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SUMMARY

Cancer is a common disease and a leading cause of death in domestic animals,
including cats. Among felines, carcinomas are the most frequently diagnosed tumours,
with squamous cell carcinoma being the predominant type. Although relatively rare,
osteosarcoma represents the most common primary bone tumour in cats. In recent years,
immune-based approaches have been increasingly explored to better understand and
target tumour development and progression. A major focus has been placed on tumour-
infiltrating immune cells, key tumour microenvironment components. However, their role
in feline tumours, particularly oral squamous cell carcinoma and osteosarcoma, remains
poorly understood and warrants further investigation.

A total of 36 feline tumour samples, comprising 20 cases of oral squamous cell
carcinoma and 16 cases of osteosarcoma, were analysed immunohistochemically for
CD3* T cells, CD8" T cells, Foxp3* regulatory T cells, CD20* B cells and CD204*
macrophages to characterise immune cells composition. Clinicopathological features
were evaluated for associations with immune cell infiltration, and survival was analysed
using the Kaplan—Meier method with the log-rank test.

In feline oral squamous cell carcinoma, CD3* and CD8" T cells were frequently
detected in both stromal and tumour regions, while CD20" B cells were significantly
enriched in the stroma. Foxp3* Tregs and CD204" macrophages were variably present
across cases. Strong positive correlations were observed among T cells, B cells, Tregs and
macrophages, particularly within the stroma. Although immune cell infiltration was not
directly associated with clinicopathological parameters, higher densities of stromal
CD20" B cells and tumour CD3* T cells correlated with shorter progression-free intervals

and tumour CD3" T cells were inversely associated with overall survival. Kaplan—-Meier



analysis further demonstrated that lower stromal CD8" and tumour CD3* T cell
infiltration was linked to better clinical outcomes. These findings suggest that pronounced
T cell infiltration, especially of CD3" and CD8" subsets, may predict poorer prognosis in
feline oral squamous cell carcinoma.

In feline osteosarcoma, the femur was the most frequently affected site, and
radiographic abnormalities and lameness were observed in most cases. Lymph node and
distant metastases occurred in 6.3% and 43.8% of cases, respectively, with significant
associations between metastatic status and prognosis. The median overall survival time
was 320 days. Immunohistochemical analysis revealed that CD204" macrophages were
the most abundant immune population, followed by CD3* and CD8" T cells, CD20" B
cells and Foxp3* regulatory T cells. High CD3* T cell density was significantly associated
with poor prognosis, whereas CD8" T cells and CD204* macrophages showed weaker
associations. Moreover, CD3" and CD8" T cell densities decreased with age, suggesting
an age-related decline in immune surveillance and their higher infiltration levels were
correlated with shorter survival.

In conclusion, this study demonstrates that tumour-infiltrating immune cells play
a pivotal role in the tumour microenvironment and hold prognostic relevance in feline
oral squamous cell carcinoma and osteosarcoma. Notably, higher infiltration of CD3* T
cells, CD8* T cells and CD20" B cells was unexpectedly associated with shorter survival,
suggesting that their accumulation may reflect immunosuppressive or dysfunctional
responses rather than effective antitumour activity. These findings underscore the
importance of further investigating immune regulatory pathways and checkpoint
mechanisms in feline tumours to refine prognostic assessment and inform the

development of targeted immunotherapeutic strategies.
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GENERAL INTRODUCTION

Feline Malignancy

Cancer is a major cause of morbidity and mortality in companion animals,

including cats. A previous epidemiological study reported that cancer is the most common

cause of death in cats, accounting for 1.113 cases (35.81%) (Kent ef al., 2022). Other

studies have shown that feline tumours most often affect non-pedigree cats and exhibit

malignant behaviour (Huber et al., 2024; Seung et al., 2024). The most common cancers

in cats include mammary gland tumours, skin tumours, and various sarcomas. In

particular, squamous cell carcinoma is one of the most frequently diagnosed malignancies

in cats (Huber ef al., 2024; Joudziukyniené, 2025; Laissaoui et al, 2024).

Feline oral squamous cell carcinoma is the most common malignant oral

neoplasm in cats, accounting for approximately 60-70% of all oral tumours (Mikiewics

et al., 2019; Pérez-Enriquez et al., 2020; Stebbins et al., 1989). It is an aggressive tumour

that typically arises from the mucosal epithelium of the maxilla, sublingual or lingual,

mandible and caudal pharyngeal (Soltero-Rivera ef al., 2014; Strohmayer et al., 2020).

Due to its aggressiveness and poor response to conventional treatment such as surgery,



feline oral squamous cell carcinoma carries a poor prognosis, with a reported median

survival time of approximately 91 days (Soltero-Rivera et al., 2014).

Feline osteosarcoma is the most common primary bone tumour in cats, accounting

for approximately 70% of all primary bone tumours (Heldmann et al., 2000; Liu ef al.,

1974; Quiglay and Leedale, 1983). Unlike canine osteosarcoma, which is highly

metastatic and aggressive, feline osteosarcoma typically exhibits slower progression and

a lower rate of metastasis. In feline osteosarcoma, the appendicular skeleton is the most

frequently affected site, followed by axial and extra-skeletal sites (Heldmann et al., 2000;

Nakano et al., 2022). Within appendicular sites, the femur is the most involved, followed

by the tibia-fibula, scapula, humerus, radius-ulna, digit of the hind limb and carpal region

(Nakano et al., 2022). Cats with appendicular or extra-skeletal osteosarcoma generally

have a longer survival than axial osteosarcoma (Heldmann et al, 2000). In a recent

retrospective study, the median survival time for appendicular feline osteosarcoma was

reported to be approximately 527 days (Nakano et al., 2022).

Tumour Infiltrating-Immune Cells



Whether innate or adaptive, tumour-infiltrating immune cells are a crucial

component of the tumour microenvironment (TME), contributing to tumour progression

and promising target for immunotherapy strategies (Gentles et al., 2015; Lv et al., 2022).

These immune cells can be classified according to their functional roles within the TME

into anti-tumour and promoting tumour growth. The former, including cytotoxic T

lymphocytes (CTLs), natural killer (NK) cells, dendritic cells and MI-polarised

macrophages, induce cytotoxic activity and mediate tumour cell elimination. In contrast,

the latter, such as regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs),

M2-polarised macrophages, Type 2 Natural Killer T (NKT2) cells and Type 2 Innate

Lymphoid cells (ILC2s), predominantly exert immunosuppressive effects that facilitate

tumour proliferation, invasion and metastasis (Gajewski et al., 2013; Gentles et al., 2015;

Lvetal., 2022).

The role and prognostic significance of tumour infiltrating-immune cells have

been reported in various human cancer. In general, CD3" and CD8" cytotoxic T cell

infiltration is associated with better clinical outcome in malignancies such as breast

cancer, lung cancer and colorectal carcinoma (Barbosa et al., 2021; Chen et al., 2024;



Gooden et al., 2011; Kasurinen et al., 2022; Li et al., 2022;). In contrast, an increased

presence of immunosuppressive cell types, including Foxp3™ Treg or M2-polarised

macrophages, have been correlated with tumour aggressiveness, metastasis and shorter

survival time (Chen et al., 2024; Miyasato et al., 2017; Shaopeng et al., 2024; Xie et al.,

2024). Interestingly, CD20" B cells have been reported to possess both anti-tumour and

pro-tumourigenic activity, indicating a dual role in cancer immunity depending on the

tumour type and microenvironmental context (Edin et al., 2019; Sales de Sa et al., 2021;

Suarez-Sanchez et al., 2021; Yuen et el., 2016). Collectively, these findings underscore

the complexity of immune cells regulation within tumour microenvironment.

