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This study investigates the molecular and immune characteristics of equine ocular squamous cell 
carcinoma (eoSCC). Immunohistochemistry (IHC) and next-generation sequencing (NGS) were used 
to detect protein expression and TP53 mutations, respectively. T lymphocytes (CD3+), regulatory 
T cells (FoxP3+), B lymphocytes (CD20+), and macrophages (IBA-1+) were quantified. A total of 29 
cases of eoSCC were evaluated, consisting of 3/29 carcinomas in situ (CISs) and 26/29 squamous cell 
carcinomas (SCCs). p53 positivity by IHC was detected in 19/29 cases while by NGS, 21 TP53 mutations 
were found in 13/29 cases (44.83%), of which 18/21 were C > T base substitutions, typical of ultraviolet 
(UV)-induced DNA damage. In tumors with TP53 mutations, IBA-1⁺ macrophages were significantly 
increased (p = 0.001) and CD3⁺ T lymphocytes were also more abundant (p = 0.028) than in wild type 
TP53 cases, whereas CD20⁺ B lymphocytes and FoxP3⁺ regulatory T lymphocytes showed no significant 
differences. Equus caballus papillomavirus type 2 positivity was detected in 6/29 cases (20.69%) via in 
situ hybridization (ISH), but viral presence did not impact immune cell infiltration. Ki67 scores were 
higher in SCCs/CISs withTP53 mutations, but the difference was not statistically significant. Overall, 
TP53 mutations appear to contribute to eoSCC development, potentially as a consequence of UV-light 
exposure, and to influence immune cell infiltration.

Squamous cell carcinoma (SCC) is the most common cancer affecting the equine eye and follows equine sarcoids 
as the second most common equine cancer overall1–5. Equine ocular SCC in horses (eoSCC) can affect the eyelid, 
third eyelid, conjunctiva, and cornea, and although chronic exposure to ultraviolet (UV) radiation, periocular 
depigmentation, and genetic predisposition are recognized risk factors, the precise etiology and pathogenic 
mechanisms remain incompletely understood4–6.

In humans, SCC often occurs in the head and neck region, reflecting chronic exposure to sunlight and its 
associated UV radiation–induced DNA damage. Approximately 90% of human cutaneous SCC harbor mutations 
in the TP53 tumor-suppressor gene, making it one of the primary molecular targets of UV-induced damage and 
a marker of increased tumor aggressiveness. Specific CC > TT base pair dimer transformations of the TP53 
gene occur in UV-related SCC, allowing cells with damaged DNA to pass the G1-S cell cycle checkpoint7–9. 
In addition to UV exposure, human papillomavirus (HPV) infection represents an important risk factor for a 
subset of head and neck SCC (HNSCC), where viral oncoproteins functionally inactivate p53 without requiring 
TP53 mutation10.
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The tumor immune microenvironment (TME) plays a critical role in the initiation, progression, and clinical 
behaviour of SCC in humans. In recent years, the TME has gained much interest, especially in light of the 
recent advances in immunotherapy. Similarly to penile and cervical SCC, HPV+ HNSCC typically exhibit higher 
levels of tumor-infiltrating lymphocytes, particularly CD8⁺ T lymphocytes, and an inflamed immune phenotype 
associated with improved prognosis and treatment response. In contrast, HPV− SCC, including UV-related SCC, 
often display immunosuppressive microenvironments enriched in T regulatory lymphocytes (Tregs) and tumor-
associated macrophages that promote immune escape and tumor progression11–15.

Equus caballus papillomavirus type 2 (EcPV2) has been identified as the main etiological agent of equine 
genital SCC, being present in the vast majority of SCC as well as in benign and precancerous lesions16,17. Previous 
studies in equine genital SCC found that EcPV2+ penile tumors harbor a different immune microenvironment, 
specifically with increased Treg infiltration, and that a small subset of penile SCC harbor TP53 mutations, 
which however do not seem to influence the immune cell infiltrate18. Compared to penile SCC, in eoSCC the 
prevalence of EcPV2 is markedly lower, suggesting that there could be distinct tumor pathogenic mechanisms 
compared to genital locations19–22. Immunohistochemistry (IHC) for p53 was previously used in horses to refine 
the classification of penile SCC, however, analysis of TP53 mutation status was not performed21. Indeed, our 
previous work on equine penile SCC demonstrated a lack of correspondence between p53 overexpression and 
TP53 mutation18. In dogs, TP53 is often associated with increased tumor malignancy and poor prognosis and 
IHC is often used as a surrogate marker for TP53 mutation, but different studies with next-generation sequencing 
(NGS) have demonstrated a poor concordance between protein overexpression and gene mutation23,24. To date, 
analysis of TP53 mutation and corresponding protein expression have not been investigated in eoSCC.

