20 OMMs, but two STS labeled as well (100% sensitivity and
90% specificity in diagnosing OMM). Six of the OSCTs labeled
for SOX-10 (Figure 5; Table 2). IHC labeling for laminin was
detected in the basement membranes surrounding neoplastic
cells in six OMMs and 18 STS (90% sensitivity and 70% specificity

in diagnosing STS). Only one STS had cytoplasmic labeling for
desmin. Sixteen OSCTs labeled for laminin and two for desmin
(Figure 5). In addition, five OSCTs labeled for S100.

Following RT-qPCR for TYR, SOX10, LAMA1, DES, CD34,
and CALD1, the cutoff values for relative RNA levels were
determined using ROC curves (Table 3). Thirteen OMMs
expressed TYR RNA levels above the cutoff value, all 20 OMMs
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TABLE 1 | Number of cases with immunohistochemical expression of tested

antibodies in oral malignant melanomas (OMM) and soft tissue sarcomas (STS).

OMM STS

MDX SOX-10 Laminin MDX SOX-10 Laminin Desmin

Epi onlya 2 0 0 NA NA NA NA

≤10%b 0 0 14 20 18 2 19

11–50% 5 0 4 0 0 10 1

51–80% 7 3 2 0 1 6 0

81–100% 6 17 0 0 1 2 0

Total # positive 20 20 6 0 2 18 1

NA, not applicable.
aExpression limited to intraepithelial nests.
bNeoplasms with ≤10% of cell labeling were considered negative.

expressed SOX10 RNA above the cutoff value, and six and one
OMM expressed LAMA1 RNA and DES RNA above the cutoffs,

respectively (Table 4). None of the OMMs expressed CD34 RNA

or CALD1 RNA above the cutoffs. In contrast, none of the STS

expressed TYR RNA levels above the cutoff value, and only three

STS expressed SOX10 RNA above the cutoff (Table 5). The two

STS cases with the highest SOX10 RNA expression also labeled
for SOX-10 with IHC. All except one STS expressed CD34 RNA
above the cutoff. CALD1 and DES RNA levels above the cutoffs
were detected in 12 and seven STS, respectively. There was a
statistically significant difference in the RNA expression levels of
select genes in OMM relative to STS (Figure 6) for TYR (192,538
± 65,305 vs. 107.5 ± 106.7; p < 0.05), SOX10 (405.5 ± 93.65 vs.
35.14± 27.53; p< 0.05), CD34 (4.462± 0.9124 vs. 372.9± 159.2;
p< 0.05), andCALD1 (24.21± 5.784 vs. 166.7± 43.97; p< 0.01).
No significant difference in RNA expression levels was identified

FIGURE 5 | Oral spindle cell tumor. Serial sections stained with (A) hematoxylin and eosin or immunohistochemically labeled for (B) SOX-10 showing red nuclear

labeling or for (C) laminin showing brown basement membrane labeling or for (D) S100 showing brown cytoplasmic labeling. Magnification, ×20.
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TABLE 2 | Number of cases with immunohistochemical expression of tested

antibodies in oral spindle cell tumors (OSCT).

MDX SOX-10 Laminin Desmin S100

≤10%a 20 14 4 18 15

11–50% 0 1 10 0 2

51–80% 0 0 3 0 2

81–100% 0 5 3 2 1

Total number of positive 0 6 16 2 5

aNeoplasms with ≤10% of cell labeling were considered negative.

TABLE 3 | Cutoff values for RNA expression levels of each gene determined by

receiver operating characteristic curve to establish sensitivity and specificity.

Cutoff (arbitrary units) Sensitivity (%) Specificity (%)

SOX10a 19.4 100 85

TYRa 9,709 65 100

CD34b 15.9 95 100

CALD1b 90.0 60 100

DESb 0.065 35 95

LAMA1b 66.2 30 70

aSensitivity and specificity were calculated for oral malignant melanoma (OMM) relative to

soft tissue sarcoma (STS).
bSensitivity and specificity were calculated for STS relative to OMM.

between OMMs and STS for LAMA1 (241.8 ± 135.1 vs. 249.3 ±
149.4) andDES (0.1405± 0.1327 vs. 0.1040± 0.03911). Based on
these data, the specificity and the sensitivity of TYR RNA levels
for detecting OMM were 100 and 65%, respectively (Table 3).
The specificity of CD34 and CALD1 RNA levels above the cutoff
level for detecting STS was also 100%, and the sensitivity for
these tests was 95 and 60%, respectively. In contrast, SOX10 RNA
levels had a specificity of only 85% for detecting OMM but a
sensitivity of 100%. When analyzing the OSCT group by RT-
qPCR, none of the cases expressed TYR RNA above the cutoff
level, but 14 OSCTs expressed either CD34 or CALD1 RNA,
consistent with a diagnosis of STS (Table 6). Of the remaining
six OSCTs, three (#2, #18, and #19) expressed SOX10 RNA above
the cutoff level. Of these three OSCTs, one (#19) expressed DES
RNA and was positive for laminin and negative for S100, desmin,
and MDX by IHC. SOX10 RNA was also expressed above the
cutoff level in two OSCTs that had either CD34 or CALD1 RNA
levels above the cutoffs (#1 and #20). In total, five OSCT cases
expressed DES RNA and seven OSCT expressed LAMA1 RNA
above the cutoff. A final diagnosis for each OSCTwasmade based
on the combined RNA expression and immunohistochemical
labeling results. Fourteen OSCTs were diagnosed as STS based
on RNA levels above the cutoffs for either CD34 or CALD1, no
expression of TYR RNA, and lack of labeling for MDX by IHC.
Two of these 14 OSCTs labeled positively by IHC for desmin
and five for S100, suggesting a differentiation toward pericytes
or smooth muscle cells and nerve sheath cells, respectively. Two
of the remaining six OSCTs were diagnosed as undifferentiated
malignant neoplasms, as they lacked expression and labeling

patterns that supported either an OMM or STS. The remaining
four OSCTs were diagnosed as suspect STS. While three of those
OSCTs had RNA expression levels of SOX10 above the cutoff
and immunohistochemically labeled for SOX-10, one OSCT also
had RNA expression levels for DES above the cutoff, and all
four OSCTs were immunohistochemically positive for laminin
and negative for MDX and did not express TYR RNA, making
a diagnosis of STS more likely.

DISCUSSION

Canine oral spindloid amelanotic malignant neoplasms present
a diagnostic challenge for veterinary pathologists. As junctional
activity and pigmentation are two of the most distinct diagnostic
features of OMMs, tissues submitted for surgical biopsy that lack
surface epithelium and pigmentation often require additional
molecular testing for an accurate diagnosis. In this study, we
were able to demonstrate that analysis of the expression of TYR,
CALD1, and CD34 RNA accurately differentiated STSs from
OMMs. TYR encodes one of the most studied melanin enzymes
that plays a crucial role in the early steps of melanin synthesis
and has been detected in 100% of investigated humanmelanomas
in some studies (8). The proteins encoded by CD34 and CALD1
have been shown to be expressed in various types of STS in dogs,
but not melanocytic neoplasms (3, 7, 13). Furthermore, based on
the results of this study, the immunodiagnostic MDX cocktail
containing antibodies against Melan-A, PNL2, TRP-1, and TRP-
2 remains the gold standard for accurately differentiating OMMs
from STS and other undifferentiated malignant neoplasms in a
routine diagnostic setting. While two of the cases in the OMM
group could not be confirmed as OMMby IHCwithout inclusion
of the overlying epithelium, the MDX cocktail was 100% specific
and did not label any STS or OSCT in this study as defined
by the selection criteria. We had hypothesized that some of
the OSCTs could represent true OMMs that simply did not
label with MDX IHC in the sections that were available for
examination. Unexpectedly, this appears unlikely based on our
results, especially the RNA expression analysis results, that any
of the 20 OSCTs represent an OMM. A total of 14 of 20 OSCTs
were instead confirmed as STS based on their RNA expression
pattern, as these tumors had levels ofCALD1 orCD34RNA above
the cutoff values and lacked the expression of TYR RNA. Of the
remaining six OSCTs, all were negative for TYR RNA and lacked
immunohistochemical labeling for S100, which has been reported
to be commonly expressed in undifferentiated OMMs (7). One of
these six OSCTs labeled strongly for laminin by IHC (in ≥81%
of neoplastic cells), and a similar strong IHC labeling for laminin
was not observed in OMMs in this study. Another one of these
OSCTs expressedDES RNA levels above the cutoff, which is more
consistent with a diagnosis of STS rather thanOMM. Lastly, three
of these six cases had SOX10 RNA levels below the cutoff, making
a diagnosis of OMM highly unlikely. Thereby, it is highly likely
that 18/20 OSCTs in this study represented STS. Only two of the
20 OSCTs could not be classified as OMM or STS based on their
RNA expression patterns and immunophenotyping and were
diagnosed as undifferentiated malignant neoplasms. However, it
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TABLE 4 | Relative RNA levels and immunoreactivity of oral malignant melanoma.

RT-qPCR (relative RNA levels) IHC (score N, 1, 2, 3)a

CALD1 CD34 DES LAMA1 SOX10 TYR MDX SOX-10 Laminin

1 50 2.7 ND 15 585 1,014,163 3 3 N

2 42 11.2 0.06 239 1,788 29 1 3 2

3 6 0.8 ND 62 268 17,284 1 3 1

4 7 2.1 0.02 264 196 ND 3 3 N

5 12 2.9 ND ND 421 372,535 2 3 N

6 24 13.0 ND ND 279 467,252 2 3 N

7 23 11.4 ND 240 239 884,650 3 2 N

8 4 1.2 0.01 20 133 149,618 2 3 N

9 4 2.2 ND 66 314 235,907 2 3 N

10 14 3.2 ND ND 29 ND Epi 2 1

11 12 9.6 0.05 477 376 238,549 3 3 N

12 5 2.7 ND 8 154 ND 2 3 N

13 14 5.9 ND 2,691 545 103,153 2 3 1

14 41 9.7 ND ND 176 49,260 3 3 N

15 22 1.5 2.66 664 964 191,577 3 3 N

16 89 1.8 ND ND 318 ND Epi 3 N

17 9 2.4 ND ND 62 ND 1 3 N

18 89 1.8 ND 3 131 44,317 1 2 1

19 14 ND ND 24 988 82,463 2 3 N

20b 1 3 2

20b 3 3.2 0.01 61 142 ND

Gray background, RNA expression above cutoff or positive immunohistochemical labeling; ND, not detected; Epi, positive labeling was exclusively within the mucosal epithelium and

thus precluded scoring.
aPercentages of positive cells were assigned a score of N (≤10% positive labeling of neoplastic cells), 1 (11–50%), 2 (51–80%), or 3 (81–100%).
bTissue in paraffin block was depleted, and another block from the same tumor was used for RT-qPCR.

is highly unlikely that these neoplasms represent undifferentiated
OMMs based on the absence of expression of both TYR and
SOX10 RNA as well as the lack of immunolabeling for MDX
and SOX-10. These data clearly indicate that the incidence of
STS among canine oral spindloid amelanotic neoplasms that lack
junctional activity is significantly higher than assumed and that
such cases require additional testing to avoid misdiagnosis as
an OMM.

Intraepithelial nests of neoplastic melanocytes tend to
represent the most differentiated stage of neoplastic melanocytes,
and the inclusion of intact overlying epithelium in biopsies
is essential for making an accurate diagnosis of spindloid
amelanotic OMM (3, 15). While the MDX IHC cocktail has been
shown to be highly sensitive and specific in detecting OMMs,
we propose, based on the data presented here, that for OSCT
cases that lack surface epithelium and that areMDX-negative, the
relative expression levels of TYR, CD34, and CALD1 RNA should
be evaluated to discriminate between OMMs and STS.

SOX-10 is a transcription factor essential for neural crest and
peripheral nervous system development and the formation of
melanocytes (16). It has recently been used as a diagnostic IHC
marker for humanmelanocytic neoplasms, as it is highly sensitive
for detecting such tumors, including spindloid and desmoplastic
subtypes (17). However, SOX-10 is essentially a pan-Schwannian
and melanocytic marker (18). It commonly labels human

peripheral nerve sheath tumors, including neurofibromas (95–
98%), schwannomas (98–100%), and malignant peripheral
nerve sheath tumors (29–50%), and has also been detected
in myoepitheliomas, granular cell tumors, and mammary
carcinomas, among others (19, 20). STS are much less common
in humans than in dogs and, as such, are rarely considered as
a differential for spindloid amelanotic melanomas. The use of
SOX-10 IHC for the diagnosis of OMM in dogs had not yet been
validated. In our study, SOX-10 IHC had 100% sensitivity but
only 90% specificity, and, similarly, there was 100% sensitivity
and only 85% specificity using relative SOX10 RNA levels to
discriminate between OMM and STS. The evaluation of SOX-
10 expression by both IHC and quantitation of SOX10 RNA
expression in routine veterinary diagnostics is of limited use for
diagnosingmelanomas, similar to the evaluation of S100 orMITF
expression (5). The lack of immunoreactivity for SOX-10 may
be useful to exclude a melanocytic neoplasm, but labeling for
SOX-10 should not be used as a single criterion for confirmation
of a diagnosis of OMM. While in our study only 2/20 STS had
immunoreactivity for SOX-10 and an additional tumor expressed
SOX10 RNA levels above the cutoff, five cases in the OSCT
group had a strong immunoreactivity for SOX-10 and SOX10
RNA levels above the cutoff. This difference in the percentage
of cases in which SOX-10 expression was identified between
STS and OSCT raises concern that our selection of STS may
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TABLE 5 | Relative RNA levels and immunoreactivity of soft tissue sarcoma.

RT-qPCR (relative RNA levels) Immunohistochemistry (score N, 1, 2, 3)a

CALD1 CD34 DES LAMA1 SOX10 TYR MDX SOX-10 Laminin Desmin

1 91 18.7 0.01 8 ND 2,134 N N 1 N

2 547 903.8 0.06 66 ND ND N N 1 N

3 54 127.5 0.02 ND 1 ND N N 1 N

4 33 95.1 ND 64 ND ND N N 1 N

5 727 895.5 0.07 ND 41 ND N N 1 N

6 118 254.8 0.03 ND ND ND N N 1 N

7 16 120.5 0.01 26 1 ND N N 1 N

8 279 137.6 ND 1,416 1 ND N N 2 N

9 415 3,192.8 0.36 36 10 ND N N 1 N

10 97 29.3 ND ND 548 ND N 3 3 N

11 51 117.6 0.48 121 ND ND N N 1 N

12 15 5.8 ND 115 100 ND N 2 3 N

13 153 85.9 0.08 2,762 ND ND N N N N

14 124 68.7 ND 202 ND 16 N N N N

15 40 318.2 0.11 23 ND ND N N 1 N

16 342 304.7 0.02 125 ND ND N N 2 N

17 106 396.0 0.19 3 ND ND N N 2 N

18 40 303.4 0.61 7 ND ND N N 2 1

19 28 25.0 0.02 8 ND ND N N 2 N

20 58 57.2 0.01 2 ND ND N N 2 N

Gray background, RNA expression above cutoff or positive immunohistochemical labeling; ND, not detected.
aPercentages of positive cells were assigned a score of N (≤10% positive labeling of neoplastic cells), 1 (11–50%), 2 (51–80%), or 3 (81–100%).

FIGURE 6 | Relative RNA expression levels of (A) CALD1, (B) CD34, (C) DES, (D) SOX10, (E) TYR, and (F) LAMA1 in oral malignant melanoma vs. soft tissue

sarcoma. *p < 0.05, **p < 0.01.

have been biased toward less differentiated tumors, leading to
an underestimation of the number of SOX-10-positive STS. The
reason for this speculation is that none of the five OSCTs with
immunoreactivity for SOX-10 and SOX10 RNA levels above

the cutoff had expression levels of TYR RNA above the cutoff,
which does not support a diagnosis of OMM. Furthermore,
the RNA levels of CALD1 and CD34 were above the cutoffs
for two of these five OSCT. There was 100% specificity for a
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TABLE 6 | Relative RNA levels and immunoreactivity of oral spindle cell tumors.

RT-qPCR (relative RNA levels) Immunohistochemistry (score N, 1, 2, 3)a Diagnosisb

CALD1 CD34 DES LAMA1 SOX10 TYR MDX SOX-10 Laminin Desmin S100

1 219 7.5 0.01 38 236 ND N 3 3 N N STS

2 53 4.1 0.03 44 704 ND N 3 2 N N Suspect STS

3 125 98.7 ND 42 ND 231 N N 2 N 2 STS

4 4 2.1 ND 77 ND ND N N N N N UMN

5 219 3.7 0.46 6 ND 229 N N 1 N N STS

6 57 16.4 0.73 571 ND ND N N 1 3 N STS

7 397 24.3 4.43 82 ND 7 N N 1 3 N STS

8 79 22.3 ND ND ND ND N N 1 N N STS

9 168 24.6 0.01 16 2 9 N N 1 N N STS

10 70 58.2 0.01 134 ND ND N N 1 N 3 STS

11 9 37.3 ND ND ND ND N N N N N STS

12 35 14.5 0.01 58 ND ND N N 1 N N UMN

13 21 19.2 0.05 6 ND 82 N N N N N STS

14 10 3.5 0.04 19 10 1 N 1 1 N N Suspect STS

15 34 21.0 0.16 71 ND ND N N 1 N N STS

16 111 112.5 ND 530 ND ND N N 2 N 1 STS

17 12 84.6 ND ND ND ND N N N N 1 STS

18 7 4.0 ND 47 195 18 N 3 3 N N Suspect STS

19 12 10.1 0.11 ND 56 ND N 3 1 N N Suspect STS

20 11 16.0 ND 114 79 ND N 3 3 N 2 STS

Gray background indicates RNA expression above cutoff or positive immunohistochemical labeling.

ND, not detected; STS, soft tissue sarcoma; UMN, undifferentiated malignant neoplasm with no gene expression or immunohistochemical features of STS or oral malignant melanoma.
aPercentages of positive cells were assigned a score of N (≤10% positive labeling of neoplastic cells), 1 (11–50%), 2 (51–80%), or 3 (81–100%).
bFinal diagnosis based on RNA expression and immunohistochemical labeling.

diagnosis of STS using an evaluation of CALD1 and CD34 RNA
expression levels; following this paradigm, having the expression
of CALD1 and CD34 RNA above the cutoff levels for detection
excluded a diagnosis of OMM for these two cases. Lastly, one
of the remaining three OSCTs with immunoreactivity for SOX-
10 and SOX10 RNA levels above the cutoff had RNA expression
levels for DES RNA above the cutoff, and all three cases were
immunohistochemically positive for laminin and negative for
S100, which are features supportive of a diagnosis of STS.

To summarize, of the 20 OSCT cases, there were only five
that could have been potentially diagnosed as OMMs based on
the SOX-10 IHC and/or SOX10 RNA data. Two of these were
instead confirmed as STS based on CALD1 and CD34 RNA
expression levels. For the remaining three cases, the lack of
S100 labeling, expression of DES RNA above the cutoff in one
case, and varying degrees of laminin labeling make a diagnosis
of STS highly likely; therefore, these cases were diagnosed as
suspect STS. One more case was diagnosed as a suspect STS,
as it lacked an expression not only of SOX10 and TYR RNA
but also of CALD1, CD34, and DES RNA. In addition, it was
negative for S100 and expressed low levels of laminin and
low levels of SOX-10. An alternative classification of this case
as an undifferentiated malignant neoplasm could be argued,
considering the low numbers of IHC-positive cells.

Laminin is a key component of basement membranes
and has been used as a marker for malignant peripheral

nerve sheath tumors in dogs (9). Interestingly, in a minipig
model of melanomas, neoplastic melanocytes were surrounded
by the granular expression of laminin as evaluated by
immunofluorescence (21). In humans, immunohistochemical
labeling for laminin surrounding neoplastic melanocytes has
been identified within the dermis (22). Neither RNA nor the
protein expression of laminin has previously been investigated
in canine OMMs. In our study, there was immunoreactivity
for laminin in the pericellular matrix surrounding STS cells in
90% (18/20) of cases and surrounding neoplastic melanocytes
in 30% (6/20) of cases. As such, the use of laminin IHC lacks
the specificity needed to be a useful marker to discriminate
between OMMs and STS. Additionally, the correlation between
IHC and RNA levels for laminin was very poor, most likely due
to sample heterogeneity within the analyzed portions of the mass.
In general, sample heterogeneity may have a negative impact on
both IHC results and RNA expression levels regardless of the
target, especially when evaluating small punch biopsies. However,
based on the consistency of RNA expression and IHC data in
our study, the analysis of regular biopsy samples minimized
the impact of sample heterogeneity for most evaluated targets,
e.g., SOX-10.

Based on the combination of IHC and RNA expression results,
OSCTs represent a highly heterogeneous group of neoplasms,
with most representing soft tissue sarcomas. As determined by
immunoreactivity for desmin and S100, two and five OSCT
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cases had myopericyte and nerve sheath cell differentiation,
respectively. Despite the limitations of using laminin IHC as a
diagnostic criterion as discussed above, six OSCT cases had a
widespread laminin immunoreactivity (score 2–3), and half of
these cases were also positive for S100 by IHC, supporting nerve
sheath cell differentiation. All five S100 IHC-positive OSCTs also
had RNA expression levels for CD34 above the cutoff, supporting
a differentiation toward a perivascular wall tumor phenotype.
Interestingly, while one of the OSCTs that was immunoreactive
for desmin also had an RNA level of CALD1 above the cutoff,
supporting myopericyte differentiation, the other desmin IHC-
positive case had low CALD1 RNA levels. Of the 12 OSCTs with
CD34 RNA expression levels above the cutoff, four also had
CALD1 RNA levels above the cutoff, and three had DES RNA
levels above the cutoff. Most surprisingly, two OSCTs had RNA
levels above the cutoffs for both CALD1 and DES, and one of
these two cases also had CD34 RNA levels above the cutoff. It
is unclear whether these results simply reflect the heterogeneity
of the analyzed samples (e.g., high vascularity) or if such diverse
expression patterns are a reflection of the reactivation of genes
that encode different lines of mesenchymal differentiation by
malignant mesenchymal cells (9).

Tyrosinase is a copper-containing membrane glycoprotein
that represents a key enzyme in the initiation of melanogenesis
(23). The expression of TYR RNA has been detected in human
melanoma cell lines (10). As expected, TYR RNA expression
was highly specific for the detection of OMM in this study,
and none of the STS or OSCT expressed TYR RNA above
the cutoff. While the high specificity of TYR RNA expression
for the detection of OMM could be exploited as a future
diagnostic test, a sensitivity of 65% was an unexpectedly low
result. In a study in human melanomas, only 74% of metastatic
melanomas expressed TYR RNA (10). The lack of pigmentation
in amelanotic or metastatic melanomas has been suggested as
the cause for the inability to detect TYR RNA (24). All OMMs
in this study were poorly pigmented, and RNA was extracted
from large tumor areas rather than from sites where neoplastic
cells were pigmented. This explanation is further supported by
the negative TYR RNA results for the two OMMs that were
only MDX-positive within intraepithelial nests, as the epithelium
was excluded from RNA extraction in this study. Increased
copy number gains in 8q24 at MYC have been detected in
90% of cutaneous melanomas in humans (24). The oncogene
c-myc has been shown to have upstream regulatory effects
on melanogenesis through suppression of the microphthalmia-
associated transcription factor (MITF), which regulates the
expression of tyrosinase (25). The downregulation of TYR has
been observed in amelanotic melanomas with gains in 8q24 as
a result of this mechanism (24). A similar genetic alteration
may have caused the loss of expression of TYR RNA in our
study. As the immunogenic tyrosinase has been found to be
overexpressed in malignant melanocytes, as compared to normal
cutaneousmelanocytes (26), vaccines against tyrosinase that elicit
a cytotoxic T cell immune response that targets melanocytes
expressing tyrosinase have been used successfully in humans
(27). Similarly, an important therapeutic option for OMMs is the
xenogeneic human tyrosinase DNA-based vaccine, ONCEPT R©

(28). Interestingly, in our study, only 13 OMMs had extremely
high relative levels of TYR RNA (to the order of 105), while
seven cases had very low to imperceptible levels of relative RNA
expression. An association between TYR RNA expression levels
in canine OMM and responsiveness to the ONCEPT R© vaccine
has not been investigated. In a follow-up study, we intend to
investigate a potential correlation between TYR RNA expression
levels by OMMs and their responsiveness to the ONCEPT R©

canine melanoma vaccine.

CONCLUSION

In conclusion, this study determined that relative RNA
expression levels of TYR, CD34, and CALD1 discriminate
between canine oral melanomas and soft tissue sarcomas.
Moreover, RT-qPCR for the RNA expression of TYR, CD34, and
CALDmay be a useful diagnostic tool following a negative MDX
result in suspected spindloid amelanotic OMM cases that lack an
overlying epithelium.
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Uncontrolled proliferation is a key feature of tumor progression and malignancy. This

suggests that cell-cycle related factors could be exploited as cancer biomarkers

and that pathways specifically involved in the cell cycle, such as the Rb-E2F

pathway, could be targeted as an effective anti-tumor therapy. We investigated

34 formalin-fixed paraffin-embedded (FFPE) tissue samples of canine cutaneous

melanocytoma, cutaneous melanoma, and oral melanoma. Corresponding clinical

follow-up data were used to determine the prognostic value of the mRNA expression

levels of several cell cycle regulated E2F target genes (E2F1, DHFR, CDC6, ATAD2,

MCM2, H2AFZ, GINS2, and survivin/BIRC5). Moreover, using four canine melanoma cell

lines, we explored the possibility of blocking the Rb-E2F pathway by using a CDK4/6

inhibitor (Palbociclib) as a potential anti-cancer therapy. We investigated the expression

levels of the same E2F target gene transcripts before and after treatment to determine

the potential utility of these molecules as predictive markers. The E2F target gene

H2AFZ was expressed in 91.43% of the primary tumors and H2AFZ expression was

significantly higher in cases with unfavorable clinical outcome. Among the other tested

genes, survivin/BIRC5 showed as well-promising results as a prognostic marker in canine

melanoma. Three of the four tested melanoma cell lines were sensitive to the CDK4/6

inhibitor. The resistant cell line displayed higher expression levels of H2AFZ before

treatment compared to the CDK4/6 inhibitor-sensitive cell lines. The present results

suggest that CDK4/6 inhibitors could potentially be used as a new anti-cancer treatment

for canine melanoma and that H2AFZ could serve as a prognostic and predictive marker

for patient selection.

Keywords: dog, melanoma, cancer biomarker, CDK4/6 inhibitor, E2F target genes

INTRODUCTION

Increased proliferation is an important characteristic of tumorigenesis. The proliferation rate is
routinely estimated immunohistochemically using the Ki67 antibody (MIB-1). The level of Ki67
expression (as Ki67 index) is widely accepted as an indicator of prognosis and used as a prognostic
marker in a number of human (1) and canine cancers (2–6). This indicates that a high degree
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of proliferation is a common feature of tumor malignancies and
their progression, suggesting the potential to target molecules
and pathways specifically involved in cell proliferation and cell
cycle as an effective anti-tumor therapy (7).

One of the most often deregulated pathways during cancer
development and progression is the Rb-E2F pathway. This
pathway is initiated by cyclin-dependent kinases (CDKs)
that are able to phosphorylate the Rb protein. Once Rb is
hyperphosphorylated, it detaches from the E2F proteins. E2F
family members are transcription factors playing a crucial
role in the regulation of cellular proliferation, apoptosis, and
differentiation. The E2F family consists of activator E2Fs and
repressor E2Fs that together provide a balanced regulation of
the expression of E2F transcriptional target genes (8). E2F target
genes are involved in cell cycle regulation, DNA replication,
DNA repair, and mitosis (9), thus, their transcripts seem to
represent valuable prognostic biomarkers in cancer. Indeed, to
date several E2F target genes have been proposed as tissue
prognostic markers in different human tumor types, including
non-small cell lung cancer, lymphoblastic leukemia, and gastric
cancer (10–16). However, data on E2F target genes in canine
cancers are extremely limited. Survivin, a protein encoded by the
E2F target gene BIRC5, has been suggested as a prognosticmarker
in several canine tumors, including cutaneous melanoma (17).

In dogs, melanocytic tumors can arise from the skin and
from the mucosa, with the oral mucosa being the most frequent
location of this type. While cutaneous melanocytic tumors in
dog are frequently bening (called melanocytoma), canine oral
malignant melanoma (MM) is in general a highly aggressive
tumor, with high similarities with the human counterpart (18–
20). Similar to human mucosal MM, canine oral MM is often
associated with an aggressive malignant behavior with rapid
invasion of surrounding normal tissues, frequent metastasis (21),
and resistance to therapy (22).

Although numerous works have aimed to find new effective
prognostic markers for canine MM, there is still a lack of
reliable ones, and Ki67, beside specific histological features of
malignancy, remains the only currently available established
prognostic marker (2, 23, 24). However, there are still some
limitations to its use, such as the presence of some cases with low
Ki67 index but poor prognosis (2), the lack of consistency in Ki67
assessment on microscope, and inter-observer variations (25).

CDK4/6 inhibitors, namely palbociclib, ribociclib, and
abemaciclib, represent novel effective therapies and are currently
Food and Drug Administration (FDA) and European Medicines
Agency (EMA) approved for the treatment of breast cancers
in humans, in combination with other therapeutics (26, 27).
They share the same mechanism of action-based on the specific
inhibition of the Rb-E2F pathway and consequent cell cycle
arrest. A growing body of evidence indicates that these drugs
could be used for other malignancies, such as those with
poor prognoses, including metastatic melanoma (27). Cyclin-
dependent kinases CDK4 and CDK6 represent promising
therapeutic targets in human melanoma. Their inhibition affects
cancer cell proliferation, blocking the progression from G1 to
S phase, and inhibit the metastatic potential of melanoma cells,
reducing their migration and angiogenesis (28). Furthermore,

CDK4/6 inhibition is able to induce anti-tumor immunity
by increasing tumor immunogenicity. This effect seems to be
mediated by different mechanisms: enhancing tumor antigen
presentation, suppressing the proliferation of regulatory T
cells (Tregs) and, as a consequence, promoting cytotoxic T
cell-mediated clearance of tumor cells (29). Specifically, the
anti-proliferative effects of CDK4/6 inhibitors on both tumor
cells and Tregs appear to be associated with reduced activity of
DNA methyltransferase 1, that is encoded by the E2F target gene
DNMT1 (29). In dogs, CDK4/6 inhibitors have been recently
proposed for the treatment of canine mammary tumors, based
on promising in vitro investigations (30).

In order to select patients for this specific type of therapy,
biomarkers are required. Loss of function of the Rb protein,
as well as Cyclin E and E2F3 gene amplification have been
identified as new putative markers of CDK4/6 inhibitor
resistance (31). CDK4, CDK6, and cyclin D1 amplification, and
CDKN2A loss are considered markers of CDK4/6 inhibitor
sensitivity (31). Since the Rb-E2F pathway ends with the
activation of E2F target genes, their expression levels could
be investigated as potential sensitivity or resistance markers of
CDK4/6 inhibition.

The aim of the present work was to investigate the prognostic
utility of a pool of E2F target genes by correlating their levels
of expression in primary melanocytic tumors with clinical
follow-up data. Secondly, we wanted to investigate the effect
of a CDK4/6 inhibitor in four oral melanoma cell lines
to provide a valid scientific rationale for the use of this
approach in the treatment of canine oral melanoma. Finally,
the variations of E2F target gene expression in treated and
untreated, resistant or sensitive cell lines were analyzed in
order to understand the potential utility of these molecules as
predictive biomarkers.

MATERIALS AND METHODS

Patients’ Selection, Follow Up Data
Collection
A retrospective study was performed on formalin-fixed, paraffin-
embedded (FFPE) tissue samples submitted to the diagnostic
laboratory or veterinary teaching hospitals of the Department of
Veterinary Medicine of the University of Perugia in the period
between 2009 and 2016. Cases were included in the present study
only if they met the following inclusion criteria:

• good quality of the specimen (i.e., no artifacts due to
incomplete fixation or fulguration artifacts);

• diagnosis of primary mucosal melanoma, cutaneous
melanoma, or cutaneous melanocytoma, confirmed by
immunohistochemistry (positivity for either Melan A or
PNL2) for poorly pigmented or amelanotic cases;

• no antineoplastic therapy (i.e., chemotherapy, radiation)
before surgery/biopsy;

• for incisional biopsies of large tumors, a surface area on cut
section >1 cm;

• availability of follow-up information and a minimum follow-
up period of 365 days after surgery.
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From our sample series tumor relapses and metastases
were excluded.

Thirty-four melanocytic tumors (14 oral melanomas,
16 cutaneous melanomas, 4 cutaneous melanocytomas)
were selected. Follow-up information was collected for each
case: clinicopathological information was retrieved through
telephonic interviews with referring veterinarians or through
the collection of medical records data from internal cases
(Supplementary Table 1). The clinical outcome of dogs that
died because of the tumor was considered “unfavourable,”
while the one of patients that survived or died due to causes
unrelated to melanoma was considered “favourable.” The overall
survival (OS) was the time from first diagnosis/appearance to
death for any cause; disease-free survival was the time from
first diagnosis/appearance to the first event of recurrent disease
or metastasis or death. The recurrence was considered as the
reappearance of the tumor at the site of origin after removal.

Tumor Tissue Collection and Histologic
Examination
Samples in this study were partially included in a previous
study on the usefulness of tumor thickness and modified Clark
level for the evaluation of canine melanocytic tumors (24). All
samples were histologically evaluated for the parameters having
the greater validity for prognostic use in canine melanocytic
neoplasia according to the current literature (23, 24).

Sections (4µm thick) were cut from the paraffin blocks
and stained with H&E. The tumors were evaluated blindly
and independently by two boarded pathologists (CB, IP).
Tumors were reclassified using histologic parameters with the
highest level of statistically supported validity for prognostic
use in canine melanocytic neoplasia, based on the recent
classification (23, 24). According to these criteria, all tumors
that had concomitant lymph node/distant metastases had been
correctly classified as malignant (“melanoma”). Mitotic count
was performed for each case counting the number of mitotic
figures in 10 contiguous non-overlapping HPF (40X objective
and ocular of 22mm), starting from the area of highest
mitotic activity and avoiding areas with necrosis or severe
inflammation. Poorly pigmented, amelanotic melanoma cases
were confirmed by immunohistochemistry using anti-MelanA
(mouse monoclonal, A103-M27C10-M29E3, Abcam, ab200544,
antigen retrieval in Tris-EDTA pH 9.0, dilution 1:150) and anti-
PNL2 antibodies (mouse monoclonal, Santa Cruz, sc-59306,
antigen retrieval in Citrate buffer pH 6.0, dilution 1:150). Ki67
index was evaluated on slides stained by immunohistochemistry
using anti-ki67 antibody (clone MIB-1, Code number: GA626,
Agilent-Dako, Glostrup, Denmark, antigen retrieval in Tris-
EDTA pH 9.0, dilution 1:150), and calculated by means of
image analysis on a minimum of five photos (40x), acquired
from intratumoural hotspots. Areas of necrosis, inflammation,
and superficial ulceration were avoided. Pictures were taken
from non-contiguous hot spot areas where Ki-67 seemed to be
highly expressed. The minimum number of cells/cases to count
was set to 1,000. The count was performed manually by one
operator using the Multi-point tool of ImageJ software (NIH,

Bethesda, MD, USA). Ki67 index was calculated as the number
of positive cells on the total number of counted cells. Negative
and positive controls (Supplementary Figure 1) were applied in
the immunohistochemical experiments for the three antibodies.

Cell Lines
Four canine melanoma cell lines were used
(Supplementary Table 2): LMCK, CMM10, and CMM12 were
kindly provided by N. Sasaki, T. Nakagawa, K. Saeki, University
of Tokyo, Japan (32); OLGA by Raffaella de Maria, University
of Turin, Italy (33). The cell lines had been regularly tested
and confirmed to be mycoplasma-free. LMCK, CMM10, and
CMM12 had been in culture for >70 passages at the time of this
study, and OLGA cells were at passage 20. LMCK, CMM10, and
CMM12 cell lines were maintained in Dulbecco’s Modified Eagle
Medium/Ham’s F-12 (DMEM/F-12, Invitrogen, Waltham, USA)
supplemented with 10% fetal bovine serum (FBS, Invitrogen)
and 1% penicillin/streptomycin (P/S, Invitrogen). OLGA cells
were maintained in Dulbecco’s Modified EagleMedium (DMEM,
Invitrogen) supplemented with 10% FBS and 1% P/S. The cells
were cultured in a humidified atmosphere containing 5% CO2

at 37◦C. All cell lines grew as monolayer cultures and were
maintained by passage when they reached over 90% confluence.

Genes and Primers Selection
To identify candidate biomarkers, we analyzed previously
published gene expression signature data from tumor cell lines
and tumor tissue samples (34–38) for E2F target genes that are
highly expressed in tumors. The most abundantly expressed E2F
target genes, with prognostic significance and that had been
validated as classical E2F target genes using ChIP-sequencing
(39) were selected: E2F1, DHFR, CDC6, ATAD2, MCM2, H2AFZ,
GINS2, and survivin/BIRC5.

Canine primers for E2F target gene transcripts
(Supplementary Table 3) were designed using the Primer3
design tool and were based on coding mRNA sequences.
Canine primers for housekeeping genes GAPDH and RPS5
(Supplementary Table 3) were kindly provided by Louis
Penning (Utrecht University, the Netherlands).

RNA Isolation and RT-qPCR
In order to isolate RNA from cells, cells pellets were lysed in
RLT buffer (included in the RNeasy mini kit, Qiagen) containing
10% ß-Mercaptoethanol (Merck). RNA was isolated from cells
using the RNeasy mini kit (Qiagen, cat. n. 74104) according to
the manufacturer’s procedure. The optional DNase digestion step
was also included.

In order to isolate RNA from FFPE tumor tissue samples,
five, 5 µm-thick paraffin sections were obtained for each sample.
An RNA isolation commercial kit was used following the
manufacturer’s instructions (Purelink FFPE Total RNA Isolation
Kit, Invitrogen, cat. n. K1621), where at first a deparaffinization
step was included. Briefly, 300 µl Melting Buffer was added
to FFPE samples, then the samples were centrifuged for 10–
20 s at maximum speed (13,000 g) and incubated for 10min at
72◦C. Next, samples were incubated with 20 µl Proteinase K (20
mg/ml) with occasional mixing for 3 h at 60◦C directly followed
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by centrifugation for 1min at maximum speed. The lysate below
the formed thin paraffin layer was transferred into clean RNase-
free tubes for the RNA isolation step. Both tissue and cellular
RNA quantity and quality were assessed with a Nanodrop R©

ND-1000 spectrophotometer.
In order to perform reverse transcription and quantitative

real-time PCR, cDNA was synthesized using the RevertAid First
Strand cDNA Synthesis Kit (Invitrogen) with random hexameric
primers. In the qPCR reactions, an equivalent of 10 ng RNA
was used with 3 µl 1.5µM primermix (Biolegio, Nijmegen, the
Netherlands), containing both forward and reverse primers, and
12.5 µl SYBR R© Green mastermix (Bio-Rad, cat. n. 4364346,
California, USA) in a 25 µl reaction. For all primer sets,
optimum melting temperatures were determined. Additionally,
PCR amplification efficiencies were tested using 10-fold dilution
series of cDNA.

Using the BioRad CFX Connect real-time PCR detection
system (Bio-Rad, cat. n. 1855201), an initial denaturation step
was performed at 95◦C for 3min, followed by 40 cycles of
denaturation at 95◦C for 10 s, and annealing/extension at 61◦C
for 30 s. All reactions were performed in duplicate and negative
controls were included.

The expression of each E2F target gene was normalized to
two reference genes (GAPDH and RPS5). For RNA derived
from the cultured cells the normalized expression was presented
relative to the expression level of the same genes in the control
(untreated) samples [11Ct method, (40)]. For FFPE tumor
tissue RNA the normalized expression was presented relative
to the expression level of the same genes in the melanocytoma
(benign tumor) samples.

CDK4/6 Inhibitor Treatment
In order to determine the effective dose of CDK4/6 inhibitor
palbociclib (PD-0332991, Merck) on canine melanoma cell lines,
1.5 × 105 CMM10, CMM12, LMCK, and OLGA cells were first
seeded on p60 dishes in regular cell culture medium without the
drug. After 24 h, cell culture media were refreshed and indicated
concentrations of the compound (1, 2.5, 5, and 10 µM; dissolved
in 1% DMSO) were added. Our group has previously used
Palbociclib in RPE cells, where a G1 phase arrest was induced
using 1µMPalbociclib (41). Since the effect of Palbociclib has not
yet been investigated in CMM10, CMM12, LMCK, and OLGA
cell lines, we used 1µM as the starting dose to assess whether
the canine melanoma cell lines were sensitive to Palbociclib
treatment. Control cells were treated with 1% DMSO or received
no treatment at all. Cells were harvested after 48 h of treatment
to perform cell counts, flow cytometry, and RNA isolation. Cells
were counted using a TC20TM automated cell counter.

For FACS analysis, cells were harvested, fixed in 70% ethanol
and stored at 4◦C for at least 24 h prior to DNA staining.

In the experiments for the evaluation of E2F target genes
expression before and after CDK4/6 inhibitor treatment, p60
petri dishes were seeded with 1.5 × 105 cells for OLGA and
2.0 × 105 cells for LMCK, CMM10, and CMM12 in regular cell
culture medium. After 24 h, cell culture media were removed and
replaced with media containing 1µM palbociclib dissolved in
DMSO. For each cell line, an equal number of untreated cells was

used as a control. After 48 h, cells were harvested and used for
RNA isolation, cDNA synthesis, and quantification of E2F target
gene transcripts by qPCR, as described in the sections “RNA
isolation and RT-qPCR.”

All the experiments were carried out in triplicates.

FACS Analysis
To enable flow cytometric analysis of DNA content, ethanol-fixed
cells were mixed with a staining solution containing 2µg/ml
propidium iodide, 500µg/ml RNase A, and 0.1% bovine serum
albumin. Samples were analyzed on a BD FACSCanto II (Becton
Dickinson) flow cytometer within 24 h after staining. Flow
cytometry data were analyzed using FlowJo software.

Statistical Analysis
Data relative to gene expression were expressed as mean ±

standard deviation (SD). For non-normally distributed variables,
median, and interquartile range (IQR) were used. To test for
equality of variances between groups, we used F-test or Levene’s
test. Depending on homoschedasticity or heteroscedasticity, we
used the Student’s t-test or Welch test, respectively, to perform
comparisons. To compare cell growth between control and
treated groups in in vitro experiments, we performed ANOVA
followed by Dunnett’s test with free-step down resampling. To
compare non-normally distributed numeric variables, Kruskal-
Wallis or Mann–Whitney U-test and Spearman correlation
coefficient (ρ) were used. Rho (ρ) was interpreted according
to Mukaka (42). For multiple comparisons, we reported
Bonferroni-adjusted P-values.We performed the univariable Cox
proportional-hazards regression to evaluate the association of
the expression of the investigated gene transcripts with hazard
of death and of developing recurrence/metastasis; results were
reported as hazard ratio (HR) with the corresponding 95%
confidence interval (95%CI). Statistical analysis was performed
with the software R (R version 3.5.2); P-values ≤ 0.05 were
considered statistically significant.

RESULTS

E2F Target Genes H2AFZ and
Survivin/BIRC5 Are More Highly Expressed
in Melanomas With Unfavorable Clinical
Outcome
Before including all the selected canine melanoma cases in the
study, we confirmed the melanocytic origin of the neoplastic
cells of the poorly pigmented, amelanotic melanoma cases
by immunohistochemistry using anti-MelanA and anti-PNL2
antibodies. In the tested cases, we observed multifocal, moderate
to marked, finely granular, cytoplasmic Melan A (Figures 1A,D),
and PNL2 (Figures 1B,E) immunolabeling.