In veterinary oncology, studies of tumour infiltrating-immune cells have begun to

elucidate the immunological mechanism underlying several animal tumours, including

mammary tumour, oral squamous cell carcinoma and osteosarcoma (Boss et al., 2023;

Flecher et al., 2025; Sparger et al., 2018; Withers ef al., 2019a). In both canine and feline

tumour studies, CD3" and CD8" T lymphocytes infiltration have been associated with

host immune activation, whereas the accumulation of M2-polarised macrophage

(CD204") has been associated with increased malignancy and metastasis potential



(Nascimento et al., 2022; Pinard et al., 2022; Yokota et al., 2023). These comparative

insights emphasise the biological relevance of immune cells in naturally occurring animal

tumour, providing valuable perspectives for both prognostic evaluation in veterinary

oncology and advance comparative oncology research.

Tumour-Infiltrating Immune Cells in Feline Oral Squamous Cell Carcinoma and

Osteosarcoma

From an immunological perspective, tumour-infiltrating immune cells play a

significant role in tumourss progression and have been identified as potential target for

immunotherapy (Hu et al., 2020; Liang et al., 2024). In human oncology, tumour-

infiltrating lymphocytes have been correlated with improved outcomes in laryngeal

squamous cell carcinoma (Zhang et al., 2021). Similarly, abundant CD20" B cell

infiltration density has been correlated with better prognosis in human oral squamous cell

carcinoma (Sudrez-Sanchez et al., 2021). Conversely, increased tumour-associated

macrophage (TAMs) infiltration, which promote immunosuppression and tumour cell

development, has been associated with poor prognosis (Fujii et al., 2012; Xue et al., 2022).



In feline oral squamous cell carcinoma, Sparger et al., (2018) reported the presence of

tumour-infiltrating lymphoid subset including T and B cells, within the tumour tissue.

In osteosarcoma, tumour-infiltrating immune cells have also been shown to

influence disease progression and clinical outcome. In human osteosarcoma, high CD8"

T cell infiltration has been associated with improved outcome and increased curability,

particularly in axial osteosarcoma (Liu ez al., 2019). Similarly, study in other species have

demonstrated that CD3" T cells infiltration associated with prolonged survival (Modiano

et al., 2012). Conversely, Withers et al., (2019a) reported that in canine osteosarcoma, a

higher CD204" macrophage infiltration, rather than CD3" T cells, was associated with

better clinical outcomes, suggesting that immune regulation in TME may vary among

species.

However, the correlation between these immune cells and clinicopathological

condition or survival outcomes in feline tumour including oral squamous cell carcinoma

or osteosarcoma have not been clearly elucidated. Understanding these interactions is

expected to provide valuable insights into tumour biology and may contribute to the



identification of potential prognostic biomarkers and immunotherapeutic targets in feline

malignancies.



Chapter 1
Investigation of Tumour-Infiltrating Immune Cells as a Prognostic Factor in Feline

Oral Squamous Cell Carcinoma



1.1 Summary

This study aimed to evaluate the prognostic significance of tumour-infiltrating
immune cells in feline oral squamous cell carcinoma (OSCC). Immunohistochemistry
was used to quantify tumour-infiltrating immune cells in 20 feline OSCC samples. CD3™"
T, CD8" T, Foxp3™" regulatory T and CD20" B cells and CD204" macrophages were
assessed in both the tumour and stroma areas. Immune cell infiltration was more
prominent in the stroma area, particularly for CD20" B cells. High CD3" T-cell and CD20"
B-cell densities were negatively correlated with survival outcomes. Moreover, based on
infiltration level, low densities of CD3" T cell infiltration were significantly associated
with longer overall survival times. Likewise, low densities of CD8" T cells were linked

with significantly longer progression-free intervals.



1.2 Introduction

Oral squamous cell carcinoma (OSCC), a malignant neoplasm, often occurs in
cats (Cray et al.,, 2020; Mikiewicz ef al., 2019). Feline OSCC originates from epithelial
squamous cells and commonly occurs in the integument overlying the tongue, mandible,
maxilla, caudal oral mucosa, vestibule and palatum durum (Soltero-Rivera ef al., 2014,
Zaccone et al., 2021). Although metastasis is rare in cats, previous studies have reported
that cats with OSCC present with metastasis to the mandibular lymph nodes and
pulmonary area (Liptak et al., 2021; Soltero-Rivera et al., 2014). The survival rate of cats
with OSCC is low, as reported previously (Soltero-Rivera et al., 2014).

Tumour-infiltrating immune cells, including innate and adaptive immune cells,
are critical components of the tumour microenvironment and crucial in tumour
development. Several studies in humans have reported the relationship between tumour-
infiltrating immune cells and the proliferation and progression of tumour cells, such as
lung, cervical, nasopharyngeal, colorectal cancer and head and neck squamous cell
carcinoma (Berntsson et al., 2016; Caruntu ef al., 2021; Li et al., 2022; Liu et al., 2022,
Liuetal, 2017; Ye et al., 2019; Zou et al., 2021). Various densities of tumour-infiltrating
immune cells have been associated with prognosis and survival in tumour cases. A study
in humans revealed that high densities of tumour-infiltrating lymphocytes (CD3", CD4*
and CD8") result in better overall survival and disease-free survival times in laryngeal
squamous cell carcinoma (Zhang ef al., 2021). Similarly, CD20" B cells correlated with
other infiltrating immune cells and better outcomes in OSCC (Suéarez-Séanchez et al.,
2021). In contrast, tumour-associated macrophages stimulate proliferation, angiogenesis
and immunosuppression, resulting in a worse prognosis in OSCC (Fujii ef al., 2012; Xue

et al., 2022; Yamagata et al., 2017).
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Recently, several studies have focused on the immune cells in feline tumours, such
as in feline glioma, mammary carcinoma, melanocytic tumours and OSCC (Dagher et al.,
2020; Porcellato et al., 2021; Rissi et al., 2018; Sparger et al., 2018). Unfortunately,
Sparger et al., (2018) did not investigate the correlation between immune cells and
prognostic value. Therefore, the present study aimed to investigate tumour-infiltrating
immune cells in the stroma and tumour areas and the relationship between tumour-
infiltrating immune cells and clinicopathological parameters, as well as their potential

prognostic value in cats with OSCC.

1.3  Materials and methods
1.3.1 Samples

This study used 20 surgically resected tumour tissue samples from cats diagnosed
with feline OSCC whose clinical characteristics have been published already (Iwata et al.,
2025). Samples were collected surgically from cats presented to the Japan Small Animal
Cancer Center (Saitama, Japan) between January 2008 and December 2022. None of the
cats received treatment, either chemotherapy or radiotherapy, providing a unique
perspective on the natural course of the disease. The following clinical information, which
was available from medical records (Table 1.1), was extracted from the published
manuscript (Iwata et al., 2025): sex, age, body weight, tumour size, tumour stage, lymph
node metastasis, clinical stage appearance, recurrence, overall survival time (OST) and
progression-free interval (PFI). The OST was defined as the period from tumour tissue
resection to death or loss to follow-up, and the PFI was defined as the period from the
tissue resection to the current state of the animal or the most recent information regarding

progression up to the follow-up for our analysis.
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1.3.2 Immunohistochemistry (IHC)

The formalin-fixed, paraffin-wax embedded tissue samples were sectioned (4
um), de-paraftinised using xylene and rehydrated using graded alcohols. Subsequently,
antigen retrieval was performed using citrate buffer solution or Dako Target Retrieval
Solution, pH 9 (Agilent Technologies, www.agilent.com) in an autoclave (121°C, 20
min). Endogenous peroxidase activity was quenched with 3% H:O: in methanol for 30
min, followed by blocking non-specific antibody binding with 5% skimmed milk and 5%
bovine serum albumin in phosphate-buffered saline for 30 min at room temperature. Then,
the slides were incubated with primary antibody, anti-CD3 mouse monoclonal antibody
(clone F7.2.38, Santa Cruz Biotechnology, www.scbt.com), anti-CD8 rat monoclonal
antibody (clone F3-B2, made in our laboratory) (Sakai et al., 2020), anti-Foxp3 mouse
monoclonal antibody (clone eBi07979, Life Technologies, www.thermofisher.com), anti-
CD20 rabbit polyclonal antibody (ACROBiosystems, www.acrobiosystems.com), and
macrophage marker anti-CD204 mouse monoclonal antibody (clone SRA-ES, Cosmobio,
www.cosmobiousa.com). Subsequently, the slides were incubated with suitable
secondary antibodies using Histofine Simple Stain Mouse MAX PO (Nichirei Bioscience
Inc., https://nichireibiosiences. com), Histofine Simple Stain Rat MAX PO (Nichirei
Bioscience Inc.), or Histofine Simple Stain Rabbit MAX PO (Nichirei Bioscience Inc.).
The slides were visualised using a peroxidase staining diaminobenzidine kit (Nacalai
Tesque, www.nacalai.com) and counterstained with Mayer’s haematoxylin solution
(FUJIFILM Wako Pure Chemical Corporation, www.fujifilm.com). Positive labelling

was evaluated by comparison with haematoxylin and eosin (HE)-stained section.

