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Abstract: This study analyzed cancer-specific systemic immune responses in peripheral blood mononuclear cells
(PBMCs) from dogs with benign tumors, malignant tumors, and normal conditions. By examining gene expression
patterns - particularly immune checkpoint and TNFRSF genes - the study aimed to assess the immune state of
cancer PBMCs. Surprisingly, half of the tumor PBMCs exhibited downregulation of both immunosuppressive genes
(Pdcd1, Ctla4, Tigit) and immune activation molecules (CD27, CD357), suggesting immune inactivity rather than
suppression. Additionally, cytokine expression varied significantly, with upregulation of IL.-18 and IL-7, despite their
controversial roles in tumor progression. Analysis of T-cell exhaustion markers did not reflect established exhaustion
signatures, implying a naive-like immune state. Instead, a distinct immune signature emerged, characterized by the
broad downregulation of TNFRSF genes (TNFRSF18, TNFRSF14, TNFRSF6, and CD27). We designated this group as
Pl (PBMC-impaired). Deconvolution of bulk RNA-seq data further revealed a significant reduction in CD4+ T cells and
a lower CD4+/CD8+ ratio in the Pl group. Gene Ontology (GO) and pathway analyses linked CD4+ cell differentially
expressed genes (DEGs) to regulatory T-cell differentiation, inflammatory responses, and key immune pathways (IL-
2/STAT5, NF-kappa B). Notably, CD7, CXCL6, FASN, FLT3LG, LTB, and TNFRSF18 were significantly downregulated,
marking a potential transcriptomic signature of systemic immune impairment. These findings suggest that immune
dysfunction in the Pl group is not solely attributable to conventional immune suppression but rather to a diminished
immune activation state driven by reduced TNFRSF gene expression.

Keywords: Peripheral blood mononuclear cells, PBMC, canine mammary tumor, transcriptome, TNFRSF, TNF re-
ceptor superfamily, cancer immunosuppression, single cell RNA-seq

Introduction Cancer biomarkers, which are molecules pres-
ent in blood, urine, or tissue, play a crucial role

Breast cancer (BC) is one of the most common in cancer management, including diagnosis,

cancers worldwide and remains a leading
cause of cancer-related mortality [1]. Despite
advances in treatment, early diagnosis, pro-
gnosis, and treatment monitoring continue to
be critical for improving patient outcomes. BC
is a heterogeneous disease with multiple sub-
types, and its gene expression profiles are
closely linked to prognosis, disease progres-
sion, metastasis, and treatment resistance.
Clinically, BC is classified based on the expres-
sion of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth
factor receptor 2 (HER2), which serve as key
factors for both diagnosis and treatment deci-
sions [2].

prognosis, treatment response monitoring, and
recurrence detection [3]. The American Society
of Clinical Oncology (ASCO) recommends the
use of CA 15-3, CA 27.29, and CEA as tumor
markers. However, these biomarkers have lim-
ited utility in early BC diagnosis and recurrence
detection [4]. Recent advances in liquid biopsy
techniques primarily focus on detecting cancer-
derived molecules such as exosomes, cell-free
DNA, and circulating tumor cells in blood sam-
ples [5]. Addtionally, peripheral blood mononu-
clear cells (PBMCs) have gained increasing
attention as surrogate markers in various dis-
eases, including inflammatory conditions, coro-
nary artery disease, Alzheimer’s disease, and
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type 2 diabetes [6]. Multi-omics analyses have
revealed that PBMC gene expression and epi-
genetic modifications change significantly in
the presence of malignancies, including hepa-
tocellular carcinoma, non-small cell lung can-
cer, renal cell carcinoma, BC, and colon cancer
[7].

A major driver of PBMC research in oncology is
the rising significance of cancer immunothera-
py. Immune checkpoint inhibitors (ICls), such
as anti-CTLA-4 and anti-PD-1/PD-L1 antibod-
ies, have revolutionized cancer treatment [8].
However, while ICls have shown remarkable
efficacy in some patients, many others exhibit
resistance, underscoring the need for predic-
tive biomarkers and new therapeutic targets.
Most research on ICls has focused on tumor-
infiltrating immune cells within the tumor micro-
environment (TME), while relatively few studies
have explored systemic immune responses in
blood [9]. Since tumor-derived signals can
induce significant transcriptional changes in
circulating immune cells, PBMC transcriptomic
profiling has emerged as a promising app-
roach for identifying biomarkers related to can-
cer progression and immunotherapy respon-
siveness.

Several studies have attempted to identify
BC-related biomarkers by analyzing blood sam-
ples. For example, Dumeaux et al. reported an
immune dysfunction signature in PBMCs of BC
patients, consisting of 50 genes associated
with systemic immune suppression [10, 11].
Raiter et al. found that GRP78 expression in
PBMCs predicts the benefit of taxane-based
neoadjuvant chemotherapy in BC [12]. Addi-
tionally, Foulds et al. identified a three-gene sig-
nature capable of predicting TNBC relapse
using PBMC immunophenotyping and tran-
scriptomic profiling [13]. Furthermore, a de-
crease in specific immune cell populations,
such as natural killer (NK) cells, has been
observed in BC patients compared to healthy
controls [14]. Despite these findings, studying
human clinical samples presents challenges
due to sample collection constraints and
patient heterogeneity. Animal models are
essential for overcoming these limitations;
however, conventional BC mouse models have
drawbacks. Spontaneous mammary tumors
rarely occur in mice, and existing mouse mod-
els rely on virus-induced tumors or patient-
derived xenografts, which do not fully recapitu-
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late immune-tumor interactions. While human-
ized mouse models incorporating patient-
derived immune and cancer cells are being
explored, they remain technically challenging
and costly [15]. In contrast, canine mammary
tumors (CMTs) closely resemble human BC in
terms of spontaneous occurrence, prevalence,
underlying mechanisms, and diagnostic mark-
ers [16]. Recent advancements in canine omics
research have enhanced the utility of dogs as
translational models for human diseases,
including cancer [17, 18]. Notably, Abadie et al.
reported that dogs and CMTs are a strong spon-
taneous model of human triple-negative breast
cancer (TNBC) by showing that more than 76%
of CMT are classified as triple-negative through
their large cohort study [19]. However, limited
studies have investigated immune responses
in dogs with mammary tumors, particularly at
the systemic level [20].