In order to investigate the prognostic significance of the
selected E2F target genes in canine melanoma samples, we
analyzed RNA obtained from FFPE tumor samples of different
types of canine melanocytic tumors (melanocytoma, cutaneous,
or oral MM) and we compared different groups of patients,
considering the following signs of tumor malignancy and
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FIGURE 1 | Immunohistochemical results. (A) Canine, Oral melanoma (palate). Multifocal, moderate, finely granular, cytoplasmic Melan A immunolabeling (200x, AEC

and hematoxylin). (B) Canine, Oral melanoma (palate). Multifocal, moderate, finely granular, cytoplasmic PNL2 immunolabeling (200x, AEC and hematoxylin). (C)

Canine, Oral melanoma (palate). Nuclear immunolabeling of Ki-67 (200x, AEC and hematoxylin). (D) Canine, Oral melanoma (gingiva). Diffuse, finely granular, marked,

cytoplasmic Melan A immunolabeling (400x, AEC and hematoxylin). (E) Canine, Oral melanoma (gingiva). Diffuse, finely granular, marked, cytoplasmic PNL2

immunolabeling (400x, AEC and hematoxylin). (F) Canine, Oral melanoma (gingiva). Nuclear immunolabeling of Ki-67 (400x, AEC and hematoxylin).

progression: mitotic count, presence of recurrence, metastasis,
death due to melanoma, disease free interval (DF), OS. Since
cutaneous and oral melanoma normally have different clinical
behavior, we first investigated the association of diagnosis with
malignancy indicators (recurrence, metastasis, and death due
to melanoma) as well as with OS time and disease-free time.
Additionally, we compared the expression of all genes of interest
among the three group. Since no relevant results emerged in our
sample population, we considered the diagnosis not influent for
the purposes of our study and performed the analysis grouping
all tumors (Supplementary Figures 2A–C). Levels of expression
of the investigated genes were also correlated with mitotic count
and Ki67 index evaluated on immunohistochemical stained
slides (Figures 1C,F). Mitotic count and Ki67 index were both
significantly higher in cases with metastasis and unfavorable
clinical outcome; in line with previous studies, they were
associated with diagnosis and an increased risk of death or to
develop recurrence/metastasis (Figures 2A–I).

Gene expression was normalized to the level of reference
genes GAPDH and RPS5 and fold change expression of the PCR

product of each gene was calculated using the mean value of
benign melanocytoma cases as reference, based on the 11Ct
method (40). Six cases (two melanocytoma, three cutaneous, and
one oral melanoma cases), in which all genes, including reference
genes, were not detectable, were excluded from the analyses.

From the data analysis (Figures 3A,B), H2AFZ was the most
frequently and highly expressed gene in all three groups of
melanoma cases, with the highest levels of expression in the
cutaneous melanoma.

H2AFZ mRNA was detectable in 91% of the total cases
(Figure 3A), and in all, except one (94.7%) of the cutaneous
cases (both benign and malignant). The levels of H2AFZ
expression were higher in cases with recurrence (Figure 3C) or
metastasis (Figure 3D), but no statistically significant association
was found. However, H2AFZ expression was significantly
higher in cases with unfavorable clinical outcome compared to
cases with favorable clinical outcome (Figure 3E). Additionally,
H2AFZ expression showed a significant moderate positive
correlation with the mitotic count (Figure 4A) and the Ki67
index (Figure 4B), and it showed a significant association
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FIGURE 2 | Mitotic count and Ki67 index are higher in melanoma cases with recurrence, metastasis, and unfavorable outcome. Correlation of Ki67 index and mitotic

count with clinical follow up data (A–F); correlation of mitotic count with diagnosis (BC, benign cutaneous melanoma; CM, cutaneous malignant melanoma; OM, oral

melanoma); *P < 0.05 (G). (H) The table shows the results of survival analysis of mitotic count and Ki67 (Cox proportional regression analysis; HR: hazard ratio). (I) the

table shows the association between mitotic count and Ki67 expression with clinical data (IQR: interquartile range).

with increased hazard of death and with the development of
recurrence/metastasis (P < 0.05) (Figures 3I–K).

Although survivin/BIRC5 mRNA was expressed at low levels
in these samples (Figure 3B), resulting in a lower percentage
of cases expressing this gene (51.43%, 18/35) (Figure 3A),

differences were observed comparing groups with or without
metastasis (Figure 3F), and a significant higher expression was
seen in cases with unfavorable clinical outcome compared to
those with favorable clinical outcome (Figure 3H). Furthermore,
survivin/BIRC5 was significantly associated with increased

Frontiers in Veterinary Science | www.frontiersin.org 6 August 2021 | Volume 8 | Article 70535956

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Bongiovanni et al. Rb-E2F Pathway in Canine Melanoma

FIGURE 3 | H2AFZ and survivin/BIRC5 mRNA expressions represent prognostic factors in canine melanocytic tumors. (A) Table indicating number and percentage of

positive cases for all genes in all the melanocytic tumors (right columns) and on specific types. (B) Heat map showing gene expression levels for all genes ordered

(Continued)
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FIGURE 3 | from the bottom to the top: diagnosis (1–4, cutaneous melanocytomas; 5–20, cutaneous melanomas; 21–34, oral melanomas); R, recurrence, M,

metastasis, D, tumor-related death; the heatmap was generated by a square root transformation of RT-qPCR data presented as fold change (11Ct method). (C–H)

Comparison of H2AFZ (C–E) and survivin/BIRC5 (F–H) transcript expression levels between patient groups. Groups are based on clinical follow-data on recurrence,

metastasis, death due to melanoma (unfavorable outcome). Error bars show SDs for each group. *P < 0.05. (I) Table shows the association between H2AFZ and

survivin/BIRC5 expression with clinical data. *t-test or Welch test, depending on homogeneity of variances. (J) Table shows the results of survival analysis of gene

expression depending on overall survival time (Cox proportional regression analysis). (K) Table shows the results of survival analysis of gene expression depending on

disease-free time (Cox proportional regression analysis).

FIGURE 4 | H2AFZ and survivin/BIRC5 mRNA expressions in tumor tissue correlate with histological proliferation markers. A positive correlation was evident between

H2AFZ (A), but not survivin/BIRC5 (C), expression levels and mitotic count (MI); while both gene expression levels positively correlated with Ki67 index (B,D).

Spearman correlation coefficient. Ki67 was calculated as the number of positive cells on the total number of counted cells (mean 1,090 cells, ranging from 900 to

1,376 cells) using Image J analysis system.
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FIGURE 5 | Three of the four tested melanoma cell lines were sensitive to CDK4/6 inhibitor (Palbociclib). Sensitivity of CMM12, CMM10, LMCK, and OLGA melanoma

cell lines toward CDK4/6 inhibitor palbociclib. (A–D) Cell numbers of melanoma cells treated with different doses of palbociclib for 48 h. Gray bars represent the cell

(Continued)
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FIGURE 5 | numbers that were seeded at the start of the experiment. Black bars represent the cell numbers of control cells at the end of the experiment. Orange bars

represent cell numbers of CDK4/6 inhibitor treated cells at the end of the experiment. Error bars represent the standard error from the mean based on three biological

triplicates. *P < 0.05. (E) FACS cell cycle analysis of propidium iodide stained melanoma cells treated with 1, 2.5, 5, or 10µM palbociclib, and untreated or 1% DMSO

treated controls. Black graphs represent the cell numbers of control cells at the end of the experiment. Orange graphs represent cell numbers of CDK4/6 inhibitor

treated cells at the end of the experiment.

hazard of death (P < 0.01) (Figures 3I–K). A significant
low correlation was observed between survivin/BIRC5 gene
expression and Ki67 index (Figures 4C,D).

All the other investigated genes were expressed in similar
percentages of cases (Figure 3A), but with lower expression
compared to H2AFZ and survivin/BIRC5 (Figure 3B). No
statistically relevant differences in their expression were found
comparing the different groups of patients, nor associations with
mitotic count, hazard of developing recurrence/metastasis or
death (Supplementary Figure 3).

Data obtained in the present work demonstrate a prognostic
significance of H2AFZ and survivin/BIRC5 in the cohort of
investigated samples of canine melanocytic tumors.

LMCK, OLGA, and CMM10 Melanoma Cells
Are Sensitive, While CMM12 Melanoma
Cells Are Resistant to Treatment With a
CDK4/6 Inhibitor
Due to the high expression of E2F target genes in canine
melanoma tissue samples, we further investigated the possibility
of targeting the Rb-E2F pathway, as a new potential anticancer
therapeutic approach for canine oral melanoma using a CDK4/6
inhibitor. In LMCK and OLGA cells, a clear and significant
reduction in cell numbers was observed after treatment with
all concentrations of the CDK4/6 inhibitor (Figures 5A,D).
In addition, a minor inhibiting effect of DMSO on cellular
proliferation was observed when comparing cell numbers of
DMSO-treated control cells to untreated control cells. In CMM10
melanoma cells, the differences between CDK4/6 inhibitor
treated cells and control cells were less obvious, although
with palbociclib concentrations ≥2.5µM cell numbers slowly
but steadily decreased with increasing concentrations of the
compound (Figure 5C). In CMM12 cells, cell numbers remained
relatively constant with increasing concentrations of the CDK4/6
inhibitor and a significant reduction of cell proliferation was
seen only at the maximum palbociclib concentration tested
(Figure 5B; Supplementary Table 4).

FACS cell cycle profiles confirmed the cell number data for
CMM12 cells, as cells in all conditions displayed a similar cell
cycle profile and no sign of a G1 cell cycle arrest was observed
(Figure 5E). In contrast, the cell cycle profiles of palbociclib-
treated CMM10, LMCK, and OLGA cells showed a marked
decrease in the S-phase population of cells compared to controls,
indicating a G1 cell cycle arrest.

CDK4/6 Inhibitor Decreases E2F Target
Gene Expression in Oral Melanoma Cells
In order to explore how the levels of expression of the
investigated cell-cycle related genes change during CDK4/6
inhibitor treatment, we analyzed the expression levels of the E2F

target genes E2F1, CDC6, DHFR, H2AFZ, MCM2, GINS2, and
ATAD2 and compared them between CDK4/6 inhibitor treated
cells and controls (Figures 6A–D).

In CMM10, LMCK, and OLGA cells, treatment with 1µM
of palbociclib resulted in a reduced expression of the E2F target
genes compared to untreated control cells. This reduction was
significant in CMM10 for all E2F target genes, with the exception
of DHFR; for LMCK it was significant for MCM2 and GINS2.
In CMM12 cells, in contrast, the expression of all the genes
tended to be slightly higher compared to the control, and only
the difference in ATAD2 expression was statistically significant
(Supplementary Table 5/1, 5/2). In line with the cell number
and FACS data, CDK4/6 inhibitor treatment caused no clear
reduction in E2F target gene expression in CMM12 cells.

In order to assess if E2F target gene transcripts expression
varies among the different cell lines under normal conditions,
we compared the expression of the selected genes in the four
melanoma cell lines. Without CDK4/6 inhibitor treatment,
in CMM12 cells H2AFZ and MCM2 appeared to be more
highly expressed compared to the other melanoma cell lines
(Figure 6E).

DISCUSSION

The results showed in the present work clearly indicate that
some E2F target genes, namely H2AFZ and survivin/BIRC5,
have potential prognostic value in canine melanocytic tumors.
Furthermore, our results demonstrate that pathways regulating
the expression of these genes can be targeted to arrest cell
proliferation using a CDK4/6 inhibitor. Since resistant cells
showed higher levels of expression of some of the same E2F target
genes compared to sensitive ones, we suggest that they can be
potentially useful for patient selection as predictive markers.

We observed that H2AFZ showed significant differences in
its mRNA expression comparing different groups of patients,
showing associations with unfavorable outcome (death due
to melanoma), increased proliferation rate (mitotic count
and Ki67 index), increased hazard of death and developing
recurrence/metastasis. H2AFZ together with H2AFV represent
two allelic genes encoding for two isoforms of the highly
conserved H2A variant H2A.Z, namely H2A.Z.1 and H2A.Z.2,
which has a well-established role in transcriptional regulation
(43). Histone H2A variants have previously been demonstrated
as a biomarker of tumor progression in several types of human
cancers (44). In particular, H2A.Z is overexpressed in multiple
malignant tumors, such as breast cancer (45), prostate cancer
(46), bladder cancer (47), liver cancer (48, 49), as well as
malignant melanoma (50, 51). Both H2A.Z isoforms are highly
expressed in human melanoma and high expression levels
correlate with poor prognosis (52). In line with this data, our
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FIGURE 6 | Resistant melanoma cell line showed high levels of H2FZ before and after treatment with CDK4/6 inhibitor. (A–D) E2F target gene expression in

melanoma cells before and after treatment with a CDK4/6 inhibitor. Normalized E2F target gene transcript levels in melanoma cells treated with 1µM palbociclib

(Continued)
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FIGURE 6 | compared to untreated control cells. Gene expression was normalized to reference genes GAPDH and RPS5. Bars represent the fold change of the PCR

product of indicated genes in CDK4/6 inhibitor treated cells relative to untreated control cells. Error bars represent the standard error from the mean based on two

technical replicates and three biological triplicates. (E) Normalized E2F target gene transcript levels in melanoma cells under normal conditions compared to the

average level of expression of each gene in all cell lines. Gene expression was normalized to reference genes GAPDH and RPS5. Bars represent the fold change of

the PCR product of indicated genes in CMM12, OLGA, and LMCK cells relative to the average of all cell lines as a control. Error bars represent the standard error from

the mean based on two technical replicates.

results indicate that H2AFZ is an abundantly expressed E2F
target gene and a useful prognostic marker to be used in
canine melanoma, also in FFPE tissue samples. Results obtained
concerning BIRC5, encoding the survivin protein, the smallest
member of the IAP (inhibitor of apoptosis) protein family, are
in line with previous results we observed in canine cutaneous
melanocytic tumors (17), confirming its utility as a prognostic
marker in this type of cancer. Besides (wild-type) survivin,
BIRC5 encodes four other survivin variants generated through
alternative splicing. Survivin is the more intensively studied
and widely acknowledged as an orchestrator of cell division
and inhibitor of apoptotic pathways (53). Both protein and
mRNA survivin expression has been correlated with patient
survival in human melanoma (53), in line with our results.
The relatively low percentage of samples expressing the gene,
however, would suggest that its mRNA levels are not as high
as H2AFZ, resulting in several negative FFPE cases. Therefore,
we think that this type of marker would be more suitable for
fresh tumor samples, instead of formalin fixed cases. All the
other investigated genes were detected in a variable percentage of
cases and did not show any significant association with clinical
data. It would be worth to confirm these results with a larger
sample size and performing multivariable analysis to establish
the independent prognostic significance of the two markers.
Furthermore, considering that the type of surgery applied can
deeply impact on the prognosis, further studies recording these
data should be performed in order to better understand the
prognostic value of the investigated markers.

Based on the high expression of E2F target genes in the
investigated tumors, we hypothesized that pathways regulating
their expression can be targeted to arrest cell proliferation as
a potential new anti-cancer therapy for canine oral melanoma.
We selected a CDK4/6 inhibitor, palbociclib, that is currently
approved in clinical practice and most advanced in clinical trials
(54) and we treated four melanoma cell lines. Palbociclib is a
third-generation CDK4/6 inhibitor, orally administered, acting
through a competitive and reversible bound to the ATP pocket
of the inactive kinase, thus strongly inhibiting both CDK4 and
CDK6. As a consequence, RB hyperphosphorilation is prevented,
E2F family members are not released, thus the cell will be
in a cell cycle arrest phase (55). To our knowledge, this is
the first study testing the sensitivity of canine melanoma cell
lines to treatment with CDK4/6 inhibitor palbociclib. Using
cell number data, FACS cell cycle profiles, and E2F target
gene expression profiles, we demonstrated that three of the
investigated canine melanoma cell lines, including two primary
tumor-derived (CMM10, LMCK) and one metastatic (OLGA)
cell lines, were sensitive to the treatment, suggesting a potential
use of this drug for the treatment of canine oral melanoma.
These data can pave the way for the start of clinical trials in

dogs with oral melanoma with a potential important impact
for the cure of canine patients as well as for humans with
a similar, but extremely rare, form of mucosal melanoma.
However, one canine melanoma cell line (CMM12) was resistant
to CDK4/6 inhibition of proliferation and G1 cell cycle arrest.
In this work, we did not further investigate the mechanisms
mediating CDK4/6 inhibitor resistance in CMM12 cells. As
a first step in order to understand if the selected E2F target
genes could function as predictor markers of CDK4/6 inhibition
resistance, we compared the expression profiles of E2F1, CDC6,
DHFR, H2AFZ, MCM2, and ATAD2 among the four canine
melanoma cell lines. We observed that H2AFZ and MCM2 were
expressed at relatively high levels in CMM12 melanoma cells
compared to the other cell lines, suggesting a possible utility
of E2F target gene expression in tumor cells as markers to
predict response to treatment with a CDK4/6 inhibitor. Although
further investigations are needed to confirm this hypothesis, we
can speculate that increased E2F target gene expression could
represent a consequence of Rb mutation, responsible for CDK4/6
inhibitor resistance. Indeed, from previously published works
we know that loss of Rb function is the main mechanism that
is described to confer resistance to CDK4/6 inhibitors (31).
One study showed that Rb immunostaining was detected in
most of the canine melanoma cases investigated and associated
with a very low or absent p16 immunolabelling (56). However,
the applied method could not give any information about the
actual functional activity of the detected RB protein in the
tissue. In human melanoma cell lines, loss of expression of
the endogenous cyclin-dependent kinase inhibitor (CDKN2A),
encoding for two distinct potent tumor suppressor proteins,
p16INK4a and p14ARF, has shown to correlate with sensitivity
to palbociclib; while Rb loss correlated with resistance (57). In
a mouse model (patient derived xenograft) of human mucosal
melanoma carrying CDK4 amplification, a robust anti-tumor
effect of palbociclib has been reported (58). Studies on the
characterization of the histone variant H2A.Z.2 as a driver
of malignant melanoma showed that H2A.Z.2 exerts a key
role in promoting cell cycle progression by controlling the
transcriptional output of E2F target genes. H2A.Z.2 deficiency
sensitizes melanoma cells to chemotherapy and to MEK (also
known as mitogen-activated protein kinase (MAPK) kinase or
MAP2K) inhibitors, indicating it as an important mediator of cell
proliferation and drug sensitivity in malignant melanoma (52).
These data, along with our results, strongly suggest that H2AFZ
could potentially be used as a predictive marker to estimate
melanoma treatment response.

Conclusions
In the present study, we identified H2AFZ as a novel promising
prognostic marker and we highlighted the possible utility
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of survivin as a prognostic marker also at the mRNA
level for both cutaneous and mucosal canine melanocytic
tumors. Furthermore, we demonstrated the sensitivity
of three oral melanoma cell lines, including a metastatic
one, to treatment with a CDK4/6 inhibitor, suggesting
this could be a new effective therapeutic approach for
canine oral melanoma. Finally, we showed that H2AFZ
might be a marker for predicting resistance against CDK4/6
inhibitor treatment.
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INTRODUCTION

Melanoma is a prevalent, aggressive form of cancer in dogs. New treatment or preventivemodalities
are necessary to control this disease in dogs. On December 03, 2020, the Brazilian Association of
Veterinary Oncology, ABROVET, organized the “Colloquium on CanineMelanoma” to present the
newest achievements for the treatment of this disease.

Invited talks included fundamental aspects of canine melanoma, and conventional and
innovative therapies. The talks were delivered online and more than 100 attendees joined the
transmission. This report aims to present the most important information about canine melanoma
discussed at the Colloquium.

Canine Melanoma: Fundamental Aspects
Melanocytic Neoplasms in Dogs: A Pandora’s Box, by Carlos Eduardo Fonseca

Alves
Canine oral melanoma is one of the most diffuse tumors in dogs worldwide and it is related to a
high metastatic rate and poor prognosis. The first publication regarding melanocytic tumors was in
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1949 (1), and the first publication of a canine melanoma from
oral mucosa was in 1950 (2). After the publication of the
first oral melanoma case report (2), several other studies have
been performed in order to establish diagnostic, prognostic, and
predictive markers.

The first important approach for treating dogs with oral
melanoma is to establish the prognosis (3). Although several
studies have tried to standardize new prognostic molecular
factors, the histological features remain pivotal. Recently, the
Oncology Pathology Working Group (OPWG), a Veterinary
Cancer Society and American College of Veterinary Pathologists
initiative, proposed a consensus on the diagnosis of and
histopathologic prognostication for canine melanocytic
neoplasms (3). Among the histological prognostication criteria
proposed in the consensus, nuclear atypia, vascular invasion, and
mitotic index were considered in addition to other histological
criteria (Figure 1). Interestingly, the degree of pigmentation
presented a direct relation with overall survival. Thus, dogs with
amelanotic melanoma had a shorter lifespan (4). However, the
outcome is not predictable in melanomas with moderate, low, or
no pigmentation (3).

Owing to the increasing use of big data in cancer research,
recent studies have focused on different molecular prognostic
and predictive markers for canine oral melanoma. Among
them, somatic focal amplifications on chromosome 30 have
been associated with poor patient outcomes. Chromosomal
imbalances and transcriptome dysregulations seem to be
frequent in canine oral melanoma (5–8). To summarize
genomic data associated with melanoma mutations, an
integrative in silico analysis was performed with the two
previous canine oral melanoma studies (9) and the human
data available for human melanoma in “The Cancer
Genome Atlas” (10). This analysis identified 60 commonly
mutated genes among human and canine melanomas
(Figure 2).

Most of the 60 dysregulated genes were related to immune
response and tyrosine kinase terms, such as negative regulation
of T-helper cell differentiation, SCF complex assembly, and
activation of protein kinase A activity. For a better visualization,
the biological process terms related with the 60 genes are shown
in Figure 3 (11, 12).

Among the 60 dysregulated genes in canine and human
melanoma, protein-to-protein interaction (PPI) analysis was
performed for better visualization of the protein interaction
network. In this analysis, the disconnected nodes were excluded,
which revealed four independent networks (Figure 4). The
genes RPL8, POLR2B, FBXO32, and SOCS5 showed the highest
interactions. RPL8 gene is a ribosomal protein responsible for
protein synthesis and POLR2B is responsible for encoding the
second largest subunit of RNA polymerase II. The FBXO32 gene
is related to mediation of ubiquitination and degradation of
target proteins and SOCS5 belongs to the suppressor of cytokine
signaling family, recognized as a STAT inhibitor protein family
(13). This analysis identified genes that could be related to both
canine and human melanomas.

Although canine oral melanoma has been studied for the
past 70 years, the improvement of genomic and transcriptome

analysis in the recent years allow for identification ofmarkers that
can be used with predictive or prognostic value.

Histological Aspects and Molecular Markers

Associated With Aggressiveness in Melanomas, by

Enio Ferreira
Regardless of the animal species affected, melanomas (malignant
neoplasms of melanocytes) are aggressive neoplasms because of
their high metastatic potential. In dogs, melanomas represent
∼7% of all malignant tumors (14). The most common primary
sites are the oral cavity, skin, mucocutaneous junctions, paws
(nail junction and cushions), and, more rarely, the eyeball
and meninges (15). Histopathological evaluation of melanomas
can assist in both: the differential diagnosis of benign lesions
and the prognostic determination. The mitotic index, nuclear
atypia, and the degree of pigmentation stand out as relevant
prognostic markers for melanomas. In addition to these, analysis
of vascular invasion, junctional activity, and ulceration are also
cited as determining prognostic factors in both cutaneous and
oral melanomas by some authors (16, 17). There is no evidence
that the histological type may be a relevant prognostic factor. The
use of molecular markers (MELAN-A, PNL-2, HMB45, TRP-1,
and TRP-2) is suggested for assisting the diagnosis of amelanotic
melanomas, as these proteins are expressed in most of such
tumors. Moreover, the analysis of Ki-67 expression is decisive
in the prognostic definition of melanomas, but its analysis
is dependent on the primary site of involvement (18). The
expression of COX-2, KIT, metalloproteinases, EGFR, SOX, and
proteins related to the epithelium-mesenchymal transition has
been well-explored in canine melanomas (19–21). These proteins
have a direct relationship with a more aggressive histological
behavior, determined by the histopathological characteristics
mentioned above. The analysis of gene mutations in melanomas
in veterinary medicine is still not well-understood. Some changes
have already been identified in the NRAS gene, PTEN KIT, and
ERK1/2; however, their relevance is still uncertain (22). Clinical
studies are necessary to determine the prognostic and predictive
value of protein expressions andmutations in caninemelanomas.

Conventional Therapies for Canine
Melanoma
Oncological Surgery and Its Limitations on the

Treatment of Melanoma in Dogs, by Jorge Castro
Surgery is the gold standard of treatment and the most common
one for the local management of all melanomas, including oral
(23), cutaneous, and digital melanomas (24). Surgical resection
with wide margins has always been one of the recommended
approaches for oral melanoma in dogs, associated with regional
lymphadenectomy. The more aggressive resections involving
the maxillary bone (maxillectomies) can be associated with
temporary ligation of the carotid artery. This is an adjuvant
surgical technique that the literature contemplates as a surgical
option with a lower loss of blood. Although surgical treatment
is the main choice, Liptak and Withrow (25) and Boston et al.
(23) recommend that because of its high metastatic potential,
systemic therapy should also be considered as a therapeutic
option for melanomas.
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FIGURE 1 | Prognostic criteria for canine oral melanomas. (a) Patient with an oral melanoma in the palate with high degree of pigmentation. The degree of

pigmentation has a direct 661 relation with patient’s prognosis. Patients with heavily pigmented tumors show better outcomes. (b) Histological evaluation of a canine

oral melanoma with <50% of pigmented cells. (c) Histological section of a canine oral melanoma with a marked nuclear atypia, also considered a poor prognostic

factor. (d) Canine oral melanoma histological section evidencing a mitosis (arrows), one of the most important prognostic factors. Hematoxylin and eosin

counterstaining, 40x.

Surgical resections with wide margins, including 2–3 cm
of bone margins and 1 cm of soft tissue margins, were
performed in 70 cases of canine oral malignant melanomas (26).
Histopathological analysis showed that 72.9% of the tumors were
completely excised, with 10% of these patients showing local
tumor recurrence. In this study, dogs that had surgery as the
only treatment option had a progression-free interval >567 days
and a mean survival time (MST) of 874 days. In the same year,
Boston et al. (23) obtained 79.3% (73/92) success rate in complete
excisions between surgeries performed with wide margin, based
on histological evaluation, and the recurrence rate was 8.3%
(6/73) in this group (23). The average survival time for these dogs
was 354 days.

The resection of regional lymph node neoplasms in the
face and maxilla region has been studied and performed since
the last century (27) and a more recent study has mapped
these lymphatic centers (28). The analysis of sentinel lymph

nodes provides essential information about the clinical stage
of the disease and helps to determine the most appropriate
treatment plan (29, 30). In a survey conducted by Williams
and Packer with 100 dogs with oral malignant melanoma, 53%
had cytological or histopathological evidence of metastasis in
mandibular lymph nodes, even in normal-sized lymph nodes
(31). Therefore, lymphatic toilet (removal of regional lymph
nodes) is recommended, especially in dogs with oral melanomas.
In digital melanomas, lymphatic drainage in the limbs must also
be evaluated and the removal of the regional lymph node in
surgical planning is advocated (30, 31).

Radiation Therapy in Dogs With Oral Melanomas, by

Simone C. S. Cunha; Natália Oyafuso Da Cruz
Radiation therapy (RT) is a localized cancer treatment modality,
which acts on proliferating cells that fall inside the radiation field.
In cases of canine oral melanoma, RT can be used as an adjuvant
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FIGURE 2 | Venn diagram demonstrating the most commonly mutated genes among the three datasets, two canine oral melanoma (8, 9) and one human melanoma

dataset (The Cancer Genome Atlas—TCGA 10). Here, 60 commonly mutated genes were identified. Figure generated online (http://www.interactivenn.net/).

post-operative or a palliative therapy. Radiation field should,
whenever possible, include regional lymph nodes, regardless of
whether they have macroscopic alterations suggestive of regional
metastasis. The main radiation protocols for melanoma are based
on hypofractionation (3–6 RT fractions once or twice weekly),
due the alpha/beta ratio range of 0.5–2.5Gy. These ratios are
similar to those of late-responding normal tissues, which are
preferentially damaged by radiation delivered in large doses per
fraction (32, 33). Side effects are usually mild, self- limiting, and
confined to radiation field, and may include alopecia, skin hypo-
or hyperpigmentation, dry radiodermatitis, and oral mucositis.
The overall response rate of oral melanoma in previous literature
is reported to be 75–85%, including complete and partial tumor

responses, and the mean survival time is 230–363 days (34–
36). In the first author’s (SCSC) experience, radiation therapy is
routinely used as an adjunctive post-operative therapy (in cases of
incomplete surgical resection) or, more commonly, as a palliative
treatment (in unresectable tumors or surgery declined by the dog
owners). The high rate of distant metastasis (44–58%) remains
the significant limiting factor for curative intention treatment of
canine oral melanoma (34, 37, 38). The author Cunha et al. (39)
evaluated the survival of 24 dogs with oral melanoma treated with
orthovoltage radiotherapy. The mean age and standard deviation
was 13 ± 2.6 years and the overall response rate was 93%,
including 64% partial (one stage I, one stage II, seven stage III,
and one stage IV) and 29% complete tumor responses (one stage
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FIGURE 3 | Biological process terms of the 60 dysregulates genes in canine and human melanoma. It is possible to observe differences in processes related to

immune system response. Figure generated using the online tool Enrichr [https://maayanlab.cloud/Enrichr/enrich#; (11, 12)].

III and three stage IV). Mean survival time was 390 days in stage
I, 286 days in stage II, 159 days in stage III, and 90 days in stage
IV. There was no influence of sex and age in RT responses. In
conclusion, Radiation Therapy can be an interesting alternative
treatment for canine oral melanoma, leading to reduction of
tumor volume and pain relief, with mild side effects.

Innovative Therapies for Canine Melanoma
Viral Vectors in Melanoma, by Bryan Strauss
Currently, immunotherapy has emerged as the most successful
usage of viral vectors applied for gene therapy of melanoma,
including IMLYGIC and chimeric antigen receptor T cells (CAR-
T cells) (40, 41). In either case, the goal of the gene transfer
approach clearly involves oncolysis (therapeutic destruction of
tumor cells) associated with or due to the activity of immune cells.
The work of the Viral Vector Laboratory (Instituto do Câncer
do Estado de São Paulo, Faculdade de Medicina, Universidade
de São Paulo) shares this objective and has developed a
non-replicating adenoviral vector, AdRGD-PG, with improved
mechanisms of transduction because of the inclusion of the RGD
peptide in the virus fiber protein and high-level transcription of
the therapeutic genes under the command of a p53-responsive
promoter, termed PG (42, 43). Since melanoma cells frequently
retain wild-type p53 (44), this can be exploited to drive transgene
expression and act as a tumor suppressor protein, when re-
activated (45).

We used the AdRGD-PG platform for the transfer of p14ARF
(alternate reading frame of the CDKN2a locus, p19Arf in mice,
p14ARF in humans, and canines) to activate p53 and promote cell
death. In addition, transfer of the interferon-β gene not only acts
as an immune modulator, but also contributes to the activation
of p53 (46). We used the B16F10 mouse model of melanoma
to show that the combination of p19Arf and IFNβ gene transfer
resulted in cooperative cell killing in vitro accompanied by the
expression of immunogenic cell death (ICD) markers and in

vivo where C57BL/6 mice revealed activation of a Th1 immune
response (43–46). However, IFNβ is known to function in a
species-specific manner (47, 48); therefore, it is imperative to
test our approach in relevant models. Recent work using human
cDNAs and established human melanoma cell lines produced
a similar result, where cell killing was even more efficient and
continued to be associated with the expression of ICD markers
(49, 50). Strikingly, an ex vivo model using human SK-MEL-
147 cells was used to show that cell death induced by our
treatment activated human dendritic cells that caused priming
of T cells to induce a cytolytic response on encountering naïve
tumor cells (50). Thus, we have shown that our gene transfer
approach promotes oncolysis and immune activation and can
be considered as an immunotherapy. Currently, we are gearing
up to examine the efficacy of our approach in veterinary cases
of melanoma because of their relevance and similarity to human
cases as well as the demand for efficient therapies for canines. For
this, a set of AdRGD-PG vectors has been constructed encoding
the canine cDNAs of p14ARF and IFNβ. In parallel, three cell
lines were isolated from canine oral melanomas (unpublished
results), characterized for their ability to grow in tissue culture
as well as form subcutaneous tumors in BALB/c nude mice.
These cell lines were shown to harbor wild-type p53 and show
permissive transduction and reporter gene expression with our
AdRGD-PG vectors (51). This model system is currently being
tested and will serve as proof of concept before embarking on
experimentation in spontaneous cases of canine oral melanoma.
These critical steps have been taken to demonstrate the potential
of our immunotherapy in a relevant model.

Immuno-Oncology in Canine Oral Melanoma, by

Cristina De Oliveira Massoco
In the last 20 years, immunotherapy has gained prominence
since this therapeutic modality has significantly increased the
effectiveness of treatments and the survival rates of cancer
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FIGURE 4 | Protein-to-protein interaction analysis with the commonly mutated genes between canine and human melanoma. The disconnected nodes were

excluded and four different networks were identified. Figure generated using the online tool STRING (https://string-db.org/).

patients. The discovery that cells of the immune system interact
with tumor cells and eliminate them is not a totally new
concept and was born in the middle of the nineteenth century
with the experiments carried out by Coley on human patients
(52). Several clinical observations about spontaneous tumor
regression and evidence showing a positive correlation between
the presence of lymphocyte in a tumor microenvironment and
increased survival rate reveal an increasing interest in the cancer
immunosurveillance theory.

Especially for malignant melanoma, control of the disease
with classical therapies and clinical management remains
challenging, and yet immunotherapy modalities seem to be
promising. Such strategies include DNA-based canine melanoma
vaccine, immunotherapy methods using dendritic cells, and
(non) viral vectors to deliver gene products, among others that
have been studied (53). Even though responding melanoma-
bearing dogs may have a partial or complete regression, some
patients who are treated with immunotherapy showed varying

response rates within cohorts with the same malignancy (54).
Studies have shown that the efficacy of the immune system,
in an anti-tumor context, is limited by the characteristics of
immune cells present in the tumor microenvironment. These
are reprogrammed to an immunosuppressive profile determined
mainly by tumor cells, thus generating fewer effective responses
against tumors (55, 56).

Cancer cells actively employ various tactics to delay, alter,
or even stop antitumor immunity. These mechanisms develop
continuously during the progression of cancer and become more
diverse and complex in late-stage cancers (57). Therefore, it is
critical to identify tumor immunity in the microenvironment
to determine the outcomes and responses to immunotherapy.
Identifying specific defects in the antitumor immune response
as infiltrated immune cell population analysis associated with
other immune signatures in dogs could serve as a basis for future
studies to choose patients who will benefit from immunotherapy
for oral melanoma.
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Immunotherapy in the Treatment of Patients With

Melanoma: OncoTherad® Nano-Immunotherapy, by

Wagner Fávaro
Canine oral melanoma (COM) is a highly aggressive and
metastatic cancer. Many studies have demonstrated that
post-treatment medium survival time ranges from 4.8 to 12
months (58). Conventional treatments have not shown suitable
disease control partly because surgery rarely achieves complete
resection, and chemotherapies require low tumor loads to
be effective. Immunotherapy has become a promising cancer
therapy, improving the prognosis of patients with many different
types of cancer, and offering the possibility for long-term cancer
remission. In this scenario, a new perspective is represented
by OncoTherad R© nano-immunotherapy. OncoTherad R© is
a nanostructured inorganic phosphate complex associated
to glycosidic protein, developed by University of Campinas
(UNICAMP), Brazil, which exhibits immunomodulatory
and antitumor properties (59). OncoTherad R© leads to a
distinct stimulation of the innate immune system mediated by
Toll-like receptors (TLRs) 2 and 4, resulting in an increased
activation of the interferon (IFN) signaling pathway (60, 61).
OncoTherad R©-induced stimulation of the immune system
via TLR2 and TLR4 occurs through the phosphorylation of
hydroxylated amino acids, such as tyrosine, threonine, and
serine by compounds that contain phosphate salts; this results
in the activation of stimulator of interferon genes, with a
consequent increase in the production of IFN-α and IFN-γ
(62). The increase in the production of IFNs mediated by

TLRs-2 and 4 promotes the activation of TCD8+ cells, dendritic

cells, natural killer cells, and M1 macrophages, culminating in
the induction of immunogenic cell death (62). Furthermore,

OncoTherad R© decreases the expression of receptor activator

of nuclear factor-κB (RANK) and receptor activator of nuclear

factor-κB ligand (RANK-L) system and, as a result, prevents

or inhibits metastases progression (63). Thus, the aim of
this study was to evaluate the efficacy of OncoTherad R©

nano-immunotherapy for first-line chemotherapy-relapse
high-grade COM (with or without metastasis). We carried
out a prospective, multicenter study in 19 (8 men, 11 women)
consecutive patients with COM-relapse (≥1 previous course
of first-line chemotherapy). OncoTherad R© treatment (G1
group, n = 10) was initiated with its intramuscular (22
mg/mL) application twice per week for 3 months, followed by
application, once every other week, until 1 year of treatment
(Figure 5). OncoTherad R© was associated (G2 group, n =

09) with chemotherapy (Carboplatin: 250—300 mg/m2—
intravenous) or electrochemotherapy (bleomycin: 15,000
IU/m2—intravenous) (Figure 5). All canine patients received
follow-up exams for 2 years. The Ethics Committee for Animal
Experimentation (CEUA)/UNICAMP approved the animal
procedures (protocol number 4861-1/2018). The median age
of the 19 patients was 12.5 years (range 09–16) and follow-up
time was 24 months. Based on iRECIST criteria, the overall
complete response rate was 31.6% (G1 group−40.0%; G2
group−22.2%), overall partial response rate was 42.1% (G1
group−30.0%; G2 group−55.6%), and overall stable disease rate

was 10.5% (G1 group−20.0%; G2 group−0.0%). Only 15.8% of
total patients (G1 group−10.0%; G2 group−22.2%) presented
progressive disease. The median overall progression-free
survival was 640 days (G1 group−676.5 days, G2 group−599.4
days). In conclusion, OncoTherad R© nano-immunotherapy
seems an effective treatment option for chemotherapy-relapse
COM patients and may provide benefits for preventing
tumor progression.

Electrochemotherapy in the Treatment of

Melanomas, by Marcelo Monte Mór Rangel
Electrochemotherapy is a newmodality of local cancer treatment,
which is increasingly gaining space, both in human and
veterinary medicine. Its high index of objective response to
different histological types, and its selectivity to cancerous tissue
has encouraged its application in neoplasms that are more
resistant to standard treatments. The main objective of surgery
in the treatment of melanomas is the complete resection of
the tumor and this usually occurs in wide surgeries. Large
surgeries can be challenging in oral cavity melanomas and the
need for adjuvant therapies aiming at better local control may
be necessary. Electrochemotherapy is a local control technique
with a high rate of objective response, selectivity to neoplastic
tissue. Its use has been proposed in oral malignant melanomas
that are difficult to resect, either as an adjunct to surgery or
as a single treatment. The prior studies have shown promising
results with singular use of the technique and its use as
an adjunct with other therapies. These results corroborate
the need for further studies to prove that the technique
can be an alternative treatment for malignant melanomas in
dogs (64–80).

Electrochemotherapy in the Treatment of Canine Oral

Malignant mela noma, by Carlos Brunner
From July to December 2018, 58 melanomas in dogs were treated
with electrochemotherapy with bleomycin and electroporation
with BK100 electoporator, at the Universidade Paulista,
UNIP, in São Paulo, SP, Brazil. The samples were composed
as follows: a total of 54% of them were males, with an
average age of 11.4 years. There was a higher prevalence of
the following breeds: Yorkshire (10.7%), Golden Retriever
(8.9%), Poodle (7.4%), Teckel (5.3%), and SRD (5.3%),
similar to data found in literature. The incidence of oral
melanomas was higher (75%), which was in contrast to
the results of the literature review (62%). Bleomycin was
used intra-lesionally at a dose of 1 U/cm3 or intravenously
at a dose of 15 Y/m2, followed by electroporation with a
BK100 pulse generator with a series of 8 pulses of 1 KV
in 100 µs square waves each. This protocol has resulted in
satisfactory survival rates after 2 years, including some complete
remissions, in grade 1 and 2 melanomas. As described in classic
literature, the anatomical location influences the biological
behavior of melanomas; patients who underwent multimodal
therapy, including surgery, conventional chemotherapy,
and electrochemotherapy were the ones who obtained the
best results.
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FIGURE 5 | (A) Scheme of the group division (OncoTherad® treatment associated or not with chemotherapy or electrochemotherapy). (B) Timeline of the treatments

(OncoTherad® treatment associated or not with chemotherapy or electrochemotherapy).

Electrochemotherapy for the Treatment of Canine

Melanoma: the Experience of Argentina, by Matías

Tellado
For this round table, two cases of melanoma were presented.
The results were evaluated according to the prognostic factors
reported in previous work (81). The first patient was an 8-year-
old, male cross-bred (mongrel) dog with stage I oral malignant

melanoma located in the soft palate. No bone involvement was
seen as determined by computed tomography scan. It was treated
with BIOTEX EPV-200 (BIOTEX SRL, Buenos Aires, Argentina)
electroporator, using 20G disposable needles electrode. The
device delivered 8,100 µs long square pulses of 1,000 V/cm
at 5 kHz according to ESOPE 2018 standards (82). A month
after the electrochemotherapy session, a complete response was
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obtained, and the patient remained disease free 11 months
later and until the writing of this work. The second case was
a 9 year-old female boxer with a stage IV oral malignant
melanoma located in the right angle of the mandible, that
extended to the soft palate and mucosa. No bone involvement
was seen as assessed by CT scan. The patient had a small
single pulmonary metastasis determined by chest radiograph.
The treatment consisted of surgical excision of the oral mass,
followed by ECT in the tumoral bed and margins. A month
after the ECT treatment, the patient presented a complete local
response. The local response and the lung metastasis remained
unchanged until 5 months later. The results obtained were in
accordance with previous published results regarding predictive
factors of response to ECT in oral melanoma (80, 81). Early
stages and absence of bone involvement displayed good response
rates. In the second case, even if it was in an advanced stage,
the combination with surgery to reduce the tumoral burden and
the absence of bone involvement allowed us to expect a good
outcome of the treatment.

Clinical Reports of Melanoma Undergoing

Electrochemotherapy or Calcium Electroporation, by

Denner Santos Dos Anjos
Multimodal therapies have been used in melanomas, such
as surgery, radiotherapy, chemotherapy, immunotherapy,
electrochemotherapy, and electro gene therapy. ECT is an
effective local treatment that combines the administration
of chemotherapeutic drugs, such as bleomycin or cisplatin,
followed by the delivery of permeabilizing electrical pulses.
In veterinary medicine, electrochemotherapy has been widely
used because of its high efficacy in all solid tumors, such as
cutaneous and subcutaneous tumors, skin metastasis, melanoma,
sarcomas, and visceral tumors, such as thymoma and bladder
cancer (83–89). In addition to bleomycin and cisplatin being
the chemotherapeutic drugs mainly used in electrical pulses,
carboplatin may also be a good candidate for electric pulses
based on our clinical experience (Dr. Denner dos Anjos).
Moreover, calcium electroporation (CaEP) is a novel therapeutic
perspective for patients with cutaneous metastasis of MM and
remission of metastatic melanoma foci. Its approach leads to
supraphysiological calcium influx into neoplastic cells leading
to acute ATP depletion killing cancer cells by necrosis and

release of dangerous cellular signals boosting immunologic
system locally. We have observed some patients diagnosed
with MM stage III (tumor size more than 4 cm, negative
lymph node) who underwent ECT with carboplatin plus CaEP
had a disease free-interval of >720 days after one session or
ECT with carboplatin and locally administered cisplatin (1
m/cm3) had a disease free-interval of >365 days. Furthermore,
neoadjuvant ECT can also be used for partial remission in
order to perform a better surgical approach for patients with
advanced disease. To conclude, ECT may be an option for local
control in regions where anatomic limitation is a challenge for
wide excision.