1.3.3 Evaluation and quantification of the immune cells
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The slides were scanned to enable manual assessment using ImageJ 1.53e.
Immune cells were identified using specific markers (CD3, CD8, CD20, Foxp3 and
CD204). Each sample was counted for 10 representative areas at x200 magnification
(0.204 mm?). The total immune cell counts in the stroma and tumour areas were counted
and averaged to determine the final density (cells/mm?) (Fang et al., 2017). The median
value of each marker was also used as a cutoff value to differentiate between low and

high infiltration.

1.3.4 Statistical analysis

Data were analysed using John’s Macintosh Project (JMP) 18.0 (SAS Institute
Japan, www.sas.com). Correlations among tumour-infiltrating immune cells densities
were evaluated using Spearman’s rank correlation test. Associations between clinical
parameters and tumour-infiltrating immune cells densities were assessed using the
Kruskal-Wallis test for categorical variables and Spearman's rank correlation test for
continuous variables. The OST and PFI were evaluated using the Kaplan—-Meier method.
Difterences between survival curves were analysed using the log-rank test for

significance.

1.4  Results
1.4.1 Immunohistochemical evaluation of tumour-infiltrating immune cells based
on the areas
Immunohistochemical evaluation of the immune cells is presented in Fig. 1.1a.
Fig. 1.1b describe the frequency of each type of immune cell in feline OSCC based on

the area. CD3" T cells were present in 95% (19/20) of feline OSCC cases, of which 18
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were detected in either the stroma or tumour area. One case had CD3" T cells in the stroma
area only. CD8" T cells were found in 80% (16/20) of the feline OSCC samples, eleven
samples in the stroma and tumour areas, whereas in five samples only in the stroma.
Foxp3* regulatory T cells (Tregs) were present in 25% (5/20) of cases of feline OSCC in
the stroma or tumour areas. Ninety-five percent (19/20) of the cases had CD20" B cells
present. Of these, nine had CD20" B cells in both the stroma and tumour areas, whereas
10 had them in the stroma only. Furthermore, all feline OSCC samples (20/20) had
CD204" macrophages in the stroma and tumour areas with various densities.

Figure 1.1c and Supplementary Table 1 present the density of immune cells
present in case of feline OSCC in the stroma and tumour areas. The average densities of
CD3" T cells, CD8" T cells, Foxp3* Tregs, and CD204" macrophages in the stroma and
tumour areas were 158.12 + 231.44 (range, 0.00-838.36) cells/mm? and 88.27 + 116.74
(range, 0.00-386.07) cells/mm?, 56.35 + 103.40 (range, 0.00-386.84) cells/mm? and
57.38 + 123.29 (range, 0.00-375.12) cells/mm?, 30.83 + 74.43 (range, 0.00-306.29)
cells/mm? and 6.48 + 17.97 (range, 0.00-74.14) cells/mm? and 110.17 + 124.69 (range,
10.9-409.8) cells/mm? and 71.58 + 74.39 (range, 4.52-267.71) cells/mm?, respectively,
and those densities were not significantly different between the stroma and tumour areas.
Conversely, the density of CD20" B cells was significantly higher in the stroma area than
in the tumour area (67.79 + 70.90 [range, 0.00-257.02] cell/mm? versus 6.64 + 11.92

[range, 0.00—35.94] cell/mm?, P <0.0001).

1.4.2 Correlation between each type of tumour-infiltrating immune cells in feline

oral squamous cell carcinoma
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In the stroma (Table 1.2), a high density of CD3" T cells correlated strongly with
a high density of CD8" T cells (r = 0.8755, P <0.0001) and CD20" B cells (r = 0.7789, P
<0.0001) and intermediately correlated with the density of Foxp3" Tregs (r = 0.6818, P =
0.0009). A strong and intermediate correlation was also observed between the increasing
density of CD8" T cells with the density of CD20" B cells (r = 0.7193, P = 0.0004) and
Foxp3* Tregs (r = 0.6844, P = 0.0009), respectively. Furthermore, a strong correlation
was observed between stroma Foxp3™ Tregs and stroma CD204" macrophages (r = 0.7253,
P =0.0003). An intermediate correlation was observed between stroma CD3" T cells and
stroma CD204" macrophages (r = 0.4962, P = 0.0261) and stroma CD8" T cells and
stroma CD204" macrophages (r = 0.4823, P =0.0313).

In the tumour area (Table 1.3), intermediate correlations were found between
CD3" T and CD8" T cells (r = 0.6624, P=0.0015), CD20" B cells (r = 0.5352, P=10.015)
and Foxp3* Tregs (r = 0.6070, P = 0.0045). In addition, an intermediate correlation was
observed between CD8" T cells and CD20"* B cells (r = 0.5264, P = 0.0171) and Foxp3™
Tregs (r = 0.6900, P = 0.0008). CD204" macrophages demonstrated an intermediate
correlation with CD3" T cells (r = 0.5235, P = 0.0178), CD8" T cells (r = 0.6243, P =
0.0033), and CD20" B cells (r = 0.5564, P =0.0108) and a strong correlation with Foxp3™*

Tregs (r=0.7016, P = 0.0006).

1.4.3 Correlation  between  tumour-infiltrating immune cells and
clinicopathological parameters in feline oral squamous cell carcinoma
Table 1.4 presents the correlation between the density of immune cell and
clinicopathological parameters in feline OSCC. In our study, stroma CD20" B cells

showed an intermediate negative correlation with the PFI (r = —0.4767, P = 0.0336).
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Tumour CD3" T cells also showed an intermediate negative correlation with the PFI (r =
—0.4551, P=0.0438) and OST (r =—-0.4866, P =0.0296). The median immune cell count
was used as a cutoff point for the difference between the high and low infiltration groups.
Using the Kaplan—Meier method, high and low immune cell infiltration levels were
compared with the PFI (Fig. 1.2) and OST (Fig. 1.3). The finding indicated that low
stroma CD8" T cell infiltration had significantly longer PFI than high CD8" T cell
infiltration (P = 0.0346). Moreover, low tumour CD3* T cell infiltration showed
significantly longer OST than high infiltration (P = 0.0092). Although not statistically
significant, cases with lower numbers of stroma CD8" T cells tended to have longer OSTs,

consistent with the PFI results.

1.5  Discussion

This study found that the number of all immune cells in feline OSCC was higher
in the stroma area. Furthermore, although only the density of CD20" B cells showed a
significant difference between the stromal and intratumoural areas, the density of CD3"
T cells, Foxp3* Tregs and CD204" macrophages tended to be higher in the stroma area
than in the tumour area. As in the previous study on feline OSCC, immune cells were
more numerous in the stroma area (Sparger et al., 2018). Therefore, molecules such as
proinflammatory cytokines (e.g., interleukin [IL]-6) and chemokines (e.g., chemokine (C-
C motif) ligand 2 [CCL2]) in the stroma microenvironment may attract and modulate
immune cells in OSCC (Rossi et al., 2022).