In recent years, increasing evidence has supported a possible genetic predisposition to the development of 
eoSCC in certain horse breeds. Specifically, a pathogenic variant of the DDB2 gene, involved in the repair of UV-
induced DNA damage, has been identified in breeds such as the Haflinger, Belgian Draft, and Rocky Mountain 
Horse. This missense mutation (c.1013  C > T; p.Thr338Met), when homozygous, represents a significant 
autosomal recessive risk factor for the development of SCC affecting the eye and ocular adnexa20,25,26.

The aim of the present study was to investigate the molecular and immunological features of eoSCC. TP53 
gene mutations were analyzed via NGS, and p53 protein expression was assessed by IHC. To elucidate a potential 
role of EcPV2, in situ hybridization (ISH) was performed to verify the presence of the virus and cell proliferation 
was evaluated using the Ki67 marker. Moreover, the tumor immune cell infiltrate was examined by quantifying 
total T lymphocytes (CD3+), Tregs (FoxP3+), B lymphocytes (CD20+), and macrophages (IBA-1+).

Results
Patient characteristics, histological classification and EcPV2 status
Twenty-nine ocular tumors from 29 horses were included in the study. The mean age of the patients was 15.53 
years (SD: 5.51). Of the 29 cases, 9/29 (31.03%) were female, 3/29 (10.34%) were male, and 10/29 (34.48%) were 
castrated males. In 7 cases sex was unknown. The most represented breed was the Cob, with 6/29 (20.69%) cases, 
while the remaining horses were of mixed breeds. Histologically, 3/29 (10.34%) were diagnosed as carcinoma 
in situ (CIS) and 26/29 (89.66%) as SCC. EcPV2 status was defined as positive when detected by ISH within 
neoplastic cells (Fig. 1). Using this criterion, EcPV2 positivity was observed in 6/29 cases (20.69%); of these 1/3 
(33.33%) were CIS and 5/26 (19.23%) were SCCs.

p53 expression/TP53 status
The p53/TP53 status was assessed by IHC to evaluate protein expression and by NGS to identify gene mutations. 
By IHC, p53 was detected in 19/29 cases (65.52%). Of the p53+ cases, 12/29 (41.38%) had a parabasal/diffuse 
positivity (Fig. 2a), 3/29 (10.34%) were characterized by a basal overexpression (Fig. 2b), and 4/29 (13.79%) had 
a scattered positivity (Fig. 2c). In the remaining 10/29 cases (34.48%) p53 expression was absent.

TP53 status was evaluated using NGS on all 29 cases; in 16/29 (55.17%) TP53 was wild-type (TP53WT) and 
in 13/29 (44.83%) TP53 harbored a deleterious/possibly damaging (D/PD) mutation (TP53M). In 13 cases, 
21 different mutations were detected; 6 cases had multiple D/PD mutations. Mutations were missense with a 
single base pair substitution in 8 cases, while in 5 cases mutations were non-sense (stop). Out of 21 mutations 
detected, 18 (85.71%) were C > T base substitution. Based on the Polyphen score, the mutations were classified 
as deleterious (18/20) or as possibly damaging (3/20) (Table 1).

No significant correlation was observed between p53 IHC positivity and TP53 mutational status, either based 
on p53 positivity alone or on immunostaining pattern (Fisher test, p=0.433 and p=0.33 respectively). Indeed, 
of the cases positive for p53 with IHC, 10/19 (52.63%) exhibited a D/PD TP53 mutation (7/12 of the parabasal/
diffuse pattern, 2/3 of the basal overexpressed, and 1/4 with scattered expression). The remaining 9/19 p53+ 
cases (47.37%) had a TP53WT. Of the 10 cases in which p53 expression was absent, 3 mutations were detected, 
all of which were non-sense  (Table 2, Fig. 3). No significant correlation was found between p53+ expression 
and EcPV2 status (Fisher test, p = 1). Among the EcPV2+ cases, 4/6 (66.67%) were p53− positive, while 15/23 
EcPV2−negative cases (65.22%) showed p53 positivity. In addition, 5/16 (31.25%) TP53WT and 1/13(7.69%) of 
the TP5M were positive for EcPV2, however differences were not statistically significant (p = 0.183) (Fig. 3).