In this study, we aimed to characterize immune
responses to mammary tumors by analyzing
PBMC transcriptomic profiles in dogs with
mammary tumors as a model for human BC.
We performed bulk RNA sequencing (RNA-seq)
on PBMCs from dogs with normal, benign, and
malignant mammary tumors and identified
gene expression signatures correlated with
clinical classifications. Using unsupervised
clustering of the PBMC transcriptome, we char-
acterized immune states and further refined
our findings by deconvoluting bulk RNA-seq
data through integration with single-cell RNA-
seq (scRNA-seq). To validate our results func-
tionally, we conducted co-culture experiments
with a cancer cell lines and PBMCs.

Results

A transcriptional signature in PBMCs differenti-
ates normal from tumor groups but not benign
from malignant tumors in Canine Mammary
Tumor (CMT) cases

To investigate immune-related transcriptional
changes associated with CMT, we performed
bulk RNA-seq on PBMCs from 62 dogs, includ-
ing normal, benign, and malignant CMT cases
(Figure 1A and Supplementary Figure 1). Our
goal was to determine whether systemic
immune responses could distinguish tumor-
bearing dogs from healthy controls and further
differentiate between benign and malignant
tumors. Hierarchical clustering of gene expres-
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Figure 1. Differentially expressed genes in PBMCs distinguish normal and tumor groups but not benign and ma-
lignant in tumor group. A. A schematic diagram of project design. PBMCs were isolated from three groups of dogs,
normal, benign, and malignant CMT patients. Gene expression profile was initially analyzed by bulk RNA-seq and
deconvoluted by single cell RNA-seq (scRNA-seq) in the representative samples. B. Heatmap clustering separates
tumors (malignant and benign) from normal control group. Mal: malignant tumor, Ben: benign, Nor: normal control.
C. Principal component analysis (PCA) PC1 and PC2 which represent the most variance (left) and PC3 and PC4
which can separate tumors and normal controls (right). D. Numbers of differentially expressed genes (DEGs) in pair-
wised comparison, Mal-Nor, Ben-Nor, and Mal-Ben. Yellow bar indicates up-regulated DEGs and navy bar indicates
down-regulated DEGs. E. Volcano plots showing each comparison, Mal-Nor (left) and Ben-Nor (right). The x-axis
shows fold change (log2 ratio scale) and the y-axis the negative log10 of p-values. Green shade indicates snoRNAs
and red shade indicates histone cluster genes. Red and blue dots indicate significantly up- and down-regulated
genes, respectively. F. The putative functions of highly variable genes in each comparison. Bold indicates terms
found in both comparisons, Ben-Nor and Mal-Nor.

sion profiles revealed that PBMC transcrip- of differentially expressed genes (DEGS) in the
tomes benign and malignant tumors were normal vs. benign comparison was approxi-
mixed, whereas normal controls were well-sep- mately 3.6 times greater than in the normal
arated (Figure 1B). Principal component analy- vs. malignant comparison. Notably, the number
sis (PCA) showed that PC1 (38%) and PC2 (23%) of downregulated genes was 4 to 9 times high-
failed to separate all three groups, but PC3 er than the number of upregulated genes.
(6%) and PC4 (4%) were able to distinguish nor- However, no significant DEGs were identified
mal from tumor-bearing dogs (Figure 1C). between benign and malignant PBMC tran-
Differential gene expression analysis (FDR = scriptomes, suggesting that systemic immune
0.01, |Log2FC| > 1) revealed that the number responses to tumors are similar regardless of
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malignancy status (Figure 1D). Volcano plot
analysis highlighted significant gene expres-
sion changes, with remarkable downregulation
of histone-related genes and upregulation of
small nucleolar RNAs (snoRNAs) in tumor-bear-
ing dogs (Figure 1E). Gene ontology (GO) enrich-
ment analysis revealed that downregulated
genes were primarily associated with nucleo-
some assembly and chromatin organization,
whereas upregulated genes lacked significant
functional categorization except for several
snoRNAs (Figure 1F).

These findings indicate that while PBMC tran-
scriptomes clearly differentiate tumor-bearing
dogs from healthy controls, they do not provide
a reliable molecular signature for distinguishing
benign from malignant tumors.

Reclassification of immune states in CMT pa-
tients using PBMC transcriptome analysis

Given the inability to separate benign from
malignant tumors using PBMC transcriptomes
(Figure 1B), we sought an alternative classifica-
tion approach based on immune gene expres-
sion profiles. Hierarchical clustering of CMT
dogs identified two distinct immune subgroups:
PBMC Normal-like (PN) and PBMC Impaired
(PI). The PN group exhibited transcriptome pat-
terns similar to those of healthy dogs, whereas
the Pl group displayed a markedly altered
immune signature (Figure 2A). PCA revealed
that PC1 (38%) and PC2 (23%) effectively dis-
tinguished the Pl group from both normal and
PN groups, whereas PN remained intermixed
with normal group (Figure 2B). Pairwise DEG
analysis confirmed that PI PBMCs exhibited sig-
nificant transcriptomic differences from both
normal and PN groups, while PN and normal
PBMCs remained highly similar (Figure 2C). The
Pl group exhibited widespread transcriptional
downregulation, with 1,462 genes downregu-
lated and only 162 upregulated compared to
normal PBMCs. Similarly, 1,341 genes were
downregulated and 63 were upregulated in the
Pl vs. PN comparison (Figure 2D). Of these,
1,116 genes (~76% and ~83% of the DEGs in
PI-Normal and PI-PN comparisons, respective-
ly) were commonly dysregulated, indicating a
strong immune suppression signature in the Pl
group (Figure 2E). These genes were associat-
ed with chromatin assembly and immune cell
function in the downregulated set, while the
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upregulated genes were linked to cellular ener-
gy metabolism, a pattern that was more pro-
nounced than in the initial tumor-type compari-
sons (Figure 2F).