In this study, a correlation was found between the immune cells in different areas.
In the stroma, CD3" T cells strongly correlated with CD8" T and CD20" B cells while

demonstrating a moderate correlation with Foxp3™ Tregs and CD204" macrophages. In
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the tumour area, CD3" T cells strongly correlated with CD8" T cells and moderately
correlated with CD20* B cells, Foxp3"™ Tregs and CD204" macrophages. This finding is
consistent with the results of previous studies on feline OSCC, which revealed that CD3*
T cells correlated strongly with anti-CD79-labelled B cells and correlated moderately
with Foxp3* Tregs (Sparger ef al., 2018). These findings indicate that immune cells
respond to tumour cells in feline OSCC.

T or B immune cells have an antitumour function and are associated with better
prognoses and outcomes in several tumour types, including OSCC (Berntsson et al.,
2016; Nascimento et al., 2022; Sales de Sa et al., 2021; Suarez-Sanchez et al., 2021;
Wongpattaraworakul et al., 2024). However, contrary to previous studies, our results
showed that higher infiltration of CD3" T cells, CD8" T cells and CD20" B cells was
associated with poorer clinical outcomes in feline OSCC. Although no significant
associations were observed between immune cells and clinicopathological features, we
found a negative correlation between stroma CD20" B cells and the PFI. This finding
differs from a previous report showing that CD20" B cells in human OSCC were
positively correlated with survival, with median survival reaching 78.5 months (Sales de
Sa et al., 2021). This is intriguing, as CD20" B cells have been previously described as
antitumourigenic in several cancers. However, recent studies suggest that B cells may
also exhibit protumourigenic activity by secreting lymphotoxins that activate
angiogenesis and oncogenic pathways such as NF-kB and STAT3 (Yuen et al., 2016).
Therefore, the role of CD20" B cells in feline OSCC may be context-dependent and
warrants further functional investigation.

Similarly, a moderate negative correlation between tumour CD3" T cells

infiltration and both OST and PFI was observed. Kaplan-Meier analysis further supported
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this trend, with low infiltration of tumour CD3" and stroma CD8" T cells associated with
better outcomes. These findings contrast with the general assumption that T cell
infiltration confers improved prognosis. For example, in feline mammary carcinoma,
CD3" T cells were the most prevalent immune cells subset and higher stroma CD8" T cell
infiltration was correlated with longer survival and disease-free survival (Nascimento et
al., 2022). One possible explanation is that the tumour microenvironment in feline OSCC
may promote immune dysfunction despite high T cell presence (Caruntu et al., 2021;
Mukherjee ef al., 2020; Piersiala et al., 2024; Rafiul et al., 2019; Surendran et al., 2022).

This hypothesis is supported by our observation that all cases expressed CD204*
macrophages, which are thought to reflect the immune suppressive M2 phenotype in other
species (Chaudari er al, 2021). Although we could not distinguish M1 from M2
macrophages in this study, previous research has shown that M2 macrophage can inhibit
CD8" T-cell function by releasing immunosuppressive factors such as CCL2, IL-10, TGF-
B and PD-L1 (Kahdeh ef al., 2024; Kondo et al., 2021; Kubota et al., 2017; Tang et al.,
2017; Xue ef al., 2022). Furthermore, the presence of Foxp3" Tregs in some cases may
have also contributed to the immunosuppressive tumour milieu. While no significant
association with survival was found, Tregs are known to secrete cytokines, such as TGF-
B, IL-35 and IL-10, which suppress CD8" cytotoxic T cells (Perri ef al., 2020). A previous
study by Sparger ef al., (2018) also suggested that COX2 expression may contribute to
CD8" T-cell dysfunction, although no direct analysis was performed.

Another plausible mechanism is T-cell exhaustion, a phenomenon where chronic
antigen stimulation leads to T cells losing their effector functions and upregulating
inhibitory receptors such as cytotoxic T-lymphocyte-associated protein 4, programmed

death-1, T-cell immunoglobulin and mucin domain-containing protein-3 and lymphocyte
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activation gene 3 (Binnewies ef al,, 2018; Pauken and Wherry, 2015). Although T-cell
exhaustion is a reasonable hypothesis to explain our findings, this study did not assess the
expression of exhaustion markers or functional cytokine production, and thus this
interpretation remains speculative. Further research using molecular markers or
functional assays will be required to investigate this possibility. In addition, although
CD204" macrophages and Foxp3* Tregs were detected and showed significant
correlations with other immune cell types, neither was directly associated with survival
in our cohort. Therefore, their role in modulating the immune landscape and indirectly
shaping clinical outcomes should be explored in future studies.

Taken together, the presence of high densities of T and B cells in feline OSCC
does not necessarily indicate effective antitumour immunity. In contrast to previous
human OSCC studies reporting that elevated T and B cell infiltration is associated with
improved outcomes (Sales de S& er al, 2021; Suarez-Sanchez et al., 2021;
Wongpattaraworakul et al., 2024), our findings suggest that in feline OSCC these immune
cells may be functionally impaired or reprogrammed within a suppressive

microenvironment.

1.6  Conclusions

Tumour-infiltrating immune cells play a crucial role in the tumour
microenvironment and have potential prognostic significance in feline OSCC. In this
study, infiltration by greater number of CD3" T cells, CD8" T cells, and CD20" B cells
was unexpectedly associated with shorter survival outcomes. These findings underscore
the complexity of immune cell interactions within the tumour microenvironment in feline

OSCC. Further studies are warranted to clarify the functional roles of these immune cells
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and their regulatory mechanisms, including immune checkpoint pathways and T-cell

exhaustion, to better understand their impact on prognosis and therapeutic response.
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1.7 Tables of Chapter I

Table 1.1 Clinicopathological parameters of feline oral squamous cell carcinoma cases.

Clinicopathological Parameters

Age, (mean = SD, year) 11.85+2.35
Body weight, (mean + SD, kg) 3.95+£0.97
Tumour size, (mean = SD, mm) 36.28 £9.49

Tumour stage, n (%)

Stage 1 1(5)

Stage 2 14 (70)

Stage 3 5(25)
Lymph node metastasis, n (%)

Absent 18 (90)

Present 2 (10)
Clinical stage appearance, n (%)

Mild 1(5)

Moderate 13 (65)

Severe 6 (30)
Tumour recurrence, n (%)

Absent 14 (70)

Present 6 (30)
Overall survival time, median (, days) 533 (182-1,665)
Progression-free interval, median (range, days) 914 (174—not to reached)
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Table 1.2 Spearman’s correlation between tumour-infiltrating immune cell densities in

the stroma area.

Immune cells €D20" B Foxp3* Tregs €204
cells macrophages
CD3 T cells 0.7789 0.6818 0.4962
<0.0001* 0.0009* 0.0261*
. 0.7193 0.6844 0.4823
D8 Tcells 0.0004* 0.0009* 0.0313*
. 1 0.3854 0.2827
CD20" B cells 1 0.0933 0.2272
. 1 0.7253
Foxp3* Tregs ) 0.0003*
CD204" 1
macrophages 1

The first and second rows show the Spearman’s correlation » value for each variable and the P value,

respectively. * P <0,05.

Table 1.3 Spearman’s correlation between tumour-infiltrating immune cell densities in

the tumour area.