Ki67 score
The mean Ki67 score was 40.15 (SD: 20.85). Similar Ki67 scores were identified in CISs (mean 30.19, SD:10.31) 
and in SCCs (mean 41.35, SD:21.59). Ki67 scores were higher in SCC/CIS with pathogenic TP53 mutation, 
however, this association was not statistically significant (Kruskal-Wallis test, p = 0.43). Cases with TP53M had 
a mean Ki67 score of 44.28 (SD:21.03), while cases with TP53WT had a mean Ki67 score of 37.05 (SD: 20.83). 
Similarly, Ki67 score did not differ significantly according to EcPV2 status (Kruskal-Wallis test p = 0.928). 
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EcPV2+ cases showed a mean Ki67 score of 38.29 (SD: 24.32), whereas EcPV2− cases had a mean score of 40.56 
(SD: 20.62).

Immune cell density
The quantification of the immune cell infiltrate revealed that CD3+ T lymphocytes were the most represented 
immune population, with a median area coverage of 10.12% (range 0.59 to 60.97%), followed by IBA-1+ 
macrophages which accounted for 7.26% of the tumor area (range 0 and 81.10%) and CD20+ B-lymphocytes 
which represented 1.41% of the area (range 0 to 14.37) (Fig. 4, representative image). Median FoxP3+ lymphocytes 
were 414.90 cells/mm2(range 107.10–1119.0). Results are summarized in Table 3.

Significant differences were found between immune cell infiltration and TP53 status, with a marked increase 
in infiltration observed particularly in cases harboring pathogenic mutations compared to TP53WT (Table 4; 
Fig. 5). Specifically, in tumors with TP53M, the IBA-1+ infiltrate was significantly higher, representing 44.84% 
(range 3.02–81.10) compared to TP53WT cases in which the IBA-1+ infiltrate was 4% of the total area (range 
0.00-38.06) (p = 0.028). The CD3+ cells were significantly higher in TP53M cases, representing 26.09%of the area 
(range 2.41–60.97), compared to tumors with TP53WT in which the CD3+ T lymphocytes represented 8.90% 
of the area (range 0.59–60.13) (p = 0.028). Conversely the amount of CD20+ cells did not vary significantly 
representing 1.23% in TP53WT cases (range 0.00- 14.37) and 1.70% in TP53M cases (range 0.46–9.45, p = 0.864), 
respectively. The association between FoxP3+ Tregs infiltration and TP53 status was not statistically significant; 
however, a moderately higher FoxP3+ infiltrate was observed in tumors with TP53WT compared to those 
harboring pathogenic mutations (559.92 cells/mm2 and 349.26 cells/mm2, respectively) (p = 0.440). Finally, 
variations in immune cell infiltration were observed between EcPV2+ and EcPV2− tumors; however, differences 

Fig. 1.  In situ hybridization for Equus caballus Papillomavirus type 2 (EcPV2) in an equine ocular squamous 
cell carcinoma. Positivity of neoplastic cells to EcPV2 (red).
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were not statistically significant. Overall, a markedly higher cell infiltrate was found in EcPV2− cases compared 
to EcPV2+ cases. CD3+ cells represented 12.84% (range 0.59–60.97) of the total area in EcPV2− cases compared 
to EcPV2+ cases in which CD3+ cells accounted for 6.52% (range 2.18-11.00) of the total area (p = 0.151). IBA-1+ 
represented 9.91% (range 0.00-81.10) of the tumor area in the EcPV2− cases, while in the EcPV2+ cases the IBA-
1+ area was 6.37% (range 3.51–9.10) (p = 0.382). Finally, the CD20+ cells represented 1.70% in the EcPV2− cases 
(range 0.00-14.37), while in EcPV2− cases the total area was 0.77 (range 0.65–4.45) (p = 0.223). FoxP3+ densities 
were higher in EcPV2+ tumors (413.88 cells/mm² in EcPV2− versus 523.30 cells/mm² in EcPV2+), although no 
statistically significant association was found (test, p = 0.345) (Table 4; Fig. 5).