These results suggest that the immune
response in CMT dogs is not significantly deter-
mined by tumor type (benign or malignant), and
the immune system impaired by tumors has a
transcriptional signature that exhibits downreg-
ulated epigenetic control and upregulated cell
energy metabolism status.

Complex immune state with significant re-
duction of Tumor Necrosis Factor Receptor
Superfamily (TNFRSF) genes in the Pl group

We analyzed gene expression patterns across
our redefined groups to investigate their asso-
ciation with various immune states. Initially, we
examined the expression of immune check-
point genes, which play a crucial role in anti-
cancer immunotherapy. Surprisingly, the ex-
pression of representative immune checkpoint
genes (Pdcdl, Ctlad4, and Tigit) was down-
regulated in the transcripts of Pl groups that
were distinct from normal (Figure 3A). In addi-
tion, major immuno-activating molecules,
including CD27 (TNFRSF7) and CD357 (GITR or
TNFRSF18), also showed decreased expres-
sion in PI groups (Figure 3B). These findings
suggest that the immune checkpoint gene
expression pattern of Pl groups reflects immune
inactivity rather than active immunosuppres-
sion (Figure 3A, 3B).

Next, we examined the expression of represen-
tative cytokines in the PN and Pl groups. Six
cytokines - IL-7, IL-11, IL-16, IL-18, IL-33, and
IL-34 - showed significant differences in expres-
sion between the groups. Among them, IL-33
and IL-11 had low expression levels, making
their functional relevance unclear. Additionally,
the roles of the remaining four cytokines in the
Pl group were ambiguous: while the pro-tumoral
cytokines IL-16 and IL-34 were downregulated,
IL-18 and IL-7 were upregulated. Although IL-18
and IL-7 are traditionally associated with anti-
tumor effects, recent studies have suggested
their potential pro-tumoral roles. Further analy-
sis is needed to determine how their increased
expression affects patient PBMCs (Figure 3C).

T-cell exhaustion is a well-characterized im-
mune state in cancer therapy, marked by a
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Figure 2. Transcriptome signature classified immune states of PBMC in tumor patient dogs. A. Hierarchical cluster-
ing followed by heatmap re-defines three groups based on PBMC transcriptome. Nor: normal control, PN: PBMC
Normal-like, Pl: PBMC Impaired by tumors. B. PCA separates Nor and PN group from Pl group. C. Volcano plots
presenting three comparisons, PN-Nor (left), PI-Nor (middle), PI-PN (right), numbers of down-regulated genes (blue
dots) were more than up-regulated genes (red dots) in Pl group. D. The number of differentially expressed genes
(DEGs) found in three comparisons. The yellow bar indicates up-regulated genes, and the navy bar indicates down-
regulated genes. E. Venn diagram shows numbers of DEGs among three comparisons. F. The putative functions of
DEGs in PI-PN comparison. Green dots indicate terms of down-regulated genes and red dots up-regulated genes.
The size of dots indicate significance.

decline in effector T-cell function, persistent transcriptional profiles [21]. To assess whether
expression of inhibitory receptors, and distinct the Pl group exhibited signs of T-cell exhaus-
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Figure 3. Both immune-suppression and activation signals are down-regulated in Pl transcriptome. Gene expression
levels in both Pl and PN was depicted by box and whisker plots (A) in five inhibitory immune checkpoint molecules
(ICMs), (B) six immune activation molecules, and (C) anti- and pro-tumorigenic cytokines. Blue: PN, red: PI. (D) Gene
expression levels were compared with known nine T-cell exhaustion signature genes. Gray shade indicates expected
gene expression pattern in T-cell exhaustion condition. (E) Twenty-six TNFRSF gene expressions was found in the PN
and PI groups of PBMC in dogs. Yellow: high gene expression; green: low gene expression. (F) Violin plots showed
significantly different expression of nine TNFRSF genes between Pl and PN groups. Asterisks indicate p-value <
0.05, **: 0.01, ***:0.001 and *: 0.0001. Blue: PN, red: PI.

tion, we compared our transcriptome data with
established T-cell exhaustion markers (Figure
3D). However, the gene expression patterns in
the PI group did not align with known exhaus-
tion markers. The consistently low levels of
PDCD1, CTLA4, and TIGIT suggested that T
cells in Pl-group were in a naive-like state rath-
er than experiencing exhaustion.

Instead, we identified a distinct gene signature
in the Pl group, particularly a significant reduc-
tion in TNFRSF (Tumor Necrosis Factor Receptor
Superfamily) gene expression (Figure 3E).
Analysis of 26 TNFRSF genes revealed a broad
downregulation in the Pl group, with violin plots
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highlighting notable differences in the ex-
pression of nine TNFRSF genes (Figure 3F).
Amongthese, TNFRSF18, TNFRSF14, TNFRSF®6,
TNFRSFb, CD120b, and CD27 were significant-
ly downregulated. These findings indicate that
the systemic immune response in the Pl group
differs substantially from that of tumor-infiltrat-
ing lymphocytes (TILs) and cannot be solely
attributed to immune cell suppression or T-cell
exhaustion via conventional immune check-
point mechanisms. On the other hand, the dis-
tinct TNFRSF gene expression profile suggests
a diminished capacity for immune activation in
the PI group.
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Figure 4. Cell type deconvolution revealed that CD4+ cells are significantly arrested by tumors in Pl group and sug-
gested six key molecules which are involved in the process and have crucial roles in the CD4+ cells responding to
tumor cells. (A) Single cell RNA-seq (scRNA-seq) of dog PBMCs of normal and CMT resulted in the UMAP plot of
dog PBMCs representing tumor and normal conditions with 8 major clusters/cell types. (B) One hundred percent
stacked bar chart displayed cell type composition in each PBMC sample. Each color represents cell type. Scatter dot
plot together with mean values and standard deviation (SD) showed in (C) five major cell types and (D) the ratios of
CD4+ and CD8+ cells in three groups, Nor, PN and PI. (E) Hierarchical clustering and heatmap using DEGs in CD4+
cells tend to separate Pl from PN and Nor groups. (F) Top five terms in the pathway and gene enrichment analysis us-
ing the DEGs in CD4+ cells. (G) Venn diagram identified six genes (CD7, CXCL6, FASN, FLT3LG, LTB and TNFRSF18)
enriched in the top five terms from four different libraries, BioPlanet, KEGG, GO_BP, and MSigDB Hallmark. (H) The
differential gene expressions of six genes depicted by mean values with SD in three groups.