DISCUSSION AND CONCLUSION

The goal of scientific meetings and workshops is to call attention
to new achievements in the field to ensure advancement of
science and applications. In conclusion, this colloquium provided
important information about canine melanomas. The Brazilian
Association of Veterinary Oncology, ABROVET, hopes that this
report can help veterinary oncologists from all over the world to
better diagnose and treat these aggressive neoplasms in dogs.
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Oral mucosal melanomas (OMMs) are aggressive and resistant cancers of high

importance in veterinary oncology. Amelanotic OMM produces comparatively less

melanin and is considered to be more aggressive than melanotic OMM. Global

DNA methylation profiles with hypomethylated or hypermethylated patterns have both

been associated with aggressive neoplasms; however, global DNA hypomethylation

seems to correlate to higher aggressiveness. Accordingly, global DNA methylation in

peripheral blood leukocytes has been investigated to understand the role of systemic or

environmental factors in cancer development. This study aimed to quantify global DNA

methylation in canine melanotic and amelanotic OMM samples and in the peripheral

blood leukocytes of the same dogs. Tumor tissue samples were collected from 38

dogs, of which 19 were melanotic and 19 were amelanotic OMM. These were submitted

to immunohistochemistry (IHC) with anti-5-methylcytosine (5mC) and anti-Ki67 primary

antibodies. Ki67- and 5mC-positive nuclei were manually scored with the help of an

image analysis system. Peripheral blood samples were collected from 18 among the

38 OMM-bearing dogs and from 7 additional healthy control dogs. Peripheral blood

leukocytes were isolated from the 25 dogs, and DNA was extracted and analyzed

by high-performance liquid chromatography (HPLC) for global DNA methylation. The

pattern of global DNA methylation in both canine melanotic and amelanotic OMM

indicated higher percentages of weakly or negatively stained nuclei in most of the OMM

cells, presuming predominant global DNA hypomethylation. In addition, Ki67 counts in

amelanotic OMM were significantly higher than those in melanotic OMM (p < 0.001).

Global DNA methylation different immunostaining patterns (strong, weak or negative)
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correlated with Ki67 scores. Global DNA methylation in circulating leukocytes did not

differ between the 9 melanotic and 9 amelanotic OMM or between the 18 OMM-bearing

dogs and the 7 healthy dogs. This study provides new information on canine melanotic

and amelanotic OMM based on global DNA methylation and cell proliferation.

Keywords: cancer, DNA methylation, melanoma, dog, cell proliferation

INTRODUCTION

Melanoma is the most common malignant tumor in the oral
cavity of dogs, accounting for 30–40% of all oral cavity cancers
in dogs and 7% of all types of cancer in this species (1,
2). Breeds with higher mucosal pigmentation have a higher
risk of developing oral melanoma, particularly the Scottish
Terrier, Golden Retriever, Dachshund, Cocker Spaniels, and
Poodles. An epidemiological study involving 2,350 affected
dogs revealed that poodles are at a high risk of developing
oral melanomas (3). Melanomas generally occur in middle-
aged to older dogs, with average age of 9 years, regardless of
gender. In dogs, 40% of OMM cases without lymphadenomegaly
already have lymph node metastasis. In addition, the presence
of metastatic lymph nodes at the time of diagnosis accounts
for ∼25% (2, 4). Goldschmidt et al. (5) reported that
melanomas in canines could be classified in melanotic (or
melanocytic), when they kept the capacity to produce melanin,
and amelanotic (or amelanocytic) when this capacity was totally
or partially lost.

Melanotic and amelanotic OMMs are considered to be
aggressive cancers in dogs. A first study from our group revealed,
for the first time, differences between melanotic and amelanotic
OMM, so that amelanotic OMM had more mitotic cells than
melanotic counterparts, differed in the expression of connexins
(i.e., the gap junction proteins) and dogs bearing amelanotic
OMM presented a shorter lifespan in comparison to those with
melanotic OMM (6).

Canine OMM can be considered a good model for human
OMM (2, 3, 7–9) as both harbor NRAS mutations. However,
according to Brocca et al. (10), single nucleotide polymorphysms
are not a frequent event in KIT activation in canine OMM, and
these differ from human OMM in this aspect.

In a study involving 95 dogs, canine cDNA sequencing data
for six genes relevant to human melanoma classification detected
somatic mutations in the NRAS and PTEN genes at the human
hotspot sites, except in BRAF in oral melanomas (3). Wong et al.
(11) performed a cross-species analysis by sequencing tumor-
germline pairs from 46 primary human muscosal, 65 primary
canine oral and 28 primary equinemelanoma cases frommucosal
sites.The data revealed recurrently mutated driver genes shared
between species such as NRAS, FAT4, PTPRJ, TP53 and PTEN,
and pathogenic germline alleles of BRCA1, BRCA2 and TP53.

Investigations into epigenetic characteristics of canine OMM
have been scarce in recent years.

Cancer-associated epigenetic changes include global
hypomethylation, site-specific hypomethylation and
hypermethylation, and modification of chromatin linked to

tumor suppressor gene silencing and oncogene activation (12).
In several studies, reductions in global DNA methylation and
hypermethylation of tumor suppressor genes are associated with
carcinogenesis (13, 14). Although these patterns are independent,
they may coexist in neoplasms and have been considered as
biomarkers associated with cancer (2, 15, 16).

The study of global DNA methylation by using antibodies
anti- 5mC started in the 1990’s by Dr Alain Niveleau, from the
Faculté de Médecine Claude Bernard Lyon I in France, who
initially produced the antibody against 5mC. Piyathilake et al.
(17), compared the results of global DNA methylation evaluated
by radiolabeled methyl incorporation (CPM/microg of DNA)
with immunohistochemical staining of the same tissue sections
with a monoclonal antibody developed against 5-methylcytosine
(5mC). The results suggested that both radiolabeled methyl
incorporation assay and immunostaining for 5mC could be
used to demonstrate hypomethylation of DNA in squamous cell
carcinoma tissues compared to matched uninvolved tissues.

Based on our previous studies using anti-5-methylcytosine
(5mC) immunostaining, global DNA methylation patterns was
found to differ in mast cell tumor grades (18): grade 3, high-
grade mast cell tumors, which present worse prognosis, showed
predominant weak immunostaining for 5mC. Moreover, canine
mammary cancers (19) were identified to develop a higher
aggressiveness in hypomethylated (predominantly 5mC-weakly
immunostained) tumors.

The evaluation of peripheral blood leukocyte global DNA
methylation has been an interesting approach in epigenetics
research (20, 21), as it allows us to investigate the influence of the
environment on cancer development. Global hypomethylation in
peripheral blood cell DNAhas been associated with increased risk
and prognosis of various cancers in humans (22). Alterations in
DNA methylation in peripheral blood cells may not necessarily
correlate with epigenetic changes in tumors; however, global
DNAhypomethylation in peripheral blood leukocytesmay reflect
the genomic instability of an individual, whichmay lead to cancer
development (23, 24). Recently, Epiphanio et al. (25) sought to
determine whether peripheral blood global DNA methylation
was associated with canine multicentric lymphomas. Based on
their findings, dogs with non-Hodgkin lymphomas presented
global DNA hypomethylation of circulating leukocytes compared
to healthy dogs.

No reports regarding global DNA methylation in canine
OMM, nor reports linking the global DNA methylation of
peripheral blood leukocytes with oral melanoma in dogs, have
been published in the field of veterinary medicine. Therefore, the
aim of this study was to evaluate global DNA methylation by
5mC immunostaining and cellular proliferation in melanotic and
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amelanotic OMM, and quantify global DNA methylation in the
peripheral leukocytes of dogs with OMM.

MATERIALS AND METHODS

Ethics and OMM Samples
The study protocol was approved by the Committee of Ethics on
the Use of Animals (CEUA) of the School of Veterinary Medicine
and Animal Science (Process number: 9522230517) and the
School of Medicine of the University of São Paulo (Process
number: 997/18). All dog owners signed informed consent forms.

For this study, OMMsamples were acquired from two sources.
The first set of 18 OMM was obtained from dogs enrolled

at the Provet Veterinary Hospital and Pet Life Care Hospital in
São Paulo. Amelanotic and melanotic OMM samples (9 samples
of each) were obtained from the animals during the surgical
procedures for removal of tumors, or electrochemotherapy
procedures, and blood samples from the same dogs were obtained
for the quantification of leukocyte global DNA methylation.
Blood was also collected from seven healthy dogs with similar
ages to serve as the control. The groups were composed of
male and female dogs, with or without defined breeds. The
exclusion criteria were: history of other neoplasms, use of
corticosteroids and chemotherapy before sample collection, and
other concomitant serious diseases. The second set of OMM was
composed of 20 melanotic and amelanotic OMM samples (10
samples of each) in paraffin blocks, that were kindly provided
by Dr Cristina de Oliveira Massoco, from the Laboratory of
Pharmacology and Toxicology at the SVMAS – USP.

All OMM samples were fixed in 10% formalin and routinelly
embedded in paraffin wax. The 5µm sections were stained with
Hematoxylin and Eosin to confirm the diagnosis before being
submitted to immunohistochemistry. All amelanotic OMM had
<50% pigmented cells (26), and their diagnosis was confirmed by
immunostaining with the anti-Melan A antibody (27).

Blood Sampling for the Analysis of
Leukocyte Global DNA Methylation
Four mL of peripheral blood, obtained via venipuncture, was
collected from 18 melanoma-bearing and the 7 control dogs in
EDTA tubes. Blood was centrifuged at 3,000 × g for 10min at
4 ◦C, and the buffy coat containing leukocytes was separated.
Samples were stored at−80 ◦C for subsequent DNA extraction.

Immunohistochemistry
All melanoma samples were obtained immediately after surgery,
fixed in 10% formalin, and embedded in paraffin wax. The
obtained 5µm sections were subjected to immunohistochemistry
with the following antibodies: anti-Melan A, anti-5-methyl
cytosine (5mC), and anti-Ki-67 (Table 1). Additional slides
representing samples from the negative control were subjected to
the same immunohistochemical protocol, except the treatment
with the primary antibodies.

After deparaffinization, the slides were gradually hydrated in
ethanol, and the peroxidase was blocked for 40min at 37◦C
in a solution containing hydrogen peroxide. The cells were
then washed with phosphate buffer (PBS) and subjected to

TABLE 1 | Primary antibodies used for immunohistochemistry and their dilutions.

Antibody Species Clone Dilution Antigen

recovery

Anti-MelanA (Dako®) Mouse (monoclonal) A103 1:50 Citrate buffer

Anti-Ki67 (Dako®) Mouse (monoclonal) MIB-1 1:50 Citrate buffer

Anti-5MeCyt (Abcam®) Mouse (monoclonal) 33D3 1:100 Citrate buffer

antigenic recovery in a Pascal pressure cooker (DAKO R©) for
15min with citrate buffer (pH 6.0). Thereafter, the slides were
washed with PBS and incubated overnight at 4◦C with specific
primary antibodies.

Following overnight incubation, the slides were washed with
PBS and incubated with Polymer EnVision TM

+ Dual Link
System-HRP R© polymer for 30min in the oven, according
to the manufacturer’s recommendations. After washing with
PBS, the reactions were revealed with 3-amino-9-ethylcarbazole
(AEC) for melanotic OMM or diaminobenzidine (DAB) for
amelanotic OMM (DAKO R©). The slides were counterstained
with hematoxylin, washed with 0.5% ammoniacal water, washed
under running water, subjected to diaphanization (protocol of
ethyl alcohol and xylol), and finally assembled. The bleaching
of melanotic melanomas was not performed in this study as
bleaching modifies the immunogenicity of the tissue antigens,
which may interfere with the final results of immunostaining.

Immunostaining with anti-5mC and anti-Ki67 was performed
in separated batteries, with all samples from the same set placed
in each battery to enable uniformity of the exposure time and
quantification of the staining intensity.

Quantification and Scoring of 5mC- and
Ki67-Positive Nuclei
An optical microscope (NIKON, Tokyo, Japan) linked to the
Image-Pro Plus system (v.4.5.0.29; Media Cybernetics, Rockville,
MD, USA) was used to quantify the 5mC- or Ki67-positive nuclei
in the canine OMM. Digital photomicrographs were captured
under the same light conditions, and 5 to 8 microscopic fields
(40 × objective) of each sample were analyzed (counting and
classifying at least 500 melanoma cells per sample) by the
author NVS.

OMM cells were considered positive for 5mC if they presented
nuclei with brown/gold (diaminobenzidine, DAB) or red (AEC)
coloration. Nuclear staining intensity was classified as 0 (no
staining), 1+ (weak staining), or 2+ (strong staining). The
percentage of positive (2+, 1+) or negative nuclei was obtained
for each photomicrograph, and then the percentage of 5mC 2+,
1+ or 0 was obtained for each tumor. The mean (for parametric
tests) or median (for non-parametric tests) of the values for
melanotic or amelanotic OMM was then obtained, and used for
the statistical comparisons.

To quantify Ki67-positive cells, nuclei were scored as positive
or negative on the Ki67 immunostained slides. At least 500 cells
in 5 to 10 high-power fields (40 × objective) were counted per
slide. The percentage of positive cells in each slide was calculated,
and then a mean was obtained with the sum of the percentage of
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positive nuclei in each group (amelanotic or melanotic OMM),
divided by 19.

DNA Extraction and High Performance
Liquid Chromatography for Quantifying
Global DNA Methylation in Peripheral
Blood Leukocytes
DNA extraction and purification were carried out according
to the protocol provided in the Gentra Puregene R© DNA
extraction kit (QIAGEN Sciences, Maryland, USA). Briefly, the
previously collected blood leukocyte fractions from 25 dogs
(3 groups, 25 samples) were added to 600 µL of erythrocyte
lysis solution (RBC Lysis Solution, Gentra Puregene R© kit) after
10min of incubation at 25◦C room temperature. After the
samples were centrifuged at 2,000 × g for 5min at 4◦C, the
supernatant was carefully discarded. The samples were then
added to 500 µL of cell lysis solution (Cell Lysis Solution, Gentra
Puregene R© kit) and 25 µL of ribonuclease A (15 mg/mL).
Samples were subsequently incubated at 37◦C for 15min, and
the protein was precipitated by the addition of 300 µL of
protein precipitation solution (Protein Precipitation Solution,
Gentra Puregene R© kit) and centrifuged at 3,000 × g for 10min
at 4◦C. The supernatant was transferred to a tube containing
1mL of cold 2-isopropanol, and the precipitated DNA was
collected via centrifugation at 2,000 × g for 5min at 4◦C.
The DNA was washed with 1mL of 70% ethanol, dried, and
resuspended in 20 µL of 0.1mM deferoxamine solution. The
DNA concentration was determined by measuring the UV
absorption at λmax: 260 nm (Libra S12 Spectrophotometer,
Biochrom, Cambridge, UK), and DNA purity was assessed using
the UV absorbance ratio at λmax: 260/λmax: 280 nm. Aliquots
of 10-µg DNA samples in 0.1mM deferoxamine solution were
added to 2.5 µL of Tris-HCl/MgCl2 buffer (200mM, pH 7.4)
and 1 unit of DNase I. Samples were incubated at 37◦C for
60min. After the addition of phosphodiesterase I (0.001 units)
and alkaline phosphatase (1.2 unit), incubation was continued
for another 60min at 37◦C. At the end of incubation, the
samples were centrifuged at 9,300 × g for 10min. Aliquots
(10 µL) were injected into the HPLC-UV analytical system
(Shimadzu Corporation R©, Kyoto, Japan) to quantify global DNA
methylation, expressed as percent 5-methyl-2’-deoxycytidine
(5MeCyt), using the following equation:

5mC (%) =
5mC× 100

5mC+ dC∗(nmol)

∗deoxycytidine (dC).
The chromatographic condition consisted of a 250 × 4.6mm

i.d., 5µm, Shim-pack VP-ODS column (Shimadzu, Kyoto,
Japan) with a C18 4.0 × 3.0mm pre-column (Phenomenex,
Torrance, CA) eluted with a gradient of 0.1% formic acid
in water (solution A) and methanol:water (1:1) with 0.1%
formic acid (solution B) at a flow rate of 1 mL/min and
35◦C. The following conditions were employed: from 0 to
25min, 0 to 40% B; from 25 to 26min, 40 to 0% B; and
from 26 to 40min, 0% B. The PDA detector was set at

286 nm. Calibration curves were constructed at intervals of 0.01
to 1.2 nmol of 2′-deoxycytidine (dC) and 0.002–0.04 nmol
of 5mC.

TABLE 2 | Characteristics of the dogs included in the study.

Canine patient Gender Age (yrs) Breed WHO stage

Melanotic OMM

M1 M 15 Mongrel II

M2 F 14 Mongrel II

M3 M 14 Poodle II

M4 F 14 Beagle II

M5 F 12 Poodle II

M6 F 16 Mongrel II

M7 M 12 Mongrel II

M8 M 13 Lhasa apso II

M9 M 12 Mongrel II

M10 M 9 Golden retriever III

M11 F 12 Yorkshire II

M12 F 11 Schnauzer II

M13 M 10 Poodle III

M14 F 15 Mongrel III

M15 M 13 Mongrel III

M16 M 15 Poodle III

M17 M 13 Mongrel II

M18 M 12 Golden retriever III

M19 M 11 Schnauzer II

Amelanotic OMM

A1 F 11 Mongrel II

A2 F 12 Mongrel II

A3 F 13 Mongrel II

A4 F 12 Yorkshire II

A5 F 12 Mongrel II

A6 F 14 Yorkshire II

A7 F 14 Mongrel II

A8 F 12 Mongrel II

A9 M 13 Mongrel II

A10 M 13 Pinscher II

A11 F 16 Mongrel III

A12 F 12 Pug III

A13 M 8 Teckel I

A14 M 14 Mongrel I

A15 F 14 Cocker Spaniel II

A16 M 15 Teckel III

A17 F 16 Mongrel III

A18 M 9 Teckel III

A19 F 8 Mongrel III

Clinically Healthy (controls)

C 1 F 12 Mongrel Clinically Healthy

C 2 M 11 Mongrel Clinically Healthy

C3 F 10 German Shepherd Clinically Healthy

C4 M 12 Mongrel Clinically Healthy

C5 M 10 German Shepherd Clinically Healthy

C6 M 14 Mongrel Clinically Healthy

C7 F 14 Mongrel Clinically Healthy
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Statistical Analysis
GraphPad Prism R© software was used for the statistical
analyses. After the normality test, 5mC- or Ki67- positive
nuclei quantifications were compared between melanotic and
amelanotic OMM. The Kruskal Wallis non-parametric test, with
the Dunn’s post-test, was used to compare 5mC-positive cell
medians between melanotic and amelanotic OMM (considering
p < 0.05). The Student’s t-test was employed to compare
the percentages of Ki67-positive nuclei between melanotic and
amelanotic OMM; p < 0.05 was set as the significance limit. The
Student’s t-test and ANOVAwere employed as the statistical tests
to quantify the global DNA methylation in blood leukocyte. The
Spearman’s rank correlation coefficient was used to define the
level of correlation between 5mC and Ki67 scores.

RESULTS

Subjects Characteristics
In this study, samples from 19 dogs with melanotic OMM and 19
with amelanotic OMM (ages: 8–16 years-old; sex ratio: 52.64%
females and 47.36% males) were included. The dog breeds with
melanotic OMM were Mongrels (8/19), Poodles (4/19), Beagles
(1/19), Lhasa Apsos (1/19), Golden Retriever (2/19), Schnauzer
(2/19) and Yorkshier (1/19), while those with amelanotic OMM
were Mongrels (11/19), and Yorkshires (2/19), Pischer (1/19),
Pug (1/19), Teckel (2/18), Cocker Spaniel (1/18). The control
group was composed of seven healthy dogs (age: 10–14 years-
old, sex: 57.14% males and 42.85% females), where 5/7 and 2/7
were Mongrels and German shepherd dogs, respectively. All
OMM bearing dogs were taken to the veterinary hospital to
undertake electrochemotherapy, surgery and or dendritic cell
vaccination. Most dogs were in WHO stage II (4), and none of
them had metastasis at the moment of diagnosis and therapeutic
procedures. The characteristics of the dogs enrolled in the study
are shown in Table 2.

Scoring of 5mC and Ki67-Positive Nuclei
Melanotic and amelanotic OMM samples were analyzed to
derive their immunoreactivity to 5mC to investigate global
DNA methylation.

Nuclear immunostaining for 5mC was classified as strong
(2+), weak (1+), or negative (0). Most cells from both melanotic
and amelanotic OMM samples presented weak or negative

TABLE 3 | Summary data of the Ki67 and 5mC quantifications in melanotic and

amelanotic OMM.

Ki67 5mC 2+ 5mC 1+ 5mC -negative

Melanotic

OMM (n = 19)

21.12 ± 9.03 1.71 ± 1.57 40.64 ± 16.41 57.65 ± 16.61

Amelanotic

OMM (n = 19)

57.32 ± 12.04* 2.83 ± 2.37 58.15 ± 18.76 39.02 ± 18.41

Data represent the mean of the percentages (mean ± standard deviation).

*Statistically significant, Student t-test (p < 0.001) so that amelanotic OMM have

significantly higher positive nuclei.

Kruskal Wallis and Dunn’s test (p > 0.05) were used to compare the 5mC scores

for strong, weak, and negative nuclei immunoreactivity between melanotic and

amelanotic OMMs.

staining for 5mC (see Table 3). In addition, no differences
between melanotic and amelanotic OMMs regarding the strong,
weak, and negative nuclei percentages was observed, as shown in
Table 3 and Figure 1.

Figure 2 presents example photomicrographs of the
immunostainings for 5mC and Ki67 in melanotic and
amelanotic OMM.

The percentage of Ki67-positive nuclei was significantly
higher in amelanotic OMM than in melanotic OMM, as shown
in Table 3 and Figure 3.

Correlation Between 5mC and Ki67
Scorings
The correlation between 5mC score in melanotic and/or
amelanotic OMM and the Ki67 score was evaluated by the
Spearman’s correlation coefficient, a non-parametric measure of
rank correlation. It assesses how well the relationship between
two variables can be described using a monotonic function. This
coefficient assumes values between−1 and 1. Table 4 shows the
degrees of correlations obtained. Significant low to moderate
correlations were obtained when the 5mC and Ki67 from 38
samples were tested. No significant correlations were observed
when either melanotic or amelanotic 5mC scores were compared
with the respective Ki67 score.

Quantification of the Global DNA
Methylation in Canine Blood Leukocytes by
HPLC
Quantification of global DNA methylation in leukocytes
collected from melanotic OMM, amelanotic OMM, and control
dogs was performed according to the area obtained in the

FIGURE 1 | Scores of the 5mC-positive nuclei in samples of canine melanotic

and amelanotic OMMs. The 5mC-positive cells were divided into strong (2+),

weak (1+), or negative (0) staining. Medians were compared by Kruskal Wallis,

with the Dunn’s post-test. No significant differences were obtained. However,

more than 90% of the cells in both melanotic and amelanotic OMM samples

were either weakly or negatively stained for 5mC.
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FIGURE 2 | Photomicrographs of the immunostainings for 5mC and Ki67 in melanotic and amelanotic OMM. (A) Immunostaining of 5mC in amelanotic OMM. Arrows

indicate the patterns 5mC2+ and 5mC 1+ and 5mC 0 (DAB + hematoxylin). (B) Immunostaining of 5mC in melanotic OMM. Arrow indicates the 5mC 2+ nucleus

(AEC + hematoxylin). (C) Immunostaining of Ki67 in amelanotic OMM. Arrows indicate a positive nuclei (DAB + hematoxylin). (D) Immunostaining of Ki67 in melanotic

OMM. Arrows indicate positive nuclei (AEC + hematoxylin). Objective = 40x.

FIGURE 3 | Scores of the Ki67-positive nuclei in samples of canine melanotic

and amelanotic OMM. Means were compared using the Student’s t-test. The

percentage of Ki67-positive cells was significantly higher (****) in amelanotic

OMM than melanotic OMM (p < 0.05).

chromatograms that refer to dC and 5mC. By analyzing the
chromatograms, peripheral blood leukocytes from melanotic
OMM and amelanotic OMM patients and controls were found

TABLE 4 | Summary of the Spearman’s correlation analysis of the 5mC data and

Ki67 positive nuclei in melanotic and amelanotic OMM.

Data used for

correlation

Spearman r Correlation P-value Significant?

Melanotic + amelanotic OMM (n = 38) × Ki67 (n = 38)

5mC 2+ × Ki67 0.3166 Positive, low 0.0528 *

5mC 1+ × Ki67 0.4439 Positive, moderate 0.0052 **

5mC negative × Ki67 −0.4426 Negative, moderate 0.0054 **

Melanotic OMM (n = 19) × Ki67 (same samples, n = 19)

5mC 2+ × Ki67 0.4368 Positive, moderate 0.0615 ns

5mC 1+ × Ki67 0.04561 Positive, very low 0.8529 ns

5mC neg × Ki67 −0.02807 Negative, very low 0.9092 ns

Amelanotic OMM (n = 19) × Ki67 (same samples, n = 19)

5mC 2+ × Ki67 0.1255 Positive, low 0.6087 ns

5mC 1+ × Ki67 0.2386 Positive, low 0.3253 ns

5mC negative × Ki67 −0.1719 Negative, low 0.4815 ns

* and ** = significance level, ns = non significant.

to have a similar global DNA methylation content (5.26 ± 0.64,
melanotic OMM; 4.64± 1.05, amelanotic OMM; and 5.06± 0.46,
controls, P-value ≥0.05) (Figure 4).

When leukocyte global DNA methylation in melanotic OMM
and amelanotic OMM were combined and compared to the
controls, no significant difference was obtained by the Student
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FIGURE 4 | Quantification of global DNA methylation in peripheral blood

leukocytes from dogs bearing melanotic OMM, amelanotic OMM, or control

dogs. No statistical differences were obtained when the means were

compared by ANOVA (p >0.05).

FIGURE 5 | Quantification of global DNA methylation in peripheral blood

leukocytes from dogs bearing melanotic and amelanotic OMM or control

dogs. No statistical differences were obtained when means were compared by

the Student’s t-test (p > 0.05).

t-test (4.95 +0.90, OMM and 5.06 ± 0.46, controls) (p > 0.05)
(Figure 5).

DISCUSSION

OMM is a very prevalent neoplasm in dogs. A report from
our group have revealed differences in cell proliferation (mitosis
countings), expression of connexins, and outcome between
melanotic OMM and amelanotic OMM (6). Although several
parameters have been identified to establish the behavior and
prognosis of OMM (2, 26), only few studies have investigated
the differences between melanotic and amelanotic OMM (6,
9, 28). To our knowledge, studies evaluating the global DNA
methylation landscape in canine OMM and in blood leukocytes
of OMM bearing dogs have not been reported in the literature,
which motivated us to carry out the present study.

This study included OMM from both female and male dogs,
aged 10–16 years old. Dogs with melanotic OMM, amelanotic

OMM, and clinically healthy (blood leukocyte control) were
enrolled in the cohort. OMM is reported to mainly affect animals
aged 8–11 years (1) or middle-aged to older dogs, with average
age being 9 years, and no gender predilections (21). This study
included a homogeneous population of older dogs, and most
of the dogs enrolled herein were females (52.64% females and
47.36% males).

Several histopathological parameters have been studied to
predict the prognosis of OMM in dogs, including morphological
classification, nuclear atypia, mitoses, cellular pleomorphism,
margin evaluation, pigmentation, and cell proliferation (29).
In the present study, tumor global DNA methylation and
growth fraction were assessed to compare melanotic OMM to
amelanotic OMM.

Initially melanotic OMM were differentiated from
amelanotic OMM via gross observation of the tumor mass
and morphological characteristics based on histopathological
examination, as well as by estimating the number of cells that
expressed melanin, according to the criteria of the Oncology
Pathology Working Group OPWG (26). All amelanotic
melanomas included in this study were whitish upon gross
examination and had <50% of melanin-expressing cells based
on the histopathological assessment. In addition, all amelanotic
OMMs were subjected to immunohistochemistry with Melan A
as the primary antibody, showing positivity. Such finding assured
that amelanotic OMM was diagnosed with certainty.

Both genetic and epigenetic events are involved in
carcinogenesis and cancer (14–16). Epigenetic events include
DNA methylation, histone acetylation, and micro-RNA. Because
epigenetic studies in canine melanomas are scarce, this study
aimed to compare global DNA methylation in melanotic OMM
to that in amelanotic OMM.

We performed immunohistochemical analysis of melanotic
and amelanotic OMMs using 5mC as the primary antibody. All
38 samples, separated in 2 sets of 18 and 20 samples, respectively,
were subjected to IHC in the same batch to avoid differences
in DAB (for amelanotic OMM) or AEC (for melanotic OMM)
revealing time as well the potential differential intensity that
may be induced. The OMM slides were analyzed in an image
analysis system to quantify strong, weak, or negative nuclei (at
least 500 per case). The same quantification approach was used
in other studies (18, 19, 30). The results of these quantifications
showed that both melanotic and amelanotic OMMs presented
higher percentages of weakly stained and negative 5mC nuclei.
Such finding may presume global DNA hypomethylation in the
OMM cells, according to the pioneer studies from Piyathilake
et al. (17). The predominance of global DNA hypomethylation
is in general associated with highly aggressive neoplasms.
The negative nuclei have been interpreted as bearing a very
low level of 5mC, which was impossible to detect using the
immunohistochemical technique.

Although gene specific methylation was not evaluated,
hypermethylation of cancer-related genes is known to play a
fundamental role in tumorigenesis and may lead to increased
invasion and possibly higher aggressiveness. Koroknai et al.
(31) identified several methylation changes that can play a role
in human melanoma progression, including hypermethylation
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of the promoter regions of the ARHGAP22 and NAV2
genes that are commonly altered in locally invasive primary
melanomas as well as during metastasis. In addition, Yamamoto
et al. (32) investigated the role of epigenetic aberrations
in human melanomas by genome-wide DNA methylation
analysis of 51 clinical malignant melanoma samples. Hierarchical
clustering analysis revealed two DNA methylation epigenotypes:
high- and low-methylation subgroups. Tumor thickness was
significantly greater in cases of high-methylation tumors than
low-methylation tumors. Further, the prognosis was significantly
worse in high-methylation cases.

In the OMM samples, hypermethylated and hypomethylated
nuclei were found, with higher numbers in hypomethylation
cells. New studies isolating these cells may be performed to
evaluate gene-specific DNA methylation in these cells.

In contrast (18, 19, 30), demonstrated that the most aggressive
tumor subtypes have shown predominant weakly stained
nuclei that presumably revealed global DNA hypomethylation.
Unfortunately, in this study, we could not evaluate the normal
methylation pattern of canine mucosal melanocytes, since these
cells are roughly seen in histological sections of oral mucosa in
clinically healthy dogs.

Many studies have revealed a decrease in general methylation
with aging, and epidemiological analyses have used leukocyte
methylation as a risk marker, suggesting a predisposition to
cancer by DNA hypomethylation (21, 22). In our study, we
investigated the level of global DNA methylation in aged dogs
only, since the study protocol has not included the analysis of
blood leukocytes of dogs from other ages. However, this can be
approached in future studies.

Some studies have reported aberrant DNA methylation
profiles in canine melanomas. By employing genome-wide next-
generation sequencing to analyze the DNA methylation patterns
of canine melanomas, studies found increased methylation
at thousands of normally unmethylated CpG sites in CGIs
and decreased methylation at normally methylated CpG
sites in non-CGIs. Six genes with “sequence-specific DNA
binding” annotation were significantly enriched, including three
homeobox genes (HMX2, TLX2, and HOXA9). As a result,
the researchers concluded that these genes may be involved
in the tumorigenesis of canine malignant melanoma (33).
Another recent study examined the DNA methylation status of
long interspersed nucleotide element-1 (LINE-1) as a surrogate
marker of genome-wide methylation changes in this disease.
These studies compared 41 canine melanoma patient samples
and six cell lines to normal mucosae. Based on their findings,
LINE-1 showed remarkable hypomethylation in melanomas
compared to normal mucosae (34).

Cell proliferation assessed via immunostaining and
quantification of Ki67 can be considered an important biomarker
of tumor aggressiveness and prognosis. Therefore, we sought
to quantify the Ki67-positive nuclei in the same melanotic
and amelanotic OMM samples according to the guidelines of
Meuten et al. (29). Amelanotic OMM has a significantly higher
Ki67 index than melanotic OMM; this is despite both tumors
displaying Ki67 indexes higher than 19.5 cells/high power field
(hpf), which indicates poor prognosis (29).

Smedley et al. (28) revealed that the value of the Ki67 index
is useful as a prognostic factor among other histological features.
Sevastre et al. (35) also analyzed cell proliferation (Ki67) in canine
melanoma samples and found a positive correlation between
Ki67 index value, necrosis, andmitosis. Therefore, by considering
cell proliferation, we suggest that amelanotic OMM has a higher
growth fraction (36) than melanotic OMM in dogs.

Interstingly, the 5mC scores in melanotic and amelanotic
OMM revealed a low to moderate positive correlation with
Ki67 scores, while the negative characteristic (absence of 5mC
staining) was negatively and moderately correlated with the Ki67
score. This may indicate that if a neoplasm shows many negative
5mC nuclei, it may show a higher growth fraction. This may
be in accordance with the presumed relationship between the
global DNA hypomethylation and the higher cell proliferation
and possibly higher aggressiveness.

Epigenetic alterations may be affected by environmental
modifications. The assessment of global DNA methylation in
circulating leukocytes is thus being carried out to understand
the environmental influences on cancer (23, 24). The role
of global DNA methylation in blood leukocytes is relevant
to the determination of possible etiological factors and
pathogenesis of melanoma; this is because it is affected
by lifestyle and environmental factors and is potentially a
molecular link mediating the association between unhealthy
lifestyle/environmental carcinogens and cancer risk (23).

DNA methylation has been intensively investigated as an
epigenetic factor with potential biomarkers for cancer and
carcinogenesis. According to the results of this study, the pattern
of circulating leukocyte global DNA methylation in dogs bearing
melanotic and amelanotic OMM was similar based on the HPLC
methods employed. However, a tendency for hypomethylation
was noted in the amelanotic melanomas. Further, leukocyte
global DNA methylation in combined melanotic and amelanotic
OMMs did not differ from that observed in control animals.
Such findings indicate that canine OMM may not be associated
with environmental or systemic factors. Thus, local etiological
factors may be considered. Local factors related to OMM
pathogenesis may include consanguinity, trauma, chemical
exposure, hormones, genetic susceptibility, the presence of
pigmented cells, or even the oral microbiota. Inflammation may
also be associated with the etiology of these tumors (2).

In conclusion, this study revealed the presence of higher 5mC
weakly stained nuclei, presumably global DNA hypomethylation,
in both caninemelanotic and amelanotic OMM, and significantly
higher growth fraction in amelanotic OMM than melanotic
OMM detected by Ki67 scoring. No alterations were found when
the leukocyte global DNA methylation was compared among
melanotic, amelanotic, and healthy dogs of similar ages. The
study’s main limitation is its relatively low number of melanoma
samples. However, to our knowledge, this is the first report
to evaluate global DNA methylation in canine melanomas and
peripheral blood leukocytes. Canine OMM is considered to be a
good model for human OMM (3, 7–9, 37). Notably, in present
day clinics, there has been translation of new cancer treatments
from pet dogs to humans (38). Further, findings regarding tumors
from one species may influence the prevention and treatment in
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another. As the differentiation betweenmelanotic and amelanotic
melanomas can be important to understanding the prognosis
and new possibilities of intervention, a study involving a higher
number of OMM cases is ongoing.
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Metastatic melanoma is a very aggressive form of cancer in both humans and dogs.

Dogs primarily develop oral melanoma of mucosal origin. Although oral melanoma

in humans is rare, both diseases are highly aggressive with frequent metastases.

This disease represents a “One Health” opportunity to improve molecular and

mechanistic understanding of melanoma progression. Accumulating evidence suggests

that cyclooxygenase-2 (COX-2) may play a critical role in the malignant behaviour of

melanoma. In this study we analysed 85 histologically confirmed melanomas from

canine patients and showed that COX-2 is overexpressed in both oral and cutaneous

melanomas and that COX-2 expression correlates with established markers of poor

prognosis. To determine the role of COX-2 in melanoma we developed two melanoma

cell lines with stable integration of an inducible doxycycline-regulated expression vector

containing a COX-2 targeted micro-RNA (miRNA). Using this system, we showed that

cellular proliferation, migration and invasion are COX-2 dependent, establishing a direct

relationship between COX-2 expression and malignant behaviour in canine melanoma.

We have also developed a powerful molecular tool to aid further dissection of the

mechanisms by which COX-2 regulates melanoma progression.

Keywords: melanoma, COX-2, canine, malignant, one health

INTRODUCTION

In humans, melanoma is one of the most aggressive types of cancer, every year killing ∼50,000
people worldwide (1). Cutaneous forms represent the most common cases and are responsible
for 65% of all skin malignancy-related deaths (2). Melanomas of the oral cavity are rarer
but are associated with aggressive behaviour, including a tendency to repeated relapse and to
metastasise, and poor patient outcomes (3). In contrast, the majority of melanomas forming
in dogs are of mucosal origin, and most commonly seen in Scottish terriers, golden retrievers,
poodles and dachshunds indicating a genetic predisposition to this disease. Canine oral melanoma
is very aggressive and highly metastatic, with frequent metastases to local lymph nodes and
lungs (4). Therefore, there is potential to adopt a “One Health” approach to improve molecular
and mechanistic understanding of melanoma progression. Accumulating evidence suggests that
cyclooxygenase-2 (COX-2) expression may be considered as a prognostic biomarker and as a
potential therapeutic target in both humanmelanoma (5, 6) and canine melanocytic neoplasms (7).
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COX-2, also known as prostaglandin-endoperoxide synthase
2 (PTGS2), is an inducible form of the rate-limiting enzyme in
the metabolic conversion of arachidonic acid to prostaglandins,
including prostaglandin E2 (PGE2), a significant mediator
of inflammation and angiogenesis. Previously, COX-2
overexpression has been described in multiple human cancers
including skin, bone, oesophageal, breast, lung, pancreatic, colon,
cervical, prostate and bladder cancer, and is inversely associated
with patient survival (8). At the molecular level the COX-2/PGE2
axis modulates a number of signal transduction pathways in
human cancer cell lines that affect tumour cell proliferation,
apoptosis, immune evasion, angiogenesis, cellular adhesion,
differentiation and invasion (9). In canine osteosarcoma, we
have previously shown that COX-2 expression is 141-fold higher
in the cancer stem cell population compared to the non-cancer
stem cell population, and that COX-2 plays a major role in
tumour initiation (10). Consistently, inhibition of COX-2 with
either non-steroidal anti-inflammatory drugs (NSAIDs) or with
specific COX-2 inhibitors (COXIBs) can reduce the mortality
of several types of cancer (11) and can switch the immune
response from a tumour-promoting profile to a tumour-
destructive one, re-ordering the tumour microenvironment (12).
However, despite ample epidemiological evidence supporting an
inverse relationship between NSAID use and the incidence and
progression of cancer the clinical application of these drugs for
cancer prevention remains controversial. NSAIDs and COXIBs
have been shown to have off-target effects and to supress the
biosynthesis of other physiologically relevant prostaglandins that
are associated with the adverse side-effects of these drugs on the
GI tract and cardiovascular system, including elevated risk of
myocardial infarction and stroke (13, 14). We have previously
shown that mavacoxib (TrocoxilTM), a clinically relevant COXIB
in veterinary medicine, which is currently licenced to treat
pain and inflammation in canine osteosarcoma, can exert
anti-tumourigenic effects on a panel of canine cancer cell lines
with low COX-2 expression indicating that this drug may act in
a COX-2 independent manner (15).

In the context of canine melanoma, the exact role of COX-2
in the progression of the disease has not been fully elucidated.
Previous studies have examined the association between COX-
2 expression and prognostic factors, such as Ki-67 proliferation
index and survival time after diagnosis, in melanocytic tumours
and concluded that COX-2 may be associated with malignancy
and may be a potential prognostic marker (7, 16, 17). In vitro,
COX-2 inhibition by celecoxib in two canine melanoma cell lines
has been shown to supress cell growth and have anti-tumour
effects (18). One of the limitations of veterinary research is a
lack of molecular tools to dissect the contribution of COX-2 to
tumour progression. A model system in which reversible loss of
COX-2 function could be controlled in space and time would
be of significant value. In this study we have correlated the
expression level of COX-2 in samples from canine patients with
establishedmarkers linked to poor prognosis, and we describe the
development of two melanoma cell lines with stable integration
of a doxycycline-regulated expression vector containing a COX-
2 targeted micro-RNA (miRNA), to enable us to reversibly
suppress endogenous COX-2 gene expression. We utilised this

system to show that COX-2 is an essential driver of cellular
proliferation, migration and invasion of canine melanoma cells.

MATERIALS AND METHODS

Retrospective Case Material and
Histologic Classification
Eighty-five cases from canine patients in which melanoma was
diagnosed were retrieved from the archive of the Comparative
Pathology Laboratory, Department of Pathology, Universidade
Federal de Minas Gerais, Belo Horizonte, Brazil. Informed
client consent was obtained for all patient samples used in this
study. Of these, 29 cases were oral melanomas and 56 were
cutaneous melanomas. To confirm the primary diagnosis each
sample was re-examined independently by two pathologists (E.F.
and T.S.) according to the criteria, established by the World
Health Organisation (WHO), of the International Histological
Classification of Tumours of Domestic Animals (19), using
a Olympus BX41 microscope. Formalin-fixed and paraffin-
embedded (FFPE) tissues were cut into sections (4µm) using
a Leica RM2245 microtome. Deparaffinised samples were used
for Hematoxylin and Eosin (H&E) staining. Clinicopathological
features were evaluated: (1) presence of ulceration; (2) degree
of pigmentation; (3) morphology of neoplastic cells (spindle,
epithelioid or mixed); (4) mitotic index (MI); and (5) tumoural
vascular invasion. The MI was determined by counting all the
mitoses within 10 random, non-overlapping high-power fields
(HPFs) (×400), FN 22/40x objective (2.37 mm2) (20). A MI
was attributed according to the number of mitoses: low MI (<4
mitoses per 10 HPFs); high MI (≥4 mitoses per HPFs) (21).
The degree of pigmentation was estimated using a subjective
scale from 0 (no pigmentation), 1 (pigmentation in 25% of
neoplastic cells), 2 (pigmentation in 25–50% of neoplastic cells)
to 3 (pigmentation in >50% of neoplastic cells).

Immunohistochemical Analysis
FFPE tissue samples were cut into 4µm sections and processed
for immunohistochemical (IHC) analysis of S-100, melan-
A, PNL-2, COX-2 and Ki-67. All immunostainings utilised
the streptavidin-biotin-peroxidase complex method with a
commercial detection anti-mouse/anti-rabbit system (Novolink
Polymer Detection Sistem; Leica Biosystems, Newcastle upon
Tyne, UK) according the manufacturer’s instructions. Antigen
retrieval was performed by Pascal R© in citrate buffer pH 6.0
(DakoCytomation Target Retrieval Solution) at 125◦C for 2min,
followed immediately by 20min at room temperature (RT). All
sections were incubated with the primary specific antibody: S-100
(1:100 dilution, Clone S100, Dako, Glostrup, Denmark), melan-
A (1:100 dilution, Clone A103, Dako, Glostrup, Denmark),
Melanoma Antigen (1:100 dilution, Clone PNL-2, Santa Cruz
Biotechnology, Dallas, Texas, USA), COX-2 (1:80 dilution, Clone
SP21, Thermo Fisher Scientific, Walthan, MA, USA) or Ki-67
(1:50 dilution, Clone MIB-1, Dako, Glostrup, Denmark) for 18 h
at 4◦C. The antibody reactions were visualised with chromogen
3,3′ -diaminobenzidine tetrachloride (DAB) diluent (Dako, Code
K3468), incubated for 3min at RT. The samples were washed 3x
times in distilled water for 5min at RT, then counterstained with
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Giemsa for 30min at RT, dehydrated and mounted (22). Sections
treated with isotype-matched primary antibodies mouse anti-
human IgG were used as negative controls and this study also
included adequate positive controls: canine mammary tumour
for COX-2; and canine epidermis for melan-A, PNL-2, and Ki-
67. Images were captured on BX41 Olympus microscope. A
subjective scale was then used to establish the degree of positive
staining for S-100, melan-A and PNL-2 (23, 24). For COX-2
staining a distribution score and intensity were multiplied to
obtain a total score, which ranged from 0 to 12. Distribution
was estimated as the percentage of positive cells in 10 HPFs
(x400): 0 (absent); 1 (< 10% stained cells); 2 (10–30% stained
cells); 3 (>30–60% stained cells); and 4 (>60% stained cells).
For staining intensity: 0 (absent); 1 (weak); 2 (moderate); and 3
(strong). The samples with a final score 0–5 were considered to
have COX-2 low expression, and samples with a score of 6–12
were considered to have high COX-2 expression (24). The Ki-
67 index was evaluated by counting 500 tumour cells within a
microscopic grid at high magnification (×400) and the index was
expressed as a percentage.