IHC p53− IHC p53+

Absent Scattered Basal overexpression Parabasal/diffuse Total

TP53M 3 1 2 7 13

TP53WT 7 3 1 5 16

Total 10 4 3 12 29

Table 2.  IHC p53 immunostaining patterns and TP53 mutation in 29 ocular SCC/CIS.

 

N.cases Nucleotide substitution Mutation type Aminoacid substitution PolyPhen score Prediction

3 p.85 C > T Missense p.Pro85Ser 1.00 D

2 p.229 C > T Missense p.Ser229Phe 1.00 D

2 p.179 C > T Missense p.Pro179Val 0.764 PD

2 p129C > T Missense p.Pro129Leu 1.00 D

2 p.79 C > T Missense p.Pro79Leu 1.00 D

1 p.27 C > T* Missense p.Pro27Ser 0.711 PD

1 p.112 C > T Missense p.Thr112Met 0.993 D

1 p165C > T Missense p.His165Tyr 1.00 D

1 p.1G > A Missense p.Met1Ile 0.821 PD

1 p.166 C > T Missense p.His166Tyr 1.00 D

2 p.201 C > T Stop p.Arg201Ter 1.00 D

1 p.324G > T Stop p.Glu324Ter 1.00 D

1 p94C > G Stop p.Tyr94Ter 1.00 D

1 p330C > T Stop p.Arg330Ter 1.00 D

Table 1.  TP53 mutation detected by next-generation sequencing (NGS) in 13/29 horses with ocular squamous 
cell carcinoma (eoSCC). D= deleterious; PD= probably damaging.

 

Fig. 2.  Immunohistochemistry for p53 in equine squamous cell carcinomas. (a) Parabasal/diffuse p53 pattern: 
diffuse positivity of neoplastic cells in all tumor layers (b) Basal overexpression p53 pattern: positivity more 
prevalent in the basal layers. (c) Scattered p53 pattern: positive cells are scattered throughout the neoplasm.
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Fig. 4.  Representative image of multiplex immunohistochemistry in an ocular equine squamous cell 
carcinoma. CD3+ cells (brown), CD20+ cells (teal), IBA-1+ cells (purple).

 

Fig. 3.  Summary of p53 IHC positivity patterm, TP53 mutations (including presence of multiple mutations) 
and EcPV2 positivity in 26 invasive SCC and 3 CIS.
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Discussion
SCC is the most common ocular neoplasm in horses; however, its etiopathogenesis remains largely unknown. 
Many studies have identified specific breed predispositions for ocular SCC, associated with mutations of the 
DDB2 gene25. In our study the Cob was the most represented breed, although it is not possible to verify whether 
it was most prevalent in the population from which cases were selected. One Halfinger horse was present, which 
is amongst the SCC-predisposed breeds.

NGS analysis revealed deleterious or potentially damaging TP53 mutations in 44.83% of cases. Notably, a 
high proportion of these mutations consisted of non-synonymous single–base C > T substitutions resulting in 
amino acid changes. In human SCCs, TP53 mutations are highly prevalent and are considered early, initiating 
events in UV-induced cutaneous SCC, occurring in approximately 54–95% of cases7,27. Extensive evidence in 
human oncology indicates that UV-related TP53 mutations are characterized by C > T transitions at dipyrimidine 
sites, as well as CC > TT dinucleotide substitution28,29. Although the number of cases is too small to draw 
specific conclusions, mutation patterns observed in horses have moderate similarity with those observed in 
humans. Despite the majority of mutations being C > T transitions as in equines, relative aminoacid changes 
and hotspots are different, the latter generally liyng within the DNA-binding domain (codons ~ 100–292)30. In 
eoSCC TP53 mutations were detected in exonic regions (as per target analysis) and clustered between codons 

Fig. 5.  Boxplots showing immune cell infiltrates according to TP53 mutation (top) and EcPV2 positivity 
(bottom). TP53M= mutated TP53, TP53WTwild-type TP53, (*) statistically significant (p < 0.05).