Deconvolution of bulk RNA-seq data reveals this study, we conducted bulk RNA-seq of
predominant impact on CD4+ T cell popula- PBMCs for further applications including clini-
tions in Pl group cal uses, followed by deconvolution at the sin-

gle-cell level to determine the contributions of
PBMCs represent a heterogeneous population different PBMC cell types to transcriptional
of immune cells. The advent and affordability of profiles across normal, benign, and malignant
single-cell sequencing technology have enabled tumors, as well as between the Pl and PN
its widespread use in immunological studies. In groups.
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Since single-cell RNA sequencing (scRNA-seq)
data from the PBMCs of CMT dogs were unavail-
able, we generated scRNA-seq data from
PBMCs of normal and CMT dogs as a reference
(Figure 4A). Using this dataset, we identified
eight major immune cell types - T cells, B cells,
monocytes, macrophages, dendritic cells, eo-
sinophils, and neutrophils-based on human
immune cell expression profiles. Deconvolution
was performed using the CIBERSORTx program
(Figure 4B) [22].

While no significant differences were observed
in cell type distribution across the original
tumor-type classification (normal, benign, ma-
lighant) (Supplementary Figure 2), PBMC tran-
scriptome-based classification (normal, PN,
Pl) revealed a significant reduction in CD4+ T
cells in the Pl group compared to the normal
and PN groups (Figure 4C). Furthermore, the
CD4+/CD8+ cell ratio, a key factor in assessing
immunosuppressive states, was significantly
lower in the Pl group (Figure 4D) [23]. Although
DEGs in CD4+ cells partially distinguished the
Pl group from the PN and normal groups, other
cell types likely also contribute to the bulk
PBMC transcriptomic response to tumors
(Figure 4E).

GO analysis of DEGs in CD4+ cell populations
revealed enrichment in pathways related to
regulatory T-cell differentiation, inflammatory
response, positive regulation of cell migration,
T-cell activation, and actin filament capping.
BioPlanet and KEGG pathway analyses further
identified immune-related pathways such as
cytokine-cytokine receptor interaction, inter-
leukin-2 signaling, and NF-kappa B signaling.
The MSigDB hallmark database, which cata-
logs well-defined biological states, highlighted
IL-2/STAT5 signaling, early estrogen response,
and allograft rejection (Figure 4F).

To identify Pl signature genes driving these bio-
logical functions, we analyzed 23 candidate
genes. Six genes - CD7, CXCL6, FASN, FLT3LG,
LTB, and TNFRSF18 - were consistently impli-
cated across all four databases (Figure 4G).
The expression levels of these six genes were
significantly lower in the Pl group compared
to the PN and normal groups (Figure 4H).
However, it is unclear in tumor-based classifica-

tion (Supplementary Figure 3).
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Overall, the downregulation of these genes in
CD4+ T cells may serve as a critical transcrip-
tomic signature representing systemic immune
impairment caused by the tumor.

Co-culture of PBMCs with cancer cells mimics
systemic immune suppression

To further investigate the immune suppression
signature observed in PBMCs from CMT dogs,
we established an in vitro co-culture model to
assess the functional impact of cancer cells on
T-cell activity. CD3+ T cells were isolated from
human PBMCs and co-cultured either directly
with cancer cells or indirectly with cancer cell-
conditioned medium. Our results demonstrat-
ed that T-cell suppression was proportional to
the cancer/T-cell ratio and the concentration of
cancer cell-derived factors, with higher cancer
cell numbers and increased conditioned medi-
um leading to greater suppression (Figure 5A,
5B).

To determine whether this suppression was
linked to cell cycle arrest, we analyzed cell cycle
distribution after 48 hours of co-culture. T cells
co-incubated with cancer cells exhibited a sig-
nificant accumulation in the S-phase, with an
approximately 2.2-fold increase compared to T
cells co-cultured with normal cells (Figure 5C,
5D). This finding suggests that cancer cells
impair T-cell proliferation by inducing cell cycle
arrest in the S-phase, potentially leading to
reduced immune responsiveness.

Next, we examined the expression of six key
immune-related genes in CD4+ T cells co-cul-
tured with cancerous and non-cancerous cells.
Compared to the control group, where T cells
were co-cultured with non-cancerous cells, four
genes - CD7, FLT3, LTB, and TNFRSF18 - were
significantly downregulated in the cancer co-
culture condition. In contrast, FASN showed no
significant change, and CXCL6 was undetect-
able (Figure 5E). Further analysis of genes
associated with T-cell activation and suppres-
sion revealed that CD27 (T-cell activation) [24]
and TIGIT (immune suppression) [25] were sig-
nificantly downregulated in the cancer co-cul-
ture condition, mirroring the transcriptomic pat-
tern observed in PBMCs from the Pl subset.
Notably, IL-7, an anti-tumoral cytokine that was
upregulated in the PBMC analysis, exhibited a
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Figure 5. In vitro co-culture using PBMCs/T-cells with tumor cells mimics immune cell suppression via S-phase ar-

rest. PBMCs are arrested by the co-culture with tumor cells d

epending on (A) the numbers of tumor cells and (B)

the proportion of tumor conditioned media for 4 days. (C) The cell cycle distribution of T-cells after co-culture with

MCF10A normal cells (top) and T47D breast cancer cells (botto

m). (D) Tumor cells co-culture induced S-phase arrest

in T-cells. Down-regulation of (E) five signature gene expression and (F) three immune stimulators was confirmed in
vitro co-culture system. Asterisks (**) indicates p-value < 0.01.

decreasing trend in the co-culture model,
though the change was not statistically signifi-
cant [26] (Figure 5F).