RNA Extraction and Real-Time
Quantitative PCR From FFPE Samples
RNA was extracted from FFPE tissue samples using the
RecoverAllTM Total Nucleic Acid Isolation Kit (Thermo Fisher
Scientific, Walthan, MA, USA, Code AM1975), according to
the manufacturer’s instructions. Extracted RNAs were quantified
and 260/280 nm absorbance determined by NanoDrop Nucleic
Acid Quantification (Thermo Fisher Scientific, Walthan, MA,
USA). Total RNA was reverse transcribed using the M-MLV
kit (Invitrogen, CA, USA, Code 280250-13) according to the
manufacturer’s instructions. The RNA integrity was evaluated by
conventional RT-PCR analysis with the amplification of a 120
base pair fragment of the dog GAPDH reference gene, using the
forward 5′-TTCCACGGCACAGTCAAG-3 and reverse 5′-ACT
CAGCACCAGCATCAC-3′ primers. For quantitative real-time
PCR 90 ng of cDNA was used in a final qPCR reaction with
SYBR Green R© PCR Master Mix Kit according to manufacturer’s
instructions (Invitrogen, CA, USA) and ABI PRISM R© 7500
Sequence Detection System (Carlsbad, CA, USA). For the RT-
qPCR the cycling conditions used were: (stage 1) 1 cycle of 50◦C
for 2min; (stage 2) 1 cycle at 95◦C for 10min.; (stage 3) 40
cycles of 95◦C for 15 s then 55◦C for 1min. After completion
of the amplification reaction, melt-curve analysis was carried
out at 95◦C for 15 s to produce a dissociation curve. Relative
gene expression levels were obtained by normalisation to the
expression level of a housekeeping gene (HPRT) (25). Primer
sequences are shown in Table 1.

Cell Culture
The panel of canine melanoma cell lines used in this study
included CMGD2, CMGD-5, CML-10 and TLM1 (Kerafast,
Boston, MA, USA), cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% foetal bovine
serum, 100µg/ml streptomycin (ThermoFisher Scientific) and
5% HEPES (ThermoFisher Scientific). Canine transitional cell
carcinoma of the urinary bladder cell line (K9TCC) (a

TABLE 1 | Primer sequences for the amplification of qRT-PCR products from

canine FFPE tissue samples.

Gene Forward primer (5′-3′) Reverse Primer (5′-3′)

COX-2 CCTGACACCTTGCAAATAG ATTCCACAAACTGGGTAAGG

HPRT CCTTGGTCAAGGAGCATAATC GTCAAGGGCATATCCTACAAC

TABLE 2 | Primer sequences for the amplification of qRT-PCR products from

canine cell lines.

Gene Forward primer (5′-3′) Reverse Primer (5′-3′)

COX-2 GCCCTATACATCATTCGAAGAAC CACCATAAAGGGCCTCCAA

GAPDH GGGAAGATGTGGCGTGAC GAAGGCCATGCCAGTGAG

kind gift from Deborah Knapp and Jane Stewart, Purdue
University) was grown in DMEM/F-12 (ThermoFisher Scientific)
containing HEPES and L-glutamine and supplemented with
10% FBS and 100µg/mL penicillin/streptomycin. All cells
were maintained at 37◦C in a humidified atmosphere with
5% CO2.

Real-Time Quantitative PCR
RNA was extracted from cells using the RNeasy Kit (Qiagen,
CA USA) according to the manufacturer’s instructions. Real-
time PCR was executed using 50 ng of amplified RNA and the
Stratagene Mx3000p qPCR system (Aligent, CA, USA), using
the Platinum R© SYBR R© Green qPCR SuperMix-UDG according
to manufacturer’s instructions (Invitrogen, CA, USA). For the
RT-qPCR the cycling conditions used were: (stage 1) 1 cycle of
95◦C for 2min; (stage 2) 40 cycles of 95◦C for 5 s followed by
60◦C for 10 s. After completion of the amplification reaction,
melt-curve analysis was carried out according to the instrument’s
instructions. Relative gene expression levels of COX-2 were
obtained by normalisation to the expression level of a
housekeeping gene (GAPDH) (25). Primer sequences are shown
in Table 2.

Construction of a Canine Inducible COX-2
miRNA Expression Vector
The generation of inducible vectors expressing COX-2 miRNAs
were constructed using custom designed complementary
canine COX2 oligos (Invitrogen’s RNAi Designer, USA), with
each containing 4 nucleotide overhangs necessary for directional
cloning. The complementary COX2 oligos were annealed and the
resulting double-stranded oligo was cloned into pcDNATM6.2-
GW/EmGFP-miR vector (pcDNAGFPmiRNACOX2-346)
according to the Block-iT TM PolII miR RNAi expression
vector kit manual (Invitrogen). A negative control plasmid,
pcDNATM6.2-GW/EmGFP-miRneg (included in the kit),
containing a miRNA insert predicted not to target any known
vertebrate gene, was also used for the subsequent cloning steps.

Custom designed canine double-strand COX2-346 oligo,
with 4 nucleotide overhangs (bold), cloned into pcDNATM6.2-
GW/EmGFP-miR vector:
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TGCTGTGGACTCTCAATCAAATGTGAGTTTTGGCCACT
GACTGACTCACATTTTTGAGAGTCCA
CACCTGAGAGTTAGTTTACACTCAAAACCGGTGACTG
ACTGAGTGTAAAAACTCTCAGGTGTCC

The pcDNAGFPmiRNACOX2-346 and pcDNATM6.2-
GW/EmGFP-miRNeg vectors are Gateway R© compatible due
to the presence of attB sites flanking the COX-2 miRNA insert
and can be transferred to other Gateway R© adapted destination
vectors that contain attR sites. After removal of emGFP,
canine COX-2 miRNAs and miRNeg expression cassettes were
transferred to the pTRIPZdest destination vector (a kind gift
from Dr Peter Hohenstein, Roslin Institute) using the rapid
Invitrogen BP/LR protocol (Invitrogen). The destination vector
pTRIPZdest is a lentiviral inducible vector engineered to be Tet-
On. Following transfer of the COX2miRNA in the pTRIPZdest,
the tetracycline response element (TRE), placed upstream of a
minimal promoter, will drive the co-expression of a TurboRFP
reporter gene and the COX2miRNA if the transactivator (rtTA3)
binds to TRE which only occurs in the presence of doxycycline
(DOX). The induced expression of TurboRFP allows tracking of
transfection efficiency, TRE promoter activity and COX2miRNA
expression. The pTRIPZdestmiRCOX2 vectors contain the
puromycin resistance gene (puro) which allows for puromycin
selection of any mammalian cell lines that are stably transfected
with the vectors.

Transfection of Inducible COX-2 miRNA
Expression Vector and the Generation of
Stable Cell Lines
CMGD-2, CMGD-5, CML-10 and TLM-1 cells were seeded at 2
× 105 in 6-well plates and incubated for 24 h. At 80% confluency
cells were transfected with 2.5 µg DNA (pTRIPZdestmiRCOX2-
346 expression vector) per well at a final concentration of 1
µg/µl using 12.5 µl (CMGD-2 and CMGD-5), 9 µl (CLM-10)
and 6 µl (TLM-1) Lipofectamine R© 2000 reagent (ThermoFisher
Scientific, USA) according to the manufacturer’s instructions.
pTRIPZdestmiRNeg plasmid negative control plasmid was used
as a negative control in subsequent experiments. To establish
stable transfection, cells were exposed to 2µg/ml of puromycin
48 h post-transfection. After 10–14 days of selection, puromycin-
resistant colonies were pooled and expanded.

Proliferation Assay
Transfected cells were seeded in triplicate in opaque 96-well
plates (Corning, CA, USA) at 2,000 cells/well. Cells were
incubated 37◦C, 5% CO2 and cell viability was assayed 48 h
later using the CellTiterGlo R© Luminescent Cell Viability Assay
(Promega, Madison, USA, Code G7570) according to the
manufacturer’s instructions. Luminescence was recorded using a
Viktor3 luminometer (PerkinElmer, Massachusetts, USA). Data
was averaged, and then normalised against the average signal of
untreated/negative control treated samples.

Colony Formation Assay
Transfected cells were seeded at 500 cells/10 cm plate and
immediately treated with the indicated dose of DOX. Plates were

incubated until colonies were visible at 37◦C in a humidified
CO2 incubator. Growth media was changed approximately once
a week. The colonies were fixed by incubating for 5min with ice-
cold methanol at RT. Colonies were air dried and then stained
with Giemsa (Invitrogen, Paisley, UK) for 20min at RT. The total
number of colonies were counted.

Invasion Assay
Invasion assays were performed using transwell system with
two compartments separated by 8µm pore polycarbonate
philtres coated with Matrigel (BD Biosciences). In the upper
compartment ∼2 × 104 cells were seeded in serum-free media,
and the lower compartment contained media spiked with 5%
FBS. Cells were allowed to transmigrate for 24 h. Non-migrated
cells on the upper side of the transwell were removed. Cells on the
underside of the transwell were fixed with methanol and stained
with 0.1% crystal violet. These represented cells that hadmigrated
through the philtre. Ten different fields (x200) were counted in
triplicate experiments.

Cellular Migration Assay
Transfected cells were incubated at 37◦C in humidified 5%
CO2 incubator grown until 80–90% confluent in 6-well plates.
A scratch was made in the confluent monolayer of cells with
a pipette tip. The gap was visualised using the Axiovert 40
CFL microscope coupled with an AxioCAM HRm camera (Carl
Zeiss Ltd, Cambridge, UK) and measured at 6 points/gap and
an average taken. Measurements were made over the indicated
time course. Scratch width was converted to “relative migration
distance” of cells, where the distance is a percentage of the initial
wound width.

Statistical Analysis
Data were expressed as a mean ± S.D. Statistical analysis
was performed with GraphPad Prism version 5.0 for Windows
(GraphPad software, CA USA) using Spearman’s correlation for
non-parametric analysis test, analysis of variance and Student’s t-
test or mann-whitney test. The criterion for significance was p <

0.05 for all comparisons.

RESULTS

Immunohistochemical Analysis of Canine
Melanoma Samples
A total of 85melanoma tumours (29 orals and 56 cutaneous) were
included in this study and classified accordingly: 23 spindle cell,
53 epithelioid cell and nine mixed. High pigmentation level is
inversely correlated with overall survival time in human patients
and is an important marker of the disease (26). Here the degree
of pigmentation was estimated using a subjective scale from 0 (no
pigmentation) to 3 (pigmentation in>50% of neoplastic cells). Of
the 85 samples: 20 had no pigmentation; 42 scored 1; 7 scored 2;
and 16 scored 3. Regarding the mitotic index (MI), 74 cases were
evaluated (24 orals and 50 cutaneous), of those, 14 oral and 20
cutaneous melanomas had a high MI (≥4 mitoses per 10 HPF)
(Table 3). The MI could not be evaluated on 11 other cases due
to high pigmentation.
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TABLE 3 | Clinicopathological parameters of the oral and cutaneous melanomas.

Oral Cutaneous

Histological type

Epithelioid cells 23 30

Spindle cells 3 20

Mixed 3 6

Pigmentation

0 (no pigmentation) 12 8

1 (25% of cells) 12 30

2 (25–50%) 1 6

3 (>50%) 4 12

Mitotic index

<4 mitoses 10 30

≥4 mitosis 14 20

TABLE 4 | Immunohistochemical positivity of oral and cutaneous melanomas by

S-100, melan-A, PNL-2, and COX-2 antibodies.

Molecular markers Oral Cutaneous

S-100 100% (29/29) 100% (56/56)

melan-A 93% (27/29) 100% (56/56)

PNL-2 100% (12/12) 100% (8/8)

COX-2

Score 0 7% (2/29) 12% (7/56)

Score 1–5 59% (17/29) 45% (25/56)

Score 6–12 34% (10/29) 43% (24/56)

The immunoreactivity for S-100, melan-A, and PNL-2 was
observed as brown cytoplasmic staining. All samples were
positive for S-100 protein and PNL-2, and 75 of 85 were
positive for melan-A. Of the 10 cases that were negative for
melan-A the diagnosis was confirmed by positive staining for
PNL-2 (Table 4). Overall, a high COX-2 expression revealed a
statistically significant correlation with Ki-67 (p= 0.03), however
when oral and skinmelanomas were analysed independently only
the skin tumours presented statistical significance (p = 0.01)
(representative images of Ki-67, melan-A, PNL-2 and COX-2
staining are shown in Figure 1).

We found that COX-2 was located in the cellular membrane,
cytoplasm, and nuclear membrane in a diffuse and homogeneous
pattern. In the primary tumour the labelling intensity of
COX-2 was comparable to that of neoplastic intravascular
emboli, however, the extension of COX-2 staining in neoplastic
intravascular emboli was always diffuse. These results confirmed
that COX-2 was expressed, at some degree, in 90% of all tumours
examined (Figures 1E,F) and that 34 of 85 of these tumours had a
combined distribution and intensity score of 6–12. Of the 29 oral
melanomas, 10 showed a COX-2 score of 6–12, whereas 24 of 56
of cutaneous melanomas scored 6–12 (Table 4).

The high COX-2 expression revealed a statistically significant
correlation with both oral and cutaneous tumours with Ki-67
(r = 0.45; p = 0.03), MI (r = 0.49; p < 0.001), lymphatic
invasion (r = 0.41; p = 0.04) and the histological type of tumour

(epithelioid and mixed) (r = 0.51; p = 0.003). In the cutaneous
tumours the presence of skin ulceration (r = 0.49; p = 0.02) was
also statistically correlated with high COX-2 levels. Thus, these
results suggest that high COX-2 protein levels could be associated
clinicopathological aggressiveness parameters. To correlate this
data to COX-2 gene expression we isolated RNA from the FFPE
samples and determined COX-2 gene expression by qRT-PCR.
The samples were divided according to the previous IHC results
into low and high COX-2 protein levels. The gene expression
revealed a statistically significant inverse correlation with the
COX-2 protein expression (r = 0.64; p= 0.0008) (Figure 1G).

Construction of an Inducible COX-2 miRNA
Expression Vector
Artificial miRNAs were engineered to have 100% homology to
the target COX-2 sequence and result in cleavage. To test the
candidate miRNAs for suppression of COX-2 expression, three
canine COX-2miRNA vectors were transiently transfected by
lipofection into a canine bladder cancer cell line (K9TCC) that
highly expresses COX-2. The vector contains a CMV promoter-
driven puromycin resistance gene and a green fluorescent
protein (GFP) gene to select and identify transfected cells.
EmGFP/COX-2miRNA and EmGFP/miRNeg expressing cells
were sorted 48 h post-transfection by fluorescence-activated
cell sorting (FACS). COX-2 down-regulation was assessed by
qRT-PCR using the comparative CT (211CT) method. The
pcDNAemGFPmiRCOX2 vectors are Gateway R© compatible
(Figure 2A(i)). After removal of emGFP, canine COX-2miRNAs
and miRNeg expression cassettes were transferred to the
pTRIPZdest destination vector (a kind gift from Dr Peter
Hohenstein, Roslin Institute) (Figure 2A(ii)). This is an inducible
system activated by DOX. COX-2 down-regulation was assessed
by qRT-PCR in K9TCC inducible clones grown over a week in
DOX (2µg/ml) (Data not shown).

Generation and Characterisation of
Melanoma Cell Lines Stably Expressing an
Inducible COX-2 miRNA Vector
The basal gene expression of COX-2 in each cell line was
determined by qRT-PCR. COX-2 expression was highest in
CMGD2, whereas the lowest level COX-2 expression was
detected in CML10 cells (Figure 2B). The CMGD2 and
TLM1 melanoma cell lines were stably transfected with the
pTRIPZdestmiRCOX2-346 vector and control cells with the
pTRIPZdestmiRNeg plasmid. Puromycin was applied 48 h post-
transfection to select for stable expression of the plasmid.
CMGD2 and TLM1 puromycin-resistant colonies were pooled
10–14 days following transfection, expanded and frozen
for subsequent experiments. To test the inducible system,
CMGD2 and TLM1 puromycin-resistant pools expressing
the pTRIPZdestmiRCOX2-346 (miRNACOX2-346) vector or
miRNeg control vector were exposed to 1µg/ml of DOX.
The pTRIPZdestmiRCOX2-346 vector contains a tetracycline-
dependent promoter which in the presence of DOX drives the
expression of the miRNA and the expression of a TurboREP
reporter, allowing assessment of promoter activity. Here
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FIGURE 1 | COX-2 expression in oral and skin melanoma in the dog. (A) Oral, mucosal melanoma, no pigmentation. H&E staining. (B) Skin. Ki-67 staining in the

nucleus of neoplastic cells. DAB staining of chromogen. Giemsa counterstain. (C) Oral. Melan-A staining in the cytoplasm of neoplastic cells. DAB staining of

(Continued)

Frontiers in Veterinary Science | www.frontiersin.org 6 August 2021 | Volume 8 | Article 63317093

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Silveira et al. COX-2 in Canine Melanoma

FIGURE 1 | chromogen. Giemsa counterstain. (D) Skin. Melanoma Antigen (PNL-2) staining in the cytoplasm of neoplastic cells. DAB staining of chromogen. Giemsa

counterstain. (E) Oral. COX-2 staining, low expression (score 4) in neoplastic cells. DAB staining of chromogen. Giemsa counterstain. (F) Skin. COX-2 staining, high

expression (score 12) in neoplastic cells. DAB staining to chromogen. Giemsa counterstain. All images are objective 40x. Scale bar represents 40µM. (G) Relative

COX-2 mRNA expression comparing IHQ samples with low and high COX-2 immunostaining (p = 0.02*).

TurboRFP expression was assessed by fluorescence microscopy.
We confirmed that COX-2 gene expression was decreased
in CMGD2 cells expressing miRNACOX2-346 +DOX and
TLM1 cells expressing miRNACOX2-346 +DOX compared to
cells expressing the miR negative control (Figure 2C(i) and
(ii), respectively).

Effects of COX-2 Knockdown on Cell
Proliferation
To determine if COX-2 has an effect on cell viability of melanoma
cell lines we used the CMGD2 and TML1 cell lines stably
expressing the miRNACOX2-346 or the miR negative control.
Here we induced knock-down of COX-2 by treating cells with
1µg/ml DOX (+) or water (–) as a vehicle control. Cell viability
was assayed 72 h after treatment. Here we showed that cell
viability is COX-2 dependent in both CMGD2 (Figure 3A(i))
and TML1 cell lines (Figure 3A(ii)). Clonogenic survival analysis,
as a measure of cell reproductive death after treatment, shows
that only cells expressing the miRNACOX2-346 vector and
treated with DOX have a reduction in colony-forming ability
(Figure 3B). Taken together, these results indicate that COX-2
may be an important driver of melanoma cell survival.

Invasiveness and Migration Are COX-2
Dependent
The invasive capacity of CMGD2 and TLM1 cells stably
expressing miRNACOX2-346 was determined using a
Boyden chamber assay. CMGD2 miRNACOX2-346 and
TLM1 miRNACOX2-346 cells treated with 1µg/ml DOX (+)
showed a significant reduction in invasiveness compared to both
the vehicle control and the miRNeg control (Figures 4A,B).
Similarly, we assessed migration potential using a standard
scratch assay and showed that induced silencing of COX-2
reduced the ability of both TML1 (Figure 5) and CMGD2 (data
not shown) to close the wound. These results indicate that
COX-2 enhances the migration and invasion capabilities of
canine melanoma cells.

DISCUSSION

The COX-2 pathway is the evolutionarily conserved master
switch that activates the inflammatory response. Under normal
conditions, acute inflammation is a short-term, self-limited
process activated by an inflammatory stimulus. However,
tumours covet a level of “smouldering” inflammation within
their microenvironment and as such over-expression of COX-
2 is a prominent feature of several human cancers, and has
been associated with tissue re-modelling, angiogenesis, cancer

cell survival, metastasis, and immune evasion (8). In human
melanoma COX-2 expression has been linked to malignant
behaviour. In this study we examined the relationship between
COX-2 expression and canine melanoma. Here we present
evidence that COX-2 is overexpressed in both oral and cutaneous
melanomas and that this is related to the degree of pigmentation,
MI, Ki-67 proliferation index and the expression of validated
melanoma markers including S-100 and melan-A. We also
developed a novel inducible COX-2 miRNA vector to effectively
knock-down COX-2 expression in a panel of canine melanoma
cell lines, and showed that a number of aggressive phenotypes
are COX-2 dependent.

Our data is consistent with the notion that canine melanoma
is an effective model for comparative oncology. Spontaneous
melanocytic neoplasms arise inmany domestic animals including
dogs, cats, horses and pigs. However, malignant melanoma is
more common in the domestic dog than other species and a
majority of cases arise in either the oral cavity or the skin (4).
Canine oral melanomas are highly aggressive and frequently
metastasise, principally to local lymph nodes and lungs, whereas
cutaneous melanomas are most often benign. In contrast to
dogs, cutaneous melanomas are more common in humans, and
melanoma of the oral cavity is extremely rare but exceedingly
aggressive, metastatic and associated with poor patient outcomes
(27). Because of their rareness, accounting for <1% of all
melanomas in humans, there is currently a lack of knowledge
regarding pathogenesis including etiological factors, risk factors
and molecular drivers (28). We propose that there is a significant
opportunity to utilise the dog model to improve molecular and
mechanistic understanding of melanoma progression.

Previously, overexpression of COX-2 has been correlated
with the development and progression of human cutaneous
melanoma (29, 30) and has been proposed as a prognostic
marker. In oral melanoma, COX-2 is highly expressed but
negative in oral nevi indicating that COX-2 is a valuable marker
to distinguish melanocytic lesions of the oral cavity (31), and
elevated COX-2 expression is correlated with poor prognosis
(32). Similarly, in canine melanoma COX-2 levels are related to
Ki-67 proliferation index and survival rate indicating that COX-2
is related to the acquisition of malignancy (7, 16, 33, 34). These
results are consistent with our own findings that are presented
here; where 89% of all tumours (76 of 85) express some degree
of COX-2, with 34% of oral melanomas (10 of 29) and 42%
of cutaneous tumours (24 of 56) expressing the highest level of
combined distribution and intensity. We also show that COX-2
protein level correlates with Ki-67 proliferation rate, MI and the
expression of established melanoma markers.

A mouse model of ovarian cancer has shown a COX-2
gene dosage effect in promoting tumour development, and
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FIGURE 2 | Construction of an inducible COX-2 miRNA expression vector in canine melanoma cell lines. (A) Canine double-stranded COX-2 miRNAs were generated

and cloned into (i) pcDNATM6.2-GW/EmGFP-miR vector (Invitrogen) and transferred to (ii) pTRIPZdest destination vector. (B) Basal expression level of COX-2 in

CMGD2, CMGD5, TLM1, and CML10 canine melanoma cell lines. (C) Validation of inducible COX-2 mi-RNA expression: (i) CMGD2 cells and (ii) TLM1 cells were

transfected with 2.5 µg of the vector or negative control after 24 h cells were treated with 1µg/ml DOX (+) or vehicle control (–) and COX-2 expression was

determined by qRT-PCR. Data shown as fold change relative to miRneg (+) expression (p = 0.03*, p = 0.002**).
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FIGURE 3 | Melanoma cell viability and colony-forming ability is COX-2 dependent. (A) Cell viability of CMGD2 (i) and TLM1 (ii) was determined after transfection with

either miRNACOX2-346 or the miRneg negative control with (+) or without (–) DOX. Cell viability was assayed 48 h after DOX treatment (p = 0.001*, p = 0.003**). (B)

Colony forming ability of CMGD2 (i) and TLM1 (ii) was determined after transfection with either miRNACOX2-346 or the negative control with (+) or without (–) DOX (p

= 0.0001*, p = 0.01**).

interestingly they showed that COX-2 may be important for
tumour initiation whereas progression and malignancy is driven
by COX-1 (35). This is consistent with previous work from

our lab showing that COX-2 is overexpressed in the canine
osteosarcoma stem cells and that inhibition of COX-2 may
be sufficient to inhibit tumour initiation (10). At what times,
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FIGURE 4 | COX-2 regulates cell invasion. (A) CMGD2 and (B) TLM1 cells were transfected with either miRNACOX2-346 or the miRneg negative control with (+) or

without (–) DOX. Invasion potential was determined 48 h after seeding into a transwell chamber assay (QCMTM collagen-based cell invasion assay kit) (p = 0.0004*,

p = 0.0002**).

and in which sub-set of cells, COX-2 expression is required to
promote tumourigenesis is unclear. A disadvantage of working
with the canine model is a lack of the molecular tools to elucidate
the varied roles of COX-2 in tumourigenesis. In this study
we describe the creation of two canine melanoma cell lines
in which COX-2 expression can be reversibly down-regulated
by a doxycycline-inducible miRNA that targets the COX-2
transcript. The vector used has a red fluorescent reporter to allow
investigators to assess the feasibility of the inducible system for
the cell line specific applications. The ability to reversibly knock-
down COX-2 gene expression allows for reversible manipulation
of COX-2 expression at any time during tumour progression,
in contrast to conventional COX-2 gene disruption strategies
which permanently eliminate global COX-2 expression at all
times. Here we utilised this system to show that, in the context of
canine melanoma, COX-2 is required for cellular proliferation,
migration and invasion. Previous studies, consistent with our
data, have shown that, by immunohistochemical analysis of
COX-2, there is a significant association between COX-2 levels
and the proliferation status of cells within a tumour cell
population (5, 7, 29, 31). Several studies have also revealed the
inhibition of COX-2 by NSAIDs and COXIBs leads to a dose-
dependent reduction in cell proliferation in a range of cancer
cell lines (15, 36–38). Using CMGD2 and TLM1 cells we have
shown that when COX-2 expression is knocked-down there is
a significant decrease in cell proliferation and colony forming
efficiency compared to the negative control. Although COX-2

has been observed to promote cell proliferation by regulating
the activation of downstream oncogenic pathways (39), the
underlying molecular mechanism of COX-2 driving cellular
proliferation remains to be elucidated.

Melanoma is an aggressive and highly metastatic disease
(28). The metastatic process involves the migration of a cell with
tumour-initiating potential from the tumour microenvironment
followed by the subsequent invasion and colonisation of a
secondary site within the body. Here we showed that both the
invasive capacity and migration potential of melanoma cells is
dependent on COX-2. The epithelial-to-mesenchymal transition
(EMT) is a key process involved in acquisition of metastatic
potential in number of different types of cancer, including
melanoma. During EMT of cancer cells, epithelial cells lose
the apical-basal polarity and detach from surrounding cells
and transition to invasive mesenchymal cells, which ultimately
leads to the active entry of cancer cells into circulation (40).
Previous studies have linked COX-2 to the EMT process:
COX-2 overexpression has been associated with upregulation of
mesenchymal markers and downregulation of epithelial markers
(41); and in breast cancer, COX-2 induced production of PGE2
inhibited Smad signalling thereby enhancing EMT progression
and metastasis (42). Moreover, treatment with various COXIBs
led to the reversion of EMT in several cancer cell lines (43, 44).
EMT is a key mediator of cancer stem cell plasticity, where
by non-cancer stem cells can dedifferentiate and acquire stem
cell characteristics, and it is these cells that are responsible for
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FIGURE 5 | Migration of canine melanoma cells is COX-2 dependent. (A) Representative image of a scratch assay of TML1 cells transfected with either

miRNACOX2-346 or the miRneg negative control, treated with 1µg/ml DOX. After 24 h incubation a scratch was made and the gap distance was measured at regular

intervals until the gap closed. (B) Quantification of this data (i) miRneg negative control and (ii) miRNACOX2-346 (p < 0.05*, p < 0.0001**).

metastatic dissemination. Given that COX-2 has been shown to
be overexpressed in cancer stem cells it is interesting to speculate
that COX-2 may maintain the cancer stem cell population by

driving EMT. The presence of cancer stem cells in different
melanoma cell lines and tumours has previously been reported
for humans but not for dogs (45–48). To date an evaluation of the
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role of COX-2 in melanoma stem cell biology has not yet been
undertaken. By extension, future research should address the
mechanistic role that COX-2/PGE2 axis plays in melanoma
biology and determining if pharmacological inhibition
of COX-2 could prevent cancer stem cell survival, EMT
and metastasis.

CONCLUSIONS

Our study provides empirical evidence that COX-2 protein
expression is negatively correlated with a worse prognosis
in canine patients with melanoma. Extensive clinical studies
should be performed to determine the prognostic significance of
COX-2 as a marker of canine melanoma. COX-2 is associated
with almost all stages of tumour development including
tumour initiation, immunosuppression, EMT and metastasis,
which all contribute to therapeutic resistance. This is the first
study to have developed and characterised a canine-specific
DOX-inducible COX-2 miRNA vector. This is a valuable
molecular tool for further understanding the mechanisms
through which COX-2 effects melanoma progression. Here
we have shown that cellular proliferation, invasion and
migration are COX-2 dependent in an in vitro canine
melanoma model. Further studies are required to establish
COX-2 as a bona fide therapeutic target in the treatment of
canine melanoma.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Ethics
Committee in Animal Experimentation (COMISSÃODE ÉTICA
NO USO DE ANIMAIS/UNIVERSIDADE FEDERAL DE
MINAS GERAIS). Written informed consent was obtained
from the owners for the participation of their animals in
this study.

AUTHOR CONTRIBUTIONS

LP wrote the manuscript with support from TS. TS and EF
conducted and verified histological classification of patient
samples. TS conducted all in vitro experiments. AD designed
COX-2 miRNA expression vectors. LP and TS performed data
analysis. All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported by MRS (Medical Research
Scotland), CAPES (Coordenação de Aperfeiçoamento de
Pessoal de Nível Superior), CNPq (Conselho Nacional de
Desenvolvimento e Pesquisa), and FAPEMIG (Fundação
de amparo à pesquisa do Estado de Minas Gerais). AD
acknowledges funding from the Daphne Jackson Trust (Grant
No. J33654).

ACKNOWLEDGMENTS

We thank Mrs Rhona Muirhead for technical assistance and Dr.
Peter Hohenstein for help designing the vectors.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.633170/full#supplementary-material

Supplementary Figure 1 | Panel of negative and positive controls of

immunohistochemistry. (A) Cutaneous melanoma, negative control, Ki-67 marker.

Giemsa counterstain (B) Cutaneous melanoma, positive internal control. Ki-67

staining in the nucleus of epidermal cells. DAB staining of chromogen. Giemsa

counterstain. (C) Cutaneous melanoma, negative control. Melan-A marker.

Giemsa counterstain. (D) Cutaneous melanoma, positive internal control. Melan-A

staining in the cytoplasm of melanocytes cells of the epidermis. DAB staining of

chromogen. Giemsa counterstain. (E) Cutaneous melanoma. Melanoma Antigen

(PNL-2) marker. Giemsa counterstain. (F) Cutaneous melanoma. Melanoma

Antigen (PNL-2) staining in the cytoplasm of melanocytes cells of the epidermis.

DAB staining of chromogen. Giemsa counterstain (G) Mucosal Melanoma,

negative control. COX-2 marker. Giemsa counterstain. (H) Cutaneous melanoma,

positive internal control. COX-2 staining in inflammatory cells. DAB staining to

chromogen. Giemsa counterstain. All images are objective 40x. Scale bar

represents 40µM.
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Investigation of canine T cell immunophenotypes in canine melanomas as

prognostic biomarkers for disease progression or predictive biomarkers for targeted

immunotherapeutics remains in preliminary stages. We aimed to examine T cell

phenotypes and function in peripheral blood mononuclear cells (PBMC) and baseline

tumor samples by flow cytometry, and to compare patient (n = 11–20) T cell phenotypes

with healthy controls dogs (n = 10–20). CD3, CD4, CD8, CD25, FoxP3, Ki67, granzyme

B, and interferon-γ (IFN-γ) were used to classify T cell subsets in resting and mitogen

stimulated PBMCs. In a separate patient cohort (n = 11), T cells were classified using

CD3, CD4, CD8, FoxP3, and granzyme B in paired PBMC and single cell suspensions of

tumor samples. Analysis of flow cytometric data of individual T cell phenotypes in PBMC

revealed specific T cell phenotypes including FoxP3+ and CD25+FoxP3- populations

that distinguished patients from healthy controls. Frequencies of IFN-γ+ cells after

ConA stimulation identified two different patient phenotypic responses, including a

normal/exaggerated IFN-γ response and a lower response suggesting dysfunction.

Principle component analysis of selected T cell immunophenotypes also distinguished

patients and controls for T cell phenotype and revealed a clustering of patients based on

metastasis detected at diagnosis. Findings supported the overall hypothesis that canine

melanoma patients display a T cell immunophenotype profile that is unique from healthy

pet dogs and will guide future studies designed with larger patient cohorts necessary to

further characterize prognostic T cell immunophenotypes.

Keywords: melanoma, canine, dog, immune profile, one health, comparative oncology

INTRODUCTION

Immunotherapy has shown great promise in the treatment of melanoma in humans, including
those with an advanced stage of disease, but a majority of patients still fail to respond long term
to these therapies and a high rate of toxicity is associated with their use (1–4). Elucidation of
the most critical immunologic components of the immune environment that impact response to
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such therapeutics will be essential for increasing response rates
and duration of responses (5). The canine cancer model affords
a unique opportunity to characterize immunologic phenotypes
and biomarkers that may be predictive of responses to specific
immunotherapeutics, particularly for malignant melanoma.
Spontaneously arising melanoma in the dog has been shown to
be a viable model system for human melanoma, with canine
oral melanoma and human mucosal melanoma being the most
studied (6–10). Oral melanoma is the most commonly occurring
malignant tumor in the oral cavity of dogs (11). The majority
of these canine tumors are malignant in nature with a high
metastatic rate, although amore benign variant has been reported
(12). Despite standard chemotherapy, radiotherapy and clinical
trials with traditional cancer vaccines (13–16), the majority
of dogs with oral melanoma die of their disease as was the
case in human medicine prior to the advent of more targeted
immunotherapies, although most patients in human medicine
still are not cured despite these advances (4, 17).

Knowledge of dog immunology and tumor immunology
in particular, has been limited by the availability of reagents
for canine immune markers and validated flow cytometry
panels (18). Reagents for identification of canine lymphocyte
subsets have evolved from veterinary investigations focused on
characterizing and typing of canine and feline lymphomas (19–
24) over the past 30 years. However, additional canine-specific
or cross-reactive reagents for critical immune markers are now
emerging rapidly (25–32). These new reagents and tools have
encouraged the development of diagnostic and experimental
tools (33–37). This will facilitate examination of the canine
immune response to melanoma and immunologic interventions
for multiple cancers including melanoma. In turn, these reagents
support and encourage the use of this model to investigate novel
immunologic interventions that will impact naturally occurring
cancers in pet dogs as well as human cancer.

It is well-understood that host T cell immunity plays a
critical role in control and progression of cancer in humans
(38–40). The emergence of cancer immunotherapeutics that
target cancer-related T cell dysregulation such as the currently
approved immune checkpoint inhibitors based on PD1, PD-L1,
and CTLA-4 have encouraged the investigation of additional
checkpoint pathways as immunotherapeutic targets. Naturally
occurring canine oral melanoma may provide a very useful
model for testing of emerging or very novel therapeutics (41,
42). Furthermore, these studies may provide viable alternative
therapeutics for certain intractable canine cancers such as oral
melanoma. However, investigations of canine T cell subsets and
their role as biomarkers for canine melanoma progression or
response to immunotherapeutics, remain in early stages. The
aims of this preliminary study were to examine T cell phenotypes
and function in peripheral blood mononuclear cells (PBMC) and
tumor tissue in untreated cases of melanoma by use of flow
cytometry panels, and to compare T cell phenotypes of canine
melanoma patients with healthy control dogs. The study was
designed to test the overall hypothesis that canine melanoma
patients demonstrate a T cell immunophenotype that is different
and unique from healthy pet dogs. Our studies revealed specific

T cell phenotypes that do distinguish canine melanoma patients
from healthy dogs.

MATERIALS AND METHODS

Canine Melanoma Patient and Healthy
Control Cohorts
Dogs presenting to the University of California Davis (UC Davis)
William R. Pritchard Veterinary Medical Teaching Hospital
(VMTH) with a histological diagnosis of a malignant melanoma
and gross disease were recruited to the study. Dogs were
required to have no prior treatment of their melanoma. Blood
and tissue were collected with informed owner consent under
approval from the UC Davis Institutional Animal Care and
Use Committee (IACUC) and Clinical Trials Review Board
(protocols 22172 and 22002). Healthy client owned dogs served
as controls and were recruited through clients and staff of
the UC Davis VMTH and blood was drawn with informed
consent and IACUC approval (22172). Demographic and tumor
specific information for patient and control dogs is presented in
Supplementary Table 1.

Isolation of Canine Peripheral Blood
Mononuclear Cells (PBMC) From Whole
Blood
Whole blood was obtained from canine melanoma patients
and healthy dogs using vacutainer tubes containing EDTA
anticoagulant. Blood was processed as described previously (25).
Briefly, PBMC were isolated by density centrifugation using
Histopaque 1077 (Sigma-Aldrich, Saint Louis, MO, USA). PBMC
pellets were further processed by treatment with RBC lysis
buffer (Biolegend, San Diego, CA, USA). Isolated PBMC were
subsequently tested as fresh PBMC by flow cytometric analysis,
or cryopreserved in media containing 45% heat inactivated fetal
bovine serum (FBS), 45% heat inactivated dog serum (Equitech-
bio, Kerrville, TX, USA), and 10% DMSO. Cryopreserved PBMC
were used for all studies with the exception of a single study
comparing tumor associated cells and PBMC from a select patient
cohort where fresh tumor associated cells and fresh PBMC from
patients (and controls) were stained and tested. Fresh PBMC
or thawed cryopreserved PBMC were rested/cultured in culture
media overnight prior to staining the next day for flow cytometry
analysis as described previously (33).

Preparation of Tumor Samples for Flow
Cytometry Analysis
Canine melanoma tumor biopsy samples were cut into small
pieces in Dulbecco’s phosphate-buffered saline (DPBS) (Gibco,
Carlsbad, CA, USA) and digested in DPBS containing 1 mg/ml
collagenase IV, 0.5% bovine serum albumin, with or without 0.1
mg/ml DNase for 2 h on a shaker at 37◦C. Tumor associated cells
were washed with DPBS, filtered by a 70µmfilter, and tumor cells
were stained on the same day.
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TABLE 1 | Antibodies used in flowcytometry panels.

Target/species Conjugates Clone # Vendor

CD3/Human FITC CD3-12 Bio-Rad

CD4/Dog Pacific Blue YKIX302.9 Bio-Rad

CD4/Dog PE-Cy7 YKIX302.9 Bio-Rad

CD8a/Dog Alexa Fluor 700 YCATE55.9 Bio-Rad

CD8a/Dog PerCP-eFluor 710 YCATE55.9 Thermo Fisher

CD25/Human PE ACT1 Dako

CD25/Dog PE P4A10 Thermo Fisher

Foxp3/Human Alexa Fluor 700 FJK-16s Thermo Fisher

Foxp3/Human eFluor 660 FJK-16s Thermo Fisher

Granzyme B/Human PE-Texas Red GB11 Thermo Fisher

Interferon-γ /Bovine PE CC302 Bio-Rad

Ki67/Human PE-Cy7 20Raj1 Thermo Fisher

Stimulation of PBMC With Concanavalin A
(ConA)
PBMC were treated with ConA (Sigma-Aldrich) (5µg/ml) and
brefeldin A (Sigma-Aldrich) (1µg/ml) in cell culture media for
16 h at 37◦C before assay for expression of interferon (IFN-γ) by
intracellular cytokine staining (ICS) the next day. Unstimulated
control PBMC for each sample (patient and control) were
incubated in media with brefeldin A and without ConA for 16 h
at 37◦C.

Flow Cytometry
Staining protocols were previously described (25, 33). Briefly,
when possible a minimum of 1 million cells were stained for
PBMC and 2 million cells were stained for tumor associated cells.
For all experiments, cells were stained for viability with a fixable
viability dye (LIVE/DEADTM Fixable Aqua Dead Cell Stain Kit,
or LIVE/DEADTM Fixable Near-IR Dead Cell Stain Kit, Thermo
Fisher Scientific, Waltham, MA, USA). Cells were stained with
cell surface antibodies in DPBS with 3% heat inactivated fetal
bovine serum (FBS). Permeabilization, fixation and intracellular
staining of cells were performed using eBioscienceTM Foxp3
/ Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific). Cell surface staining, permeabilization, fixation, and
intracellular staining were performed for 20min at 4◦C.

Antibodies staining for cell surface markers were directed
against CD4, CD8α, and CD25. Antibodies staining for
intracellular markers were directed against CD3, FoxP3, Ki67,
granzyme B, and IFN-γ. One panel included a fixable viability
dye (Aqua or Near-IR) and antibodies for CD3, CD4, CD8,
CD25, FoxP3, and Ki67. A second panel contained the same
markers and in addition, antibodies for detection of granzyme
B and IFN-γ. These two panels were utilized for PBMC. Tumor
associated cells and corresponding PBMC were tested with a
fixable viability dye and antibodies for CD3, CD4, CD8, FoxP3,
and granzyme B. All antibodies are described for species, clone
number, fluorochrome, and vendor in Table 1. Of note, PBMC
from four melanoma patients were tested only with the anti-
human CD25 antibody.

Stained PBMC were washed in buffers and under conditions
as previously described (33), suspended in 1% paraformaldehyde
(Affymetrix, Thermo Fisher Scientific), and stored at 4◦C
for subsequent flow cytometer acquisition. A BD LSRII flow
cytometer (BD Biosciences, San Jose, CA, USA) was utilized for
most flow acquisitions with a BD Fortessa flow cytometer (BD
Biosciences) serving as an alternative when the BD LSRII was
unavailable for use. For PBMC, minimum acquisition events
were 63,000. For tumor associated cells, minimum acquisition
events were 26,000. Typically, 100,000 events were acquired.
Acquired flow cytometric data utilized FlowJo v10.6.1 (BD
Biosciences) software.

Statistics
Data was collected in a commercially available spreadsheet
software program (Microsoft Excel, Microsoft Corporation,
Redmond, WA, USA) and descriptive statistics were calculated.
Initial exploration of the data was done using a principal
component analysis (PCA). PCA was performed using R version
4.1.0 (R Core Team (2021). R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/). PCA plots were
generated using R package ggplot2_3.3.3 (43). PERMANOVA
was performed using the default parameters with the adonis
function and beta-dispersion was calculated using the permutest
function with the betadisper function in the vegan_2.5-7 package
(vegan: Community Ecology Package. R package version 2.5-7.
https://CRAN.R-project.org/package=vegan). Data was checked
for normality using a Shapiro-Wilks test. Non-parametric
analysis was performed as most data sets did not meet the criteria
of normality. To determine differences between patients and
controls, a pair-wise analysis was conducted using the Mann
Whitney U-test. To investigate differences in flow cytometry
parameters between matched tumor and PBMC, a Wilcoxon
matched-pairs signed rank test was used. Comparisons of
frequencies between three or more subsets were performed using
a Kruskal-Wallis test with the Dunn’s post-hoc test for multiple
comparisons. To test for differences in the demographic data
between continuous variables between patients and controls, a
Mann Whitney U-test was performed while a Fischer’s exact test
was done to look for differences in proportions of categorical
data between patients and controls. Statistical tests and graphing
utilized GraphPad Prism software (GraphPad Prism version 9.2,
GraphPad Software, San Diego, CAUSA) for flow cytometry data
and Stata (Stata/IC version 14.2., StataCorp, College Station, TX,
USA) for demographic and clinical tumor related data. A p-value
< 0.05 was considered statistically significant.

RESULTS

Cohort Description
A total of 31 dog patients diagnosed by histopathology with a
malignant melanoma and 23 healthy control dogs were enrolled.
Healthy dogs were followed for at least 1 year after sample
collection to ensure that they did not develop a melanoma. The
median age of patients at sample collection was 10.2 years (range
5.9–15.1 years) while the median age of control dogs at time of
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sample collection was 8.5 years (range 4–15.5 years). These were
statistically different at p= 0.03. Amongst the patients there was 1
intact female dog, 14 female spayed dogs, 15 castrated male dogs
and one intact male, while for the control group there was 11
female spayed dogs and 12 castrated male dogs. The proportions
of dogs in each category were not different at p = 1.0. In the
patient group there were 10 mixed breed dogs, four Labrador
retrievers, and a range of other breeds (Supplementary Table 1).
In the control group there were seven mixed breed dogs, three rat
terriers, three golden retrievers, and one or two of other breeds as
listed in Supplementary Table 1. Weights were available for 31
of the cases and 19 of the control dogs. The median weight in the
patient group was 24.7 kg (range 4.9–50 kgs) while the median
weight in the control group was 14.9 kg (range 5.2–47 kg). These
were not statistically different at p= 0.24.