 

TP53 status

p.value

EcPV2 status

p.valuePD/P mutation Wild-type EcPV2-neg EcPV2-pos

CD3+ 26.09
[2.41–60.97]

8.90
[0.59–60.13] 0.028* 12.84

[0.59–60.97]
6.52
[2.18-11.00] 0.151

IBA-1+ 44.84
[3.02–81.10]

4.00
[0.00-38.06] 0.001* 9.91

[0.00-81.10]
6.37
[3.51–9.10] 0.382

CD20+ 1.70
[0.46–9.45]

1.23
[0.00-14.37] 0.864 1.70

[0.00-14.37]
0.77
[0.65–4.45] 0.223

FoxP3+ 349.26
[107.07-855.3800]

559.92
[138.14-1118.97] 0.072 413.88

[107.07-1118.97]
523.30
[272.34–1023.00] 0.345

Table 4.  Quantification of immune cells CD3+, CD20+, IBA-1 + as % of positive area, FoxP3 + as number per 
mm2 in 29 ocular tumors, according to TP53 mutation and EcPV2 status. Mean and [confidence intervals], (*) 
statistically significant (p < 0.05).

 

Mean Median SD Max Min

CD3+ 17.48 10.12 18.31 60.97 0.59

CD20+ 2.95 1.41 3.70 14.37 0.00

IBA-1+ 22.98 7.26 27.24 81.10 0.00

FoxP3+ 495.80 414.90 290.68 1119.00 107.10

Table 3.  Quantification of immune cells (CD3+, CD20+, IBA-1 + as % of positive area, FoxP3 + as number per 
mm2) in 29 ocular CIS/SCC. SD= standard deviation.
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approximately 80 and 180. Moreover CC > TT dinucleotide substitutions were not detected in eoSCC. Overall, 
the predominance of UV-signature mutations observed in our eoSCC cohort suggests a potential role for TP53 
alterations in tumorigenesis and supports the hypothesis that UV-light exposure may contribute to eoSCC 
development. However, our study does not allow definitive confirmation of a driver role for TP53 mutations. In 
our previously published study on equine penile SCC, the absence of C > T substitutions in TP5318, reinforce the 
concept that ocular and genital SCC in horses follow distinct tumorigenic pathways: the former likely associated 
with UV exposure and the latter primarily driven by EcPV2 infection.

In veterinary pathology, IHC for p53 is frequently employed as a surrogate method to infer TP53 mutational 
status31. However, both human and veterinary studies have demonstrated only limited concordance between 
p53 protein overexpression and underlying TP53 gene mutations, particularly in dogs23,24. Consistent with these 
observations, our previous work on equine penile SCC revealed poor correspondence between TP53 mutations 
and p53 overexpression by IHC18. In contrast, in the present eoSCC study, the majority of TP53-mutated 
tumors exhibited p53 overexpression. Importantly, all TP53-mutated but p53-negative cases harbored nonsense 
mutations predicted to result in truncated proteins, which are likely undetectable by immunohistochemistry 
(IHC). Conversely, p53 overexpression was also detected in 50% of cases with wild-type TP53. This discrepancy 
may be explained by p53 accumulation independent of genetic alteration, as p53 stabilization can occur in 
response to cellular stress, post-translational modifications, or impaired ubiquitination. These mechanisms 
further limit the reliability of p53 IHC as a predictor of TP53 mutation status32.

Based on a previously proposed classification scheme for vulvar SCC in humans33, we also evaluated 
intratumoral p53 expression patterns to assess potential correlations with TP53 mutations. Although no 
statistically significant associations were identified, several qualitative trends merit consideration. p53-
negative tumors were either wild-type or carried nonsense TP53 mutations resulting in truncated, likely non-
immunoreactive proteins; this indicates that negative staining may reflect either genetic status. In addition, 
all tumors exhibiting scattered p53 positivity were TP53WT, whereas most cases with parabasal to diffuse p53 
expression harbored one or more deleterious or potentially damaging missense mutations. Taken together, 
while p53 immunohistochemistry (IHC) provides useful information regarding protein expression and spatial 
distribution within eoSCC, our findings indicate that p53 overexpression alone cannot be reliably used as a 
surrogate marker for TP53 mutation status in equine SCC.