These findings indicate that co-culture of T cells
with cancer cells effectively replicates the sys-
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temic immune suppression signature observed
in PBMCs from CMT patient dogs. The down-
regulation of both stimulatory and inhibitory
immune-related genes suggests a state of
immune paralysis, rather than classical T-cell
exhaustion.
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Discussion

Over the past few decades, significant advanc-
es have been made in the development of anti-
cancer drugs, with a particular focus on immu-
no-oncology [27]. Third-generation immuno-
therapies, which aim to block cancer cell sig-
nals that enable immune evasion, have gained
considerable attention [28]. Since the FDA
approved Yervoy in 2011, and Keytruda and
Opdivo in 2014 for the treatment of malignant
melanoma, numerous cancer drugs targeting
PD-1, PD-L1, CTLA-4, and LAG3 have been
approved [29]. Despite these advances, the
effectiveness of these immunotherapies re-
mains limited, benefiting only about 20% of
patients [30]. One major factor influencing the
efficacy of ICls is the TME, which can either
support or suppress anti-tumor immune res-
ponses [31]. Tumors with an immune-excluded
or immune-desert phenotype often exhibit poor
responses to ICls, as seen in TNBC [32]. Due to
its highly immunosuppressive TME, TNBC is
generally resistant to ICl treatment, highlighting
the need for a deeper understanding of the
interplay between cancer and the immune
system.

Our study focuses on CMT, which share many
biological and immunological similarities with
TNBC [19]. Notably, we have identified a dis-
tinct subset of CMT dogs (PI) (~50%) exhibiting
a profound immune suppression signature,
characterized by the downregulation of multiple
immune-related genes. This finding suggests
that, like TNBC, a significant proportion of CMT
cases may have an immunosuppressive TME
that limits ICl efficacy. Understanding the
mechanisms driving this immune suppression
could provide valuable insights into overcoming
resistance to immunotherapies in both canine
and human cancers.

Although our findings suggest immune sup-
pression rather than exhaustion in CMT, pre-
vious human studies, such as those by
MacFarlane IV et al., have reported a system-
atic increase in blood PD-1 levels at advanced
stages of human renal cancer [33]. Several fac-
tors could explain these differences.

First, variations in cancer stage and type must
be considered, as these factors significantly
impact immune checkpoint gene expression.
Many human studies reporting elevated PD-1/

2573

CTLA-4 levels have focused on patients with
advanced-stage tumors characterized by se-
vere immune depletion and an immunosup-
pressive TME [34]. In contrast, CMT presents
various tumor subtypes and stages, some of
which resemble TNBC - a form of breast cancer
known for its poor response to PD-1/PD-L1
inhibitors. These variations could significantly
influence immune checkpoint expression.

Second, the tissue origin of immune cells plays
a crucial role. While PD-1/CTLA-4 upregulation
is frequently observed in TILs within the TME,
PBMCs may not always reflect the same level of
immune activation or inhibition [35]. Thus, sys-
temic immune responses detected in PBMCs
may differ from localized immune responses
within the tumor.

Third, if a benign tumor persists for a long time,
it may induce immune cell changes in the blood
that resemble those observed in cancer
patients. Specifically, chronic inflammation, an
increase in immunosuppressive cells, and T
cell exhaustion may occur. However, the extent
of these changes is likely to be less pronounced
than in malignant tumors, and the degree of
immune modulation may vary depending on the
type and location of the benign tumor. In canine
mammary tumors, diagnosis is often delayed,
and the disease progresses for a long time
before detection. As a result, even benign
tumors in dogs may exhibit immune profiles
similar to those of malignant tumors. To investi-
gate this further, experimental approaches
analyzing immune cell profiles in the blood of
dogs with benign mammary tumors and com-
paring them to those of malignant cases would
be necessary. Studies focusing on specific
benign tumor types (e.g., long-standing adeno-
mas or fibromas) could provide valuable
insights.

Lastly, species-specificimmunomodulatory me-
chanisms may contribute to the observed dif-
ferences [36]. There is still a possibility that the
immune landscape in dogs and humans may
differ in ways that affect PD-1/CTLA-4 regula-
tion and overall immunotherapy responses.

From a more clinical perspective, our findings
revealed an increase in C-reactive protein (CRP)
and a decrease in total bilirubin (T. bilirubin) lev-

els in the PI group (Supplementary Figure 4).
CRP is a well-established marker of systemic
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inflammation, often linked to immune activa-
tion and tumor progression [37]. Conversely,
decreased T. bilirubin levels may indicate
reduced antioxidant capacity, which could
enhance immunosuppression and suscepti-
bility to oxidative stress in cancer. This para-
doxical combination of elevated inflammatory
markers alongside potential immune suppres-
sion underscores the complexity of immune
regulation in cancer [38]. These findings sug-
gest that systemic inflammation does not nec-
essarily equate to effective anti-tumor immuni-
ty. Further studies incorporating PBMC tran-
scriptomics and functional immuno assays are
needed to clarify these observations in both
canine and human BC models.

This study includes additional factors that fur-
ther increase its complexity and should be con-
sidered for a better understanding of the
results. From the perspective of tumor hetero-
geneity, the canine mammary tumor (CMT)
samples used in this study encompass various
subtypes of CMT (Supplementary Figure 1).
These diverse subtypes can significantly influ-
ence the tumor microenvironment (TME)
through differences in cellular composition and
the infiltration of immune cells. Furthermore,
interactions between immune cells and tumor
cells within the TME, the types of cytokines
expressed, and the inflammatory response can
also be affected. In addition to these factors,
other variables such as hormonal differences
due to neutering, breed-specific variations, and
age-related factors should also be taken into
account. Nevertheless, CMT remains an attrac-
tive model for research due to its similarity to
triple-negative breast cancer (TNBC) and the
ability to simplify cohort selection, thereby
reducing heterogeneity compared to human
studies.