CD20" B Foxp3* Tregs €D204.
cells P £ macrophages
CD3* T cells 0-232 o o
0.015* 0.0045* 0.0178*
. 0.5264 0.69 0.6243
CD8" T cells 0.0171%* 0.0008* 0.0033*
) 1 0.3916 0.5564
CD20" B cells 1 0.0878 0.0108*
) 1 0.7016
Foxp3* Tregs 1 0.0006*
CD204* 1
macrophages 1

The first and second rows show the Spearman’s correlation » value for each variable and the P value,

respectively. * P <0,05.
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1.8  Figures of Chapter |
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Figure 1.1 Tumour-infiltrating immune cells, feline oral squamous cell carcinoma

(OSCC). (a) HE-stain and immunohistochemistry, x400: (i) HE stain, (ii)
CD3" T cells, (iii) CD8" T cells, (iv) CD20" B cells, (v) Foxp3" Tregs, and
(vi) CD204" macrophages. (b) Comparison of percentage of cases in each
tumour-infiltrating immune cell in feline OSCC based on area. (c)
Comparison of density of each type of tumour-infiltrating immune cell in
stroma and tumour areas of feline OSCC. Each dot represents the density of

immune cells in an individual case, and the bars represent the mean of the

group.
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Figure 1.2 Progression-free interval for the high and low groups of each type of
immune cell in the stroma and tumour areas of feline oral squamous cell
carcinoma. P value was estimated with the Kaplan—Meier log-rank test. Tick

marks (“|”") indicate censored observations.
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Figure 1.3 Overall survival time for the high and low groups of each type of immune
cells in the stroma and tumour areas of feline oral squamous cell carcinoma.
P value was estimated with Kaplan—Meier log-rank test. Tick marks (“|”)

indicate censored observations.
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Chapter 11
Evaluation of Tumour-Infiltrating Immune Cells and Their Prognostic Value in

Feline Appendicular Osteosarcoma: A Pilot Study
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2.1 Summary

This study aimed to evaluate the prognostic relevance of selected immune cell
markers in feline appendicular osteosarcoma in relation to clinical outcome. We
retrospectively profiled tumour-infiltrating immune cells in 16 primary tumours by
immunohistochemistry for CD3, CD8, Foxp3, CD20 and CD204. Immune cell densities
were quantified and correlated with clinicopathological features, and the Kaplan—Meier
estimator assessed survival. CD204" macrophages were the most abundant population.
Kaplan—Meier analysis revealed that higher intratumoural CD3* T and CD8+T cell
densities were associated with shorter survival, and CD3", CD8" and CD204" densities
showed strong positive co-infiltration, consistent with an inflamed yet potentially
functionally constrained tumour microenvironment. Foxp3* cells were rarely detected,
and age correlated inversely with CD3" and CD8" density. These observations suggest
that T-cell quantity may not equate to anti-tumour quality in macrophage-rich feline
osteosarcoma. However, the small retrospective cohort, univariable analyses without
multiplicity adjustment and the absence of spatial or functional markers limit inference.
These findings should be considered a hypothesis-generating, prospective validation
integrating spatial profiling and checkpoint/exhaustion markers, and refined macrophage

phenotyping is warranted before prognostic application.
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2.2 Introduction

Osteosarcoma is the most prevalent primary bone tumour in cats (Liu et al., 1974;
Quigley and Leedale, 1983). The characteristics of feline osteosarcoma are distinct from
those of humans and dogs in that feline osteosarcoma has a lower metastatic rate and
reduced aggressiveness (Bjerland et al, 2005; Marconato et al., 2024) and cats with
osteosarcoma tend to have a longer survival time than dogs (Boston et al, 2006;
Marconato et al., 2024; Nakano et al., 2022; Withers et al, 2019b). Despite these
differences, the tumour microenvironment and immune components of feline
osteosarcoma remain inadequately understood.

Tumour-infiltrating immune cells are a significant component of the tumour
microenvironment (TME) and play a critical role in tumour progression, serving as
potential therapeutic targets (Gentles ez al., 2015). Immune cells within the TME can be
classified into anti-tumour immune cells that mediate tumour cell elimination and tumour-
promoting immune cells that contribute to an immunosuppressive environment. Anti-
tumour immune cells include natural killer cells, dendritic cells, CD8" cytotoxic T cells,
CD4* effector T cells, N1-polarised neutrophils and MI-polarised macrophages. In
contrast, tumour-promoting immune cells comprise myeloid-derived suppressor cells,
regulatory T cells (Tregs), N2-polarised neutrophils and M2-polarszed macrophages
(Gentles et al., 2015; Giraldo et al., 2019; Lv et al., 2022).

In studies of human osteosarcoma, a high density of CD8" cytotoxic T cells has
been associated with improved patient survival and suppression of metastasis (Casanova
et al., 2021; Fritzsching et al., 2015; Liu et al., 2019). Conversely, an increased density
of Foxp3" regulatory T cell is correlated with a poor prognosis (Fritzsching et al., 2015).

Another study has indicated that patients with non-metastatic osteosarcoma contain high
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numbers of NK cells, immature B cells, M1 macrophages, and neutrophils, along with
lower numbers of M2 macrophages (Yang et al., 2021). Thus, tumour-infiltrating immune
cells are integral to osteosarcoma progression in humans.

In canine osteosarcoma, studies have shown that elevated levels of CD3" T cells
correlate with improved survival following gene therapy (Modiano ef al., 2012). In
contrast, Withers er al., (2019a) reported that CD3" infiltration was not significantly
associated with survival, whereas tumours with higher densities of CD204" macrophages
were associated with a longer disease-free interval. Furthermore, another canine and
human osteosarcoma study reported elevated levels of T cells, B cells and macrophages
in cases of pulmonary metastasis (Ligon ef al., 2021; Withers et al., 2019b). Although
feline and canine osteosarcomas have been reported to have comparable histological
features, their clinical outcomes differ substantially (Dimopoulou et al., 2008). Moreover,
the biological factors underlying this discrepancy remain poorly elucidated, and
information regarding the characteristics and mechanisms of tumour-infiltrating immune
cells in feline osteosarcoma is limited, particularly in relation to prognosis. Accordingly,
the objective of the study was to characterise the tumour-infiltrating immune cells in
feline osteosarcoma, thereby enhancing our understanding of its pathogenesis and

identifying potential prognostic markers.

2.3  Materials and methods
2.3.1 Samples collection

Sixteen feline tumour tissue samples were collected from cats with appendicular
osteosarcoma that underwent limb amputation as an aggressive focal treatment approach.

These samples constituted a subset of cases from the cohort previously reported by
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Nakano et al., (2022) that were obtained exclusively at the Japan Small Animal Cancer
Center (Saitama, Japan) between April 2007 and November 2012. For each case, clinical
information was recorded, including sex, age, bodyweight, tumour location, radiographic
abnormalities, lameness, metastasis at diagnosis, lymph node metastasis, distant
metastasis, local recurrence, clinical outcome and overall survival time (OST). Clinical
outcome was defined as survival status (dead, alive or unknown) at follow-up after
amputation. OST was defined as the duration from surgical tumour resection to death
from any cause or the date of last follow-up, with cats alive at last contact right-censored

at the date.

2.3.2 Immunohistochemical labelling and evaluation

Tissue specimens preserved in 10% neutral pH phosphate-buffered formalin
overnight were decalcified for 24 h using Decalx (Jokoh, https://jokoh.com), processed
routinely through graded alcohols, embedded in paraffin wax and sectioned (4 um).
During the initial diagnostic process, multiple tissue sections were sampled from various
regions of each tumour to ensure an accurate pathological diagnosis. For the
immunohistochemical analysis, one representative formalin-fixed paraffin wax-
embedded block per case was utilised. To ensure representativeness and minimise
sampling bias, a veterinary pathologist reviewed all available initial haematoxylin and
eosin (HE)-stained tissue section from each case and selected the most appropriate block
containing the largest area of viable tumour tissue, carefully excluding areas of extensive
necrosis and predominantly osteoid matrix. The tissue sections were deparaftfinised with
xylene and rehydrated through graded alcohols. Antigen retrieval was performed using a

citrate buffer solution (pH 6.0) for antibodies against CD3, CD8, CD20 and CD204,
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whereas Foxp3 labelling was performed using Dako Target Retrieval Solution pH 9.0
(Agilent Technologies, www.agilent.com) in an autoclave at 121°C for 20 min. To inhibit
endogenous peroxidase activity, the slides were treated with 3% hydrogen peroxide in
methanol for 30 min. Blocking of non-specific antibody binding was by a mixture of 5%
skimmed milk and 5% bovine serum albumin in phosphate-buffered saline at room
temperature for 30 min.