Twenty-six patients were diagnosed with an oral melanoma,
two had dermal melanomas, and one each of a digital and
anal gland melanoma and in one dog the primary could not
be identified with a diagnosis made by biopsy of an enlarged
submandibular lymph node. Twenty-nine of the cases had
primary tumor measurements available. The median largest
diameter tumor was 2.8 cm (range 0.5–7 cm). Mitotic index was
available for 22 cases. Themedian number of mitotic figures in 10
high-power fields was 6.5 (range 0–40). Ten cases had metastasis
at the time of diagnosis.

Development of Staining Panels for Flow
Cytometric Analysis of Canine T Cells in
Blood
Flow cytometry panels were developed for phenotyping canine
T cells in cryopreserved PBMC isolated from blood to explore
changes in regulatory and activated T cell populations in
canine melanoma patients and healthy dogs. Representative
gating strategies are shown for characterizing frequencies of T
cell (CD3+) subsets including CD4+, CD8+, and CD4-CD8-
cells (Figure 1A) and frequencies of regulatory and activated
populations within each T cell subset (Figure 1B). The CD4-
CD8- T cell subset was included in analyses for different T
cell markers as a population of interest based on a recent
report (44) and was consistently observed in all patient and
control blood samples. Based on these gating strategies different
T cell subsets were interrogated for FoxP3, CD25, Ki67, and
granzyme B to distinguish regulatory, activated, and putative
quiescent subsets. Regulatory T cell (Treg) populations were
identified as FoxP3+ (including both CD25- and CD25+ cells)
or CD25+FoxP3+. Activated subsets were based on expression
of CD25 in the absence of FoxP3 expression (CD25+FoxP3-) and
quiescent populations as CD25-FoxP3-. All T cell subsets and
derivative populations were also analyzed for Ki67 expression
as a marker for proliferation (45). CD8+ T cells were assessed
for granzyme B expression which can be considered both
an activation and exhaustion marker for this subset (46–
50) (Figure 1B). A subsequent panel included IFN-γ staining
using ICS in addition to regulatory and activation markers to
explore IFN-γ expression after ConA stimulation as a marker
for T cell function and T cell programming (Figure 1C). A

preliminary panel included an anti-human CD25 monoclonal
antibody (clone ACT1) reported to be cross-reactive for canine T
cells (51–53). However, a subsequent analysis comparing CD25
staining by this anti-human CD25 to an anti-canine CD25
monoclonal antibody (clone P4A10) (54) revealed that the anti-
human antibody failed to detect all CD25+ CD4+ T cells
as shown in Supplementary Figure 1, although some level of
cross-reactivity was observed. A representative staining pattern
by the anti-human CD25 antibody Supplementary Figure 1A

revealed that detection of the CD25+FoxP3- population was
particularly less efficient compared to the anti-canine antibody
(Supplementary Figure 1B). Overall staining of CD4+ T cells
by the anti-human CD25 antibody resulted in significantly
lower frequencies compared to staining by the anti-canine
antibody (p < 0.0001) (Supplementary Figures 1C,D). Use of
this anti-human CD25 in the initial patients resulted in loss
of data for this marker in a small subset of patients (n = 4)
(Supplementary Table 2). Supplementary Tables 1, 2 describe
patient and control cohorts and which markers were tested for
each cohort.

Principal Component Analysis (PCA) of
Canine Melanoma Patients Reveals a
Distinctive T Cell Phenotype in Blood
Compared to Healthy Dogs
Principal component analysis (PCA) was performed to
determine whether canine melanoma patients and healthy
controls expressed different T cell immunophenotypes. PCA
including 17 immunophenotypes identified as specific T
cell subset frequencies (Supplementary Table 3) determined
by flow cytometry and 36 animals including 20 healthy
controls and 16 melanoma patients which are described in
Supplementary Tables 1, 2, revealed a significant difference
between healthy controls and canine melanoma patients
(PERMANOVA, p = 0.002) (Figure 2A). These results
suggested that melanoma patients display an overall T cell
phenotype in blood that is distinguishable from that of healthy
dogs. Furthermore, PCA of 23 immunophenotypes or T
cell subset frequencies (Supplementary Table 3) observed
after ConA stimulation was conducted for a subset of
melanoma patients (n = 11) and healthy dogs (n = 10)
(Supplementary Tables 1, 2), and also revealed a significant
difference between healthy controls and melanoma patients
(PERMANOVA, p = 0.046) (Figure 2B). These findings
supported that canine melanoma patients demonstrate a T
cell phenotype that is unique and different when compared to
healthy dogs.

PCA was also performed on samples from melanoma patients
(n= 16) with 17 immunophenotypes (same immunophenotypes
and patients as described for Figure 2A) to determine if
clinical parameters were associated with immunophenotypes
in melanoma patients. No significant associations were found
between oral vs. non-oral tumor, tumor size, mitotic index
or metastasis at time of diagnosis, with immunophenotype
(PERMANOVA, p > 0.05) (Figure 2C). However, PCA of
melanoma patients (n = 11) (same patients described for
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FIGURE 1 | Gating strategies for interrogation of canine T cell subsets by flow cytometry. (A) Representative scatter plots reveal the gating strategy for detection of

CD4+, CD8+, and CD4-CD8- T cell subsets starting with establishment of a lymphocyte gate, followed by gating on singlets, exclusion of dead cells by a viability

(Continued)
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FIGURE 1 | stain and gating on CD3+ cells as the parental gate for T cell subsets. (B) Scatter plots showing interrogation of CD4+ T cells are representative for

gating of specific populations for all T cell subsets. Regulatory CD4+ T cells include FoxP3+ (h) and CD25+FoxP3+ (e). CD25+FoxP3- cells (f) represent an activated

T cell subset and CD25-FoxP3- cells (g) are designated as a quiescent T cell subset. Interrogation of FoxP3+ cells for Ki67 reveals the gating strategy for Ki67+ cells

for all subsets. Gating strategies for CD25 and Granzyme B are shown for both CD4-CD8- and CD8+ T cells. (C) Representative scatter plots show interferon-γ

staining and gating for CD4+, CD8+ and CD4-CD8- T cell subsets with or without stimulation with Con-A.

FIGURE 2 | Principal component analysis (PCA) of immunophenotype in melanoma and healthy control patients. (A) PCA including 17 immunophenotypes and 36

animals (20 healthy controls, 16 melanoma patients) is shown. (B) PCA including 23 background subtracted immunophenotypes after stimulation with ConA and 21

animals (10 healthy controls, 11 melanoma patients) is shown. (A,B) Patients are discriminated for melanoma site. Orange circles represent healthy control animals;

teal-colored dots denote melanoma patients, which are further categorized into oral melanoma (triangle) and non-oral melanoma (square). (C) PCA including 17

immunophenotypes and 16 melanoma patients. (D) PCA including 22 background subtracted immunophenotypes after stimulation with ConA and 11 melanoma

patients. (C,D) Patients are discriminated for melanoma site, tumor mitotic index, tumor size, and metastasis. Triangle points represent patients with oral melanoma;

square points represent patients with non-oral melanoma. Points are colored based on mitotic index, from dark to bright blue. Patients with missing mitotic index are

denoted by gray color. Size of data points correspond to size of the tumor. Patients with metastasized melanoma are circled in red. PCA was performed using R

version 4.1.0. P-values < 0.05 are considered significant.

Figure 2B) with 22 immunophenotypes post ConA stimulation
(Supplementary Table 3) showed clustering of animals with
metastasis at time of diagnosis (n = 4) compared to animals
without metastasis (n = 7) (PERMANOVA, p = 0.032)

(Figure 2D). Similar to analysis shown in Figure 2C, no
significant associations of tumor site, tumor size, or mitotic
index with immunophenotype were observed for this PCA
(PERMANOVA, p > 0.05) (Figure 2D).
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FIGURE 3 | Frequencies of regulatory T cell subsets in blood from canine melanoma patients and healthy controls. (A) A comparison of median frequencies for CD4+

cells within the T cell population for patients and controls is shown. (B) Median frequencies of FoxP3+ and (C) CD25+FoxP3+ cells within the CD4+ T cell population

are also compared between patients and healthy controls. (D) Median frequencies of CD25+FoxP3+ cells within the CD4-CD8- T cell population are compared

between patients and healthy controls. Pair-wise analysis between patients and controls was conducted with the Mann Whitney test using GraphPad Prism software

and two-tailed analysis. “ns” denotes not significant. A single asterisk (*) denotes a P-value < 0.05. P-values < 0.05 are considered significant.

Canine Melanoma Patients Demonstrated
Increased Frequencies for Selected
Regulatory T Cell Subsets in Blood
Further assessment of a canine melanoma patient T cell
immunophenotype involved comparison analysis of individual
T cell subset frequencies between patients and healthy control
dogs. Analysis of canine melanoma patients (n = 20; P1-20)

revealed decreased frequencies of CD4+ T cells compared to

healthy controls (n = 20, p = 0.039) (Figure 3A); however, no

significant differences for frequencies of CD8+ and CD4-CD8- T

cell subsets in blood were detected between patients and controls

(n = 20) (Supplementary Figures 2A,B). For examination of

Treg subsets, T cell subsets were analyzed with FoxP3 as a
single marker (FoxP3+) or for co-expression of CD25 and
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FIGURE 4 | Frequencies of activated and quiescent T cell subsets in blood from canine melanoma patients and healthy controls. Median frequencies of CD25+ cells

within the CD4+ (A) and CD4-CD8- (B) T cell subsets are compared between patients and healthy controls. Frequencies of CD25+FoxP3- cells within the CD4+

(Continued)
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FIGURE 4 | (C) and CD4-CD8- (D) T cell subsets are compared between patients and healthy controls. Median frequencies of CD25-FoxP3- cells within the CD4+

(E) and the CD4-CD8- (F) T cell subsets are compared between patients and healthy controls. Pair-wise analysis between patients and controls was conducted with

the Mann Whitney test using GraphPad Prism software and two-tailed analysis. A single asterisk (*) denotes a P-value < 0.05 and two asterisks (**) denote a P-value

< 0.01. P-values < 0.05 are considered significant.

FoxP3 (CD25+FoxP3+). An increased frequency of FoxP3+
cells within the CD4+ subset was detected for patients compared
to controls (n = 20, p = 0.038) (Figure 3B). Assessment of the
regulatory CD25+FoxP3+ population also showed a trend for an
increased frequency in the CD4+ subset (p= 0.053) (Figure 3C)
and an increased frequency for the CD4-CD8- subset (p= 0.036)
(Figure 3D) for patients (n = 16, P5-20) compared to controls
(n = 20). Significant differences between patients and controls
for regulatory T cell subsets were modest and were not detected
for FoxP3+ populations within the CD4-CD8- and CD8+ T cell
subsets (Supplementary Figures 2C,D). Furthermore, analysis
of the ratio of CD8+ frequency to FoxP3+ frequency within the
CD4+ subset revealed no significant difference between patients
and controls (n= 20) (Supplementary Figure 2E).

Canine Melanoma Patients Demonstrated
Increased Frequencies for Selected T Cell
Subsets Based on CD25 Expression in
Blood
CD25 as the alpha chain of the trimeric IL-2 receptor is
considered a critical marker for T cell activation that is associated
not only with regulatory but other activated T cell subsets.
Significantly increased frequencies of CD25+ cells that include
both FoxP3+ and FoxP3- populations, were observed for CD4+
(p = 0.01) and CD4-CD8- (p = 0.0038) T cell subsets in
blood from canine melanoma patients (n = 16) compared to
healthy controls (n = 20) (Figures 4A,B). Similarly, frequencies
of CD25+FoxP3- cells were also significantly increased for the
CD4+ (p = 0.017) and CD4-CD8- (p = 0.012) T cell subsets
(Figures 4C,D). In contrast, frequencies of a putative quiescent
phenotype CD25-FoxP3- were significantly decreased in patients
compared to controls for both the CD4+ (p = 0.002) and CD4-
CD8- (p= 0.0035) T cells (Figures 4E,F).

Expression of the proliferation marker Ki67 was also
analyzed for multiple T cell subsets in blood from canine
melanoma patients (n = 16) and healthy controls (n =10).
Ki67+ frequencies for both CD4+ and CD4-CD8- T cells
within the CD3+ population were not significantly different
between patients and controls (Supplementary Figures 3A,B).
Frequencies of Ki67+ cells within regulatory (FoxP3+ and
CD25+FoxP3+) CD4+ subsets (Supplementary Figures 3C,D)
and CD4-CD8- T cell subsets (Supplementary Figures 3E,F)
were also not significantly different. Absence of statistical
significance between patients and controls was also observed
for activated (CD25+FoxP3-) CD4+ and CD4-CD8- T
cell subsets (Supplementary Figures 4A,B) and quiescent
(CD25-FoxP3-) CD4+ and CD4-CD8- T cell subsets
(Supplementary Figures 4C,D). Lastly, in contrast to CD4+ and
CD4-CD8- T cell subsets, significant differences in frequencies

for any activation/proliferation phenotypes including granzyme
B+, CD25, Ki67, or CD25+FoxP3-, were not observed for
the CD8+ T cell subset in blood for patients compared to
controls (Supplementary Figures 5A–D). Frequencies in the
CD25-FoxP3- quiescent population within the CD8+ T cell
subset were also not significantly different between patients and
controls (Supplementary Figure 5E).

Canine Melanoma Patients Exhibited Two
Unique Phenotypes for Interferon-γ T Cell
Responses to ConA Stimulation
IFN-γ responses to ConA stimulation were measured as
frequencies of IFN-γ+ cells within each T cell subset after
stimulation of PBMC. IFN-γ expression after stimulation was
utilized as a functional assessment of circulating T cells in
canine melanoma patients (n = 11) and as another marker for
differentiating the T cell immunophenotype of canine melanoma
patients from healthy controls (n= 10). Although median values
for IFN-γ+ frequencies were higher for CD4+, CD4-CD8-,
and CD8+ T cell subsets (Figures 5A–C) in patients compared
to controls, statistical differences were not observed between
patients and controls, although a trend toward significance (p
= 0.051) was observed for CD8+ T cells. Median values for
IFN-γ+ cell frequencies were also higher for CD25+FoxP3-
(activated phenotype) and CD25-FoxP3- (quiescent phenotype)
populations within the CD4+T cell subset (Figures 5D,E)
in patients compared to controls, but differences were not
statistically different. Interestingly five patients (P10, P11, P12,
P14, P15) demonstrated lower IFN-γ+ cell frequencies compared
to other patients, for at least one T cell subset including
CD4+, CD4-CD8-, CD25+FoxP3-CD4+, and CD25-FoxP3-
CD4+ populations. For each subset, three of these five patients
formed a cluster showing frequencies that were significantly
lower (p= 0.012 for all four subsets) compared to other patients.
Patients P10 and P11 demonstrated lower frequencies for all
four subsets, with P14 showing lower frequencies for CD4+
and CD25+FoxP3-CD4+ populations, P12 for the CD4-CD8-
population, and P15 for the CD25-FoxP3-CD4+ population.
One patient (P10) was diagnosed with melanoma with the
primary site unknown and the remaining four patients were
characterized by oral tumors (Supplementary Table 1). The
only other commonality for these patients was evidence of
metastasis at time of diagnosis for three of the five patients (P10-
12; Supplementary Table 1). These data revealed two unique
phenotypes for T cell IFN-γ response to polyclonal stimulation
by ConA by patient T cells that characterized patients as
normal/high vs. low responders. IFN-γ+ cell frequencies for
CD25+FoxP3- and CD25-FoxP3- subpopulations of other T
cell subsets are not described due to extremely low events
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FIGURE 5 | Frequencies of interferon-γ+ (IFN-γ) and granzyme-B+ T cell subsets after ConA stimulation in blood from canine melanoma patients and healthy

controls. Median frequencies of IFN-γ+ cells after ConA stimulation were determined in (A) CD4+, (B) CD4-CD8-, and (C) CD8+ T cells by intracellular cytokine

staining (ICS) and flow cytometry and compared between patients and healthy controls. Median frequencies of INF-γ+ cells after ConA stimulation are also shown for

(D) CD25+FoxP3- (activated) and (E) CD25-FoxP3- (quiescent) CD4+ T cells and compared between patients and controls. (F) Induction of granzyme B after ConA

stimulation is represented by median frequencies of granzyme B+ cells within the CD8+ T cell subset and compared between patients and controls. Colored dots

represent outlier patients with green indicating subject P10, red indicating subject P11, purple indicating subject P12, turquoise indicating subject P14, and brown

representing P15. Values described for IFN-γ+ frequencies reflect values for stimulated cells after subtraction of values for unstimulated cells. Values described for

granzyme B+ frequencies do not reflect subtraction of values for unstimulated cells. Pair-wise analysis between patients and controls was conducted with the Mann

Whitney test using GraphPad Prism software and two-tailed analysis. “ns” denotes not significant.

detected by flow cytometric analysis. Finally, analysis of
granzyme B expression, an activation marker for CD8+ T cells
after ConA stimulation, did not reveal statistical differences
between frequencies of granzyme B+ CD8+ T cells after ConA
stimulation between patients and healthy controls (Figure 5F).
Three of the five low responder patients also demonstrated
lower frequencies of either IFN-γ+ (Figure 5C) or granzyme
B+ cells (Figure 5F) within the CD8+ T cell subset after ConA
stimulation, although clustering of these patients from other
patients was not as striking.

Canine Melanoma Patients Demonstrated
Increased Frequencies of Multiple T Cell
Subsets Based on CD25 Expression in
Blood After ConA Stimulation
Frequencies of CD25 expression in different T cell subsets
after ConA stimulation (Figure 6) revealed patterns very similar
to those observed for unstimulated T cells as shown in

Figure 4 with the exception that significant differences between
patients and controls were also revealed for the CD8+ T
cell subset after stimulation. Significantly higher frequencies
of CD25+ cells within the CD4+ (p = 0.0003), CD4-CD8-
(p = 0.0045), and CD8+ (p = 0.011) T cell subsets were
observed after ConA stimulation in patients compared to healthy
controls (Figures 6A–C). Significantly higher frequencies were
also observed for the activated CD25+FoxP3- population within
the CD4+ (p = 0.0003), CD4-CD8- (p = 0.017), and CD8+
(p = 0.013) T cell subsets after ConA stimulation for patients
compared to controls (Figures 6D–F). Also similar to the results
for unstimulated cells, significantly lower frequencies for the
quiescent CD25-FoxP3- population within the CD4+ (p =

0.0002), CD4-CD8- (p = 0.008), and CD8+ (p = 0.01) T
cell subsets after ConA stimulation were observed for patients
compared to controls (Figures 6G–I). In contrast, no significant
differences between patients and controls were observed
for frequencies of regulatory FoxP3+ and CD25+FoxP3+
cells within the CD4+ (Supplementary Figures 6A,B) or the
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FIGURE 6 | Frequencies of CD25+ T cell subsets after ConA stimulation in blood from canine melanoma patients and healthy controls. Median frequencies of CD25+

cells after ConA stimulation were determined in (A) CD4+, (B) CD4-CD8-, and (C) CD8+ T cells and compared between patients and healthy controls. Median cell

frequencies after ConA stimulation are next shown for the activated phenotype CD25+FoxP3- within (D) CD4+, (E) CD4-CD8-, and (F) CD8+ T cells and compared

between patients and controls. Median cell frequencies after ConA stimulation are shown for T cell phenotype CD25-FoxP3- within (G) CD4+, (H) CD4-CD8-, and (I)

CD8+ T cell populations and compared between patients and controls. Values described for CD25+ frequencies do not reflect subtraction of values for unstimulated

cells. Pair-wise analysis between patients and controls was conducted with the Mann Whitney test using GraphPad Prism software and two-tailed analysis. A single

asterisk (*) denotes a P-value < 0.05; two asterisks (**) denote a P-value < 0.01; and three asterisks (***) denote a P-value < 0.001. P-values < 0.05 are considered

significant.

CD4-CD8- (Supplementary Figures 6C,D) T cell subsets post
ConA stimulation. Event numbers were too low for analysis of
regulatory cell populations with CD8+ T cell subset.

Proliferation responses based on Ki67+ cell frequencies are
not reported for T cell subsets as no induction of Ki67 expression
was observed for either patients or controls after ConA

stimulation. The absence of such responses was likely due to the
need for an extended time frame in culture for restoration of
proliferative function for cryopreserved lymphocytes (55, 56), as
well as an extended time frame of ConA stimulation for optimal
induction of Ki67: both conditions were not accommodated by
our experimental protocol.
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FIGURE 7 | Comparison of frequencies of regulatory T cell subsets in tumor associated cells and blood in canine melanoma patients. PBMC isolated from blood and

tumor associated cells from a separate cohort of 11 canine melanoma patients were assessed for T cell phenotypes by flow cytometry. (A) Median frequencies of

(Continued)
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FIGURE 7 | FoxP3+ within CD4+ and (B) CD4-CD8- T cell populations in blood were compared between patients of this patient cohort and healthy controls.

(C) Each stacked bar reflects frequencies of FoxP3+ cells within the CD4+ T cell subset in blood vs. tumor associated cells for a single patient. A comparison of

frequencies assessed for blood and tumor associated cells is shown for all patients. (D) Median frequencies of FoxP3+ cells within the CD4+ T cell subset are

compared between PBMC and tumor as a grouped analysis for the same patients. (E) A stacked bar analysis of frequencies of FoxP3+ cells within the CD4-CD8- T

cell subset in blood vs. tumor associated cells from each patient is shown for all patients. (F) Median frequencies of FoxP3+ cells within the CD4-CD8- T cell subset

are compared between PBMC and tumor as a grouped analysis for the same patients. Pair-wise analysis between frequencies for patients and controls was

conducted with the Mann Whitney test and between PBMC and tumor associated cells using the Wilcoxon matched-pairs signed rank test, using GraphPad Prism

software and a two-tailed analysis. “ns” denotes not significant. A single asterisk (*) denotes a P-value < 0.05; three asterisks (***) denote a P-value < 0.001. P-values

< 0.05 are considered significant.

Significantly Higher Frequencies of
FoxP3+ T Cells Were Detected in Tumor
Associated Cells Compared to Blood
Fresh PBMC and tumor associated cells were isolated from
a separate cohort of canine melanoma patients (P21-31;
Supplementary Tables 1, 2) and tested by an abbreviated flow
cytometry panel that included interrogation for CD3+ T cell
subsets (CD4+, CD4-CD8-, and CD8+), FoxP3 and granzyme
B (Supplementary Figure 7). FoxP3+ frequencies within the
CD4+ T cell subset in fresh PBMC for this patient cohort (n
= 11) were higher compared to fresh PBMC isolated from
healthy controls (n = 10; C14-23) (p = 0.043) (Figure 7A;
Supplementary Figure 7B), although the difference was modest
as shown for other melanoma patients (Figure 3B). Although
median frequencies for FoxP3+ cells within the CD4-CD8-
T cell subset were higher for patients compared to controls,
a significant difference was not detected (Figure 7B). A
comparison of frequencies of FoxP3+ cells within the CD4+
T cell subset for tumor associated cells and blood (PBMC)
for each patient revealed a significantly higher frequency of
FoxP3+ cells in tumor vs. blood for each patient (Figures 7C,D)
(p = 0.001). A similar result was noted for comparison of
FoxP3+ cell frequencies within the CD4-CD8- T cell subset
with higher frequencies detected in tumor associated cells
compared to blood for each patient (Figures 7E,F) (p = 0.001).
Comparison of frequencies of CD4+, CD4-CD8-, and CD8+ T
cell subsets between PBMC and tumor associated cells did not
reveal significant differences (Supplementary Figures 8A–F).
Significant differences in frequencies of granzyme B+ cells
within the CD8+ T cell subset were also not detected
between tumor associated cells and PBMC for each patient
(Supplementary Figures 8G,H). Importantly intratumoral
frequencies of FoxP3+ cells within the CD4+ and CD4-CD8-
subsets were strikingly higher compared to frequencies in PBMC.

Frequencies of Regulatory, Activation, and
Proliferation Markers Differed Between
Specific T Cell Subsets in Blood for
Healthy Controls
Data generated from these studies of canine melanoma patients
afforded an opportunity to analyze different canine T cell subsets
and subpopulations for specific T cell markers based on healthy
control dogs. An interesting CD4-CD8- CD3+ T cell subset
was reported and characterized previously to express regulatory
markers including FoxP3 and CD25 (44). Our results for 20

healthy control dogs also show FoxP3 expression by CD4-CD8-
T cells although frequencies of FoxP3+ cells for this subset are
lower compared to CD4+ cells with a difference trending for
significance (p = 0.052) (Figure 8A). Regardless frequencies of
FoxP3+ cells for CD4-CD8- T cells (median = 3.23%) were still
comparable to CD4+ cells (median = 4.93%) and significantly
higher than those assessed for CD8+ T cells (median = 0.54%)
(p < 0.0001).

Analysis of healthy controls (n =10) revealed higher Ki67+
cell frequencies within the FoxP3+CD4+ T cells compared to
frequencies within CD25+FoxP3- (p= 0.001) and CD25-FoxP3-
(p = 0.002) subpopulations of CD4+ T cells and also compared
to Ki67+ cell frequency with the total CD4+ T cell subset
(p = 0.018). Ki67+ cell frequencies were also higher in the
CD25-FoxP3+CD4+ population compared to CD25+FoxP3-
CD4+ (p = 0.0001) and CD25-FoxP3-CD4+ (p = 0.002)
populations and also compared to Ki67+ cell frequency within
the total CD4+ T cell subset (p = 0.024). Ki67+ cell frequencies
were not significantly different between regulatory populations
FoxP3+CD4+ and CD25-FoxP3+ CD4+ T cells, or between
different FoxP3-CD4+ T cell populations (CD25+FoxP3- and
CD25-FoxP3-) or compared to Ki67+ cell frequency within
the total CD4+ T cell subset (Figure 8B). Similar results were
shown for the CD4-CD8- subset where Ki67+ cell frequencies
detected within the FoxP3+CD4-CD8- T cell subset were higher
compared to Ki67+ cell frequencies for CD25+FoxP3- (p <

0.0001) and CD25-FoxP3- (p = 0.0097) populations of the CD4-
CD8- T subset, and also compared to Ki67+ cell frequency
with the total CD4-CD8- T cell subset (p = 0.015). Ki67+
cell frequencies were also higher in CD25-FoxP3+CD4-CD8-
population compared to CD25+FoxP3- (p < 0.0001) and CD25-
FoxP3- (p = 0.0022) populations of CD4-CD8- T cells, and
also compared to Ki67+ cell frequency with the total CD4-
CD8- T cell subset (p = 0.0035). Ki67+ cell frequencies were
not significantly different between FoxP3+ and CD25-FoxP3+
populations within CD4-CD8- subset, or between FoxP3-CD4-
CD8- T cell populations (CD25+FoxP3- and CD25-FoxP3-) or
between FoxP3-CD4-CD8- T cell subsets and the total CD4-
CD8- T cell subset (Figure 8C). These results overall show
higher Ki67+ cell frequencies within FoxP3+ populations of
both CD4+ and CD4-CD8- T cell subsets. Assessment of similar
populations within the CD8+ T cell subset was not performed
due to extremely low numbers of events detected by flow
cytometric analysis for this T cell subset.

Frequencies of CD25+ cell populations within each T
cell subset were analyzed and revealed a significantly higher
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FIGURE 8 | Associations between regulatory and activation markers for specific T cell subsets in healthy dog PBMC. (A) Median frequencies of FoxP3+ cells are

compared between CD4+ and CD4-CD8- T cell subsets. (B) Median frequencies of Ki67+ cells within different subsets of CD4+ T cells including regulatory (FoxP3+;

CD25-FoxP3+), activated (CD25+FoxP3-) and quiescent (CD25-FoxP3-) populations, are compared. (C) Median frequencies of Ki67+ cells within different subsets

of CD4-CD8- T cells including regulatory (FoxP3+), activated (CD25+FoxP3-) and quiescent (CD25-FoxP3-) populations, are compared. (D) CD4+, CD4-CD8-, and

CD8+ T cells subsets are compared for median frequencies of CD25+ cells. (E) Median frequencies of interferon-γ (IFN-γ)+ cells after ConA stimulation were

compared between CD4+, CD4-CD8-, and CD8+ T cells subsets. (F) Median frequencies of IFN-γ+ cells after ConA stimulation were compared between different

CD4+ T cell subsets including regulatory (FoxP3+; CD25-FoxP3+), activated (CD25+FoxP3-) and quiescent (CD25-FoxP3-) populations. Values described for

IFN-γ+ frequencies reflect values for stimulated cells after subtraction of values for unstimulated cells. Comparisons of frequencies between three more subsets were

performed with a Kruskal-Wallis test with Dunn’s post-hoc test for multiple comparisons. Pair-wise analysis between frequencies of two subsets (A) was conducted

with the Mann Whitney test and two-tailed analysis. All analyses used GraphPad Prism software. “ns” denotes not significant. A single asterisk (*) denotes a P-value <

0.05; two asterisks (**) denote a P-value < 0.01; three asterisks (***) denote a P-value < 0.001 and four asterisks (****) denote a P-value < 0.0001. P-values < 0.05

are considered significant.

frequency in the CD4-CD8- T cell subset compared to CD4+
(p = 0.0006) and CD8+ (p < 0.0001) T cells (Figure 8D).
As expected CD25+ cell frequencies for CD4+ cells were also
higher compared to the CD8+ subset (p = 0.004). Frequencies
of activated CD25+FoxP3- cells were also higher for the CD4-
CD8- subset compared to CD4+ cells (p = 0.0004) and CD8+
cells (p < 0.0001) (Supplementary Figure 9). Also as expected,
frequencies of CD25+FoxP3- cells were higher in CD4+ cells
compared to CD8+ cells (p = 0.009). These results reveal the

highest frequency of activated CD25+ cells within the CD4-CD8-
T cell subset followed by the CD4+ subset.

IFN-γ+ cell frequencies after ConA stimulation were
higher for CD4+ T cells compared to CD4-CD8- T cells
(p = 0.0009) and CD8+ T cells (p = 0.012) (Figure 8E).
Differences in IFN-γ+ cell frequencies were not significant
between CD4-CD8- and CD8+ T cells. Analysis of IFN-γ+
cell frequencies within FoxP3+ and FoxP3- CD4+ subsets
after ConA stimulation was also performed. Significantly
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higher IFN-γ+ cell frequencies were detected in CD25+FoxP3-
CD4+ T cells compared to regulatory FoxP3+CD4+ cells
(p = 0.004) and CD25-FoxP3+CD4+ cells (p < 0.0001)
(Figure 8F). IFN-γ+ cell frequencies were also higher
in the CD25-FoxP3-CD4+ T cells compared to CD25-
FoxP3+CD4+ cells (p = 0.002). Comparisons of IFN-γ+ cell
frequencies between FoxP3+CD4+ and CD25-FoxP3+CD4+
subsets, FoxP3+CD4+ and CD25-FoxP3-CD4+ subsets, and
CD25+FoxP3-CD4+ and CD25-FoxP3-CD4+ subsets revealed
no significant differences (Figure 8F). Overall, these data show
higher IFN-γ+ cell frequencies for the CD4+ T cell subset
and particularly for the CD25+FoxP3-CD4+ subset with low
IFN-γ+ cell frequencies found in FoxP3+ CD4 subsets. Also
of note, IFN-γ+ cell frequencies detected with the CD4-CD8-
subset were comparable to those detected in the CD8+ subset
and distinguishes one property shared by the CD4-CD8- and
CD8+ subsets.

DISCUSSION

T cell immunophenotyping studies described herein were
predicated on the hypothesis that canine melanoma patients
exhibit a T cell immune profile that is different from healthy
control pet dogs. A secondary hypothesis states that frequencies
of circulating T cell subsets may not match intratumoral
frequencies and that blood vs. tumor T cell immunophenotypes
will differ. Findings by PCA indeed determined that canine
melanoma patients display a T cell immunophenotype that is
unique from healthy pet dogs. These findings were further
supported by analysis of frequencies of individual T cell
immunotypes in patients and healthy controls. Key findings
revealed increased frequencies of circulating regulatory FoxP3+
T cell subsets and activated CD25+FoxP3- T cell subsets in
canine patients compared to healthy controls. Furthermore, T
cell function measured by IFN-γ responses to ConA stimulation
in PBMC distinguished canine melanoma patients into two
groups with a larger group demonstrating a higher frequency
of IFN-γ+ cells indicating a competent and possibly inflated
functional response. A second smaller group of patients showed
a considerably weaker response suggestive of a dysregulated
response. Another key finding was the dichotomy determined
between frequencies of FoxP3+ CD4+ and FoxP3+ CD4-
CD8- cells in blood compared to tumor where frequencies of
FoxP3+ cells were significantly higher in tissue than detected in
circulation. Lastly, the CD4-CD8- T cell population frequently
displayed an immunophenotype similar to CD4+ T cells in blood
and tumor with the exceptions of amplified CD25 expression
and an IFN-γ response that was more similar to CD8+ T cells.
These findings although not surprising, collectively characterized
a T cell immunophenotype that clearly distinguished canine
melanoma patients from healthy controls and suggested immune
pathways for further investigation.

Previous reports have described increased frequencies
of circulating and intratumoral Tregs defined either as
FoxP3+CD4+ or CD25+FoxP3+CD4+ T cell subsets for
canine melanomas by either flow cytometry analysis (57–61)

or immunohistochemistry (IHC) (60–63). Our findings also
revealed significantly increased frequencies for either FoxP3+ or
CD25+FoxP3+ populations in either CD4+ or CD4-CD8- T cell
subsets in PBMC from patients compared to controls, although
differences were fairly small and CD4+ T cell frequencies were
actually lower in patients. A finding of greater interest was the
significantly higher frequency of FoxP3+ cells within both the
CD4+ and CD4-CD8- T cell subsets in tumor associated cells
compared to corresponding patient blood samples from a small
case cohort, confirming the importance of examining the local
tumor environment. Although few in number, other reports
have described similar observations of increased frequencies
of FoxP3+ cells detected within either tumor or draining
lymph node for canine melanoma patients assessed by flow
cytometry (57, 60) or by IHC Treg (61). Although intratumoral
Tregs have been reported to confer immunosuppression by
multiple mechanisms including inhibition of anti-tumor effector
responses and to promote disease progression for a wide range
of human cancers (64, 65) there are conflicting reports as to
whether FoxP3+ tumor-infiltrating lymphocytes (TILs) confer
a negative prognosis for human cutaneous melanoma (64).
Two reports describing Tregs within TILs for canine melanoma
concluded that higher frequencies of intratumoral Treg were
a negative prognostic factor (60, 63) whereas a more recent
report (61) did not find intratumoral Treg frequency to associate
with more aggressive disease. Our findings on a small canine
melanoma cohort did not find significant differences between
frequencies of other T cell subsets (CD4+, CD8+, and CD4-
CD8-) or frequencies of granzyme B+ CD8+ T cells in blood
vs. tumor. Furthermore, the canine cohort was insufficient in
case number to determine an association of intratumoral Treg
frequency and disease outcome. Future studies with larger
patient cohorts and flow cytometry panels with additional
markers along with corresponding IHC analysis will be necessary
to determine the relevance of the large Treg frequencies in
tumor associated cells as observed in this study and to identify
intratumoral T cell phenotypes as correlates for prognosis and
potential immunotherapeutics.

CD25 proved to be a major marker of interest in
characterizing T cell immunophenotypes in canine melanoma
patients. CD25 expression has classically been defined as a
Treg marker when co-expressed with FoxP3+ in CD4+ T
cells (66, 67). In contrast to reports for frequencies of healthy
human CD25+ CD4+ T cell (68, 69), our studies revealed a
higher frequency of this subset within both healthy controls
and patients which proved to include both FoxP3- as well as
FoxP3+ cell populations. Other reports describing CD25+
cell frequencies within the CD4+ T cell subset in healthy dogs
also revealed similar or higher frequencies compared to our
current studies (44, 70, 71). Our results also revealed increased
frequencies of the CD25+ cells for both CD4+ and CD4-CD8-
T cell subsets in canine melanoma patients compared to healthy
dog controls. A more interesting finding related to the significant
frequencies of CD25+FoxP3- cell population within both CD4+
and CD4-CD8- T cell subsets for healthy controls and patients.
Furthermore, frequencies of the CD25+FoxP3- cell population
in both T cell subsets were significantly higher in patients.
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Reports specifically describing CD25+FoxP3- cells within either
CD4+ and CD4-CD8- T cell subsets for different species are
few. However, CD25 as the alpha chain of the trimeric IL-2
receptor is considered a critical marker for T cell activation
for not only regulatory, but also recently activated effector and
antigen-experienced or resting memory T cells in mice and
humans (69, 72–76). Moreover, frequencies of both CD25+
and CD25+FoxP3- populations were increased for all T cell
subsets including CD8+ T cells after stimulation by ConA, again
with patients again showing significantly higher frequencies
compared to healthy controls. Conversely no differences in
frequencies of FoxP3+ or CD25+FoxP3+ populations for either
CD4+ or CD4-CD8- T cell subsets after stimulation by ConA
were observed between patients and controls. These findings
would suggest that the CD25+FoxP3- population within each
T cell subset, particularly the CD4+ and CD4-CD8- subsets,
represented an activated population primed for expansion
upon polyclonal stimulation with a heightened response shown
by patients.

Given that higher frequencies of the activated CD25+FoxP3-
population were higher in patients, lower frequencies of the
putative quiescent CD25-FoxP3- population were detected
within both CD4+ and CD4-CD8- subsets for patients compared
to healthy controls in unstimulated and ConA-stimulated cells.
Stimulated CD8+ T cells also revealed lower frequencies for
the CD25-FoxP3- population in patients compared to controls.
Based on the absence of expression by FoxP3 (considered to be
a regulatory and activation marker) and absence of activation
marker CD25, this population was tentatively considered a
“quiescent” T cell population. However, both CD25+FoxP3-
and CD25-FoxP3- populations are most likely heterogenous
populations and the CD25-FoxP3- population will include both
naive andmemory populations. Therefore, these populations will
require further interrogation by memory and other activation
markers for an accurate identification and determination of
specific sub-populations that may be accountable for differences
between canine melanoma patients and healthy controls. It is
important to note that proliferation marker Ki67 did not clearly
distinguish any T cell subsets or sub-populations for differences
in frequencies between patients and controls. Similarly, granzyme
B as an activation and exhaustion marker for CD8+ T cells, did
not detect differences in frequencies of granzyme B+ CD8+ cells
between patients and healthy controls for either unstimulated
or stimulated cells. However, patients demonstrated a large
variation in values for frequencies of granzyme B+ cells
compared to controls and revealed selected outlier patients
showing very high frequencies. Further examination of granzyme
B as a CD8+ T cell phenotype will be warranted in larger
patient cohorts.

T cell dysfunction or T cell exhaustion is a well-recognized
outcome of chronic antigenic stimulation and cancer and
may result in a progressive loss of T cell functions including
proliferation, cytokine release and cytolytic activity. This is a
consequence of the actions of multiple inhibitory receptors
including PD1 and CTLA-4 that are induced by chronic antigenic
stimulation or inhibitory receptor ligands expressed by tumor

cells (39). IFN-γ is a type 2 pleiotropic interferon that displays
antiproliferative, anti-angiogenic and pro-apoptotic activity
against tumor cells through multiple complex mechanisms (39,
77). IFN-γ is produced predominantly by activated CD4+ T
cells (Th1), CD8+ T cells, γδ T cells, and natural killer (NK)
cells and may also demonstrate suppressive effects on anti-tumor
immune responses by induction of multiple immunoregulatory
factors on tumor cells including indoleamine-2,3-dioxygenase
(IDO) and PDL1. To assay for T cell dysfunction in a small cohort
of canine melanoma patients, induction of IFN-γ expression in
response to mitogen (ConA) stimulation was measured in PBMC
by ICS in both patients and healthy controls. Increased IFN-
γ+ cell frequencies within T cell subsets after ConA stimulation
were observed for patients compared to healthy controls for all
subsets. However, differences were not statistically significant
although a trend for a significant difference between patients
and controls was noted for CD8+ T cells. Of note, patients
revealed two different phenotypic responses with five out of
11 patients showing IFN-γ+ cell frequencies much lower than
those of other patients for at least one or more CD4+ or
CD4-CD8- T cell subsets. These findings suggested that IFN-
γ release as a T cell function was spared in a moderate
proportion of patients (6/11) whereas this specific function was
affected in a subset of patients. Our findings therefore slightly
differed from results of the one other report describing IFN-γ
release after mitogen stimulation in canine melanoma patients
which revealed significantly lower frequencies of IFN-γ+ cell
frequencies for patients compared to controls (58). Conditions in
this previous report utilized PMA and ionomycin for stimulation
and therefore direct comparisons of the two studies are not
possible. The patient cohort in our study is too small to
determine the relevance of this dysfunctional response to disease
progression or as a prognostic marker. In summary, assay of
additional T cell functions including induction of release of other
cytokines and perhaps using different stimulation protocols,
should be examined in larger patient cohorts in future studies
to further characterize T cell functions as biomarkers in canine
melanoma patients.

Characterization of regulatory (FoxP3+), activation
(CD25+FoxP3-), proliferation (Ki67+), and functional
(IFN-γ+) markers for different canine T cell subsets was
not a goal of these studies. However, analysis of healthy dog
controls within these studies allowed this type of analysis
for canine T cells. The CD4-CD8- T cell subset in dogs was
described previously as an activated subset that demonstrates
significantly higher frequencies of CD25+ cells (44) compared
to CD4+ and CD8+ T cells. This finding was also observed
in our studies with a large range of values for frequencies of
CD25+ cells within the CD4-CD8- T cell subset, but with a
median frequency well above that of CD4+ T cells. Likewise,
higher frequencies of CD25+FoxP3- cells were detected for
the CD4-CD8- T cell subset when compared to CD4+ and
CD8+ subsets. No significant difference between frequencies
of FoxP3+ cells within the CD4-CD8- and CD4+ subsets
was detected by our results or by Rabiger et al. Moreover,
CD4+ and CD4-CD8- T cell subsets demonstrated similar
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patterns for increased Ki67+ cell frequencies within FoxP3+
populations compared to FoxP3- populations including the
CD25+FoxP3- population. Higher frequencies of Ki67+ cells
within circulating Tregs compared to FoxP3-CD4+ T cells have
also been reported in humans along with the observation that
Treg populations are highly proliferative (78, 79). Furthermore,
another report identified Ki67+ cell frequencies within the Treg
as a negative prognostic factor (80) for human ovarian cancer.
However, a comparison of IFN-γ+ cell frequencies between
T cell subsets after ConA stimulation revealed frequencies for
the CD4-CD8- subset were comparable to CD8+ T cells and
significantly lower than those for CD4+ T cells. This finding
revealed a property that distinguished the CD4-CD8- T cells
from CD4+ T cells. With the exception of IFN-γ expression,
our studies suggest that canine CD4-CD8- T cells share similar
phenotypes with CD4+ T cells although the expression of
CD25, typically a property of CD4+ T cells, was significantly
higher for this subset. It is important to note that the CD3
monoclonal antibody used in these studies detects the epsilon
domain of CD3 (CD3ε) and therefore detects both TCR-αβ+

and TCR-γδ+ T cell subsets. Furthermore, the CD3ε domain
has been reported to be expressed on a small subset of human
natural killer (NK) cells (81–83), whereas canine NK cells have
been characterized as TCR-αβ+ CD3+CD5-low cells (84–87).
Accordingly, the CD4-CD8- CD3+ population detected in
our studies may include multiple populations including both
TCR-αβ+ and TCR-γδ+ T cells, NK cells and possibly NKT
cells. Gene expression analysis of the canine T cells subsets will
be necessary to further distinguish CD4-CD8- T cell from the
conventional CD4+ and CD8+ subsets. Lastly, analysis of IFN-
γ+ frequencies after stimulation within CD4+ T cell subsets
revealed frequencies within the CD25+FoxP3- population, that
were significantly higher compared to FoxP3+ populations and
also higher than CD25-FoxP3- CD4+ cells. These findings were
not unexpected based on other reports describing restricted
IFN-γ expression by Tregs in other species and instead Tregs
typically secrete regulatory immunomodulators including
IL-10 and Transforming growth factor b (TGF-b) (88–90).
However, these results further defined CD25+FoxP3- T cells
as an activated population unique from canine Treg, and also
as a T cell population of interest for further investigation in
canine cancer by both gene expression analysis and an expanded
examination for additional T cell markers.