In the PI group, transcriptomic changes were
predominantly related to immune system func-
tions and epigenetic modifications, including
alterations in chromatin assembly and protein-
DNA complexes. These epigenetic changes
play crucial roles in inflammation and immune
responses, which are key to cancer initiation
and progression. Notably, immune checkpoint
molecules such as PDCD1 (PD-1), CTLA-4,
TIM-3 (HAVCR2), LAG3, and TIGIT are regulated
by epigenetic mechanisms, highlighting their
potential as therapeutic targets for cancer

2574

immunotherapy [39]. Furthermore, we observ-
ed a significant reduction in TNFRSF family
members (TNFRSF25, TNFRSF18, TNFRSF14,
TNFRSF13B, TNFRSF6, TNFRSF3, TNFRSF1B,
and CD27), immune checkpoint molecules (PD-
1, CTLA-4, TIGIT), and cytokine-related genes
(IL-16, IL-34). These findings suggest a systemic
immunosuppressive state that may hinder
effective anti-tumor immunity. Given the critical
role of TNFRSF members in T cell activation
and survival, their downregulation indicates
impaired T cell homeostasis [40]. Additionally,
the reduction in IL-16 and IL-34, which are
essential for immune cell recruitment and anti-
gen-presenting cell (APC) function, suggests a
failure in immune communication [41, 42]. Our
findings support the notion that CD4+ T cells,
often considered ‘helper cells’, play a more
prominent role in immune responses than pre-
viously thought. The suppression of CD4+ T
cells in the Pl group further underscores the
complexity of immune regulation in cancer.
ScRNA-seq and deconvolution analysis re-
vealed a significant reduction in CD4+ T cells in
a subset of CMT patients, with signature genes
closely correlated those of Thi-like CD4+ T
cells. This finding suggests that a distinct group
of CMT dogs may experience depletion of Thil-
like CD4+ cells, which play a crucial role in
orchestrating anti-tumor immune responses
[43] (Supplementary Figure 5). Given the impor-
tance of Thl-mediated immunity in enhancing
cytotoxic T cell activity and improving respons-
es to ICls, the loss of this subset may contrib-
ute to immune evasion and reduced therapeu-
tic efficacy. Notably, the expression of Pl sigha-
ture genes showed a significant negative cor-
relation with survival in several types of hu-
man cancers, including breast cancer (BC),
head and neck squamous cell carcinoma
(HNSC), and skin cutaneous melanoma (SKCM)
(Supplementary Figure 6A). Furthermore, BC
patients with high Pl signature genes’ expres-
sion showed better overall survival, highlighting
its potential prognostic significance in breast
cancer (Supplementary Figure 6B). This obser-
vation aligns with findings in TNBC, where an
immunosuppressive tumor microenvironment
limits ICI effectiveness. Understanding the
mechanisms underlying Thl-like CD4+ cell
depletion could provide valuable insights into
resistance to immunotherapies and inform
novel strategies to enhance treatment respons-
es in both canine and human cancers.
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Overall, our study suggests that CMT may serve
as a valuable model for understanding resis-
tance mechanisms in TNBC and other BC sub-
types that show limited responses to PD-1/
PD-L1 blockade. The observed immune profiles
in PBMCs provide potential insights into sys-
temic immune dysregulation in tumors that do
not respond well to ICls. Given the growing con-
cern over resistance to anti-PD-1 therapy, our
findings may provide insights into patient
populations less likely to respond to ICls. The
identified PBMC gene expression changes
could serve as potential biomarkers for pre-
dicting immunotherapy outcomes. Further
research is needed to validate these findings
and explore novel immunotherapeutic strate-
gies to overcome resistance to ICls in both CMT
and BC.

Materials and methods
Animal specimens and PBMC isolation

All companion dogs were enrolled and pro-
cessed with the approval of the Institutional
Animal Care and Use Committee (IACUC) of
Seoul National University (IACUC SNU-170602-
1). Blood samples were collected in ethylenedi-
aminetetraacetic acid (EDTA) tubes. PBMC
were isolated from approximately 2 to 5 ml of
blood with a 2X volume of Ficoll Paque PLUS
(GE Healthcare, Chicago, IL, USA) and centri-
fuged at 400xg, followed by washing with phos-
phate-buffered saline (PBS). PBMCs were
stored at -80°C until RNA isolation. Brief infor-
mation on companion dogs is provided in
Supplementary Figure 1A.

RNA isolation and total- and single cell-RNA
(scRNA) sequencing

Total RNA was extracted from PBMCs of CMT
and normal dogs using the RNeasy Mini Plus kit
(Qiagen, Hilden, Germany). Total RNA sequenc-
ing was performed as previously reported by
our group [44]. PBMCs were freshly isolated
from two Pomeranian dogs, one healthy dog,
and one dog with CMT. The cell pellet was incu-
bated with 5 mL RBC lysis buffer at room tem-
perature for 2 min. Cells were washed with an
ice-cold resuspension buffer (0.5% bovine
serum albumin (BSA) in 1x PBS) for two times
at 300xg for 5 min. Cell number and viability
were analyzed using a Bio-Rad cell counter
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(Bio-Rad, Hercules, CA, USA). Approximately
3000-5000 single cells with greater than 70%
viability were subjected to library preparation.
The 10x barcoding and complementary DNA
(cDNA) synthesis was performed using the
10x chromium single cell 3' V3 chemistry
according to the manufacturer’s instructions.
The libraries were sequenced using the lllu-
mina Nova6000 according to the recommend-
ed specifications (Ebiogen Inc., Seoul, South
Korea).

Transcriptome profiling

Initially, to count the expression and generate a
bam file, raw sequence files were trimmed
using Trimmomatic (ver. 0.39) and aligned
using STAR (ver. 2.7.1a) in the RSEM (ver. 1.3.1).
Subsequently, the BAM file was preprocessed
by sorting and indexing using the same tool
(ver. 1.7) to be subject to bamCoverage (ver.
3.3.2). Normalized expression data were
applied to the iDEP (integrated Differential
Expression and Pathway analysis) to obtain a
heatmap, PCA, and differentially expressed
genes (DEG) (http://bioinformatics.sdstate.
edu/idep/) [45]. The top five representative
terms were presented in various libraries,
including BioPlanet, KEGG, GO, and MsigDB
Hallmark using EnrichR (a web server for
comprehensive gene set enrichment analy-
sis: https://maayanlab.cloud/Enrichr/) [46].
Raw data concerning this study have been
submitted under SRA accession number
SRR23336423-SRR23336486.