Subsequently, the sections were incubated with primary antibodies, including
anti-CD3 mouse monoclonal antibody, dilution 1:20 (clone F7.2.38; Santa Cruz
Biotechnology, www.scbt.com), anti-CD8 rat monoclonal antibody, dilution 5 pg/ml
(clone F3-B2; produced in our laboratory) (Sakai et al., 2020), anti-Foxp3 mouse
monoclonal antibody, dilution 1:100 (clone eBio7979; Life Technologies,
www.thermofisher.com), anti-CD20 rabbit polyclonal antibody, dilution 1:100
(ACROBiosystems, www.acrobiosystems.com) and anti-CD204 mouse monoclonal
antibody, dilution 1:400 (clone SRA-ES; Cosmo Bio, www.cosmobiousa.com), a marker
for macrophages. Following primary antibody labelling, appropriate secondary
antibodies were applied using Histofine Simple Stain systems: Mouse MAX PO, Rat
MAX PO or Rabbit MAX PO (Nichirei Biosciences Inc., https://nichireibiosciences.com).
Visualisation was performed using a peroxidase-based diaminobenzidine (DAB) staining
kit (Nacalai Tesque, www.nacalai.com) and the slides were counterstained with Mayer’s
haematoxylin (FUJIFILM Wako Pure Chemical Corporation, www.fujifilm.com). To
ensure the reliability of the immunohistochemistry (IHC) markers on decalcified tissues,
normal lymphocytes and macrophages infiltrating the tissues were evaluated as internal
positive controls to confirm the preservation of antigenicity. Specificity was verified by

the absence of non-specific background labelling in the osteoid matrix or necrotic areas.
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Furthermore, negative control slides, in which the primary antibody was replaced with an
isotype-matched control antibody, were included in every batch of sections to confirm

the absence of non-specific and off-target binding.

2.3.3 Tumour-infiltrating immune cells counting

The slides were scanned using a NanoZoomer-SQ scanner (Hamamatsu,
www.hamamatsu.com) at x10 magnification and visualised using NDP.view software
(version 2.9.29). To quantify the immune cells, 10 individual non-consecutive fields were
randomly selected within the tumour core at x400 magnification and measured using
Imagel 1.53e software (NIH, www.imagej.net/ij/). The tumour core was morphologically
defined as the central region of the tumour mass, avoiding the infiltrating margins. The
selected area strictly represented viable tumour tissue, excluding massive necrotic areas,
extensive osteoid matrix (as the inclusion of acellular matrix would artificially dilute the
immune cell density calculation) and tissue artifacts. These 10 fields were chosen afresh
for each marker. Each of the 10 fields had an identical area of 0.165 mm? (3,429,120
pixels) resulting in a total evaluated area of 1.65 mm? (10 x 0.165 mm?) per cell marker
for each area. Immune cells expressing CD3, CD8, Foxp3, CD20 and CD204 were
counted manually. To minimise observational bias, all cell counts were performed by a
single investigator who was blinded to the clinical outcomes and clinicopathological data
of the cats. The counts were then converted to immune cell density (cells/mm?) as
described in our recently published study (Mihardi et al., 2025). During the quantification
of CD204" cells, morphologically distinct osteoclasts (ie, multinucleated giant cells
associated with bone matrix) were excluded from the counts to ensure only mononuclear

tumour-infiltrating macrophages were evaluated. For each case, the mean density
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calculated from these 10 fields was used as the representative global immune cell density
for the entire tumour core (Fang ef al., 2017). The median value of each marker was used
as a cut-off value to differentiate between low and high infiltration. The calculations were

performed using the following formulae:

Tumour area (pixels)

_ x 0.165 mm?
3,429,120 pixels

Tumour area (mm?) =

) 5. _ Number of immune cells
Immune cell density (cell/mm~) =

Tumour area (mm?2)

2.3.4 Statistical analysis

Statistical analyses were conducted using John’s Macintosh Project (JMP) version
18.0.2 (SAS Institute Japan, www.sas.com). Associations between clinical parameters
and tumour-infiltrating immune cells were assessed with the Kruskal-Wallis test or
Spearman's correlation test, as appropriate. Correlations among tumour-infiltrating
immune cell densities were examined using Spearman's correlation test. For survival
analysis, the cohort was divided into two groups based on the immune cell density.
Because the immune cell densities across the cohort did not strictly follow a normal
distribution, the median density of the entire cohort was utilised as a robust cut-off value.
Cases with a representative mean density higher than the cohort median were classified
as the 'high infiltration' group, whereas those with a density equal to or lower than the

median were classified as the 'low infiltration' group.
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2.4  Results
2.4.1 Demographics of feline osteosarcoma samples

The baseline clinical features of the feline osteosarcoma cases are shown in Table
2.1. Sixteen samples were obtained from cats diagnosed with osteosarcoma, with a mean
+ SD age of 9.44 + 5.02 years and a mean + SD bodyweight of 4.25 + 1.79 kg. Primary
sites included the femur (6/16), humerus (3/16), radius (2/16), tibia (2/16), distal
radius/ulna region (2/16) and scapula (1/16). None of the tumours involved extension
across joint spaces. Radiographic abnormalities and lameness were documented in 15/16
cases (93.8%). At the time of initial diagnosis, only 1/16 (6.3%) cats presented with
metastasis, which was specifically a distant metastasis. Over the entire clinical course,
regional lymph node metastasis was identified in 1/16 (6.3%) cats at 93 days after
amputation. Distant metastases were present in a total of 7/16 (43.8%) cats (including the
one present at diagnosis) at various time points after surgery, with lung metastasis as the
predominant site (five of seven cases), followed by the skin and subcutaneous tissue, the
parasternal and left ilium regions and the collateral stifle region. Local recurrence was
observed in one cat (6.3%) 267 days after limb amputation, with a survival time of 489
days after surgery; local recurrence was absent in 13/16 cats (81.3%) and unknown in
2/16 cats (12.5%). Regarding the final clinical outcomes at the end of the follow-up period,
10/16 cats (62.5%) had died with five tumour-related, two non-tumour-related deaths and
three of unknown cause; 4/16 cats (25.0%) were alive and 2/16 cats (12.5%) had an
unknown status. Notably, six of seven cats that developed distant metastasis were
included in the group of cats that had died. Due to the study’s retrospective design,
complete follow-up was not available for all cases. The median OST was 320 days; range

156.5-608.25 days.
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2.4.2 Immunohistochemical evaluation of tumour-infiltrating immune cells in

feline osteosarcoma

Immunolabeling for CD3 (T cells), CD8 (cytotoxic T cells), Foxp3 (Treg cells)
and CD20 (B cells) was detected in 15/16 (93.8%), 14/16 (87.5%), 2/16 (12.5%) and
10/16 (62.5%) tumours, respectively (Figure 1a). All tumours (16/16) contained CD204*
macrophages at variable densities. Quantitative cell densities are summarised in Figure
2.1b and Supplementary Table 2. CD204" macrophages were the most abundant
population (median and interquatile range [IQR], 681.34 [459.87 — 1,000.33] cells/mm?).
Median densities and IQR (cells/mm?) of other subsets were: CD3" T cells, 89.08 [45.37
—306.37]; CD8" T cells, 66.93 [24.20 — 235.74]; Foxp3™ Treg cells, 0.00 [0.00 — 0.00];

and CD20" B cells, 28.86 [0.00 — 50.64].

2.4.3 Correlation among tumour-infiltrating immune cell subsets

Results of the Spearman’s correlation test are summarised in Table 2.2. Pairwise
correlations revealed a strong association between CD3" and CD8" T cells densities (r =
0.9389, P <0.0001) and between CD3" T cells and CD204" macrophages (r = 0.7147, P
=0.0019). A moderate correlation was also observed between CD8" T cells with CD204"

macrophages (r = 0.6814, P = 0.0037).

