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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.
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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.

Frontiers in Veterinary Science | www.frontiersin.org 2 December 2021 | Volume 8 | Article 772932

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

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.
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