Selection of T cell markers utilized in panels for these studies
was based on availability of canine cross-reactive antibodies
available and also reported in the literature at the time the project
was initiated. Based on reports in humans and dogs, markers
for regulatory T cells (FoxP3 and CD25), proliferation/activation,
(Ki67), (granzyme B), and functionality and T cell programming
(IFN-γ) were feasible for a single panel and provided a diverse set
of parameters for a preliminary assessment of T cell phenotyping
of canine melanoma patients and controls. Limitations of the
selected markers are acknowledged and additional T cell markers
currently available would include eomes (34), PD-1 (25, 91, 92),
T-bet and GATA-3 (44), memory markers CD62L and CD45RA
(33) and additional other markers including cytokines including
such as TNF-α.

The tumor and patient information compared to T cell
phenotypes was examined by PCA which provided an additional
strategy for addressing the basic question of whether canine
melanoma patients display a T cell phenotye that is different
from healthy dogs. However, PCA precludes cases where a
single component of data is absent (example: mitotic index)
and related to immunophenotype, exclusion of a marker for
which only a limited number of samples were assayed (Ki67
missing for 50% of controls). Additionally, the canine melanoma
case cohort overall was small and low in numbers for less
progressive melanoma phenotypes which hindered analysis for
correlations of immunophenotypes with survival or disease
progression. An analysis of progression or survival was also
not possible in this survey study as some of the subjects had
no treatment and those that did undergo treatment had a
variety of therapies. Accordingly, analysis of individual T cell
phenotypes also did not reveal significant differences for different
clinical parameters. Despite these limitations PCA determined an
association between immunophenotype and melanoma patients
with metastasis, which should be explored in further studies.

Importantly PCA determined that melanoma patients
displayed a unique T cell phenotype by analysis of both
unstimulated and stimulated T cell populations when compared
to healthy control and provided further support of our overall
hypothesis. Furthermore, findings from analysis of individual T
cell immunophenotypes determined by flow cytometry revealed
specific phenotypes defined by both regulatory and activation
markers that distinguished canine melanoma patients and
healthy controls. These results represent as survey investigation
of canine melanoma patients with an array of T cell markers that
has not previously been reported when tested in combination.
As such, these findings will direct future assessment of a larger
canine melanoma patient cohort with flow cytometry panels that
accommodate additional T cell markers to further define specific
T cell subsets as biomarkers for tumor stage, disease progression
and response to specific immunotherapeutics.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by UC Davis
IACUC and Clinical Trials Review Board. Written informed
consent was obtained from the owners for the participation of
their animals in this study.

AUTHOR CONTRIBUTIONS

MK, ES, RR, and AM contributed to conception and design
of the study. ES, MK, HC, HK, SW, and RC contributed to
flow cytometry panel development. ES, NC, and MK performed
the statistical analysis. ES and MK wrote the first draft of the
manuscript. HC and NC wrote sections of the manuscript. All

Frontiers in Veterinary Science | www.frontiersin.org 17 December 2021 | Volume 8 | Article 772932118

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Sparger et al. Immune Profiles in Dogs With Melanoma

authors contributed to manuscript revision, read, and approved
the submitted version.

FUNDING

Supported in part by the Center for Companion Animal Health,
School of Veterinary Medicine, University of California, Davis
and by National Cancer Institute P30CA093373-14S4, U01

CA224166-0 and through the Flow Cytometry Shared Resource,
National Cancer Institute P30CA093373.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2021.772932/full#supplementary-material

REFERENCES

1. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.

Improved survival with ipilimumab in patients with metastatic melanoma. N

Engl J Med. (2010) 363:711–23. doi: 10.1056/NEJMoa1003466

2. Keilholz U, Ascierto PA, Dummer R, Robert C, Lorigan P, van

Akkooi A, et al. ESMO consensus conference recommendations on

the management of metastatic melanoma: under the auspices of

the ESMO Guidelines Committee. Ann Oncol. (2020) 31:1435–48.

doi: 10.1016/j.annonc.2020.07.004

3. Dimitriou F, Staeger R, Ak M, Maissen M, Kudura K, Barysch MJ,

et al. Frequency, treatment and outcome of immune-related toxicities

in patients with immune-checkpoint inhibitors for advanced melanoma:

results from an institutional database analysis. Cancers. (2021) 13:122931.

doi: 10.3390/cancers13122931

4. Steininger J, Gellrich FF, Schulz A, Westphal D, Beissert S, Meier F. Systemic

therapy of metastatic melanoma: on the road to cure. Cancers. (2021)

13:61430. doi: 10.3390/cancers13061430

5. Camisaschi C, Vallacchi V, Castelli C, Rivoltini L, Rodolfo M. Immune cells

in the melanoma microenvironment hold information for prediction of the

risk of recurrence and response to treatment. Expert Rev Mol Diagn. (2014)

14:643–6. doi: 10.1586/14737159.2014.928206

6. Simpson RM, Bastian BC, Michael HT, Webster JD, Prasad ML, Conway

CM, et al. Sporadic naturally occurring melanoma in dogs as a preclinical

model for human melanoma. Pigment Cell Melanoma Res. (2014) 27:37–47.

doi: 10.1111/pcmr.12185

7. Prouteau A, Andre C. Canine melanomas as models for human melanomas:

clinical, histological, and genetic comparison. Genes. (2019) 10:70501.

doi: 10.3390/genes10070501

8. Rahman MM, Lai YC, Husna AA, Chen HW, Tanaka Y, Kawaguchi H, et al.

Transcriptome analysis of dog oral melanoma and its oncogenic analogy with

human melanoma. Oncol Rep. (2020) 43:16–30. doi: 10.3892/or.2019.7391

9. Wong K, van der Weyden L, Schott CR, Foote A, Constantino-Casas F, Smith

S, et al. Cross-species genomic landscape comparison of human mucosal

melanoma with canine oral and equine melanoma. Nat Commun. (2019)

10:353. doi: 10.1038/s41467-018-08081-1

10. Hernandez B, Adissu HA, Wei BR, Michael HT, Merlino G, Simpson RM.

Naturally occurring canine melanoma as a predictive comparative oncology

model for human mucosal and other triple wild-type melanomas. Int J Mol

Sci. (2018) 19:20394. doi: 10.3390/ijms19020394

11. Mikiewicz M, Pazdzior-Czapula K, Gesek M, Lemishevskyi V, Otrocka-

Domagala I. Canine and feline oral cavity tumours and tumour-like lesions: a

retrospective study of 486 cases (2015–2017). J Comp Pathol. (2019) 172:80–7.

doi: 10.1016/j.jcpa.2019.09.007

12. Spangler WL, Kass PH. The histologic and epidemiologic bases for prognostic

considerations in canine melanocytic neoplasia. Vet Pathol. (2006) 43:136–49.

doi: 10.1354/vp.43-2-136

13. Turek M, LaDue T, Looper J, Nagata K, Shiomitsu K, Keyerleber M, et al.

Multimodality treatment including ONCEPT for canine oral melanoma: a

retrospective analysis of 131 dogs. Vet Radiol Ultrasound. (2020) 61:471–80.

doi: 10.1111/vru.12860

14. Proulx DR, Ruslander DM, Dodge RK, Hauck ML, Williams LE, Horn

B, et al. A retrospective analysis of 140 dogs with oral melanoma treated

with external beam radiation. Vet Radiol Ultrasound. (2003) 44:352–9.

doi: 10.1111/j.1740-8261.2003.tb00468.x

15. Bergman PJ. Cancer immunotherapies. Vet Clin North Am Small Anim Pract.

(2019) 49:881–902. doi: 10.1016/j.cvsm.2019.04.010

16. Grosenbaugh DA, Leard AT, Bergman PJ, Klein MK, Meleo K, Susaneck

S, 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)

72:1631–8. doi: 10.2460/ajvr.72.12.1631

17. Tsao H, Atkins MB, Sober AJ. Management of cutaneous melanoma. N Engl J

Med. (2004) 351:998–1012. doi: 10.1056/NEJMra041245

18. Park JS, Withers SS, Modiano JF, Kent MS, Chen M, Luna JI, et al. Canine

cancer immunotherapy studies: linking mouse and human. J Immunother

Cancer. (2016) 4:97. doi: 10.1186/s40425-016-0200-7

19. Moore PF, Olivry T, Naydan D. Canine cutaneous epitheliotropic lymphoma

(mycosis fungoides) is a proliferative disorder of CD8+ T cells. Am J Pathol.

(1994) 144:421–9.

20. McSweeney PA, Rouleau KA, Wallace PM, Bruno B, Andrews RG, Krizanac-

Bengez L, et al. Characterization of monoclonal antibodies that recognize

canine CD34. Blood. (1998) 91:1977–86. doi: 10.1182/blood.V91.6.1977

21. Cobbold S, Metcalfe S. Monoclonal antibodies that define canine homologues

of human CD antigens: summary of the First International Canine

Leukocyte Antigen Workshop (CLAW). Tissue Antigens. (1994) 43:137–54.

doi: 10.1111/j.1399-0039.1994.tb02315.x

22. Wilkerson MJ, Dolce K, Koopman T, Shuman W, Chun R, Garrett L,

et al. Lineage differentiation of canine lymphoma/leukemias and aberrant

expression of CDmolecules.Vet Immunol Immunopathol. (2005) 106:179–96.

doi: 10.1016/j.vetimm.2005.02.020

23. Vernau W, Moore PF. An immunophenotypic study of canine

leukemias and preliminary assessment of clonality by polymerase

chain reaction. Vet Immunol Immunopathol. (1999) 69:145–64.

doi: 10.1016/S0165-2427(99)00051-3

24. Moore PF, Rossitto PV, Danilenko DM, Wielenga JJ, Raff RF,

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.

doi: 10.1111/j.1399-0039.1992.tb01963.x

25. Choi JW, Withers SS, Chang H, Spanier JA, De La Trinidad VL, Panesar

H, et al. Development of canine PD-1/PD-L1 specific monoclonal antibodies

and amplification of canine T cell function. PLoS ONE. (2020) 15:e0235518.

doi: 10.1371/journal.pone.0235518

26. Foltz JA, Somanchi SS, Yang Y, Aquino-Lopez A, Bishop EE, Lee DA.

NCR1 expression identifies canine natural killer cell subsets with phenotypic

similarity to human natural killer cells. Front Immunol. (2016) 7:521.

doi: 10.3389/fimmu.2016.00521

27. Igase M, Nemoto Y, Itamoto K, Tani K, Nakaichi M, Sakurai M, et al.

A pilot clinical study of the therapeutic antibody against canine PD-

1 for advanced spontaneous cancers in dogs. Sci Rep. (2020) 10:18311.

doi: 10.1038/s41598-020-75533-4

28. Maekawa N, Konnai S, Nishimura M, Kagawa Y, Takagi S, Hosoya K, et al.

PD-L1 immunohistochemistry for canine cancers and clinical benefit of anti-

PD-L1 antibody in dogs with pulmonarymetastatic oral malignantmelanoma.

NPJ Precis Oncol. (2021) 5:10. doi: 10.1038/s41698-021-00147-6

29. Goulart MR, Hlavaty SI, Chang YM, Polton G, Stell A, Perry J,

et al. Phenotypic and transcriptomic characterization of canine myeloid-

derived suppressor cells. Sci Rep. (2019) 9:3574. doi: 10.1038/s41598-019-

40285-3

Frontiers in Veterinary Science | www.frontiersin.org 18 December 2021 | Volume 8 | Article 772932119

https://www.frontiersin.org/articles/10.3389/fvets.2021.772932/full#supplementary-material
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1016/j.annonc.2020.07.004
https://doi.org/10.3390/cancers13122931
https://doi.org/10.3390/cancers13061430
https://doi.org/10.1586/14737159.2014.928206
https://doi.org/10.1111/pcmr.12185
https://doi.org/10.3390/genes10070501
https://doi.org/10.3892/or.2019.7391
https://doi.org/10.1038/s41467-018-08081-1
https://doi.org/10.3390/ijms19020394
https://doi.org/10.1016/j.jcpa.2019.09.007
https://doi.org/10.1354/vp.43-2-136
https://doi.org/10.1111/vru.12860
https://doi.org/10.1111/j.1740-8261.2003.tb00468.x
https://doi.org/10.1016/j.cvsm.2019.04.010
https://doi.org/10.2460/ajvr.72.12.1631
https://doi.org/10.1056/NEJMra041245
https://doi.org/10.1186/s40425-016-0200-7
https://doi.org/10.1182/blood.V91.6.1977
https://doi.org/10.1111/j.1399-0039.1994.tb02315.x
https://doi.org/10.1016/j.vetimm.2005.02.020
https://doi.org/10.1016/S0165-2427(99)00051-3
https://doi.org/10.1111/j.1399-0039.1992.tb01963.x
https://doi.org/10.1371/journal.pone.0235518
https://doi.org/10.3389/fimmu.2016.00521
https://doi.org/10.1038/s41598-020-75533-4
https://doi.org/10.1038/s41698-021-00147-6
https://doi.org/10.1038/s41598-019-40285-3
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Sparger et al. Immune Profiles in Dogs With Melanoma

30. Grondahl-Rosado C, Boysen P, Johansen GM, Brun-Hansen H, Storset AK.

NCR1 is an activating receptor expressed on a subset of canine NK cells. Vet

Immunol Immunopathol. (2016) 177:7–15. doi: 10.1016/j.vetimm.2016.05.001

31. Ito D, Brewer S, Modiano JF, Beall MJ. Development of a novel anti-canine

CD20 monoclonal antibody with diagnostic and therapeutic potential. Leuk

Lymphoma. (2015) 56:219–25. doi: 10.3109/10428194.2014.914193

32. Rue SM, Eckelman BP, Efe JA, Bloink K, Deveraux QL, Lowery D,

et al. Identification of a candidate therapeutic antibody for treatment of

canine B-cell lymphoma. Vet Immunol Immunopathol. (2015) 164:148–59.

doi: 10.1016/j.vetimm.2015.02.004

33. Withers SS, Moore PF, Chang H, Choi JW, McSorley SJ, Kent MS,

et al. Multi-color flow cytometry for evaluating age-related changes in

memory lymphocyte subsets in dogs. Dev Comp Immunol. (2018) 87:64–74.

doi: 10.1016/j.dci.2018.05.022

34. Pantelyushin S, Ranninger E, Bettschart-Wolfensberger R, Vom Berg J.

OMIP-065: dog immunophenotyping and T-cell activity evaluation with a

14-color panel. Cytometry A. (2020) 97:1024–7. doi: 10.1002/cyto.a.24168

35. Wu Y, Chang YM, Stell AJ, Priestnall SL, Sharma E, Goulart MR, et al.

Phenotypic characterisation of regulatory T cells in dogs reveals signature

transcripts conserved in humans and mice. Sci Rep. (2019) 9:13478.

doi: 10.1038/s41598-019-50065-8

36. Avery PR, Burton J, Bromberek JL, Seelig DM, Elmslie R, Correa S, et al. Flow

cytometric characterization and clinical outcome of CD4+ T-cell lymphoma

in dogs: 67 cases. J Vet Intern Med. (2014) 28:538–46. doi: 10.1111/jvim.12304

37. Haran KP, Lockhart A, Xiong A, Radaelli E, Savickas PJ, Posey A,

et al. Generation and validation of an antibody to canine CD19 for

diagnostic and future therapeutic purposes. Vet Pathol. (2020) 57:241–52.

doi: 10.1177/0300985819900352

38. Durgeau A, Virk Y, Corgnac S, Mami-Chouaib F. Recent advances in targeting

CD8 T-cell immunity for more effective cancer immunotherapy. Front

Immunol. (2018) 9:14. doi: 10.3389/fimmu.2018.00014

39. Xia A, Zhang Y, Xu J, Yin T, Lu XJ, T. Cell dysfunction in cancer

immunity and immunotherapy. Front Immunol. (2019) 10:1719.

doi: 10.3389/fimmu.2019.01719

40. Waldman AD, Fritz JM, LenardoMJ. A guide to cancer immunotherapy: from

T cell basic science to clinical practice. Nat Rev Immunol. (2020) 20:651–68.

doi: 10.1038/s41577-020-0306-5

41. Dow S. A role for dogs in advancing cancer immunotherapy research. Front

Immunol. (2019) 10:2935. doi: 10.3389/fimmu.2019.02935

42. Monjazeb AM, Kent MS, Grossenbacher SK, Mall C, Zamora AE, Mirsoian

A, et al. Blocking indolamine-2,3-dioxygenase rebound immune suppression

boosts antitumor effects of radio-immunotherapy in murine models and

spontaneous canine malignancies. Clin Cancer Res. (2016) 22:4328–40.

doi: 10.1158/1078-0432.CCR-15-3026

43. Wickham H. Ggplot2: Elegant Graphics for Data Analysis, Use R!. Cham:

Springer (2016). p. 1. doi: 10.1007/978-3-319-24277-4_9

44. Rabiger FV, Rothe K, von Buttlar H, Bismarck D, Buttner M, Moore PF, et al.

Distinct features of canine non-conventional CD4(-)CD8alpha(-) double-

negative TCRalphabeta(+) vs. TCRgammadelta(+) T cells. Front Immunol.

(2019) 10:2748. doi: 10.3389/fimmu.2019.02748

45. Hertoghs KM, Moerland PD, van Stijn A, Remmerswaal EB, Yong SL, van de

Berg PJ, et al. Molecular profiling of cytomegalovirus-induced human CD8+

T cell differentiation. J Clin Invest. (2010) 120:4077–90. doi: 10.1172/JCI42758

46. Hurkmans DP, Basak EA, Schepers N, Oomen-De Hoop E, Van der Leest

CE, El Bouazzaoui S, et al. Granzyme B is correlated with clinical outcome

after PD-1 blockade in patients with stage IV non-small-cell lung cancer. J

Immunother Cancer. (2020) 8:586. doi: 10.1136/jitc-2020-000586

47. Iga N, Otsuka A, Yamamoto Y, Nakashima C, Honda T, Kitoh A, et al.

Accumulation of exhausted CD8+ T cells in extramammary Paget’s disease.

PLoS ONE. (2019) 14:e0211135. doi: 10.1371/journal.pone.0211135

48. Prizment AE, Vierkant RA, Smyrk TC, Tillmans LS, Nelson HH, Lynch CF,

et al. Cytotoxic T cells and granzyme B associated with improved colorectal

cancer survival in a prospective cohort of older women. Cancer Epidemiol

Biomarkers Prev. (2017) 26:622–31. doi: 10.1158/1055-9965.EPI-16-0641

49. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al.

Subsets of exhausted CD8(+) T cells differentially mediate tumor control

and respond to checkpoint blockade. Nat Immunol. (2019) 20:326–36.

doi: 10.1038/s41590-019-0312-6

50. Tamang DL, Redelman D, Alves BN, Vollger L, Bethley C, Hudig D.

Induction of granzyme B and T cell cytotoxic capacity by IL-2 or IL-15

without antigens: multiclonal responses that are extremely lytic if triggered

and short-lived after cytokine withdrawal. Cytokine. (2006) 36:148–59.

doi: 10.1016/j.cyto.2006.11.008

51. Masuda K, Yasuda N. The antibody against human CD25, ACT-1, recognizes

canine T-lymphocytes in the G2/M and G0/G1 phases of the cell cycle during

proliferation. J Vet Med Sci. (2008) 70:1285–7. doi: 10.1292/jvms.70.1285

52. Mizuno T, Suzuki R, Umeki S, Okuda M. Crossreactivity of antibodies

to canine CD25 and Foxp3 and identification of canine CD4+CD25

+Foxp3+ cells in canine peripheral blood. J Vet Med Sci. (2009) 71:1561–8.

doi: 10.1292/jvms.001561

53. Rissetto KC, Rindt H, Selting KA, Villamil JA, Henry CJ, Reinero CR.

Cloning and expression of canine CD25 for validation of an anti-human

CD25 antibody to compare T regulatory lymphocytes in healthy dogs and

dogs with osteosarcoma. Vet Immunol Immunopathol. (2010) 135:137–45.

doi: 10.1016/j.vetimm.2010.02.002

54. Abrams VK, Hwang B, Lesnikova M, Gass MJ, Wayner E, Castilla-Llorente

C, et al. Novel monoclonal antibody specific for canine CD25 (P4A10):

selection and evaluation of canine Tregs. Vet Immunol Immunopathol. (2010)

135:257–65. doi: 10.1016/j.vetimm.2009.12.006

55. Jeurink PV, Vissers YM, Rappard B, Savelkoul HF, T. cell responses in

fresh and cryopreserved peripheral blood mononuclear cells: kinetics of cell

viability, cellular subsets, proliferation, and cytokine production. Cryobiology.

(2008) 57:91–103. doi: 10.1016/j.cryobiol.2008.06.002

56. Sadeghi A, Ullenhag G, Wagenius G, Totterman TH, Eriksson F.

Rapid expansion of T cells: effects of culture and cryopreservation and

importance of short-term cell recovery. Acta Oncol. (2013) 52:978–86.

doi: 10.3109/0284186X.2012.737020

57. Biller BJ, Elmslie RE, Burnett RC, Avery AC, Dow SW. Use of

FoxP3 expression to identify regulatory T cells in healthy dogs and

dogs with cancer. Vet Immunol Immunopathol. (2007) 116:69–78.

doi: 10.1016/j.vetimm.2006.12.002

58. Horiuchi Y, Tominaga M, Ichikawa M, Yamashita M, Okano K, Jikumaru

Y, et al. Relationship between regulatory and type 1 T cells in dogs

with oral malignant melanoma. Microbiol Immunol. (2010) 54:152–9.

doi: 10.1111/j.1348-0421.2009.00194.x

59. Milevoj N, Tratar UL, Nemec A, Brozic A, Znidar K, Sersa G, et al.

combination of electrochemotherapy, gene electrotransfer of plasmid

encoding canine IL-12 and cytoreductive surgery in the treatment

of canine oral malignant melanoma. Res Vet Sci. (2019) 122:40–9.

doi: 10.1016/j.rvsc.2018.11.001

60. Tominaga M, Horiuchi Y, Ichikawa M, Yamashita M, Okano K, Jikumaru

Y, et al. Flow cytometric analysis of peripheral blood and tumor-infiltrating

regulatory T cells in dogs with oral malignant melanoma. J Vet Diagn Invest.

(2010) 22:438–41. doi: 10.1177/104063871002200317

61. Yasumaru CC, Xavier JG, Strefezzi RF, Salles-Gomes COM. Intratumoral

T-lymphocyte subsets in canine oral melanoma and their association with

clinical and histopathological parameters. Vet Pathol. (2021) 58:491–502.

doi: 10.1177/0300985821999321

62. Porcellato I, Silvestri S, Menchetti L, Recupero F, Mechelli L, Sforna M,

et al. Tumour-infiltrating lymphocytes in canine melanocytic tumours: an

investigation on the prognostic role of CD3(+) and CD20(+) lymphocytic

populations. Vet Comp Oncol. (2020) 18:370–80. doi: 10.1111/vco.12556

63. Sakai K, Maeda S, Yamada Y, Chambers JK, Uchida K, Nakayama H,

et al. Association of tumour-infiltrating regulatory T cells with adverse

outcomes in dogs with malignant tumours. Vet Comp Oncol. (2018) 16:330–6.

doi: 10.1111/vco.12383

64. Maibach F, Sadozai H, Seyed Jafari SM, Hunger RE, Schenk M. Tumor-

infiltrating lymphocytes and their prognostic value in cutaneous melanoma.

Front Immunol. (2020) 11:2105. doi: 10.3389/fimmu.2020.02105

65. Paluskievicz CM, Cao X, Abdi R, Zheng P, Liu Y, Bromberg JS, et al. Regulatory

cells and priming the suppressive tumor microenvironment. Front Immunol.

(2019) 10:2453. doi: 10.3389/fimmu.2019.02453

66. Li X, Zheng Y. Regulatory T cell identity: formation and maintenance. Trends

Immunol. (2015) 36:344–53. doi: 10.1016/j.it.2015.04.006

67. Togashi Y, Shitara K, Nishikawa H. Regulatory T cells in cancer

immunosuppression – implications for anticancer therapy. Nat

Frontiers in Veterinary Science | www.frontiersin.org 19 December 2021 | Volume 8 | Article 772932120

https://doi.org/10.1016/j.vetimm.2016.05.001
https://doi.org/10.3109/10428194.2014.914193
https://doi.org/10.1016/j.vetimm.2015.02.004
https://doi.org/10.1016/j.dci.2018.05.022
https://doi.org/10.1002/cyto.a.24168
https://doi.org/10.1038/s41598-019-50065-8
https://doi.org/10.1111/jvim.12304
https://doi.org/10.1177/0300985819900352
https://doi.org/10.3389/fimmu.2018.00014
https://doi.org/10.3389/fimmu.2019.01719
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.3389/fimmu.2019.02935
https://doi.org/10.1158/1078-0432.CCR-15-3026
https://doi.org/10.1007/978-3-319-24277-4_9
https://doi.org/10.3389/fimmu.2019.02748
https://doi.org/10.1172/JCI42758
https://doi.org/10.1136/jitc-2020-000586
https://doi.org/10.1371/journal.pone.0211135
https://doi.org/10.1158/1055-9965.EPI-16-0641
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1016/j.cyto.2006.11.008
https://doi.org/10.1292/jvms.70.1285
https://doi.org/10.1292/jvms.001561
https://doi.org/10.1016/j.vetimm.2010.02.002
https://doi.org/10.1016/j.vetimm.2009.12.006
https://doi.org/10.1016/j.cryobiol.2008.06.002
https://doi.org/10.3109/0284186X.2012.737020
https://doi.org/10.1016/j.vetimm.2006.12.002
https://doi.org/10.1111/j.1348-0421.2009.00194.x
https://doi.org/10.1016/j.rvsc.2018.11.001
https://doi.org/10.1177/104063871002200317
https://doi.org/10.1177/0300985821999321
https://doi.org/10.1111/vco.12556
https://doi.org/10.1111/vco.12383
https://doi.org/10.3389/fimmu.2020.02105
https://doi.org/10.3389/fimmu.2019.02453
https://doi.org/10.1016/j.it.2015.04.006
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Sparger et al. Immune Profiles in Dogs With Melanoma

Rev Clin Oncol. (2019) 16:356–71. doi: 10.1038/s41571-019-

0175-7

68. Gregg R, Smith CM, Clark FJ, Dunnion D, Khan N, Chakraverty

R, et al. The number of human peripheral blood CD4+ CD25high

regulatory T cells increases with age. Clin Exp Immunol. (2005) 140:540–6.

doi: 10.1111/j.1365-2249.2005.02798.x

69. Reddy M, Eirikis E, Davis C, Davis HM, Prabhakar U. Comparative analysis

of lymphocyte activation marker expression and cytokine secretion profile in

stimulated human peripheral blood mononuclear cell cultures: an in vitro

model to monitor cellular immune function. J Immunol Methods. (2004)

293:127–42. doi: 10.1016/j.jim.2004.07.006

70. Rothe K, Bismarck D, Buttner M, Alber G, von Buttlar H. Canine peripheral

blood CD4(+)CD8(+) double-positive Tcell subpopulations exhibit distinct

Tcell phenotypes and effector functions. Vet Immunol Immunopathol. (2017)

185:48–56. doi: 10.1016/j.vetimm.2017.01.005

71. Tarpataki N, Wawrzyniak M, Akdis CA, Ruckert B, Meli ML, Fischer NM,

et al. The effects of cryopreservation on the expression of canine regulatory

T-cell markers. Vet Dermatol. (2017) 28:396–e93. doi: 10.1111/vde.12438

72. Bajnok A, Ivanova M, Rigo J, Toldi G. The distribution of activation

markers and selectins on peripheral T lymphocytes in preeclampsia.Mediators

Inflamm. (2017) 2017:8045161. doi: 10.1155/2017/8045161

73. Obar JJ, Molloy MJ, Jellison ER, Stoklasek TA, Zhang W, Usherwood EJ, et al.

CD4+ T cell regulation of CD25 expression controls development of short-

lived effector CD8+ T cells in primary and secondary responses. Proc Natl

Acad Sci USA. (2010) 107:193–8. doi: 10.1073/pnas.0909945107

74. Shatrova AN, Mityushova EV, Vassilieva IO, Aksenov ND, Zenin VV,

Nikolsky NN, et al. Time-dependent regulation of IL-2R alpha-chain (CD25)

expression by TCR signal strength and IL-2-induced STAT5 signaling in

activated human blood T lymphocytes. PLoS ONE. (2016) 11:e0167215.

doi: 10.1371/journal.pone.0167215

75. Snook JP, Kim C, Williams MA. TCR signal strength controls the

differentiation of CD4(+) effector and memory T cells. Sci Immunol. (2018)

3:aas9103. doi: 10.1126/sciimmunol.aas9103

76. Triplett TA, Curti BD, Bonafede PR, Miller WL, Walker EB, Weinberg AD.

Defining a functionally distinct subset of human memory CD4+ T cells

that are CD25POS and FOXP3NEG. Eur J Immunol. (2012) 42:1893–905.

doi: 10.1002/eji.201242444

77. Castro F, Cardoso AP, Goncalves RM, Serre K, OliveiraMJ. Interferon-gamma

at the crossroads of tumor immune surveillance or evasion. Front Immunol.

(2018) 9:847. doi: 10.3389/fimmu.2018.00847

78. Attridge K,Walker LS. Homeostasis and function of regulatory T cells (Tregs)

in vivo: lessons from TCR-transgenic Tregs. Immunol Rev. (2014) 259:23–39.

doi: 10.1111/imr.12165

79. Vukmanovic-Stejic M, Agius E, Booth N, Dunne PJ, Lacy KE, Reed JR, et al.

The kinetics of CD4+Foxp3+ T cell accumulation during a human cutaneous

antigen-specific memory response in vivo. J Clin Invest. (2008) 118:3639–50.

doi: 10.1172/JCI35834

80. Santegoets SJ, Dijkgraaf EM, Battaglia A, Beckhove P, Britten CM, Gallimore

A, et al. Monitoring regulatory T cells in clinical samples: consensus

on an essential marker set and gating strategy for regulatory T cell

analysis by flow cytometry. Cancer Immunol Immunother. (2015) 64:1271–86.

doi: 10.1007/s00262-015-1729-x

81. Lanier LL, Chang C, Spits H, Phillips JH. Expression of cytoplasmic CD3

epsilon proteins in activated human adult natural killer (NK) cells and CD3

gamma, delta, epsilon complexes in fetal NK cells. Implications for the

relationship of NK and T lymphocytes. J Immunol. (1992) 149:1876–80.

82. De Smedt M, Taghon T, Van de Walle I, De Smet G, Leclercq G,

Plum J. Notch signaling induces cytoplasmic CD3 epsilon expression

in human differentiating NK cells. Blood. (2007) 110:2696–703.

doi: 10.1182/blood-2007-03-082206

83. Morice WG. The immunophenotypic attributes of NK cells and NK-cell

lineage lymphoproliferative disorders. Am J Clin Pathol. (2007) 127:881–6.

doi: 10.1309/Q49CRJ030L22MHLF

84. Shin DJ, Park JY, Jang YY, Lee JJ, Lee YK, Shin MG, et al. Ex vivo expansion

of canine cytotoxic large granular lymphocytes exhibiting characteristics

of natural killer cells. Vet Immunol Immunopathol. (2013) 153:249–59.

doi: 10.1016/j.vetimm.2013.03.006

85. Huang YC, Hung SW, Jan TR, Liao KW, Cheng CH, Wang YS, et al. CD5-

low expression lymphocytes in canine peripheral blood show characteristics

of natural killer cells. J Leukoc Biol. (2008) 84:1501–10. doi: 10.1189/jlb.04

08255

86. Lee SH, Shin DJ, Kim Y, Kim CJ, Lee JJ, Yoon MS, et al. Comparison

of phenotypic and functional characteristics between canine non-

B, non-T natural killer lymphocytes and CD3(+)CD5(dim)CD21(-)

cytotoxic large granular lymphocytes. Front Immunol. (2018) 9:841.

doi: 10.3389/fimmu.2018.00841

87. Canter RJ, Grossenbacher SK, Foltz JA, Sturgill IR, Park JS, Luna JI, et al.

Radiotherapy enhances natural killer cell cytotoxicity and localization in pre-

clinical canine sarcomas and first-in-dog clinical trial. J Immunother Cancer.

(2017) 5:98. doi: 10.1186/s40425-017-0305-7

88. Kryczek I, Liu R, Wang G, Wu K, Shu X, Szeliga W, et al. FOXP3

defines regulatory T cells in human tumor and autoimmune disease.

Cancer Res. (2009) 69:3995–4000. doi: 10.1158/0008-5472.CAN-

08-3804

89. Bettini M, Vignali DA. Regulatory T cells and inhibitory

cytokines in autoimmunity. Curr Opin Immunol. (2009) 21:612–8.

doi: 10.1016/j.coi.2009.09.011

90. Okeke EB, Uzonna JE. The pivotal role of regulatory T cells in

the regulation of innate immune cells. Front Immunol. (2019) 10:680.

doi: 10.3389/fimmu.2019.00680

91. Nemoto Y, Shosu K, Okuda M, Noguchi S, Mizuno T. Development

and characterization of monoclonal antibodies against canine PD-

1 and PD-L1. Vet Immunol Immunopathol. (2018) 198:19–25.

doi: 10.1016/j.vetimm.2018.02.007

92. 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 CompOncol. (2017) 15:1487–502.

doi: 10.1111/vco.12294

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Sparger, Chang, Chin, Rebhun, Withers, Kieu, Canter, Monjazeb

and Kent. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 20 December 2021 | Volume 8 | Article 772932121

https://doi.org/10.1038/s41571-019-0175-7
https://doi.org/10.1111/j.1365-2249.2005.02798.x
https://doi.org/10.1016/j.jim.2004.07.006
https://doi.org/10.1016/j.vetimm.2017.01.005
https://doi.org/10.1111/vde.12438
https://doi.org/10.1155/2017/8045161
https://doi.org/10.1073/pnas.0909945107
https://doi.org/10.1371/journal.pone.0167215
https://doi.org/10.1126/sciimmunol.aas9103
https://doi.org/10.1002/eji.201242444
https://doi.org/10.3389/fimmu.2018.00847
https://doi.org/10.1111/imr.12165
https://doi.org/10.1172/JCI35834
https://doi.org/10.1007/s00262-015-1729-x
https://doi.org/10.1182/blood-2007-03-082206
https://doi.org/10.1309/Q49CRJ030L22MHLF
https://doi.org/10.1016/j.vetimm.2013.03.006
https://doi.org/10.1189/jlb.0408255
https://doi.org/10.3389/fimmu.2018.00841
https://doi.org/10.1186/s40425-017-0305-7
https://doi.org/10.1158/0008-5472.CAN-08-3804
https://doi.org/10.1016/j.coi.2009.09.011
https://doi.org/10.3389/fimmu.2019.00680
https://doi.org/10.1016/j.vetimm.2018.02.007
https://doi.org/10.1111/vco.12294
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


BRIEF RESEARCH REPORT
published: 13 December 2021

doi: 10.3389/fvets.2021.767887

Frontiers in Veterinary Science | www.frontiersin.org 1 December 2021 | Volume 8 | Article 767887

Edited by:

Chiara Brachelente,

University of Perugia, Italy

Reviewed by:

Ilaria Porcellato,

University of Perugia, Italy

Anudep Rungsipipat,

Chulalongkorn University, Thailand

Elena De Felice,

University of Camerino, Italy

José Manuel Verdes,

Universidad de la República, Uruguay

*Correspondence:

Chiara Giudice

chiara.giudice@unimi.it

†These authors have contributed

equally to this work and share first

authorship

Specialty section:

This article was submitted to

Comparative and Clinical Medicine,

a section of the journal

Frontiers in Veterinary Science

Received: 31 August 2021

Accepted: 19 November 2021

Published: 13 December 2021

Citation:

Nordio L, Bazzocchi C, Genova F,

Serra V, Longeri M, Franzo G,

Rondena M, Stefanello D and

Giudice C (2021) Molecular and

Immunohistochemical Expression of

LTA4H and FXR1 in Canine Oral

Melanoma. Front. Vet. Sci. 8:767887.

doi: 10.3389/fvets.2021.767887

Molecular and Immunohistochemical
Expression of LTA4H and FXR1 in
Canine Oral Melanoma
Laura Nordio 1†, Chiara Bazzocchi 1†, Francesca Genova 1, Valentina Serra 1, Maria Longeri 1,

Giovanni Franzo 2, Marco Rondena 3, Damiano Stefanello 1 and Chiara Giudice 1*

1Department of Veterinary Medicine (DIMEVET), Università degli Studi di Milano, Milan, Italy, 2Department of Animal

Medicine, Production and Health (MAPS), Università degli Studi di Padova, Legnaro, Italy, 3 San Marco Veterinary Clinic and

Laboratory, Veggiano, Italy

Oral melanoma is a common canine tumor whose prognosis is considered ominous,

but poorly predicted by histology alone. In the present study the gene and protein

expression of Leukotriene A4 hydrolase (LTA4H) and Fragile-X-mental retardation-related

protein1 (FXR1), both reported as related to metastatic potential in different tumors,

were investigated in canine oral melanoma. The main aim of the study was to confirm

and quantify the presence of LTA4H and FXR1 genes and protein in oral melanomas.

A secondary aim was to investigate their association with histologic prognostic criteria

(mitotic count, Ki-67 index). Formalin-fixed-paraffin-embedded canine oral melanomas

(36) were collected and histopathological evaluation carried out. Immunolabelling for

LTA4H and FXR1 and Ki-67 were performed. RT-PCR evaluated LTA4H and FXR1 gene

expressions. Histologically, most tumors were epithelioid cell melanomas (19/36) and

were amelanotic, mildly or moderately pigmented (5, 12 and 13/36 respectively), only

6 were highly pigmented. Mitotic count ranged 1-106, Ki-67 index ranged 4.5–52.3.

Thirty-two (32/32) melanomas immunolabelled for LTA4H and 33/34 for FXR1. RT-PCR

values ranged 0.76–5.11 1Ct for LTA4H and 0.22–6.24 1Ct for FXR1. Molecular and

immunohistochemical expression of both LTA4H and FXR1 did not statically correlate

with mitotic count or Ki-67 index. The present study demonstrates LTA4H and FXR1 gene

and protein in canine oral melanoma, however their expression is apparently unrelated to

histopathologic prognostic criteria. Although LTA4H and FXR1 seem unrelated to tumor

behavior, their extensive expression in the present cohort of cases suggest that they may

play a role in canine oral melanoma oncogenesis.

Keywords: dog, oral melanoma, LTA4H, FXR1, immunohistochemistry, prognostic markers

INTRODUCTION

Melanoma is a common neoplasia in dogs, that can be a diagnostic and prognostic challenge.
Melanoma represents about 3% of all canine tumors and 7% of all canine malignant tumors. It
originates in the oral cavity (62%), the skin (27%), the digit (6%) and, less commonly in the eye
(5%) (1, 2). Melanoma is the most common malignant tumor of the oral cavity in dogs (3).

Oral melanomas are traditionally considered malignant, rapidly growing, invasive tumors that
often recur after surgical resection and frequently metastasize, via lymphatic or blood vessels, to
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regional lymph nodes, lungs and viscera (2, 4). In dogs, the
reported average survival time after diagnosis of oral melanoma
spans 5–7 months (1, 5, 6). However, a subset of oral melanocytic
tumors with a more favorable clinical course and prolonged
survival have been reported, mainly in dogs with histologically
well-differentiatedmelanocytic neoplasms (6–10). Several studies
evaluated histological and immunohistochemical prognostic
markers and possible threshold values to define morphological
standards (6–8), but obtained different or even conflicting results.
Currently, a parameter to effectively predict the likely progression
of the disease in individual dogs is still not available.

Recent studies both in human and veterinary medicine
have focused on finding genetic markers that may have a
good predictive value, with specific emphasis on the potential
development of metastatic disease (11–14). The studies of Onken
and Malho investigated genetic biomarkers of uveal melanoma
in humans and dogs, respectively (11–13). They highlighted the
existence of different molecular classes of expected survival based
on the differential expression of a set of genes. Among them,
an increased expression in Leukotriene A4 hydrolase (LTA4H)
and Fragile X mental retardation-related protein 1 (FXR1) genes
were related to metastasizing behavior in both human and canine
uveal melanoma.

LTA4H is a cytosolic hydrolytic enzyme, which catalyzes the
conversion of leukotriene A4 into leukotriene B4 inside the
arachidonic acid cascade. LTA4H expression is widely distributed
in several different tissues (15). Leukotrienes are mediators
of inflammation and chronic tissue inflammation has been
linked to increased risk for the development of cancer (16).
Aberrant arachidonic acid metabolism is suspected to have a
role in carcinogenesis due to the imbalance shifted toward
the pro-carcinogenic lipoxygenase pathways (5-, 8- and 12-LO)
instead that anti-carcinogenic (15-LO) (16, 17). LTA4H has been
previously described to be over-expressed in different types of
tumors in humans, mice, rats, dogs and cats (18–28). LTA4H
was also specifically demonstrated to be overexpressed in human,
canine and feline ocular melanomas (10, 12, 28).

FXR1 is a cytoplasmic RNA binding protein, highly conserved
among vertebrates and expressed in different tissues. FXR1
belongs to a family of RNA binding proteins consisting of
the Fragile X Mental Retardation Protein (FMRP), responsible
for the human fragile X mental retardation syndrome, and
the Fragile X Mental Retardation Syndrome-Related Protein
2 (FXR2) (29, 30). FXR1 acts in the inflammatory process
controlling the expression of tumor necrosis factor-α (TNF-
α) at a post transcriptional level (31, 32) and has a role in
muscular cells development (33). Moreover, its role has been
investigated in different tumors such as squamous cell carcinoma
(34), pulmonary carcinomas (35, 36), colorectal cancer (37),
prostate cancer (38) and Wilms tumor (39). FXR1 is supposed to
affect DNA stability with two pathways (40), either using miRNA
pathway to regulate target mRNA expression (41) or playing a
role in post-transcriptional regulation directly interacting with
mRNA and affecting its stability (33). In lung tumorigenesis, for
example, FXR1-dependent regulation of mRNA may specifically
regulate ERK (extracellular-signal-regulated kinases) signaling
pathway (36). Moreover, FXR1 recruits transcription factor

STAT1 or STAT3 to gene promoters and, through the regulation
of transcription, mediates cell proliferation in human cancers
harboring TP53 homozygous deletion (42).

Our study aimed to investigate the expression of LTA4H and
FXR1 in canine oral melanoma, at both genetic and protein level.
A secondary aim of the study was to identify possible correlations
between the expression of LTA4H/FXR1 and statistically proven
histologic prognostic parameters, i.e., mitotic count and Ki-
67 index.

MATERIALS AND METHODS

Cases and Histopathology
Oral melanomas samples (n = 36) were collected and routinely
formalin-fixed and paraffin-embedded (FFPE) (43) from the
diagnostic service of histopathology at the University of Milan
and the private San Marco Laboratory in Padova (Italy) during
the period 2011–2017.

Four micrometer-thick sections of each sample were stained
with hematoxylin and eosin (H&E) and evaluated on light
microscope by two board certified pathologists (LN, CG). Mitotic
count was calculated as the number of mitoses on 10 consecutive
high power fields, starting in the area (0.237 mm2) with the
highest mitotic activity (7).

Pigmentation of melanomas was semi-quantitatively
evaluated on the whole section as: “negative/–” when no
pigment was detectable, “mild/+” when 1 to 10% of neoplastic
cells contain pigment, “moderate/++” 10 to 50% of cells
were pigmented, and “high/+ + +” when >50% of cells
were pigmented. In samples with no detectable pigment, the
diagnosis of melanoma was confirmed through anti-PNL2
immunohistochemistry (see following section) (5, 44).

Additionally to the FFPEs, out of the 36, fresh samples were
collected in double (two melanoma plus the adjacent not affected
tissue) and stored in RNA later at −80◦C for the subsequent
molecular genetic analyses.

Immunohistochemical Detection of LTA4H,
FXR1, Ki-67, and PNL2
Serial paraffin sections were cut 4µm thick and mounted
on poly-lysine coated slides (Menzel-Gläser, Braunschweig,
Germany). Immunohistochemical staining with the
standard avidin-biotin-peroxidase complex (ABC) method
was performed.