2.4.4 Correlation between clinical features and tumour-infiltrating immune cells
As shown in Supplementary Table 3, higher CD3* T cell density was significantly

associated with clinical outcome (vital status) (P = 0.0137, n?> = 0.5057), with weaker

associations observed for CD8" T cells (P = 0.0389, n* = 0.1454) and CD204*

macrophages (P = 0.0464, n* = 0.2465). Additionally, CD3* and CD8" T cell densities
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were moderately negatively correlated with age (r = -0.5856, P = 0.0278; r = -0.5918, P
= 0.0258), suggesting an age-related decline in immune surveillance. Crucially, time-to-

event analysis using, the Kaplan-Meier estimator revealed that cases with higher CD3*

and CD8" T cell densities had shorter OSTs (P = 0.0037; Figure 2.2).

2.5 Discussion

In this study of feline osteosarcoma, we found that higher intratumoural densities
of CD3* T cells and CD8" T cells were associated with shorter OST. Although CD204*
macrophages were the most abundant immune population across tumours, their density
was not directly associated with survival. However, the strong positive correlations
observed between CD3*, CD8" and CD204" cells indicate that tumours with higher T-cell
infiltration also have increased densities of macrophage infiltration, suggesting an
inflamed yet potentially dysfunctional TME (Casanova ef al., 2021; Koirala et al., 2016;
Ligon et al., 2021).

Macrophage predominance is consistent with previous findings in canine and
human osteosarcomas (Ligon ef al,, 2021; Mannheimer et al, 2023). However, while
CD204 is widely recognized as a marker for M2-polarized tumour-associated
macrophages in other species, comprehensive validation of its specific polarization status
in feline tissues remains limited. Therefore, it is often utilized as a broader marker for
tumour-infiltrating macrophages in cats (Mandara et al., 2025; Mihardi et al., 2025). Thus,
the present findings indicate macrophage abundance rather than mechanistically proving
M2 dominance.

In our study, higher densities of CD3" T and CD8" T cells were associated with

shorter OST, which is consistent with our previous study of feline oral squamous cell
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carcinoma that showed that high densities of CD3" T and CD8" T cells were associated
with a poorer outcome (Mihardi et al., 2025). This finding, which contrasts with reports
from several human and some canine studies, can be interpreted in several non-exclusive
ways. First, T-cell infiltration may reflect a bystander or exhaustion response rather than
effective cytotoxic immunity (Cheng et al., 2024; Razmara ef al., 2021; Sun et al., 2021).
Second, macrophage-rich milieus can co-exist with T-cell influx yet limit function
through tumour-associated macrophages, including CD204" macrophages, which release
checkpoint ligands and immunoregulatory cytokines (Koirala et al., 2016; Luo et al,
2020; Ruffell ef al., 2014; Tatsuno ef al., 2024). Third, as detailed in the Materials and
methods section, our quantification relied entirely on randomly selected fields within the
tumour core. This approach inherently does not capture the macro-spatial architecture of
the immune infiltrate, such as evaluating the infiltrating margins for ‘immune-
excluded’ versus diffusely ‘infiltrated’ patterns. The lack of this broader spatial context
could reconcile why dense local counts in the core did not relate to effective tumour
control (Tsujikawa et al., 2020; Zhou et al., 2024). These interpretations are consistent
with the strong positive correlations among T cells and CD204" macrophages, pointing
to ‘inflamed but suppressed’ TMEs rather than purely ‘cold’ tumours, which is typically
defined as low immune cell infiltration (Ding et al., 2025; Tatsuno et al., 2024; Xie et al.,

2024).

Mechanistically, it is plausible that macrophage-mediated regulation (eg, PD-
1/PD-L1 axes, IL-10/TGF-f signalling) contributes to T-cell dysfunction (Abd Elmoneim
et al.,2023; Cheng et al., 2024; Guangning ef al., 2023; Hashimoto et al., 2020; Koirala
et al., 2016; Luo et al., 2020; Ruffell ez al., 2014; Sun et al., 2021; Tauriello et al., 2018;

Xia et al., 2021;); however, our study did not directly measure checkpoint expression,
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ligand co-localization or T-cell functional states. Therefore, we frame these as hypotheses
rather than conclusions. Future work should incorporate multi-marker panels (eg, PD-1,
PD-L1, LAG-3, TIM-3), comprehensive macrophage phenotyping panels (eg, combining
Iba-1, CD163 and CD204) and functional readouts to test these mechanisms in feline
osteosarcoma specifically.

Age-related findings warrant a nuanced view. We observed a moderate negative
correlation between age and CD3"and CD8" T cell densities, consistent with
immunosenescence as reported in previous studies (Campbell et al., 2004; Day, 2010;
McKenzie, 2025). In addition, a previous study has shown that increased tumour-
infiltrating T cells, particularly CD8" T cells, could be associated with worse outcomes in
osteosarcoma patients (Palmerini ef al., 2017). This pattern supports a model in
which ‘quantity without quality’ of T-cell infiltration, potentially compounded by age-
linked functional decline, fails to translate into effective anti-tumour immunity.
Longitudinal and mechanistic studies are needed to disentangle immune composition

from competence across age strata in cats

Clinical implications remain preliminary. Our results suggest that, in feline
osteosarcoma, higher CD3" T cell and CD8" T cell densities may flag an immune
contexture enriched for dysfunctional or suppressed T cells, which could be relevant when
considering immunotherapies (eg, checkpoint inhibitors or macrophage-modulating
strategies). Before clinical adoption, these associations require external
validation, harmonized scoring and integration with spatial and functional biomarkers.

This was a retrospective, single-centre subset analysis with a small sample size
(n = 16). Immune densities were dichotomized by median split and multiple comparisons

were not adjusted; Kaplan—Meier analyses were univariable, without control for potential

41



confounders (eg, anatomical site, metastatic status, treatments). Furthermore, due to the
retrospective design and the lack of standardized post-operative restaging protocols, the
precise timing of metastasis or recurrence could not be reliably determined; thus, overall
survival was utilized as the primary robust endpoint rather than disease-free interval.
Counts were derived from 10 random core fields by manual counting without formal
statistical assessment of inter-observer repeatability and did not address spatial
organisation (eg, the ‘immune-excluded’ phenotype, where immune cells accumulate at
the tumour margin but fail to infiltrate the tumour core). Immune exclusion refers to a
condition where effector immune cells are present in the TME but remain outside the
tumour core, resulting in impaired anti-tumour activity (Tiwari ef al., 2023). These factors
may inflate type-I error and limit generalizability, therefore our conclusions should be
considered hypothesis generating.

Prospective studies with larger cohorts should (i) integrate spatial profiling (eg,
multiplex IHC/immunofluorescence or spatial transcriptomics) to explicitly compare
infiltrates in the central tumour versus the invasive margin, (ii) include checkpoint and
exhaustion markers to assess T-cell quality, (iii) refine macrophage phenotyping beyond
CD204 and (iv) apply multivariable survival models and appropriate multiplicity control.
Such frameworks will better define whether feline osteosarcoma harbours an ‘inflamed
but suppressed’ immune state and identify actionable pathways for therapy.

In summary, feline osteosarcomas in our series contained macrophage-rich, T-
cell-infiltrated TMEs in which higher CD3" T cell and CD8" T cell densities were
associated with a poorer clinical outcome and shorter OST. These data support the

working hypothesis that T-cell infiltration may be present yet functionally constrained,
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underscoring the need for spatial-functional immune profiling and external validation

before prognostic use.

2.6 Conclusions

The results of this study indicate that high T-cell infiltration in feline osteosarcoma
is associated with an unfavourable prognosis. This finding opens up opportunities for
further research on the regulatory mechanisms of immune cells and immune checkpoints
within the TME of feline osteosarcoma to determine prognosis and develop

immunotherapy strategies.
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2.7  Table of Chapter 11

Table 2.1 Baseline clinical features of 16 cats with appendicular osteosarcoma.

Clinical features

Age, (mean = SD, year) 9.44 £5.02
Body weight, (mean =+ SD, kg) 4.25+1.79
Sex, n (%)
Male 1(6.25)
Female 2(12.5)
Male castrated 6 (37.5)
Female spayed 7 (43.75)
Tumour location, n (%)
Femur 6 (37.5)
Humerus 3 (18.75)
Radius 2(12.5)
Tibia 2 (12.5)
Distal radius/ulna 2(12.5)
Scapula 1(6.25)
Clinical outcome, n (%)
Dead 10 (62.5)
Alive 4 (25)
Unknown 2(12.5)

Note: n = number of cases



Table 2.2 Correlation between tumour-infiltrating immune cells in 16 cats with

appendicular osteosarcoma.