Correlation and survival analysis

The correlation between the expression of six
signature genes and the signatures associated
with T cell characteristics was analyzed using
blood samples from the GTX database through
GEPIA2 (http://gepia2.cancer-pku.cn/). Pear-
son’s correlation method was used to calculate
the correlation coefficients. Additionally, an
overall survival (0S) analysis was conducted
across 33 cancer databases to examine the
relationship between gene expression and sur-
vival. Positive and negative correlations were
represented in red and blue, respectively, with
unique differences highlighted by red and blue
borderlines. Among these, the OS for BC was
specifically illustrated using a Kaplan-Meier
survival plot.
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Immune cell type deconvolution by CIBER-
SORTXx

Normalized gene expression data from bulk
RNA-seq were used to infer the estimated pro-
portions of immune cells using the CIBERSORTx
algorithm [47]. This used a set of reference
gene expression values. Before deconvolution,
we generated a signature matrix using the
scRNA-seq data of normal and cancerous
PBMCs. Leiden clustering was performed to
group the cell types, and each cell type was
characterized using high-rank gene expression.
Canine scRNA-seq data were annotated using
the SingleR library (v.1.6.1) and the DMAP data-
base. Finally, based on human immune cell
expression profiles, we defined eight major
immune cell types, including subsets of T cells,
B cells, monocytes, macrophages, dendritic
cells, eosinophils, and neutrophils in canine
PBMCs.

Cell culture

All cell lines and primary cells were purchased
from the Korean Cell Line Bank (Seoul, South
Korea) or the American Type Culture Collection
(ATCC). The normal breast cancer cell line
MCF10A was cultured in mammary epithelial
cell growth medium (Lonza, Basel, Switzerland).
Roswell Park Memorial Institute 1640 medium
(Hyclone, UT, USA) was used to culture SKBR-3
and T47D cells. Primary T cells were maintained
RPMI1640 medium, supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin/
streptomycin. All cell lines were cultured to <
70% confluence for 2-3 days. All cultures were
maintained at 37°C in a 5% CO,,.

Cancer and immune cells co-culture

MCF10A and T47D cells (1.5 x 10° cells/plate)
were cultured in 100 mm dish overnight.
Human PBMCs were purchased from Lonza
(Basel, Switzerland) and cultivated in TexMACS
medium supplemented with IL-7 and IL-5, fol-
lowed by activation via T Cell transact with CD3
and CD28 (Miltenyi Biotec, Gaithersburg, MD,
USA). Pan-T cells were expanded in TexMACS
medium containing IL-7 and IL-15 prior to use.
Cultured pan-T cells (1.2 x 10° cells/plate) were
seeded and co-cultured for 3 days at 37°Cin a
5% CO,,.
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RNA isolation and quantitative RT-PCR

RNA isolation and quantitative RT-PCR were
performed as previously described. Briefly,
total RNA was isolated from T cells using TRIzol
(Ambion, TX, USA) and the RNA was reverse
transcribed into c¢cDNA using Omniscript
(QIAGEN, MD, USA) according to the manufac-
turer’s protocol. Real-time PCR was performed
in a CFX Connect (BIORAD, CA, USA) using SYBR
green (Invitrogen, MA, USA) with specific prim-
ers (as listed in Supplementary Table 1). All
data were normalized to RPL13A.

Cell cycle assay

Cell cycle assays were performed using propid-
ium iodide (PI) nucleic acid staining (Invitrogen,
MA, USA). T cells co-cultured with MCF10A or
T47D cells were fixed with 70% ethanol for 2 h
at -20°C. After fixing, wash the cells, add 50
pug/ml RNaseA, and incubate the cells for 30
min at 37°C. Then, incubate with 20 ug/ml PI
for 30 min at 37°C. After staining, the cells
were washed with PBS and analyzed by flow
cytometry (FACS Aria 1l; BD Biosciences, CA,
USA).