Briefly, sections were deparaffinized in xylene and rehydrated
through a descending series of ethanol concentrations.
Incubation with H2O2 10% in Tris buffer saline (TBS; pH
7.4) for 2 h at 55◦C in a laboratory stove was used to bleach
heavily pigmented sections and to block endogenous peroxidase
activity (45). In the set up phase of the protocol, selected samples
of pigmented oral melanomas were treated with and without
bleaching to assess if immunoreactivity was maintained.

Antigen retrieval was then performed by heating the slides
in citrate buffer solution (pH 6.5) in a water bath at 95◦C for
30min (for LTA4H and FXR1) (46), in citrate buffer solution in
pressure cooker for 18min (for Ki-67) (47) and in microwave
oven in EDTA buffer solution (pH 8.5) for 10min at 500W
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(for PNL2) (44), followed by cooling down in buffer at room
temperature (RT) for 30min. Sections were therefore incubated
for 20min at RT with normal horse (LTA4H, Ki-67, PNL2) or
goat (FXR1) serum (dilution 1:70) to block any non-specific
protein binding and therefore incubated with primary antibodies
at 4◦C overnight in a humidified chamber:

• mousemonoclonal leukotriene A4 hydrolase/LTA4H antibody
(1E9 clone) (NBP1-47829; Novus Biologicals, Littleton, Co,
USA), 1:100 dilution;

• rabbit polyclonal anti-FXR1 antibody (ab50841; Abcam,
Cambdrige, UK), 1:100 dilution;

• mouse monoclonal anti-human Ki-67, clone MIB-1 (GA626;
Dako, Glostrup, Denmark;), 1:600 dilution;

• mouse monoclonal anti Melanoma-Associated Antigen,
clone PNL2 (MON3307; Monosan, Uden, Netherlands),
1:50 dilution.

Sections were then rinsed in TBS three times for three
minutes each and incubated with the secondary anti-mouse
(LTA4H; Ki-67; PNL2) or anti-rabbit (FXR1) biotinylated
antibody (1:200, 30min RT) (Vector Laboratories, Burlingame,
CA, USA, BA 1000 and BA 2000, respectively) followed
by rinsing in TBS and therefore incubation with the ABC
reagent (30 minutes RT) (PK-6100; Vector Laboratories,
Burlingame, USA). After rinsing in TBS, the 3-amino-
9-ethylcarbazole (AEC) chromogen (SK-4200; Vector
Laboratories, Burlingame, CA, USA) was applied for 15min
and, after rinsing in tap water, slides were counterstained with
Mayer’s haematoxylin (SS C030X; Diapath srl, Martinengo,
Italy) for 2min. Slides were therefore dried and mounted
in aqueous mounting agent (108562; Aquatex, Merck,
Darmstadt, Germany).

Canine skeletal myocytes adjacent to the neoplasm, and
neutrophils were adopted as internal positive controls for
FXR1 and LTA4H immunolabelling, respectively (46, 48).
Epithelium of intestinal crypts in a section of normal
canine intestine was adopted as positive control for Ki-
67, a section of partially pigmented canine melanoma was
adopted as positive control for PNL2. Negative controls
were carried out by replacing the primary antibodies with
mouse or rabbit IgG (Santa Cruz; Dallas, TX, sc-2025 and
sc2027, respectively).

Immunolabelled sections were evaluated at optic microscope.
LTA4H and FXR1 labeled sections were semi-quantitatively
scored, considering the percentage of positive cells (<10, 11–
30, 31–50, 51–70, >70%), cellular localization of the signal
(nuclear/cytoplasmic), intensity of staining (mild, moderate,
intense). The immunoreactive score adapted from Remmele and
Stegner (IRS score) (49) was calculated combining the intensity
and percentage of positivity as follows: IRS score (0–12) =

percentage of positive cells (no positive cells= 0, 1–10% positive
cells= 1, 11–50% of positive cells= 2, 51–70% of positive cells=
3, >70% of positive cells = 4) ∗ intensity of staining (no positive
cells = 0, +/mild = 1, 2+/moderate = 2, 3+/marked = 3).
For statistical purposes, IRS scores were further categorized into
three cumulative classes of expression, as follows: class 1 (mild

expression) corresponded to IRS scores 0–3, class 2 (intermediate
expression) to IRS scores 4–8 and class 3 (marked expression) to
IRS scores 9–12.

Ki-67 index was calculated as the mean number of positively
labeled neoplastic cell nuclei in 5 fields at 400× (7). The number
of positive nuclei was counted using a digital automatic counter
(QCapture Pro 6.0). PNL2 positivity was evaluated as presence or
absence of the signal.

Relative Expression of LTA4H and FXR1
Total RNA was extracted from eight sections 10 µm-thick
cut from each FFPE tissue block using the RecoverAll Total
Nucleic Acid Isolation Kit (AM1975; Thermofisher Scientific;
Massachusetts, USA) and from frozen fresh samples using
RNeasy Minikit (74104; Qiagen; Hilden, Germany). RNA was
eluted in a final volume of 60 µl of water after an on-column
DNase treatment (Qiagen; Hilden, Germany), quantified using
NanoDrop ND-100 Spectrophotometer (Thermofisher Scientific;
Massachusetts, USA) and immediately stored at −80◦C until
molecular analyses.

Two hundred nanograms of RNA were retro-transcribed
to cDNA using the QuantiTect Reverse Transcription kit
(205311; Qiagen; Hilden, Germany) following the manufacturer’s
protocol. An additional reaction without retrotranscriptase
enzyme was performed to verify the complete DNA removal.
cDNAs were stored at−80◦C until subsequent use.

Amplification condition, the dynamic range and the efficiency
of each qPCR reaction were assessed on cDNA produced from
a fresh tissues. Furthermore, the integrity of the RNA extracted
from FFPE samples was verified through the amplification of a
fragment of B2M gene from all cDNA.

The relative expression of LTA4H and FXR1 genes for
each FFPE was calculated after a 1Ct measure using the
B2M and ACTB genes as references. The synthesized cDNA
samples were amplified in duplicate using the iQ5 Real-Time
PCR instrument (Bio-Rad, California, USA) and Universal
SYBR R© Green Supermix (1708880; Bio-Rad, California, USA)
as fluorescent molecules. Primers sequences were described by
Malho and coauthors (11) and the final concentration of forward
and reverse primers was 250 nM for FXR1, B2M and ACTB and
400 nM for LTA4H genes, respectively (Supplementary Table 2).
The thermal profile was 98◦C for 30 s, 40 cycles of 98◦C for 15 s,
50–58◦C for 15 s, 72◦C for 15 s and amelting profile was included
after the last amplification cycle in order to exclude the presence
of aspecific amplifications. Cycle threshold (Ct) values of each
target were determined for each sample to estimate1Ctmeasure.

Statistical Analysis
Molecular and immunohistochemical levels of LTA4H and FXR1
were compared between tumors with low (<19.5) and high Ki-
67 index (≥19.5) and tumors with low (<4) and high (≥4)
mitotic count, according to the prognostic thresholds proposed
by Bergin and colleagues (7). Adopted statistical tests were
the Mann Whitney U test and the Kruskal-Wallis test (p <
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0.05). Correlation between immunohistochemical IRS scores and
molecular1Ct was assessed by the Spearman Rho test (p< 0.05).

RESULTS

Case Selection and Histology
Thirty-six specimens of oral melanomas from 32 dogs were
included in the study (two samples were recurrence and one was
a necropsy sample of cases already included in the study, and
one dog had two distinct masses in different sites of the oral
cavity). Dogs belonged to different breeds and ranged 5–18 years
of age (mean 11.8, median 12). Fifteen animals were male, fifteen
were female, and for two animals sex was not reported. When
the specific site of the tumor was provided, oral melanomas were
located in the gum (n= 10, 27.8%), labial mucosa (n= 5, 13.9%),
palate (n= 2, 5.6%) and tonsillary region (n= 1, 2.8%).

Histologically, melanomas exhibited different morphological
types (epithelioid, spindle or mixed) and various degree of
pigmentation. Nineteen tumors (52.8%) were classified as
epithelioid, nine (25%) as spindle and eight (22.2%) as mixed.
Pigmentation was evaluated as absent in 5 tumors (13.9%),
mild/+ in 12 (33.3%), moderate/++ in 13 (36.1%) and high/++

+ in 6 (16.7%). Mitotic count ranged 1–106 (mean 23.8, median
15). Five tumors had a mitotic count <4, whereas 31 had mitotic
count ≥4 (Supplementary Table 1).

Immunohistochemical Expression of
LTA4H, FXR1 and Ki-67
Of the originally selected 36 cases, 2 cases were excluded
from the immunohistochemical results because they were
poorly reactive, and 2 cases were excluded from the anti-
LTA4H staining because no further material was available in
the paraffin block. Immunoreactivity was of equal intensity in
the preliminary subset of samples treated with and without
bleaching, confirming the maintenance of immunoreactivity
after the bleaching protocol (Supplementary Table 1).

Thirty-two melanomas were LTA4H-positive (32/32)
(Figures 1A,B), with a percentage of positive neoplastic cells of
31–50% in 2 cases, 51–70% in five and above 70% in 25 cases. The
intensity of staining was from mild to intense. The localization
of the positivity was cytoplasmic (n = 19), nuclear (n = 3), or
both nuclear and cytoplasmic (n = 10). IRS score varied from
3 to 12. 18/32 cases (56.3%) were classified as IRS score class 2,
14/32 cases (43.8%) as class 3.

FXR1 immunolabelling stained positive in 33/34 tested oral
melanomas (Figure 1C). The percentage of stained cells was
<10% in 6 cases, between 11 and 30% in 5 cases, between 51
and 70% in 9 and >70% in 8 cases. Fourteen cases were intensely
stained, 13 moderately and 6 mildly. The immunostaining was
always cytoplasmic. IRS score varied from 0 to 12. 6/34 cases
(17.6%) were classified as IRS score class 1, 13/34 cases (38.2%)
as class 2 and 11/34 cases (32.4%) as class 3.

Ki-67 index was assessed in 28/34 cases, due to insufficient
paraffin block material. The average number of positive
neoplastic nuclei ranged 4.5–52.3, with a mean of 16.9 and a
median of 13.7. Ki-67 index was beneath 19.5 in 19 cases and
above 19.5 in 9 cases.

The comparison of groups with low and high Ki-67 index
(<19.5 and ≥19.5) with the levels of immunohistochemical
scores of LTA4H and FXR1 revealed no statistically significant
differences (p = 0.212 and 0.138, respectively). Groups with
low and high mitotic count (<4 and ≥4) had no significantly
different levels of immunohistochemical FXR1 (p = 0.153) but
had significantly different IRS scores of LTA4H (p = 0.017). The
intracellular localization of LTA4H immunohistochemical signal
(nuclear, cytoplasmic, or nuclear and cytoplasmic) showed no
statistical correlation with LTA4H IRS score (p= 0.532).

LTA4H and FXR1 Gene Expression
Thirty-six FFPE cases of canine oral melanoma were analyzed
with qPCR to quantify the expression of the target genes LTA4H
and FXR1 (Supplementary Table 1).

B2M and ACTB were preliminary tested as housekeeping
genes in a subset of 10 samples, to assess if the expression trend
was stable. Despite the presence of a difference in the threshold
cycles (Ct) of B2M and ACTB (paired t-test: t9 = 8.48; p <

0.0001), the relation between the two genes expression was linear
(p < 0.0001), thus indicating that the ratio of expression between
B2M and ACTB was constant. The Ct of these two housekeeping
genes were related by the equation:

Ct B2M =7.3+.82∗Ct ACTB (R2= 0.92).

Therefore, B2M was chosen as housekeeping gene to complete
the analyses of the samples in order to quantify the relative
expression of the investigated target genes.

Among the analyzed samples, RNA extraction suitable for
cDNA synthesis and qPCR assays was obtained in twenty-three
out of thirty-six cases and in these samples LTA4H and FXR1
were successfully amplified. Gene expression results, reported as
1Ct, comparing the Ct of the target gene with the Ct of the
housekeeping gene, were ranged 0.76–5.11 for LTA4H and 0.22–
6.24 for FXR1. In three samples the amplification of FXR1 gene
was not quantified due to the Ct value being out of the dynamic
range of the reaction.

Molecular expression of both LTA4H and FXR1 genes did not
differ among groups with low and high Ki-67 index (<19.5 and
≥19.5) (LTA4H p = 0.502, FXR1 p = 0.635), nor among groups
with low and high mitotic count (<4 and≥4) (LTA4H p= 0.501,
FXR1 p = 0.140). LTA4H molecular and immunohistochemical
values were correlated (p = 0.014, rho = −0.539), but FXR1 was
not (p= 0.122, rho= 0.337) (Figure 2).

DISCUSSION

In the present study, a caseload of canine oral melanomas was
investigated for the expression of two targets, i.e., LTA4H and
FXR1, at both gene and protein level.

Anamnestic and histological data of dogs included in the study
were mostly consistent with previous literature reports: dogs
were equally distributed among sexes and variably distributed
among breeds, with a preponderance of mixed breed. Adult-
old aged dogs were most represented (mean 11.8 years of age)
(7, 50) and tumors mainly affected the gum (2). Consistently with
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FIGURE 1 | Canine oral melanoma, immunohistochemistry. (A) Anti-LTA4H staining, diffuse nuclear signal. AEC chromogen, bar 50µm. (B) Anti-LTA4H staining,

diffuse cytoplasmic signal. AEC chromogen, bar 100µm. (C) Anti-FXR1 multifocal intense signal. AEC chromogen, bar 50µm.

literature (1–5, 8), neoplastic cell histo-morphology was highly
variable, with epithelioid cell type predominantly observed, and
in the vast majority of cases <50% of neoplastic cells were
pigmented Although a “high” degree of pigmentation (at least
50% of pigmented cells) has been correlated with longer survival
times in canine oral melanomas, the prognostic significance of
the degree of tumor pigmentation is still debated, most likely due
to the subjectivity in the quantification of the pigment (7, 8).

The main aim of the present study was to investigate
the occurrence of LTA4H and FXR1 genes and proteins in
canine oral melanoma. LTA4H and FXR1 have been previously
found to be over-expressed in both human and canine uveal
melanomas (11, 12, 14) and LTA4H has also been reported to
be upregulated in feline ocular melanomas (28). Additionally,
the immunohistochemical expression of FXR1 protein has been
demonstrated in a small caseload of canine uveal and oral
melanocytic tumors (46).

In the present cohort of cases, LTA4H and FXR1 were detected
at both gene and protein levels. The qPCR relative expression
of LTA4H and FXR1 genes exhibited marked differences among
tested cases of oral melanoma, conversely immunohistochemical
positivity showed negligible expression differences. Comparing
immunohistochemical results, expressed as IRS score, with qPCR
results, expressed as 1Ct, a correlation among protein and gene
expression was significant only for LTA4H. This discrepancy
between immunohistochemical and qPCR results can have
different explanations. First, immunohistochemistry, although
useful in providing information concerning the localization of
antigens, is not a quantitative technique, as opposite to RT-
PCR. Second, protein tissue expression does not instantly reflect
possible alterations during the synthesis process, which can take
place from transcription to post-translational modifications, i.e.,
protein expression does not necessarily mirror gene expression.
Third, while the use of FFPE tissues allows to enroll archive
specimens, formalin ficxation procedure can induce degradation
of the tested molecules. However, in the present caseload, DNA
quality was assessed through the amplification of house-keeping
genes and only samples in which the RNA extraction was
considered suitable for cDNA synthesis and qPCR assays were
further included in the study. Finally, molecular analyses may be

influenced by residual constitutive expression of genes in normal
adjacent tissues or extracellular matrix.

The secondary aim of the present study was to evaluate the
possible association LTA4H and FXR1 genes and proteins with
established histologic prognostic criteria, i.e., mitotic count and
Ki-67 index (7, 42), in order to test if LTA4H and FXR1 presence
and level of expression could be related to the biological behavior
of the tumor.

Data on the expression of the investigated targets were
compared with mitotic count, and no difference between
melanomas with mitotic count < or > 4/10 HPF (8) was
observed for FXR1 neither at gene nor at protein levels,
while a significantly difference was observed for LTA4H
protein but not gene expression No statistically significant
association was observed between LTA4H and FXR1 when
their gene and protein expressions were compared with Ki-
67 index (adopting a value of 19.5 as a discriminating
threshold) (7).

Overall, the results of this study indicate that LTA4H and
FXR1 are extensively expressed in canine oral melanomas and
suggest that they can play a role in tumor oncogenesis process.
However, their gene and protein expressions resulted poorly
related to histological prognostic criteria suggesting that they
are not associated to canine oral melanoma biological behavior,
conversely to what has been demonstrated in canine and human
uveal melanomas.

It should be noted that, in previous studies, the overexpression
of LTA4H and FXR1 genes has been specifically associated
with increased metastatic risk of uveal melanoma, while
in the present study LTA4H and FXR1 were compared
with histopathologic prognostic criteria, but not specifically
with the presence of metastases. In this regard, it is worth
considering that canine uveal and oral melanocytic tumors
are characterized by different biological behavior. Indeed,
while uveal melanomas are generally slowly progressive
and slowly metastasizing tumors, oral melanomas are
aggressive tumors with rapid progression and frequently
already metastasized at the time of diagnosis (2, 4, 51, 52).
Therefore, the more homogeneous, rapidly aggressive,
behavior of canine oral melanomas enrolled in the study
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FIGURE 2 | LTA4H and FXR1 IRS scores: comparison among groups with low and high Ki-67 index (upper row) (upper left p = 0.212, upper right p = 0.138) and

among groups with low and high mitotic count (MC) (lower row) (lower left p = 0.017, lower right p = 0.153).

may affect the lack of discriminating value of the markers that
we investigated.

In conclusion, in the present study the expression of LTA4H
and FXR1 has been verified in canine oral melanoma at both
gene and protein levels, and even though we failed to identify
a significant correlation with known histopathologic criteria of
prognosis, further investigations on a larger cohort of cases
and possibly including follow up data are necessary to define

the role of FXR1 and LTA4H in the pathogenesis of canine
oral melanoma.
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In veterinary oncology, canine melanoma is still a fatal disease for which innovative

and long-lasting curative treatments are urgently required. Considering the similarities

between canine and human melanoma and the clinical revolution that immunotherapy

has instigated in the treatment of human melanoma patients, special attention must

be paid to advancements in tumor immunology research in the veterinary field. Herein,

we aim to discuss the most relevant knowledge on the immune landscape of canine

melanoma and the most promising immunotherapeutic approaches under investigation.

Particular attention will be dedicated to anti-cancer vaccination, and, especially, to the

encouraging clinical results that we have obtained with DNA vaccines directed against

chondroitin sulfate proteoglycan 4 (CSPG4), which is an appealing tumor-associated

antigen with a key oncogenic role in both canine and human melanoma. In parallel

with advances in therapeutic options, progress in the identification of easily accessible

biomarkers to improve the diagnosis and the prognosis of melanoma should be sought,

with circulating small extracellular vesicles emerging as strategically relevant players.

Translational advances in melanoma management, whether achieved in the human or

veterinary fields, may drive improvements with mutual clinical benefits for both human

and canine patients; this is where the strength of comparative oncology lies.

Keywords: canine melanoma, immunotherapy, vaccination, CSPG4, comparative oncology

INTRODUCTION

The interplay between the immune system and cancer has been widely investigated for over a
century and has provided the groundwork for the emerging field of research known as immuno-
oncology. In this setting, immunotherapy aims to exploit the immune system to change a patient’s
fate toward cancer eradication and has seen outstanding positive results.

Just like humans, dogs naturally develop a multitude of diseases, including cancer, with six
million of new diagnosis each year in the USA alone (1). Developing over a long-time period in an
intact immune system, complex interactions between a tumor and the immune system can occur
in canine patients, as they do in humans, making cancer cells susceptible to the selective pressure
of spontaneous immunity. The similarities between cancer in dogs and humans, and the recent
success of immunotherapy in human oncology, have increased enthusiasm for applying it to the
treatment of canine cancer. However, advancements in canine medicine are still running behind
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human clinics, and efforts to develop immunotherapies for dogs
are still limited (2). A deeper investigation of the canine immune
system and its response to evolving cancers would speed up the
development and successful application of immunotherapy in
tumor-bearing dogs.

Some of the most relevant comparative aspects of melanoma
immunology and immunotherapy will be discussed in
this perspective.

Finally, despite several in-human studies have already
highlighted the role of small extracellular vesicles (SEVs),
including exosomes (EX), in disease progression and their
potential as biomarkers in liquid biopsies for diagnosis and
therapy, this is a relatively new topic that requires more work
before reaching clinical applicability. At the same time, the
research in veterinary medicine is still at an early stage, although
the potential of SEVs also in this setting is clear (3). As a step
forward in this direction, a mention to preliminary examples
of the potential of SEVs as promising non-invasive diagnostic
and prognostic tools in the melanoma precision veterinary
medicine has been added, with potential implications also for the
human medicine.

CANINE ORAL MALIGNANT MELANOMA

Malignant melanoma is among the most common cancers in
dogs (4, 5). The most diffuse and fatal subtype is oral malignant
melanoma (OMM), which accounts for 30–40% of all canine
oral malignancies (6, 7) and 20.3 cases per 100,000 dogs per
year (4, 5). OMM is characterized by local invasiveness and high
metastatic propensity (6, 8, 9). Up to 74% of OMM rapidly
develop distant metastasis, which are the leading cause of death.
The survival time of OMM-affected dogs is very short being of
about 200 days after diagnosis (8, 10, 11). Surgery is the first-
line treatment of choice for the local control of the tumor and
correct surgical excision plays a fundamental role in the outcome
of the disease (7). It can be flanked by radiotherapy and/or
chemotherapy (12). However, metastatic lesions are generally
resistant to chemotherapy (4).

Thanks to the release of the canine genome (13), the
annotation and deposition of genomic, transcriptomic, and
proteomic data derived from canine neoplastic lesions has
improved the characterization of the molecular foundations of
canine cancers. Although genetic alterations in OMM have not
yet been fully described, the mutation profiles of OMM resemble
UV-independent molecular etiology, which are typical of human

Abbreviations: ADCC, Antibody-dependent cellular cytotoxicity; B7-H3, B7

homolog 3 protein; CD40L, CD40-Ligand; CDC, Complement-dependent

cytotoxicity; CSPG4, Chondroitin sulfate proteoglycan 4; CTLA-4, Cytotoxic

T-Lymphocyte Antigen 4; DLA, Dog Leukocyte Antigen; EVs, Extracellular

vesicles; EX, Exosomes; FDA, Food and drug administration; ICIs, Immune

checkpoint inhibitors; Ig, Immunoglobulin; LAG3, Lymphocyte-activation gene

3; LMR, Lymphocyte-to-monocyte ratio; mAbs, Monoclonal antibodies; MDSC,

Myeloid derived suppressor cells; NLR, Neutrophil-to-lymphocyte ratio; OMM,

Oral Malignant Melanoma; PD-1, Programmed death-1; PD-L1, Programmed

death-ligand 1; SEVs, Small Extracellular Vesicles; TAM, Tumor-associated

macrophages; TIGIT, T cell immunoglobulin and ITIM domain; TIM3, T

cell immunoglobulin and mucin-domain containing-3; TIL, Tumor infiltrating

lymphocytes; TME, Tumor microenvironment; Tregs, Regulatory T cells.

non-UV-induced cutaneous, mucosal, and uveal melanomas (4,
14–16). The same MAPK and PI3K/AKT/mTOR pathways have
been found to be activated in OMM and human melanomas,
highlighting the overlap between OMM and specific human
melanoma subtypes molecular signature. These acquisitions
may have an influence on the clinical management of canine
OMM, and the first demonstration is the targeted combination
treatments with specific human MAPK and PI3K/AKT/mTOR
pathway inhibitors that have recently been tested in-vitro in
the canine setting (17). Of note, one of the most frequently
investigated human-melanoma-associated antigens, chondroitin
sulfate proteoglycan (CSPG)4, is expressed by most OMM and
appears to play a relevant role in clinical outcome, as discussed
below (8, 10, 18–20).

Beyond the molecular background, considering the ever
more relevant role of immunotherapy in human melanoma
management, an increased attention should be dedicated to
the immunological aspects of OMM. While the “immune-
phenotyping” of human melanoma has been extensively
characterized (21), less data are available for OMM. This
could slow the development and the translation of effective
immunotherapies to veterinary care. Deeper investigations into
canine melanoma immunology could guide the application of
immunotherapies that have already been approved for use in
humans and the possibility of developing novel strategies that
could see long-lasting applications in both clinical settings.

THE IMMUNE LANDSCAPE OF OMM

TheOMM immunemicroenvironment is still widely unexplored.
Only recently the interplay between OMM and the immune
cells in the tumor microenvironment (TME) has gained
attention (22), while several studies have already documented
the immunogenicity of human melanoma (23), with a dynamic
crosstalk between cells within the TME. Tumor-infiltrating
lymphocytes (TILs) are the histopathological reflection of the
host’s immune response against cancer cells, with the CD3+,
CD4+ and CD8+ TILs having a favorable prognostic role in
overall survival in the human setting (24).

In a recent study conducted on canine samples, themajority of
OMM biopsies were found to be “briskly” infiltrated by different
T-lymphocyte subsets (25). A positive correlation between a high
TIL level, a high percentage of CD8+ T-lymphocytes infiltrating
the tumor and better patient survival was observed, which
implies the importance of TIL characterization for predicting
tumor aggressiveness and prognosis in melanoma-bearing dogs
as well (25).

B cells may also play a relevant part in TIL composition. A
recent retrospective study conducted on tissue samples collected
from canine melanocytic tumors, including the OMM subtype,
revealed that there existed a correlation between higher CD20+

cell infiltration and the risk of metastasis and tumor relapse (22).
Worse survival was observed for dogs whose tumor was more
highly infiltrated by CD20+ cells, which finally indicates the
negative role played by B-lymphocytes in caninemelanomas (22).
As far as humanmelanoma is concerned, contradictory roles have
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been observed for tumor-infiltrating B cells, with both positive
and negative correlations with patient clinical outcome being
suggested (26–30). Tumor localization and the markers used to
detect B cells may be relevant aspects to take into consideration in
explaining the discrepancies. A deeper investigation into the role
of melanoma-infiltrating B cells in canine and human patients
may help in formulating new hypotheses that can be mutually
informative in both veterinary and human clinics.

It is also well known that the activation of immunosuppressive
cell subpopulations, such as regulatory T cells (Tregs), in
human melanoma constitutes an immune-escape mechanism
that facilitates tumor growth and progression (31). Starting from
this point, a number of studies in veterinary medicine have
focused on the characterization of Tregs in canine melanomas
(22, 32, 33). An increase in Tregs has been linked to a higher
hazard of death in dogs, confirming the connection between
Tregs infiltration and worse prognosis (22).

Finally, alterations in peripheral blood leukocytes that mirror
systemic inflammation triggered by cancer have already been
characterized in humanmelanoma patients (34). The neutrophil-
to-lymphocyte ratio (NLR) and the lymphocyte-to-monocyte
ratio (LMR) are prognostic indicators of the evolution of the
disease in humans (35, 36), being low LMR counts linked to
poorer prognosis in several types of cancers, including metastatic
melanoma (37). As such, this aspect is also being investigated in
both hematological and solid canine tumors, and LMR is now
widely accepted as a prognostic indicator of patients’ outcome
(38–41). As well, pre-treatment high LMR has been reported to
be of significant prognostic value in melanoma-bearing dogs that
received anti-PD1 treatment (42), establishing this parameter as
a possible indicator of response to immunotherapy. However,
neither prognostic nor predictive significance has yet been
found for NLR and LMR in a small cohort of canine patients
which received anti-CSPG4 immunotherapy (see below), nor any
correlations to histological/immunohistochemical parameters of
melanoma well-known prognostic factors (43).

Overall, the interest in the contribution of the immune
system in shaping the TME in canine patients is growing. The
identification of common features in the immunology of human
and canine melanoma could help to accelerate the acquisition
of novel information that could be exploited to design more
effective therapeutic interventions for both settings. Nonetheless,
the development of new investigation tools specific for dogs are
required to reach the level of knowledge that has been obtained
in human oncology.

NOVEL IMMUNOTHERAPEUTIC TARGETS
FOR OMM TREATMENT

Many advancements have been made in immunotherapeutic
management of melanoma, especially with the introduction of
immune checkpoint inhibitors (ICIs). Regardless of the still-high
percentage of patients who do not respond to such therapies (44),
ICIs are a true breakthrough in human melanoma treatment,
strikingly improving the prognosis of responder patients. Hence,
veterinary medicine is now shifting attention to the use of ICIs

as a potentially effective systemic treatment also for tumor-
bearing dogs.

The expression of Cytotoxic T lymphocyte associated protein
4 (CTLA-4), Programmed death-1 (PD-1) and of PD-1 ligand-
1 (PD-L1) on canine immune cells and/or cancer cells has
already been investigated and reported (45, 46). Chimeric rat-
dog anti-PD-1 and anti-PD-L1 (45) and “caninized” anti-CTLA-
4 (46) and anti-PD-1 (42, 47) monoclonal antibodies (mAbs)
have been developed. Anti-PD-1 mAbs tested in canine cancer
patients, including OMM cases, exerted a significant effect on
the inhibition of the PD-1/PD-L1 axis in pilot clinical studies
and exhibited remarkable anti-tumor activity, resulting in the
increased survival of treated dogs, compared to conventionally
treated controls (45, 47).

However, no specific ICI therapy has yet been commercially
approved for the treatment of dogs. Nevertheless, in line with
human findings (48, 49), veterinary medicine is going toward
the characterization of other poorly explored immune checkpoint
targets to increase the immunotherapeutic armamentarium. The
“next generation immune checkpoints” include B7 homolog 3
protein (B7-H3), lymphocyte activation gene-3 (LAG- 3), T cell
immunoglobulin and mucin-domain containing-3 (TIM-3), T
cell immunoglobulin and ITIM domain (TIGIT), and CD200.
These molecules exert a co-inhibitory function, and strictly act
by co-operating with CTLA-4 and PD-1/PD-L1 axes to modulate
the anti-cancer immune response (48, 49).

As already demonstrated in humans, TIGIT is upregulated
on NK cells of dogs with naturally occurring metastatic
osteosarcoma after IL-15 treatment, suggesting a successful
possible combinatorial approach for treating metastatic tumors
in dogs (50). CD200 blocking in high grade glioma-bearing dogs
by means of synthetic peptide ligands, has revealed an increased
therapeutic efficacy when combined to an autologous tumor
cell lysate vaccine (51). Equally, agonistic mAbs targeting co-
stimulatory molecules belonging to the tumor necrosis factor
receptor superfamily, such as CD27, OX40, and CD40, have
shown impressive anti-tumor effects in pre-clinical and clinical
studies (52–54). Interestingly, promising results have been
obtained in melanoma-bearing dogs treated with an adenovirus
encoding the CD40 ligand (CD40L) (55).

Therefore, targeting different checkpoint molecules and/or
finding novel combinatorial strategies in patients which do
not respond to PD-1/PD-L1 blockade is essential, and could
represent a promising approach to achieve a greater therapeutic
effect in a variety of both human and canine tumors.

B7-H3 CHECKPOINT MOLECULE AS A
TARGET FOR OMM

Among the novel immune checkpoints, B7-H3 has recently
emerged as an interesting target (56–59). B7-H3 is a type I
transmembrane protein member of the B7-superfamily (60). The
human B7-H3 gene codes for four immunoglobulin (Ig)-like
domains; two pairs of IgV-IgC. The transcribed RNA can be
alternatively spliced to generate two proteins, 4IgB7-H3 (B7-
H3b) and 2IgB7-H3 (B7-H3) (61). B7-H3 has conserved its
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amino acid sequence throughout evolution (61, 62) and both
the 4Ig- and 2Ig-B7-H3 isoforms are expressed in other species
besides humans, including dogs (61, 63). Furthermore, there is
94% amino acid homology between the dog and human B7-H3
sequences (64, 65).

B7-H3 has been suggested to play both a co-stimulatory and
inhibitory role in human tumor immunity, depending on the
context (62, 66–70). In parallel, the B7-H3 over-expression on
tumor cells and its role in promoting tumorigenesis through non-
immunologic mechanisms is becoming evident and clinically
relevant. The efficacy of the first anti-B7-H3 therapeutic mAb
(Enoblituzumab) against B7-H3 expressing tumors, including
melanoma, is under examination, alone or in combination with
other ICIs, in Phase I-II human clinical trials (71) (https://
clinicaltrials.gov/ct2/show/NCT02475213).

B7-H3 role has gained attention also in veterinary oncology.
A recent study performed on canine osteosarcoma patients has
demonstrated that B7-H3 plays a non-immunological role in
sustaining tumorigenicity (72). However, no involvement for B7-
H3 in OMM has been reported to date. We found that B7-H3
is expressed by CMM12 (Figure 1A), a canine OMM cell line
(9). CMM12 cells that were treated with an anti-human B7-H3
mAb (376.96), which cross-reacted with the canine molecule,
displayed a significant reduction in proliferation (Figure 1B),
suggesting that B7-H3 downstream signaling potentially sustains
OMM cells’ proliferative behavior.

Since B7-H3 actively supports tumor cells resistance to
chemotherapy (74), we tested the sensitivity of CMM12 to
chemotherapy in combination with treatment with the 376.96
mAb. The combinatorial treatment was remarkably more
effective than the single treatments alone (Figure 1B). To
achieve better and more significant results other combinatorial
protocols should be tested, using different mAb and doxorubicin
concentrations. Nevertheless, these results prompt further
investigations to determine the relevance of blocking B7-H3 to
increase the efficacy of chemotherapy for OMM treatment, and
we are actively working in this direction. The results obtained
in the canine setting could be eventually of clinical relevance for
human melanoma treatment too.

ANTI-CANCER VACCINES FOR OMM
TREATMENT

Therapeutic vaccines against cancer aim to educate the immune
system to recognize antigens that are expressed by tumor cells
and induce effector immune responses. Several melanoma-
associated antigens have been characterized in both humans and
dogs, including the disialogangliosides GD2 (75) and GD3 (76–
78), tyrosinase (79, 80), gp100 (81), CSPG4 (19, 82), and others.

A number of anti-cancer vaccination strategies targeting
these antigens have been tested in companion dogs affected
by different tumors, including melanoma (83). These include
dendritic cell (DC) vaccines loaded with tumor antigens (84),
autologous whole-cell vaccines (81, 85), tumor antigen combined
with adjuvants (86) and gene-based vaccination (19, 87); some
have already been tested in clinical veterinary trials.

Considering the translational relevance of GD2 and GD3
antigens for both canine and human melanomas, relevant
veterinary studies of vaccination against these targets suggested
their safety and ability to protect canine melanoma patients
when provided as an adjunct to conventional therapies (86, 88).
Nevertheless, adjuvants and/or antigen modifications are needed
to increase the immunogenicity of the vaccine to be successfully
translated in a standard of care (88, 89).

Regarding gene-based vaccination, DNA vaccines against
tumor-associated antigens are a promising approach for treating
cancer (90, 91). The huge number of DNA-vaccines that have
been tested in the last decades in pre-clinical and clinical
studies highlights the potential relevance of this strategy for
future medical applications. Nevertheless, DNA vaccines face
many challenges that till now have prevented their successful
translation in the human clinic. Indeed, the first and only FDA-
approved DNA vaccine for anti-tumor therapy is ONCEPT
(Merial), a xenogeneic DNA plasmid that carries the sequence
of human tyrosinase. It was approved for the treatment of dogs
affected by locally controlled OMM, since it increased survival
times of treated dogs as compared to unvaccinated controls, with
no adverse events (92). ONCEPT approval signed the beginning
of a new era in treating melanoma in dogs. Nevertheless,
some studies have risen controversy around the effectiveness of
ONCEPT after its licensing (93, 94).

Whether the human or the veterinary clinical context is
concerned, one of the main reasons for the just modest
therapeutic effect demonstrated by DNA vaccines in clinical trials
could be the strong immunosuppressive condition induced by
the tumor. Indeed, a clinically evident tumor triggers several
mechanisms of immune suppression that may remain active
despite local tumor control. Among them T cell exhaustion
and expansion of T regulatory cells, myeloid-derived suppressor
cells (MDSCs), and tumor-associated macrophages (TAMs).
Several approaches could be applied to enhance vaccine efficacy.
Recently, a strong consensus for combining cancer vaccines with
ICIs, concomitantly or after immunization (95, 96) is emerging.
Various combinatorial strategies have been already tested in
pre-clinical and clinical studies for different cancers, resulting
promising in coupling the benefits of ICIs in overcoming
immunosuppression, with the ability of vaccines to prime the
antigen-specific cytotoxic response (97–99).

The combination of immunotherapy with local radiotherapy
and/or chemotherapy that can induce immunogenic cell death
is likewise a favorable way to prompt a more effective systemic
anti-tumor immune response (100–102).

As an example, combinatorial approaches encompassing
the use of cytokines, STING agonist and/or vaccines have
indeed demonstrated enhanced efficacy when combined
to radiotherapy in both pre-clinical and clinical studies,
achieving improved therapeutic effects on melanoma-derived
metastasis (103, 104). Recently the combination of trimodal
radiotherapy and intratumoral immunocytokine vaccination has
been tested in advanced stage tumor-bearing dogs, including
melanoma cases, and has preliminarily showed to induce
positive immunomodulatory effects within the primary tumor
(100). All these studies provide the proofs of principle of
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FIGURE 1 | B7-H3 expression and targeting in OMM. (A) Flow cytometry analysis of B7-H3 expression on canine CMM-12 OMM cells performed using a FACS Verse

(BD Biosciences). The results were analyzed using FlowJo software and representative FACS curves are reported, showing CMM-12 staining using a control IgG1

isotype (filled gray area) and the anti-human B7-H3 mAb 376.96 (filled blue area; 25µg/ml final concentration). (B) Cell proliferation assessed using an MTT assay, as

described in (73). The results are expressed as the percentage (mean value ± SEM) of the viability of cells treated with anti-B7-H3 mAb, with respect to cells treated

with the control IgG1 isotype, considered as 100%, alone or in combination with doxorubicin at a final concentration of 0.5µM. Graph shows the results of three

independent experiments. Student’s t-test: *p < 0.01; ***p < 0.001.

combining different strategies to achieve better therapeutic
effects, eventually allowing to broaden the percentage of patients
who might potentially respond to anti-cancer therapy.

In addition to tumor induced immunosuppression, antigen-
loss variants of tumor cells may persist after local tumor
control that may escape vaccine-induced immune responses.
The selection, as vaccination targets, of not disposable tumor
associated antigen(s) with a key role in cancer progression may
reduce the risk of variant escape. Similarly, the accurate selection
of patients for tumor expression of the target antigen would result
into more informative clinical trials (105).

DNA VACCINATION AGAINST THE CSPG4
ANTIGEN

For its features, we have focused our attention on CSPG4, as a
promising tumor-associated antigen to target for effective anti-
cancer vaccination against both canine and human melanoma.

CSPG4 is a well-established tumor-associated antigen in
human melanomas (106–108), with a widespread expression
on cancer cells, but absent in normal adult tissues (108–111).
It is highly evolutionarily conserved, with over 88% similarity
between the human and canine amino acid sequences (9, 10),
suggesting a possible overlapping role in these species. It acts
as a scaffold for signaling molecules, forming a complex that
drives the activation of key transduction pathways that confer the
malignant behavior (108, 112–114). Being a cell-surface tumor

antigen, CSPG4 represents an ideal target for effective anti-
cancer immunotherapy as CSPG4+ cancer cells are potentially
susceptible to the concomitant attack of vaccine-inducible T cells
and antibodies (20, 91).

As for human melanoma patients, CSPG4 overexpression in
canine OMM (18) is clinically relevant, since CSPG4+ OMM-
affected dogs have worse prognosis than those whose tumors
do not express the antigen (9, 19). Therefore, we tested the
safety and efficacy of anti-CSPG4 immunotherapy, by means of
DNA vaccination, in combination with in-vivo electroporation
(19, 91, 115) in companion dogs affected by naturally occurring
CSPG4+ OMM. Dogs affected by a CSPG4-negative OMM were
not included in the trials, since they could not benefit from
the anti-CSPG4-immunotargeting and would risk leading to
confounding results regarding the real vaccination efficacy.

Our first trial with a xenogeneic human (Hu)-CSPG4 DNA
plasmid, was safe and effective in inducing a humoral immune
response, that was linked to significantly prolonged survival
in immunized dogs compared to the conventionally treated
population (9, 19, 82). Anti-CSPG4 antibodies induced by
the vaccination directly down-regulate CSPG4 expression
in-vitro hampering CSPG4 tumorigenic functions in melanoma
cells, suggesting that they could have a beneficial impact on
the clinical course of the disease (9, 19, 82). Immunological
mechanisms could be foreseen for vaccine-induced antibodies
that could be thus effective in eliminating tumor cells through
either antibody-dependent cellular cytotoxicity (ADCC) or
complement-dependent cytotoxicity (CDC); this aspect is
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currently under investigation. Importantly, patients which
received the vaccination displayed delayed metastasis
onset, compared to non-vaccinated dogs, which rapidly
exhibited metastatic spreading (19). Nevertheless, Hu-CSPG4
xenovaccination induced relatively low-affinity antibodies
against dog (Do)-CSPG4 (Riccardo et al., manuscript under
revision), thus probably limiting the efficacy of the vaccine
(116, 117). We have therefore developed a second-generation
vaccine that carries a hybrid human/dog sequence, encoding
for a chimeric protein that would result in the induction of a
more efficient humoral and cellular immune response than those
prompted by the fully xenogeneic or fully homologous ones
(117, 118). The first demonstration of the potential advantages
of applying a chimeric DNA vaccination against the CSPG4
molecule in veterinary medicine is ongoing in a prospective,
multi-centric clinical trial in dogs affected by stage II-IV
CSPG4+ OMM (Riccardo et al., manuscript under revision). To
improve the efficacy of this anti-cancer vaccine, the possibility
of combining anti-CSPG4 DNA vaccination with ICIs for the
treatment of OMM could be an interesting new therapeutic
option for canine patients’ management, being also of precious
translational value for the human context.

SMALL EXTRACELLULAR VESICLES AS A
NEW TOOL FOR MELANOMA
MANAGEMENT

Regardless of the choice of therapy, there is a clear need
to identify easily accessible biomarkers that may facilitate the
early diagnosis of the disease. In this context, liquid biopsy is
emerging as an early, non-invasive, and accessible technique
for the accurate molecular profiling of a patient’s tumor-derived
materials. This technique will likely improve diagnoses, clinical
decision making and prognostic accuracy.

Of the tumor-derived materials that can be detected in
patient biofluids by means of liquid biopsy, investigations into
extracellular vesicles (EVs) are intensifying (119). EVs are lipid-
bilayer delimited particles that are naturally shed from cells and
are amongst the main key players in cell-cell communication
in the TME (120). EVs can carry a heterogeneous variety of
biologically active molecules, depending on the cell of origin
(121), and play a fundamental role in regulating neoplastic
events (122). According to their dimension and biogenesis,
we can distinguish EX (ranging from 50 to 150 nm diameter)
and microvesicles (ranging from 100 to 1,000 nm diameter),
that are emerging as a new frontier in cancer management in
humans, with there also being potential impact for dogs (123).
The CD9, CD63 and CD81 markers of expression (123, 124)
have been usually used as EX biomarkers, although it has to
be considered that they are present also on the membrane
of other EVs (125, 126), therefore specific markers to strictly
discriminate the different subtypes of EVs released by cells are
still under discover. For this reason and due to some overlap in
size between EX andmicrovescicles, we will refer more in general
to small EVs (SEVs). In oncological patients, SEVs can provide
a comprehensive “snapshot” of the tumor status. Knowledge

of the proteome of melanoma-derived SEVs is still largely
unexplored. However, it has been shown that human-melanoma-
cell-derived SEVs-protein cargo differs from normal melanocyte
derivatives (120), and potential clinically relevant markers have
been identified for isolating circulating SEVs for diagnostic
purposes (122). It has been demonstrated that circulating SEVs
may provide clinicians with a better overview of dynamic
tumor heterogeneity (127), and guide them toward the most
appropriate personalized therapeutic approach. Moreover, it has
been highlighted the predictive value of circulating SEVs in the
melanoma immunotherapy, demonstrating that the monitoring
of circulating SEVs-PD-L1 predicts tumor response to treatment
and clinical outcome (127).