CD204"
CD3" T cells CDS8" T cells Foxp3™ Tregs CD20" B cells
macrophages
0.9389 0.2914 0.3488 0.7147
CD3" T cells
< 0.0001%* 0.2734 0.1855 0.002*
0.3300 0.2758 0.6814
CD8" T cells
0.2119 0.3012 0.004*
0.4672 0.2531
Foxp3™ Tregs
0.0680 0.3443
0.3971
CD20" B cells
0.1277
CD204*
macrophages

The first and second rows show the Spearman’s correlation (r) value and the corresponding P value for each

variable, respectively. * P <0.05.
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2.8  Figures of Chapter I1

-

g 1500
—
1250
£ 1000
=z
3
o

2000 A
1750 1

P

(L]
s 3
-3

250 ﬁ a o
o g o = ®
CD3"Teell CD& Tecell Foxpd Trez CD20°Beel — CD204
Figure 2.1 Tumour-infiltrating immune cells, feline appendicular osteosarcoma. (a)

Representative HE and IHC (brown pigment): (i) HE, (ii) CD3" T cells,
(iii) CD8" T cells, (iv) Foxp3™ Tregs, (v) CD20" B cells and (vi) CD204"
macrophages. 50 um (main images) and 25 pm (insets). (b) Comparison
of immune cell densities among subsets. Each dot represents the density

in an individual case, and bars indicate interquartile range.
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Figure 2.2 Kaplan—Meier survival curves comparing overall survival between 16 cats
with appendicular osteosarcomas with high and low immune cell

infiltration groups. Statistical significance was assessed using the log-rank

test. Tick marks (“|”) indicate censored observations.
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GENERAL DISCUSSION

Tumour-infiltrating immune cells are key components of the tumour
microenvironment and are known to influence tumour progression in both human and
canine cancers. However, in feline tumour—particularly oral squamous cell carcinoma
and osteosarcoma—studies investigating immune cell characteristics and their roles in
tumour progression and survival remain limited. To improve clinical relevance, this study
evaluated tumour-infiltrating immune cells for prognostic value in feline oral squamous
cell carcinoma and osteosarcoma, to support future diagnostic and therapeutic strategies.
Using immunohistochemistry, immune cell populations associated with survival
outcomes were identified in both tumour types.

The first chapter focuses on immune cell infiltration in feline oral squamous cell
carcinoma as a prognostic indicator. Although previous studies have described patterns
of immune cell infiltration (Sparger et al., 2018), their association with survival has not
been established. In this study, CD204" macrophages were consistently observed in all
samples, both within the tumour core and the stroma. A moderate negative correlation
was identified between tumour CD3" T cell density and both progression-free interval
(PFI) and overall survival time (OST). Similarly, stromal CD20" B cell density showed a
moderate negative correlation with PFI. The Kaplan—Meier analysis further demonstrated
that cases with lower tumour CD3" T cell infiltration had significantly longer OST than
those with higher infiltration. In addition, lower stromal CD8" T cell infiltration was
associated with significantly longer PFI and showed a tendency toward longer OST.

Chapter 2 examines feline osteosarcoma, a relatively rare tumour in which
biological characteristics have been described (Dimopoulou et al., 2008), but immune

infiltration patterns and their prognostic significance remain unclear. Consistent with
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findings in oral squamous cell carcinoma, CD204" macrophages were present in all cases
and represented the most abundant immune cell population. Higher CD3* T cell density
was significantly associated with vital status, while CD8" T cells and CD204"
macrophages showed weaker associations. Kaplan—Meier analysis indicated that lower
densities of CD3"* and CD8" T cells were associated with longer overall survival.

These findings differ from several previous studies in human, canine, and feline
tumours, which generally report a positive association between T cell infiltration and
survival (Casanova ef al., 2021; Koirala et al., 2016; Nascimento ef al., 2022; Razmara
et al., 2021; Sales de Sa et al., 2021; Suarez-Sanchez ef al., 2021; Withers ef al., 2019b;
Wongpattaraworakul et al., 2024). Although this study does not provide direct
mechanistic evidence, several hypotheses may explain why higher T cell infiltration is
associated with shorter survival in these feline tumours. First, the high abundance of
CD204" macrophages suggests a potentially immunosuppressive microenvironment, in
which macrophages may inhibit T cell function through the release of checkpoint ligands
or immunoregulatory cytokines (Koirala et al., 2016; Kondo et al., 2021; Kubota et al.,
2017; Luo et al., 2020; Ruffell et al., 2014; Tatsuno et al., 2024; Xue ef al., 2022). Second,
infiltrating T cells may be functionally exhausted, leading to a reduced anti-tumour
immune response (Cheng ef al., 2024; Pauken and Wherry, 2015; Sun et al., 2021).
Additionally, this study did not evaluate spatial immune patterns, such as immune-
excluded or diffusely infiltrated patterns, in which immune cells in the tumour core may
not eftectively control tumour growth (Tsujikawa et al., 2020).

In summary, both studies on feline oral squamous cell carcinoma and
osteosarcoma demonstrated abundant macrophage infiltration and higher densities of

CD3" and CD8" T cells, which were associated with shorter survival. These findings
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support the hypothesis that T cell infiltration may be present but functionally ineffective.
Therefore, further investigation incorporating spatial and functional immune profiling,
along with external validation, is necessary before these markers can be reliably used for

prognostic purposes.
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Supplementary Table 2. Tumour-infiltrating immune cells density in each cat with

appendicular osteosarcoma case

Tumour-infiltrating immune cells density (cells/mm?)

Case number CD204*

CD3" T cells CDS8" T cells Foxp3* Tregs  CD20" B cells

macrophages

1 84.66 £10.93 0.00 = 0.00 0.00 = 0.00 32.04 £ 7.45 661.39 £99.36
2 87.59 +£5.87 65.88£9.80 0.00 = 0.00 77.98 £7.74 1,549.52 + 187.66
3 44479 +36.37 379.44+21.10 0.00 = 0.00 28.20£6.37 2,408.84 £ 199.83
4 90.57 +3.44 86.57+£3.10 0.00 = 0.00 43.50 £4.73 661.65+56.98
5 29.28 £ 6.42 22.57+£5.56 0.00 = 0.00 0.00 = 0.00 449.04 + 56.09
6 317.25+5898 275.10+69.37 38.97+8.99 152.10+48.68  1,022.15+97.57
7 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 240.53 £21.03
8 273.71 £8.18 106.81 +7.52 0.00 = 0.00 258.62+13.59 62090+ 11.61
9 368.89£29.03 280.95+ 18.98 0.00 = 0.00 0.00 = 0.00 701.02 = 87.38
10 604.03 £86.76  35536+31.37 0.00 = 0.00 0.00 = 0.00 934.86 =72.62
11 81.47+£10.99 54.85+7.68 0.00 = 0.00 18.38 £4.48 739.31 £56.21
12 164.57+53.17 117.66+37.71 11.14£7.56 53.02=10.79 733.26 £ 98.93
13 10522+ 11.28 67.98+8.70 0.00 = 0.00 34.84 £6.02 1,111.80 +77.02
14 38.78 £6.71 29.10+6.74 0.00 +0.00 29.52+5.59 151.64 +19.90
15 65.12+£6.25 42.15+7.20 0.00 +0.00 0.00 +0.00 411.33 £62.05
16 27.23 £5.58 15.12+£3.55 0.00 = 0.00 0.00 = 0.00 49235+ 63.77
Median [IQR, 89.08 [45.37-  66.93 [24.20 - 0.00 [0.00 - 28.86 [0.00 - 681.34 [459.87 -
cells/mm?| 306.37] 235.74] 0.00] 50.64] 1,000.33]
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