The role of EcPV2 in genital SCC development is well established19,34 however, its underlying tumorigenic 
mechanism as well as its potential role in the development of eoSCC is not known. Numerous studies investigated 
the potential role of HPV in human non-genital SCC. In one study on conjunctival SCC, subset of tumors was 
found to be HPV-related, with typical viral protein expression and p16 overexpression/p53 loss, confirming 
that the conjunctiva is a vulnerable site for HPV-related transformation35. Similarly, EcPV2 in eoSCC has been 
reported sporadically. EcPV2 DNA was detected in 8.3% of (peri) ocular SCCs in one study21 and 2 out of 6 
ocular SCC in another study36. Other studies failed to demonstrate EcPV2 DNA in ocular SCC19. In addition, 
12% of normal eyelid samples resulted positive for EcPV2 nucleic acids samples collected from asymptomatic 
Western Canadian horses37. In the present study 20.69% of cases were EcPV2-positive by ISH, slightly higher 
than in other reports. Although EcPV2 does not represent a major risk factor for ocular SCC, a role of EcPV2 
in the pathogenesis of eoSCC cannot be fully excluded. Moreover, TP53 mutation occurred independently of 
EcPV2 infection, as expected, and as also observed in equine penile SCC18. High-risk human papillomaviruses 
drive tumorigenesis primarily through E6-mediated degradation of the tumor suppressor p53, thereby disrupting 
cell cycle control and apoptosis. The absence of a comparable association between EcPV2 and p53 alterations 
in horses suggests that this mechanism may not occur in equine tumors and that EcPV2 represents a minor, 
independent, and possibly contributory factor, rather than a primary driver of tumorigenesis. Results of immune 
cell analysis indicate that in TP53 mutated SCCs there were significantly higher numbers of CD3+ T-cells and 
macrophages, while B cells and FoxP3+ did not differ significantly. Conversely, most data in the human literature 
indicate that TP53 mutation more often cause a cold immune environment leading to immune evasion32. This 
discrepancy could indicate that TP53 mutations contribute to a more immune-active tumor microenvironment; 
accumulation of DNA damage may lead to increasing genomic instability, production of neoantigens and 
inflammatory signaling, thus enhancing tumor immunogenicity and immune cell recruitment38.

On the other hand, EcPV2 did not significantly influence T-cell infiltrates despite T-cells were observed in 
markedly higher numbers in EcPV2+ cases. In human HNSCC, higher densities of immune cells indicating a 
stronger intratumoral immune reaction, is typically observed in HPV+ tumors, which may explain the markedly 
better prognosis associated with HPV in HNSCC compared with HPV− tumors and improved overall survival 
following immunotherapy12. Previous studies from our group on equine penile SCC found a variation in 
FoxP3+ infiltration that depended on EcPV2 status18. These results are in contrast with those in the present 
study in which FoxP3+ do not vary in relation to viral infection. This indicates that despite having similar 
morphological characteristics, ocular and penile SCC in horses have different tumor microenvironments, which 
may be influenced by etiology, pathogenetic pathways or tissue of origin. In fact, in addition to viral and UV-
related factors, further evidence demonstrates that in HPV-driven SCCs in humans, the tissue of origin can also 
contribute to shaping the immune contexture of the tumor39.

In conclusion, this study provides new evidence that TP53 mutations are frequent in eoSCC and display 
UV-signature changes. EcPV2 infection was detected in a subset of cases but appears to represent a minor, 
independent, possibly contributory factor rather than a primary driver of tumorigenesis. Notably, TP53 
mutation and viral status highlight distinct microenvironmental features in ocular SCC compared with genital 
SCC in horses.
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Materials and methods
Case selection, histology and classification
Cases of ocular CIS and SCC diagnosed between 2018 and 2024 were retrieved from the digital records of two 
institutions: the Anatomic Pathology Section of the Department of Veterinary Medical Sciences at the University 
of Bologna (Italy) and the Department of Veterinary Anatomy, Physiology, and Pathology at the University 
of Liverpool (UK). Formalin-fixed, paraffin-embedded (FFPE) tissue samples and hematoxylin and eosin-
stained slides were obtained from the archives. For each case, the patient’s signalment and the tumor location 
were documented. The histological sections were reviewed by two authors (BBa, GM), and the diagnosis was 
confirmed according to previously published criteria21.