In canine patients, very few studies have been carried out
so far. It has been recently demonstrated that the number of
EV isolated from the plasma of dogs with cancer, including
melanoma, was higher than in healthy controls (128). On our
side, considering that human CSPG4+ melanoma cells release
SEVs that carry high levels of CSPG4 (111, 129), we investigated
its presence in canine-melanoma-cell-derived SEVs. Sustained
levels of CSPG4 were found in CMM12-derived SEVs (Figure 2),
indicating that circulating-SEV-CSPG4+ may be a potential
biomarker for canine CSPG4+-OMM diagnosis and prognosis
for anti-CSPG4 immunotherapy.

Additionally, SEVs that were isolated from human-patient
plasma have also been found to be enriched in immunoregulatory
proteins (111, 129). Although the immunomodulatory role of
B7-H3 in canine cancers still needs to be defined, we sought
to discern whether soluble B7-H3 in melanoma-derived SEVs

FIGURE 2 | CSPG4 and B7-H3 expression in canine-OMM-cell-derived SEVs.

EX purification columns (Exo-spin Midi-Columns, Cell Guidance System,

Cambridge, UK) were used to purify enriched EX-SEVs from the supernatant

of fetal bovine serum-deprived CMM-12 cells. Briefly, the collected media was

centrifuged to remove any cell debris and then incubated with the Exo-Spin

Buffer to precipitate SEVs including EX and purified using Exo-Spin

midi-column. Eluted SEVs were then ultracentrifuged at 100,000 x g and the

pellet was resuspended in RIPA buffer for protein extraction. Representative

immunoblot of CSPG4 and B7-H3 of lysates of SEVs is shown. Western Blot

analysis for CSPG4 was performed as described in (73), mAb 376.96 was

used for B7-H3 detection. CD9 (10626D; Thermo-Fisher Scientific) was used

as the SEVs marker and β-Actin (AC-15; Santa Cruz Biotechnology) was used

as the protein-loading control.
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could be detected and potentially used as a prognostic biomarker
for OMM. When CMM12-derived SEVs were analyzed, a
high level of B7-H3 was detected (Figure 2). This result
provides a starting point for investigating the diagnostic and
prognostic predictive value of B7-H3 in circulating SEVs in
melanoma bearing-dogs, with relevant translational implications
for human immunotherapy.

DISCUSSION

Immunotherapy has revolutionized melanoma treatment in
humans and successful clinical responses have been obtained.
Spurred by achievements in human clinics, veterinary oncologists
have started to exploit the possibility of applying this strategy to
the treatment of pet cancers.

While several immunotherapeutic approaches for treating
OMM in dogs have been translated from human to veterinary
clinics, other strategies have been developed in canine patients
first, with high translational relevance for humans (19, 45,
79, 80, 82, 130, 131). Anti-CSPG4 DNA vaccination may
emerge as a novel therapeutic approach in veterinary medicine
to counteract OMM progression (19, 82), with important
implications for human melanoma patients. Nonetheless, the
therapeutic effectiveness of our, and other, anti-melanoma
strategies could be enhanced. In the wake of human findings,
treatments using “old” and “new”-generation ICIs together with
anti-cancer vaccination hold great promise for the management
of melanoma. In this general framework and considering that
precision medicine has become a central theme of cancer
management, particular focus must be placed on the key role that
SEVs may play in the immuno-oncology of melanoma.

However, several aspects of canine immunity are still
unexplored, representing a limitation in the development of
effective immunotherapies for dogs. For instance, the lack of a
deep characterization of the major histocompatibility complex
in dogs, the Dog Leukocyte Antigen (DLA) system, limits the
possibilities of developing T-cell-based immunotherapies and
investigating functional aspects of the anti-tumor T-cell response
in-vitro. As well, while the properties of the four human IgG
subclasses have been well established and it is known that

ADCC and CDC are mainly activated by IgG1 or IgG3, the

knowledge about both the complement system in dogs and IgG
subclasses is still growing. Up to now, four canine IgG subclasses
have been identified, and it is suggested that IgG2 subclasses
could mainly provide a specific contribution to ADCC and
CDC activity (132). Defining more in detail the components
of the canine immune system would allow to better assess the
functions of vaccine-induced antibodies for tumor cell killing.
In conclusion, exploiting the high similarity between canine and
human melanomas, the therapeutic advances achieved in both
the veterinary and the human clinics can mutually revolutionize
the treatment of melanoma patients.
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Tumor-Associated Macrophages in
Canine Oral and Cutaneous
Melanomas and Melanocytomas:
Phenotypic and Prognostic
Assessment
Ilaria Porcellato 1*, Monica Sforna 1, Adriana Lo Giudice 1, Ilaria Bossi 1, Alice Musi 2,

Alessia Tognoloni 1, Elisabetta Chiaradia 1, Luca Mechelli 1 and Chiara Brachelente 1

1Department of Veterinary Medicine, University of Perugia, Perugia, Italy, 2 Faculty of Veterinary Medicine, University of

Teramo, Teramo, Italy

The tumor microenvironment is a complex system, where neoplastic cells interact

with immune and stromal cells. Tumor-associated macrophages (TAMs) are considered

among the most numerically and biologically noteworthy cellular components in tumors

and the attention on this cellular population has been growing during the last decade,

both for its prognostic role and as a potential future therapeutic target. Melanoma,

particularly the oral form, despite being one of the most immunogenic tumors, bears

a poor prognosis in dogs and humans, due to its highly aggressive biological behavior

and limited therapeutic options. The aims of this study are to characterize and quantify

TAMs (using CD163, CD204, Iba1, and MAC387) in canine melanocytic tumors and

to evaluate the association of these markers with diagnosis, histologic prognostic

features, presence of metastases, and outcome, and to provide preliminary data for

possible future therapies targeting TAMs. Seventy-two melanocytic tumors (27 oral

melanomas, 25 cutaneous melanomas, 14 cutaneous melanocytomas, and 6 oral

melanocytomas) were retrospectively selected and submitted to immunohistochemistry

and double immunofluorescence. Double immunolabeling revealed that most CD163+

and CD204+cells co-expressed Iba1, which labeled also dendritic cells. Iba1 was

instead rarely co-expressed with MAC387. Nevertheless, the expression of macrophagic

markers showed a mild to moderate association among the four markers, except for

CD204 and MAC387. The number of CD163+, CD204+, and MAC387+ cells was

significantly higher in oral melanomas compared to oral melanocytomas (p < 0.001;

p < 0.05 and p < 0.01, respectively), whereas Iba1 was differentially expressed in

cutaneous melanomas and melanocytomas (p < 0.05). Moreover, CD163, IBA1 and

MAC387 expression was associated with nuclear atypia and mitotic count. The number

of CD163+cells was associated with the presence of metastases and tumor-related

death in oral melanocytic tumors (p < 0.05 and p = 0.001, respectively).

Keywords: dogs, melanoma, tumor-associated macrophages, CD204, CD163, Iba1, MAC387, tumor-associated

macrophages (TAMs)
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INTRODUCTION

Tumors are complex ecosystems composed of tumor cells,
stromal cells, and immune cells; macrophages are recognized
as one of the major components of these ecosystems (1–
3). Still, in cancer, the role of this multifaceted cellular
population, which serve as nexus between innate and adaptive
immunity, is still poorly understood and studies addressing
this topic in both human and veterinary medicine are
surprisingly few. Actually, most of the oncology studies and
large study groups are focused on lymphocytes and on their
role in cancer immune response (4–10). Macrophages are
a wide-ranging population of immune cells characterized by
broad heterogeneity, high plasticity, and remarkable ability
to sense changes in the surrounding microenvironment and
respond to it. These cells are crucial in the detection,
phagocytosis, and destruction of foreign and endogenous
material, pathogens, but also cancer cells. Moreover, together
with their phagocytic activity, they can participate in adaptive
immunity by recruiting lymphocytes and presenting antigens to
T cells (11–13).

Probably, the majority of TAMs are recruited macrophages
(2), which are derived from circulating monocytes (14) and
are in close contact with tumor cells, therefore the definition
of tumor-associated macrophages (TAMs). Within the tumor
microenvironment, these macrophages, together with myeloid-
derived stem cells (MDSCs) are the major players in myeloid
immunosuppression, which is believed to be triggered by
cancer-related inflammation (15). TAMs can play different
roles: promote angiogenesis and lymphangiogenesis, suppress
antitumor immunity, particularly by suppressing cytotoxic T
cell response, and stimulate cancer cells inducing proliferation,
survival and invasion, andmetastasis, therefore promoting tumor
progression (3, 12).

The presence of TAMs in melanoma and their role in
tumor progression and prognosis has been assessed in humans
(16–20) and, in the last few years, the potential role of
these cells as targets of future immunotherapies has been
suggested (4, 21).

Recent studies have demonstrated that the role of TAMs
depends on both their subtype (16, 17) and microanatomical
localization. Besides, research has been focusing on the
polarization of macrophages and also on their transcriptomic
signature (2, 3, 14, 22).

In human cutaneous melanoma, high numbers of TAMs,
especially when localized within the tumor cell nests, seem
to enhance melanoma progression (18). Moreover, it has been
shown that the production of midkine (MDK) can educate
macrophages toward a tolerant phenotype, promoting CD8+cells
dysfunction (20).

Studying TAMs both as prognostic indicators and as
therapeutic targets in canine melanocytic tumors seems to be a
promising path to follow to increase the current knowledge of
their role in these tumors. Indeed, melanocytic tumors, despite
being common in dogs, have sometimes unpredictable behavior
and no curative available therapies (23–27); therefore, studies

investigating additional valid prognostic features and feasible
targets for new therapeutic strategies are fundamental.

Investigating TAMs in canine tumors is currently complicated
by the limited availability of confirmed markers for canine
macrophages to be used also on formalin-fixed and paraffin-
embedded tissues.

Iba1 (also known as AIF-1) is a 17-kDa protein, which is
specifically expressed bymacrophages/microglia and upregulated
during the activation of these cells (28). Some studies use Iba1 as a
panmyeloidmarker (29), whereas in other cases it is hypothesized
that Iba1 identifies a M2-like phenotype of macrophages (30).
In veterinary medicine, Iba1 has been recently used for the
identification of TAMs in different canine tumors (31–33).

The scavenger receptor CD163 is expressed exclusively in
macrophages and, less so, in monocytes; the expression of
this protein is prompted by anti-inflammatory IL-6 and IL-10,
whereas it is downregulated by pro-inflammatory stimuli (34).
The expression of CD163 has a robust association with worse
overall survival in human epithelial tumors and melanoma (35).

CD204 (also known as Scavenger Receptor-A, SR-A) is a
transmembrane protein preferentially expressed onmacrophages
(36). The expression of this protein has shown a robust
association with worse overall survival in epithelial neoplasms
and melanoma in humans (35). Both CD163 and CD204 are
recognized as possible M2-polarization markers.

Even though a rigorous categorization of macrophages is
not possible, being them a continuous in terms of phenotype,
a classification of these cells into M1-polarized macrophages
(classically activated) and M2-polarized macrophages (anti-
inflammatory) can be recognized. The process of polarization
is the answer of macrophages to microenvironmental stimuli,
by the acquisition of a specific phenotype. M1-polarized
macrophages (pro-inflammatory) are critical in bacterial
killing, tumor resistance, supporting tumor destruction
and antigen presentation, and Th1 response (11). On
the other hand, M2-polarized macrophages have anti-
inflammatory properties, therefore favoring tumor growth
and survival (35).

S100A8/A9 complex, also called calprotectin or MAC387, is
expressed in phagocytic cells such as neutrophils, monocytes,
dendritic cells, activated macrophages (but not non-activated
macrophages), and platelets (37). This complex is intensely
upregulated after trauma, in inflammatory processes, and stress
(38). In a recent study, higher numbers of infiltrating MAC387-
positive cells were found in metastasizing primary melanomas
compared to non-metastasizing melanomas (39).

The aims of this study are:

- to characterize phenotypically and quantify TAMs

within canine melanocytic tumors, using the currently
available canine macrophagic markers IBA1, CD163,
CD204, and MAC387 by immunohistochemistry and
double immunofluorescence;

- to evaluate the association between the expression of different

TAMs’ markers with diagnosis, histologic prognostic features,
presence of metastases, and outcome.
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MATERIALS AND METHODS

Case Selection
Seventy-two cases of canine melanocytic tumors were
retrospectively selected from the archive of the Department
of Veterinary Medicine of the University of Perugia.

Cases were included based on the following
inclusion criteria:

- histological diagnosis of melanocytic tumor;
- in case of amelanotic tumor, diagnosis of melanocytic tumor

confirmed by immunolabeling with Melan A and/or PNL2;
- available neoplastic tissue with an area >0.5 cm 2;

- primary melanocytic tumor.

Cases were excluded if showing sampling or fixation artifacts.
A telephonic interview was conducted with the referring

veterinarians to assess the presence of melanoma metastases
and the cause of death. The minimum time from diagnosis to
follow-up was set at 1 year. Dogs that were euthanized due to
bad conditions caused by melanoma (inoperable local disease
or metastases), were grouped together with dogs spontaneously
dead because of the melanocytic tumor.

Histopathological Examination
All the cases were re-examined by three pathologists (IP,
MS, and CB) to confirm the original diagnosis following
standard diagnostic criteria (40). Heavily pigmented tumors were
bleached, following previously reported protocols (41).

The histological evaluation also included other features:
mitotic count, nuclear atypia (40), pigmentation (expressed as
a percentage of neoplastic pigmented cells), tumor thickness
(42), and presence of melanophages. The first four features
are considered significant in the prognosis of melanocytic
neoplasms (40).

The presence of melanophages (macrophages containing
a variable quantity of melanin pigment) was quantified
as follows:

- 0: no melanophages observed in the examined sections;
- 1: small focal aggregates and/or scatteredmelanophages within

the tumor (<5/HPF field);
- 2: multifocal aggregates of >5 melanophages, with areas of the

tumor where no melanophages can be seen;
- 3: large multifocal to coalescing aggregates of melanophages.

Western Blotting
Before immunohistochemical analysis, mouse anti-human Iba1
(Merck Millipore, Burlington, MA, US), anti-human CD163
(clone EDHu-1; Bio-Rad; Hercules, CA, US), and anti-human
MRS-A/CD204 (clone SRA-E5;Cosmo Bio Co., LTD; Yuseong-
Gu, Daejeon, Republic of Korea) antibodies were validated for
detection of the canine proteins by Western blotting (WB), as
previously reported (43). Forty mg of fresh tissues (lymph node
harvested from a dog dead from trauma and placenta collected
immediately after a spontaneous delivery) were homogenized
in lysis buffer (Cell Signaling; Danvers, MA, US) containing
protease inhibitor cocktail (Sigma-Aldrich) and centrifugated for
13,000× g for 15min at 4◦C. The protein pellet was resuspended

TABLE 1 | Protocol details for immunohistochemistry.

Antigen Clone Manufacturer Antigen retrieval Dilution

CD163 EDHu-1 Bio-Rad HIER; Tris-EDTA

buffer; pH 9.0

1:100

CD204 SRA-E5 Cosmo Bio Co.,

LTD.

HIER; Tris-EDTA

buffer; pH 9.0

1:100

Iba1 MABN92 Merck Millipore HIER; Tris-EDTA

buffer; pH 9.0

1:100

MAC387 M0747 Dako HIER; Tris-EDTA

buffer; pH 9.0

1:250

HIER, heat-induced epitope retrieval.

in phosphate-buffered saline (PBS) pH 7.4 and quantified using
the Bradford assay. 50 µg of total proteins of each tissue
were separated by polyacrylamide gel electrophoresis (SDS-
PAGE) 12% T or 14% T and then transferred on nitrocellulose
membranes. Specific protein bands were detected incubating
membranes with the mouse anti-human CD163 (1:500), mouse
anti-human CD204 antibody (1:300) or mouse anti-human Iba1
antibody (1:250) O.N. at 4◦C and then at room temperature
for 90min with anti-mouse IgG polyclonal antibodies (1:5,000;
Cell signaling). Immunoreactivity was evidenced by ECL system
(Amersham ECL Prime Western Blotting Detection Reagent;
Amersham, Amersham UK). The film images were acquired
using a GS-800 imaging systems scanner (Bio-Rad).

Immunohistochemistry
From formalin-fixed and paraffin-embedded samples,
5-µm sections were cut and mounted on poly-L-lysine-
coated slides, which were then dewaxed and dehydrated.
Immunohistochemistry was performed on serial sections with
antibodies raised against CD163, CD204 (44), Iba1 (45), and
MAC387 (33, 46, 47). In cases with more available histocassettes,
the most representative was chosen, avoiding samples with large
necrotic areas or ulceration. Positive controls were obtained
from canine reactive lymph nodes for all the four antibodies
used in this study; negative controls were run omitting the
primary antibody and incubating control sections with TBS.
Immunohistochemical protocols and antibodies used in this
study are summarized in Table 1.

For each antibody, positive cells were manually counted in five
consecutive HPF starting from hot spots, then the mean value
was calculated; positive cells were considered only if they were
intratumoral. Positive cells in the peripheral areas of the tumor
or in the immediate peritumoral areas were not quantified but
the presence of positive cells was recorded.

Double Immunofluorescence
Double immunofluorescence was performed on five selected
cases (two oral melanomas and three cutaneous melanomas).
We selected Iba1 (as a panmyelocytic marker) and tested
its co-expression with CD163, CD204, and MAC387. After
dewaxing and dehydrating, the slides were incubated with a
3% H2O2 methanol solution. Antigen retrieval was performed
as reported for immunohistochemistry and primary mouse
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antibodies (CD163, CD204 and MAC387) were incubated
overnight at 4◦C with the appropriate concentration. After TBS
washing, a secondary goat anti-mouse antibody, conjugated
with a red fluorochrome (Goat Anti-Mouse IgG H&L - Alexa
Fluor R© 647, Abcam) and with a 1:200 dilution, was applied
for 2 h at room temperature. After a careful wash, a protein
block step was performed prior to incubation with an anti-Iba1
antibody conjugated with a green fluorochrome (clone 20A12.1,
Alexa Fluor R© 488 Conjugate, Merck). Last, a drop of aqueous
mounting medium containing DAPI (Abcam) was added and
slides were incubated for 5min at room temperature, before
coverslip mounting.

Samples were evaluated using a fluorescent microscope
Olympus BX51 equipped with the camera Nikon mod.DS-
Qi2Mc. NIS-ELEMENTS D software was used for image
acquisition and analysis.

Statistical Analysis
Normality was assessed with a Shapiro–Wilk test for all
continuous variables. Descriptive statistics were used to describe
data; values are expressed as medians (Mdn) and interquartile
range (IQR). Non-parametric tests were used to test hypotheses.
The Kruskal-Wallis test and Mann–Whitney U test were
performed to assess differences among groups. Correlation
analysis was performed using Spearman’s test (ρ). Descriptive
statistics were performed using Microsoft Excel; other statistical
tests were performed with IBM SPSS (version 21).

RESULT

Animals of the Study
The 72 melanocytic tumors retrospectively selected from our
archive were obtained from 72 dogs. Twenty-seven cases were
diagnosed as oral melanomas, 25 as cutaneous melanomas, 14
as cutaneous melanocytomas, and six as oral melanocytomas.
Twenty-nine dogs were female, whereas 42 weremale. In one case
information on the sex of the animal was not available. The most
represented breeds weremixed (25/72; 34.7%), German Shepherd
(6/72; 8.3%), Labrador retriever (5/72; 6.9%), Golden retriever
(4/72; 5.5%), English setter (3/72; 4.1%) and Yorkshire terrier
(3/72; 4.1%).

The mean age of dogs at the moment of the diagnosis was 11
years (±3.1).

Of the 72 cases selected for the study, 55 had a complete
follow-up. Nineteen cases were oral melanomas, 19
cutaneous melanomas, 12 cutaneous melanocytomas, and
five oral melanocytomas.

Of the oral melanomas, 12 had distant metastases assessed
at the moment of death, whereas five had a local relapse of the
tumor after surgical excision. Two dogs did not have relapse
nor metastases and one was still alive at the moment of the
follow-up (>3 years), whereas the other dog died because of
bronchomalacia a year later. Five out of six cases diagnosed
with oral melanocytoma were still alive and only one case had
a slowly growing relapse (>2 years after excision). In the group
of cutaneous melanomas, six dogs died because of the tumor
and, of these, five out of six had metastatic disease; only one

case was euthanized due to the local invasion of a large mass
infiltrating the temporo-mandibular region. Of the remaining 13
cases five died for other causes, whereas eight were still alive at the
moment of the collection of follow-up data. Among cutaneous
melanocytomas, one had metastasis to the local lymph node
(diagnosed histologically), but after more than 3 years the dog
is still alive and with no residual disease. In this case the authors
agreed on the diagnosis of melanocytoma, based on histological
features of the tumor and on what reported in human medicine,
where nodal metastases can occur in up to 46% of cases of
melanocytoma, despite benign behavior (48). Of the other 11
dogs with cutaneous melanocytomas, two died for other causes,
whereas nine were still alive at the moment of the collection
of follow-up data. Complete clinical information is reported in
Supplementary Table 1.

Histopathological Variables and
Correlation With Outcome
Analysis of the histopathological variables showed a median
mitotic count of 13.45 (IQR = 2.34–45.58). A statistical
difference was detected among the four subgroups with different
histological diagnosis (p < 0.001), in particular, oral melanomas
(Mdn = 36.27; IQR = 11.7–60.84) statistically differ from oral
melanocytomas (Mdn = 0.5; IQR = 0–1.46; p < 0.001) and
cutaneous melanomas (Mdn = 23.4; IQR = 3.84–44.45) from
cutaneous melanocytomas (Mdn = 2.17; IQR = 0–3; p <

0.001). Significant difference is lost among oral and cutaneous
melanomas (p = 0.12) and oral and cutaneous melanocytomas
(p= 0.13).

Considering all the cases of this study, the median value
of pigmented cells was 30% (IQR = 5%−80%). Percentage of
pigmented neoplastic cells in oral melanomas had a median
value of 5% (IQR = 5%−30%), in cutaneous melanomas of
30% (IQR = 5%−70%), in oral melanocytomas of 92.50% (IQR
= 82.50%−95.00%), and in cutaneous melanocytomas of 85%
(IQR = 71.25%−100%). A statistically significant difference was
observed among the four subgroups (p < 0.001); in particular,
oral melanocytomas were significantly more pigmented than oral
melanomas (p < 0.001) and the same was true for the cutaneous
counterpart (p < 0.001).

Atypia in the present study group had a median value of
45% (IQR = 20%−80%), expressed as a percentage of cells
showing signs of atypia on the total neoplastic cells. The median
value of atypical cells in oral melanomas was 60% (IQR =

40%−80%) whereas in cutaneous melanomas was of 60% (IQR
= 25%−85%). On the other hand, atypia in oral (Mdn =

7.50%; 4.50%–35.00%) and cutaneous melanocytomas (Mdn =

10%; IQR = 5%–26.25%) was lower. Oral melanomas showed a
significantly higher percentage of atypical cells when compared
to oral melanocytomas (p = 0.003) and the same was observed
in cutaneous melanomas compared to cutaneous melanocytomas
(p < 0.001).

Melanophages were graded from 0 to 3 and showed more
frequently grade 3 or 2 in oral and cutaneous melanocytomas,
whereas they were of a lower grade in the malignant counterpart.
A statistical difference was observed in the four groups, with
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oral melanocytoma containing more melanophages than oral
melanomas (p = 0.003) and cutaneous melanocytomas more
melanophages than cutaneous melanomas (p= 0.005).

All these four histological variables were associated with
outcome; in particular, higher mitotic counts and percentages
of cellular atypia were associated with tumor-related death
(p < 0.001 and p = 0.001, respectively). On the other hand, a
higher percentage of pigmented cells and higher infiltration of
melanophages were associated with a better outcome (p < 0.001
and p = 0.001, respectively). Considering only oral tumors
(both melanomas and melanocytomas), atypia and pigmentation
maintained their statistically significant association with tumor-
related death (p < 0.05 for both variables), whereas the
significance was lost for the number of melanophages (p =

0.26) and for the mitotic count (p = 0.07), although both
parameters showed a trend. On the other hand, analyzing only
cutaneous tumors, three of the four variables maintained their
statistical significance (mitotic count: p < 0.005; pigmentation:
p < 0.05; and melanophages: p = 0.005), whereas it was
lost for atypia (p = 0.09). Histological data are reported in
Supplementary Table 1.

Validation of Antibodies Cross-Reactivity in
Canine Tissues
The WB images (Figure 1), obtained using anti-human Iba1
and anti-human CD163 antibodies, show a single band
corresponding to the expected molecular weight 16 and 130–
180 kDa, respectively, in the lymph node lane, whereas the anti-
human CD204 antibody recognizes isoforms between 90 and
120 kDa. No bands were detected in the placenta lane for all
antibodies tested.

TAMs Markers Expression and Correlations
With Diagnosis, Histopathological
Variables, Metastases, and Outcome
Iba1 Expression Is Higher in Cutaneous Melanomas

Compared to Cutaneous Melanocytomas
Iba1 was expressed in the cytoplasm of macrophages and
monocytes. Cells with prominent cytoplasmic projections were
interpreted as dendritic cells. Also, Iba1 labeling was variable
in melanophages, with the majority of these cells being weakly
or not labeled. The median number of Iba1+cells/HPF was 42.8
(IQR = 29.3–61.31). Kruskal-Wallis test indicated a statistically
significant difference among the four diagnosis groups (p =

0.001; Figure 2A). Iba1+cells/HPF in oral melanomas (Mdn =

51.8; IQR = 40.9–75.3) did not differ statistically from oral
melanocytomas (Mdn= 26.3; IQR= 3.05–54.3; p= 0.76); on the
contrary, a statistical difference was observed between cutaneous
melanomas (Mdn = 40.4; IQR = 11.6–59.4; Figure 3A) and
melanocytomas (Mdn = 2.4; IQR = 0.65–22.5; Figures 3B,C;
p < 0.05).

CD163 Expression Is Higher in Oral Melanomas

Compared to Oral Melanocytomas
Immunolabeling for CD163 was observed as strong membranous
staining. Cells were morphologically defined as macrophages

FIGURE 1 | Representative images of WB performed using SDS-page 12%

(CD163≃130–180 kDA, CD204≃90–120 kDA) and SDS-page 14% (Iba1≃16

kDa; L, lymph node and PL, placenta).

or monocytes, according to the size of the cell, the amount of
cytoplasm, and size and location of the nucleus. Melanophages
were variably positive to CD163, showing frequently a
weaker immunolabeling compared to smaller monocytes.
CD163+macrophages showed a variable morphology, from
dendritic, to polygonal or rounded, to spindloid; also, the
dimension of positive cells was highly variable, being larger when
cells were filled with pigment or vacuoles. CD163+cells were
frequently scattered as single elements throughout the tumor;
aggregates were instead more frequently observed near areas
of necrosis.

The median number of CD163+cells/HPF was 64.25 (IQR
= 42.5–84.35) and showed a statistically significant difference
among the four diagnosis groups (oral melanoma, cutaneous
melanoma, cutaneous melanocytoma and oral melanocytoma;
p < 0.001; Figure 2B). Oral melanomas were characterized by
the highest number of CD163+cells/HPF (Mdn = 73.9; IQR =

54.5–108.9; Figure 3D), followed by cutaneous melanomas (Mdn
= 64.9; IQR = 51.7–83.36), cutaneous melanocytomas (Mdn =

49.6; IQR = 41.1–64.35), and oral melanocytomas (Figure 3E;
Mdn = 17.4; IQR = 8.1–25.95). Statistical significance increased
by running a Mann–Whitney U-test comparing oral melanomas
to oral melanocytomas (p< 0.001), whereas it was lost comparing
cutaneous melanomas to cutaneous melanocytomas (p = 0.77).
Four cases were not examined due to the lack of tissue after serial
recuts. In some cases, the presence of extratumoral CD163+cells
was observed, in face of a non-infiltrated tumor (Figure 3F).

CD204 Expression Is Higher in Oral Melanomas

Compared to Oral Melanocytomas
CD204+ cells showed a marked membranous positivity;
the immunolabeled elements were cytologically interpreted
as macrophages and monocytes, with variable shapes and
dimensions. Similarly to CD163, melanophages were often
characterized by a faint positivity.

The median number of CD204+cells within the tumors
was 41.6 cells/HPF (IQR = 30–63.8). Kruskal–Wallis test did
not reveal a statistically significant difference among the four
groups, but a trend was identified (p = 0.058; Figure 2C).
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FIGURE 2 | Graphics showing the results of intratumoral Iba1 (A), CD163 (B), CD204 (C), and MAC387 (D) cell counts in the four groups of diagnosis (1: oral

melanoma; 2: cutaneous melanoma; 3: cutaneous melanocytoma; 4: oral melanocytoma).

Therefore, a Mann–Whitney U-test was run comparing oral
melanomas to oral melanocytomas and cutaneous melanomas
to cutaneous melanocytomas. Oral melanomas showed a
statistically significant higher number of CD204+cells/HPF
(Mdn = 49.2; IQR = 33.5–62.6; Figure 3G), when compared
to their benign counterpart (Mdn = 26.7; IQR = 16.4–
37.75; Figure 3H; p < 0.04). On the contrary, the difference
was not statistically significant between cutaneous melanomas
and melanocytomas (p = 0.77; Mdn = 51.8; IQR = 39.3–
74.45 and Mdn = 36.4; IQR = 18.45 and 50.2, respectively).
Interestingly, CD204 immunoreactivity in cells showing evidence
of phagocytosis was frequently observed within malignant
tumors (Figure 3I).

MAC387 Expression Is Higher in Oral Melanomas

Compared to Oral Melanocytomas
MAC387 expression was observed as a strong, diffuse
cytoplasmic immunolabeling in both mononucleated cells
(interpreted as macrophages) and polymorphonucleated cells,
mostly neutrophils. Monocytes were observed mostly in deeper
areas of the tumor and were few (Figure 3J). Melanophages
were invariably negative for MAC387; whereas intravascular
neutrophils and monocytes showed strong immunolabeling
(Figure 3K). Superficial areas with ulceration were usually
heavily infiltrated by neutrophils (Figure 3L).

The mean number of MAC387 was 2.06 cells/HPF and was
significantly different among the four diagnosis groups (p< 0.05;
Figure 2D). In particular, oral melanomas marker expression
(Mdn = 5.17; IQR = 0.85–9.78) was significantly higher than in
oral melanocytomas (Mdn = 0; IQR = 0–0.6; p < 0.01). Instead,
a significance was not reached between cutaneous melanomas
(Mdn= 2.19; IQR= 0.21–6.27) andmelanocytomas (Mdn= 0.4;
IQR= 0–1.91; p= 0.76).

Correlations Between TAMs Markers
Expression and Histopathological
Variables
CD163 expression showed a moderate positive correlation with
the expression of CD204 and Iba1 (p < 0.001; ρ = 0.472 and ρ =

0.521, respectively). The correlation with MAC387 was instead
weak (p < 0.01; ρ = 0.329). A moderate positive correlation
was observed also with prognostic histologic markers of nuclear

atypia (p < 0.001; ρ = 0.416) and mitotic count (p < 0.001;
ρ = 0.446). A weak negative correlation was instead observed
with pigmentation (p < 0.01; ρ =−0.368) and with the presence
of melanophages (p < 0.05; ρ =−0.265).

The expression of CD204, instead, showed a positive weak-to-
moderate correlation with Iba1 expression (p= 0.001; ρ = 0.391);
a weak expression was observed also with nuclear atypia and
mitotic count (p < 0.05; ρ = 0.251 and ρ = 0.276, respectively).

Iba1 expression was moderately correlated with nuclear
atypia (p < 0.001; ρ = 0.403) and had a weak-to-moderate
correlation with the mitotic count (p = 0.001; ρ = 0.373).
A moderate negative correlation was seen with pigmentation
and melanophages (p < 0.001; ρ = −0.481 and ρ =

−0.410, respectively).
MAC387 showed a moderate positive correlation with mitotic

count (p < 0.001; ρ = 0.428) and a weak correlation with nuclear
atypia (p< 0.01; ρ = 0.310). Aweak negative correlation was seen
with pigmentation and melanophages (p= 0.001 and p < 0.05; ρ
=−0.368 and ρ =−0.288, respectively).

The results of the correlation analysis are reported in Table 2.
The correlation with tumor thickness was assessed only for

cutaneous tumors. No correlation was observed with CD163
and CD204, whereas a moderate positive correlation was present
with Iba1 and MAC387 (p < 0.05; ρ = 0.450 and 0 ρ =

0.451, respectively).

Correlations Between TAMs Markers
Expression and Metastases and Outcome
Considered altogether, Iba1, CD163, and MAC387 expression
was significantly associated with tumor-related death associated
with death due to melanoma (p < 0.01 for Iba1 and p < 0.05
for CD163 and MAC387). Furthermore, Iba1 expression was
associated with the presence of metastases (p < 0.05), and,
although not statistically significant, CD163 expression showed
a trend (p= 0.73).

When we performed the analysis on oral tumors and
cutaneous tumors separately, CD163 confirmed its association
with metastases and with death for melanoma in the oral group
(p < 0.05 and p = 0.001, respectively). On the other hand, none
of the markers tested was associated with metastases or death for
melanoma in the group of cutaneous tumors. A mild trend was
observed for CD204 (p= 0.067).
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FIGURE 3 | (A) Canine, cutaneous melanoma. Numerous intratumoral, large, Iba1+cells. Non neoplastic cells containing melanine (melanophages) are often faintly

positive or negative (400×, AEC and hematoxylin). (B) Canine cutaneous melanocytoma. Rare intratumoral IBA1+ cells (400×, AEC and hematoxylin). (C) Canine

cutaneous melanocytoma. In some tumors, Iba1+cells were smaller and with a more spindloid shape (400×, AEC and hematoxylin). Immunohistochemical results. (D)

Canine, oral melanoma. Disseminated intratumoral CD163+cells, that show a polygonal-to-spindloid morphology (400×, AEC and hematoxylin). (E) Canine,

cutaneous melanocytoma. Scattered CD163+ cells (400×, AEC and hematoxylin). (F) Canine, cutaneous melanocytoma. Extratumoral CD163+ cells, not infiltrating

the tumor (400×, AEC and hematoxylin). (G) Canine, oral melanoma. Numerous, disseminated, intratumoral CD204+cells, that show a variable morphology, from

rounded to elongated (400×, AEC and hematoxylin). (H) Canine, oral melanocytoma. Scattered CD204+cells among neoplastic cells. (I) Canine, cutaneous

melanoma. Occasionally, CD204+cells, showed phagocytic activity (detail in the inset; 400×, AEC and hematoxylin). (J) Canine, oral melanoma. Occasional

MAC387+cells, in deeper areas of the tumor far from areas of ulceration (400×, AEC and hematoxylin). (K) Canine, cutaneous melanocytoma. Occasional

intravascular MAC387+cells, likely migrating into the tissue, whereas no MAC387+cells can be seen into the tumor (400×, AEC and hematoxylin). (L) Canine, oral

melanoma. Numerous MAC387+cells (both macrophages and neutrophils) are present near superficial ulceration (200×, AEC and hematoxylin).
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TABLE 2 | Correlation analysis (Spearman rank correlation coefficient, ρ).

CD204 Iba1 MAC387 Nuclear atypia Mitotic count Pigmentation Melanophages

CD163 0.472** 0.521** 0.329** 0.416** 0.446** −0.368** −0.265*

CD204 1.000 0.391** 0.184 0.251* 0.276* −0.209 −0.069

Iba1 1.000 0.268* 0.403** 0.373** −0.481** −0.410**

MAC387 1.000 0.310** 0.428** −0.368** −0.288*

Nuclear atypia 1.000 0.597** −0.319** −0.299*

Mitotic count 1.000 −0.671** −0.611**

Pigmentation 1.000 0.831**

*p < 0.05. **p < 0.01.

FIGURE 4 | (A) Canine, oral melanoma. Colocalization of Iba1 (green) and CD163 (red) shows a partial co-expression of the two markers. Intraepithelial dendritic cells

are negative for CD163 but positive for Iba1. (B) Canine, oral melanoma. A partial overlap of Iba1 (green) and CD204 (red) was observed. Nuclear counterstain was

performed with DAPI.

TAMs Markers Co-Expression
CD163 showed a frequent co-expression with Iba1, but the two
cellular populations did not overlap completely (Figure 4A).
Large polygonal cells with abundant cytoplasm, interpreted as
macrophages, often showed a marked positivity for CD163 but
were negative for Iba1. Instead, cells with dendritic morphology,
as well as intraepithelial dendritic cells, were positive for Iba1 but
negative for CD163.

CD204 and Iba1 showed a co-expression profile similar to
CD163-Iba1 and, also in this case, cells with a macrophagic
morphology, were usually positive for CD204 but not for Iba1
(Figure 4B). Intraepithelial dendritic cells were variably positive,
being instead strongly positive for Iba1.

MAC387 showed a variable co-expression with Iba1;
usually, scant double-labeled Iba1-MAC387+cells were seen
within the tumor (Figure 5A). On the other hand, near
superficial areas of ulceration, double-positive cells increased
(Figure 5B).

DISCUSSION

The tumor microenvironment is a rich and complex system,
where neoplastic cells interact with immune cells and
stroma; TAMs are considered among its most numerically
and biologically significant cellular components (1, 2).

The present study focuses for the first time on TAMs in
canine melanocytic tumors using different macrophagic markers,
namely Iba1, CD163, CD204, and MAC387. The correlation of
these markers’ expression with prognostic histologic features,
presence of metastases, and outcome are also assessed.

Overall, we observed a moderate association between CD163
and CD204, CD163 and Iba1 and a weak-to-moderate association
between CD204 and Iba1. These results seem to indicate an
association and at least a partial overlap of the expression of these
markers, as confirmed by the co-expression analysis through
double immunofluorescence. MAC387 has been considered a
reliable macrophagic marker for years in veterinary medicine

Frontiers in Veterinary Science | www.frontiersin.org 8 July 2022 | Volume 9 | Article 878949148

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Porcellato et al. TAMs in Canine Melanocytic Tumors

FIGURE 5 | (A) Canine, oral melanoma. Colocalization of Iba1 (green) and MAC387 (red). In melanomas, MAC387+cells were few and often did express also Iba1. (B)

Canine, cutaneous melanoma. In areas near superficial ulceration, the number of cells co-expressing Iba1 and MAC387 was elevated. Nuclear counterstain was

performed with DAPI.

(49, 50); however, our present results show that this protein
is expressed only on a small percentage of intratumoral
macrophages and that therefore it should not be considered a
sensitive marker for this cellular population. The expression of
this marker is likely limited to recently recruited macrophages,
as reported in other studies (51). Double labeling showed an
increase of the presence of a population of cells co-expressing
MAC387 and Iba1 near areas of active inflammation (near
superficial ulcers), together with neutrophilic infiltration. This
finding may indicate a possible M1-polarization of macrophages
expressing MAC387, and support the hypothesis of a recent
migration of these cells to the affected tissue (51, 52).

In the present study, the number of CD163+cells/HPF was
significantly higher in oral melanomas when compared to oral
melanocytomas; moreover, a moderate positive correlation was
observed with nuclear atypia and mitotic index, together with
a negative correlation with pigmentation and the presence of
melanophages. Taken together, these results seem to indicate an
increase of CD163+cells in associationwithmalignant prognostic
markers (nuclear atypia and mitotic index), and an inverse
correlation with pigmentation, usually associated with a better
outcome (53).

CD163 expression was also higher in melanomas with
evidence of metastasis and in tumors from dogs that died because
of the tumor. These results are similar to human melanoma,
where CD163 expression has shown a robust association with
worse overall survival (18, 35). An increase in CD163 expression
is similarly reported in other high-grade canine tumors, such
as lymphomas and gliomas (33, 46). CD163 is considered a
marker for M2-polarized macrophages, hence, the presence of
numerous CD163+cells supports the hypothesis of an activation

of immunosuppression and immunoescape mechanisms within
the tumor microenvironment also in canine melanomas, as we
previously hypothesized by testing the expression of IDO, Foxp3,
and CTLA-4 (41, 54).

CD204 was significantly more expressed in oral melanomas
when compared to the benign counterpart, but this difference
was not observed in the cutaneous melanocytic tumors; overall,
a mild correlation with nuclear atypia and mitotic index was
present. These results seem to indicate that also this marker may
be associated with prognosis, as reported in other studies in both
humans and dogs (17, 31, 33, 35), but further studies with a larger
cohort with a complete follow-up are needed to substantiate these
results in canine melanomas.

Iba1 expression showed a significant difference between
cutaneous melanomas and melanocytomas, but not in the
oral counterpart and was moderately correlated with nuclear
atypia. This marker is considered a pan-myeloid in humans
and has shown a negative impact on survival in patients with
glioblastoma, despite not reaching a statistical significance (29);
moreover, Iba1 has been suggested as a prognostic marker
and a possible therapeutic target in human hepatocellular
carcinomas (30). In veterinary medicine, a linear correlation
between Iba1 expression and themitotic count has been observed
in canine soft tissue sarcomas (32). As a matter of fact, the
role of Iba1+cells in tumor microenvironment has not been
completely elucidated, but its favoring function in a pro-tumor
immune microenvironment and as a negative prognostic factor
seems likely.

Last, MAC387 was more expressed in oral melanomas
compared to melanocytomas and was moderately associated
with the mitotic count. This finding may be associated with
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the presence of ulceration, which was more common in
oral melanomas compared to the benign counterpart, where
numerous cells co-expressing MAC387 and Iba1 were observed
by means of double immunofluorescence. Despite performing
cell counts far from areas of ulceration, the presence of these
cells may be justified by these events, even if ulceration is not
immediately adjacent. Anyway, it is important to stress that, in
general, the number ofMAC387+cells was noticeably lower when
compared to the other markers. The exact role of MAC387+

macrophages is still not clear; in some studies, they are reported
as M1-polarized macrophages (33, 55), whereas some other
results seem to address them as an M2-like population (39).

The lack of statistical significance evidenced between
cutaneousmelanomas and cutaneousmelanocytomas for CD163,
CD204 and MAC387 expression, may reflect the unpredictable
behavior of the first group of tumors. Also, it can be
hypothesized that some tumors, histologically classified as
cutaneous melanomas, should be reclassified as melanocytomas,
also based on the biological behavior. Hence, a review
of the histological prognostic features (40) for cutaneous
melanocytic tumors might be considered, in order to increase
their accuracy.

The partial co-expression of TAM markers evidenced by
our study also confirms the complexity of TAMs within canine
melanocytic tumors, particularly within the malignant ones.
Therefore, further investigation is recommended to better
identify the roles of each macrophagic subpopulation and to
assess their use as prognostic markers. M2 markers are usually
associated with worse overall survival in human neoplastic
diseases, but also the anatomical region may influence these
associations (27). This may partially explain the differences
we observed between oral and cutaneous tumors and deserves
further investigation.

The present study underlines the potential prognostic role of
TAMs in canine melanocytic tumors.

The main limits that we encountered are due to
the lack of specific macrophagic markers in dogs; for
instance, CD68, which is considered a pan-macrophagic
marker in humans, does not seem suitable for canine
FFPE samples. To understand and define the universe of
TAMs, it is necessary to complement these morphological
studies with biomolecular approaches and our group
is currently working on the phenotypic and proteomic
characterization of macrophages and histiocytes in canine
melanocyte tumors.

Another problem is associated with the growing difficulty
in having homogeneous groups to perform survival analysis.
Regarding this, some of our groups were not numerically
homogeneous (i.e. oral melanocytomas). However, this reflects
a real epidemiological difference and confirms the need to
collect more data on these rare categories of melanocytic tumors.
Different therapeutic approaches can deeply alter the results of
survival analyses; therefore, we decided to analyze the prognostic

significance of TAMs markers only in association with the
presence of metastasis and on the outcome.

The results of this study confirm that TAMs may represent an
interesting target for future immunotherapeutic approaches in
dogs; moreover, these data may be useful for comparative studies,
particularly with human oral melanoma, for which the canine
counterpart is recognized as a valuable spontaneous model
(24, 56–59). CD163 expression has shown a significantly different
profile and potential prognostic significance in oral melanomas
and melanocytomas, suggesting an immunosuppressive
and pro-tumorigenic role of this cellular subpopulation.
Moreover, the functional characterization of CD163+ and
CD204+ macrophages in oral melanocytic tumors and of
Iba1+ cells in cutaneous tumors may help to deepen our
knowledge of the immune pathways involved in melanoma
progression and mediated by TAMs. Overall, this study shows
that TAMs in canine melanocytic tumors deserve further
investigations, not only as prognostic biomarkers, but also
as future feasible therapeutic targets for both canine and
human disease.
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