Statistics

The DESeq2 package employing the Wald sta-
tistic was used for DEGs. The FDR threshold
has been described previously. One-way
Analysis of variance (ANOVA) and Tukey’s hon-
est significant difference (HSD) were conduct-
ed using Prism 10.1.1. Targeted gene expres-
sion was compared between the Pl and PN
groups using the Student’s t-test. Significance
was set at * = (P < 0.05), ** = (P < 0.01) and
*%% = (P < 0.001). NS: non-significant.
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CCRCDID Group Breed Sex Spay Age
1 CCRCDO0008 M Schnauzer F O 15
2 CCRCD0009 M Maltese F 11
3 CCRCD0010 M Cocker spaniel F 10
4 CCRCD0012 M Dachshund F 11
5 CCRCD0021 M Pomeranian F O 13
6 CCRCD0047 M Schnauzer F O 13
7 CCRCDO0052 M Maltese F 12
8 CCRCDO0053 M Jindo F O 13
9 CCRCD0070 M Maltese F O 12
10 CCRCDO0088 M Schnauzer F O 9
11 CCRCD0094 M Shih-tzu F O 11
12 CCRCD0095 M Maltese F O 11
13 CCRCD0105 M Jindo F O 13
14 CCRCDO0107 M Cocker spaniel F O 14
15 CCRCD0117 M Maltese F O 10
16 CCRCD0128 M Shih-tzu F O 14
17 CCRCD0132 M Maltese F 11
18 CCRCD0138 M Mixed F O 9
19 CCRCD0143 M Shih-tzu F 15
20 CCRCD0148 M Chihuahua F 10
21 CCRCD0149 M Cocker spaniel F 11
22 CCRCDO0151 M Dachshund F 15
23 CCRCD0153 M Maltese F O 7
24 CCRCDO0157 M Samoyed F 13
25 CCRCD0162 M Maltese F O 11
26 CCRCDO0165 M Poodle F 5
27 CCRCDO0O166 M Dachshund F 7
28 CCRCD0167 M Poodle F 12
29 CCRCD0184 M  Yorkshire Terrier F 14
30 CCRCD0018 B Mixed F O 10
31 CCRCD0024 B Maltese F 11
32 CCRCD0029 B Maltese F 10
33 CCRCD0034 B Shih-tzu F O 10
34 CCRCD0050 B Poodle F 14
35 CCRCDO0072 B Maltese F O 11
36 CCRCD0073 B Maltese F 8
37 CCRCDO0087 B Maltese F 10
38 CCRCDO0091 B Maltese F 16
39 CCRCDO0096 B  Yorkshire Terrier F 5
40 CCRCDO0099 B Cocker spaniel F O 14
41 CCRCD0O101 B Maltese F O 10
42 CCRCD0104 B Maltese F O 10
43 CCRCD0109 B Maltese F 9
44 CCRCD0O110 B Bichon Frise F O 10
45 CCRCD0120 B Pomeranian F 8
46 CCRCD0137 B Maltese F 10
47 ccrepo14s B O e”%"j;‘ sheep ¢ o 7
48 CCRCD0158 B  Yorkshire Terrier F 8
49 CCRCD0159 B Maltese F 7
50 CCRCDO0161 B Dachshund F 8
51 CCRCDO0179 B Schnauzer F O 17
52 CCRCD0185 B Maltese F O 14
53 CCRCD0192 B Poodle F O 9
54 CCRCD0193 B Maltese F O 11
55 CCRCD0324 N Mixed F O 9
56 CCRCD0332 N Maltese F O 9
57 CCRCDO0360 N Dachshund F O 8
58 CCRCD0370 N Cocker spaniel F O 9
59 CCRCD0413 N Mixed F O 4
60 CCRCD0414 N Mixed F O 4
61 CCRCD0518 N Chihuahua F O 12
62 CCRCD0555 N Poodle F O 11
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Supplementary Figure 1. Companion dogs en-
rolled in the dog CMT project. A. 62 companion
dogs that participated in this study were listed
according to tumor type (M and B) or normal (N),
breed, sex, spay, and age. B. Age distribution of
the enrolled dogs. 9 to 11.5 years old were the
most prevalent. C. Maltese had the highest num-
ber of dog breeds. D. Summary of cancer subtypes
shows that complex types followed by mixed types
of tumors are frequently found in specimens.
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Supplementary Figure 2. Deconvolution defined cell type distribution in normal, benign and malignant classifica-
tion. A. Cell population in a 100 percent stacked bar chart assessed by deconvolution of bulk PBMC transcriptome
data in normal, benign, and malignant groups of dogs. B. Scatter dot plot with mean values and standard deviation
(SD) in the normal (Nor), benign (Ben), and malignant (Mal) groups. DC, dendritic cells; GRAN, granulocytes; HSC,
human stem cells; MEGA, megakaryocytes; MONO, monocytes. C. CD4+/CD8+ cell ratios in the normal, benign,
and malignant groups. D. GRAN, HSC, and MEGA cells in the normal (Nor), PN (PBMC-normal like), and Pl (PBMC-

impaired) groups. No significant differences were found among the groups.
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Supplementary Figure 3. Expression profiles of six sighature genes in tumor-
based classification. The expression patterns of six signature genes identi-
fied from PBMC transcriptome-based classification in tumor-based classifica-
tion. Significance was tested and set at *= (P < 0.05), **= (P < 0.01) and
**%= (P < 0.001). NS: nonsignificant.
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Supplementary Figure 4. Significant difference in clinical characteristics of routine blood test results among three
groups. Crea (creatinine) and total bilirubin (T. Bil) levels were lower in both cancer type-based classification (benign
and malignant) and unsupervised clustering (PN and PI) groups than in the normal group. In contrast, PLT (platelet)
count was higher in the normal group than in the other groups. However, C-reactive protein (CRP) was significantly
higher in the PI group than in the normal group.
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Supplementary Figure 5. The correlation between the Pl signature and T cell signatures was analyzed by comparing
the gene expression of nine different T cell signatures with the expression of CD7, CXCL6, FASN, FLT3LG, LTB, and
TNFRSF18 in the whole blood GTX database.
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Supplementary Figure 6. Association between Pl signature gene expression and survival in cancer patients. A. A
heatmap illustrates the positive (red) and negative (blue) associations between PI signature gene expression and
patient survival across 33 different cancer databases. Statistically significant associations are high lighted with
square frames. Notably, Pl signature gene expression shows a strong negative correlation with survival in breast
cancer patients. B. The overall survival rate of breast cancer patients stratified by high Pl signature gene expression
is shown using a Kaplan-Meier plot.



Cancer immune states

Supplementary Table 1. List of primers

Gene Direction Sequence Size Tm
Cxcl6 F TTGGTAAACTGCAGGTGTTCCC 89 60
R CAGACAAACTTGCTTCCCGTTC 59.3
Cd7 F GGGGTCCTGTAGACCCAGAG 70 59.7
R CCATGTTCCCCACACCCAG 59.3
Fasn F AACTCCTTGGCGGAAGAGA 150 57.3
R TAGGACCCCGTGGAATGTCA 59.3
Ltb F GAGGACTGGTAACGGAGACG 100 58.6
R GGGCTGAGATCTGTTTCTGG 57
Flt3lg F CTGGATCACTCGCCAGAACT 70 58.5
R TGGCAGGGTTGAGGAGTC 57.5
Tnfrsf18 (Cd357) F TGAATTCCACTGCGGAGACC 172 59.1
R GCAGTCTGTCCAAGGTTTGC 58.7
Tight F CGTGAACGATACAGGGGAGT 131 58.2
R GCAATGGAATCTGGAACCTG 55.8
Cd27 F AACTCTGGTCTTCTCGTTCGCA 112 60.9
R TTGGAAGAGGATCACACTCGGT 60.1
17 F TTGCCAAGGCGTTGAGAGAT 120 59
R CCTGGATGAGGACCAGAGGA 59
Actb F ACAGAGCCTCGCCTTTG 110 55.8
R CCTTGCACATGCCGGAG 57.5

Primers targeting 20 genes are listed with direction, sequence, expected amplicon size, and Tm.