Immunohistochemistry (IHC)
Immunohistochemistry for Ki67, FoxP3, and p53 was conducted on 4 μm-thick consecutive tissue sections. The 
sections were dewaxed and rehydrated, followed by endogenous peroxidase blocking through immersion in 3% 
hydrogen peroxide for 30 min. Antigen retrieval was performed using citrate buffer at pH 6.0. p53 underwent a 
two 5-minute cycles of heating in a microwave oven at 750 W; Ki67 and FoxP3 incubated for 20 min in a pressure 
cooker at 100–110 °C. Primary antibodies used were Ki67 (monoclonal, clone MIB-1, Dako Denmark, 1:1500 
dilution), FoxP3 (monoclonal, clone FJK-16s, eBioscience, Invitrogen, 1:400 dilution), and p53 (monoclonal, 
clone PAb240, BD Pharmingen, 1:200 dilution). All antibodies were incubated with the tissue sections overnight 
at 4 °C. Amplification of the reactions was performed using the avidin-biotin method (ABC kit elite, Vector), and 
visualization was achieved with 3,3’-diaminobenzidine (DAB, 0.04% for 4 min). The sections were counterstained 
with Harris’ hematoxylin, rinsed in tap water, dehydrated, and coverslipped. Known p53-expressing equine SCC 
sections18 were used as positive controls. For Ki67 and FoxP3, normal equine intestine and lymph node were 
used as positive controls, respectively. Negative controls were obtained by incubating sections with an isotype-
matched antibody.

The multiplex immunochemistry (mIHC) procedure was carried out following the previously used 
methodology18 using an automated immunostainer (Discovery Ultra Roche Diagnostics) on 3 μm-thick sections 
from FFPE samples. The sections were first dewaxed using EZ prep solution (Roche Diagnostics) and antigen 
retrieval was carried out with CC1 solution (Roche Diagnostics) at 95 °C for 40 min. To identify T lymphocytes, 
B lymphocytes, and macrophages, a triple IHC protocol was applied, using CD3 (clone 2GV6, concentration 
0.4 µg/ml, Roche Diagnostics), CD20 (clone L26, dilution 1:300, Invitrogen), and IBA-1 (clone NB100-1028, 
dilution 1:2500, Novus Biological) as the primary antibodies, respectively. After CD3 incubation, the sections 
were treated with rabbit multimer (Rb-HRP), followed by staining with the Discovery ChromoMap DAB Kit 
(Roche Diagnostics). For CD20, sections were incubated with mouse multimer (Ms-HRP) (Roche Diagnostics) 
and then processed using the Discovery Teal HRP Kit (Roche Diagnostics). Finally, after IBA-1 incubation, the 
secondary antibody (rabbit multimer) was applied, and the sections were stained using the Discovery Purple 
HRP staining kit (Roche Diagnostics). Normal equine lymph node tissue was used as the positive control, 
and negative controls consisted of sections incubated without primary antibodies. For p53, the positivity 
pattern was interpreted as absent, parabasal/diffuse, scattered, basal overexpression, adapted from a previously 
published method33. Specifically, p53 expression was categorized as absent (complete lack of nuclear staining), 
basal overexpression (strong nuclear staining confined to the basal layer, in at least 10% of neoplastic cells), 
scattered (isolated basal and suprabasal positive nuclei, in at least 10% of neoplastic cells), and parabasal/diffuse 
(continuous strong nuclear staining extending from the basal layer into the parabasal layer or full epithelial 
thickness, in at least 10% of neoplastic cells). All patterns except the absent were interpreted as overexpressed.

In situ hybridization (ISH)
ISH was performed using RNAscope probes (Advanced Cell Diagnostics, ACD) targeting the E6/E7 oncogenes of 
EcPV2 (cat.427111), following the manufacturer’s protocol. Briefly, FFPE samples were hybridized with the E6/
E7 V-EcPV2 RNAscope probe. For each amplification step, six amplifying solutions were applied: AMP-1, AMP-
3, and AMP-5 for 15 min each, and AMP-2, AMP-4, and AMP-6 for 30 min. The amplified signal was detected 
using Fast RED (Advanced Cell Diagnostics), and the nuclei were counterstained with Gill’s haematoxylin.

Next-generation sequencing (NGS)
NGS was carried out at the Molecular Pathology Laboratory of Solid Tumors at Policlinico Sant’Orsola-
Malpighi in Bologna, Italy. Tumor regions with a high (> 50%) tumor cell content were selected, and DNA was 
extracted from two to three 10 μm-thick sections using the Quick Extract FFPE Kit (Lucigen, LGC Biosearch 
Technologies, Hoddesdon, UK). The extracted DNA was quantified using a Qubit fluorometer (Thermo Fisher 
Scientific, Waltham, MA, USA). DNA amplification was performed using a laboratory-developed NGS panel. 
The custom panel was created with the Ion AmpliSeq Designer Tool (Thermo Fisher Scientific) and targeted 
the coding regions of TP53 (start chr11:50952714, end chr11:50959353) and myosin (start chr9:45496284, end 
chr11:45512499), covering a total of 92 amplicons ranging from 125 to 175 bp in length (panel size: 22.41 kb) 
based on the Equus Caballus 2.0 reference genome. Sequencing was performed using the GeneStudio S5 Prime 
Sequencer (Ion 530 Chip), and the results were analyzed with the Ion Reporter plugin Variant Caller (Thermo 
Fisher Scientific) and Golden Helix GenomeBrowse (v3.0, ​h​t​t​p​s​:​/​/​w​w​w​.​g​o​l​d​e​n​h​e​l​i​x​.​c​o​m​/​p​r​o​d​u​c​t​s​/​G​e​n​o​m​e​B​r​o​
w​s​e​/​​​​​)​. To minimize false positives, only nucleotide variants with a variant allele frequency greater than 10% were 
included in the mutational analysis. The functional impact of each variant was assessed using the PolyPhen2 tool 
(http://genetics.bwh.harvard.edu/pph2/), with the query performed using the amino acid sequence of the Equus 
reference genome and the corresponding variant positions.
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Digital image analysis
Immunohistochemical slides were scanned using the Grundium Ocus 20 (Tampere, Finland) with a 20x 
objective (0.25  μm/pixel), generating whole-slide images. The digital images obtained were analyzed with 
QuPath v0.5.0.3.2, an open-source software40.

Ki67 scores were assessed as previously described18. Briefly, the automatic positive cell detection tool in 
QuPath was used. The tumor regions were selected with the magic wand tool, avoiding areas of necrosis, 
inflammation, and artifacts; the positive cell detection tool was then applied to the selected area (Fig. 6). The 
Ki67 score was recorded as the percentage of positive cells relative to the total number of nuclei within the 
tumor area. For FoxP3, the positive cell detection tool was applied in the selected area including both tumor and 
stroma. Positive cells were recorded as number of cells per mm2, obtained by dividing the number of cells by the 
total area and were assessed and calculated using the pixel classifier tool (Fig. 7).

The mIHC positivity and was analyzed as previously described18. Briefly, the pixel classifier tool (Artificial 
Neural Network ANN_MLP) was used, to assess the total area occupied by each marker (CD3, brown; CD20, 
teal; IBA-1, purple). To train the classifier, example annotations of tumor cells were manually entered, predicting 
the area occupied by each cell type through color coding. The classifier was then applied to each whole-slide 
image, and when a satisfactory prediction awas reached, the percentage of area occupied by each marker was 
recorded (Fig. 8). Visual evaluation of image analysis results was performed for each output by an experienced 
and a junior pathologist.

Statistical analysis
The clinical and histopathologic characteristics were summarized using descriptive statistics. Normality of 
continuous data was assessed with the Shapiro-Wilk test. All continuous data had a non-normal distribution. 
For non-normally distributed data, the median and range (min-max) were reported; for normally distributed 
variables, the mean and standard deviation (SD) were reported. To compare continuous variables between 
groups, the non-parametric Wilcoxon rank sum test was performed. To quantify the correlation between 
continuous variables, Spearman’s correlation coefficient was used. To assess associations between categorical 
variables, Fisher’s test was performed. Results were considered statistically significant at a threshold of p ≤ 0.05. 
Statistical analysis was performed with the language for statistical computing R, v4.2.0 (R Foundation for 
Statistical Computing, Vienna, Austria).

Fig. 7.  Equine ocular SCC, immunohistochemistry. Image analysis for the quantification of FoxP3+ T 
lymphocytes. (a) Nuclear positivity of T-cells. (b) Positive nuclear detection of FoxP3+ cells. (c) Area 
quantification through pixel classifier (tumor and stroma quantification in red and green respectively).

 

Fig. 6.  Equine ocular SCC, immunohistochemistry. Image analysis for the quantification of Ki67 proliferation 
index. (a) Nuclear positivity of neoplastic cells. (b) Positive nuclear detection of Ki67+ cells. (c) Tumor area and 
stroma quantification with pixel classifier in red and green respectively.
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Ethics approval
Tissue collection and further study were performed according to the Italian Animal Welfare law, as well as 
Universities ethical regulations. Cases from the University of Liverpool were under the VREC1277 ethical 
approval. Since this study did not include any animal experiment, only archive animal tissue originally submitted 
for diagnostic purposes, no specific ethical committee approval nor the ARRIVE guidelines apply.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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